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1.1  Preface 

In the semiconductor nanocrystals, electron and hole are confined in the region 

smaller than the exciton Bohr radius. The strong confinement of electron and hole leads to the 

various unique properties in semiconductor nanocrystals, for example, size-tunable optical 

absorption and emission spectra, discrete energy states, strong electron-hole interaction etc. In 

1982, the first synthesis of colloidal CdS nanocrystals in the reversed micelle was reported by 

Henglein group1 and Brus group.2 Then, the size dependent electronic spectra where the 

band-edge absorption shifted to the longer wavelength region as the size of nanocrystals 

increase were clearly observed, and this phenomenon is well known as the quantum size 

effect.3 The further progress in the colloidal synthesis of semiconductor nanocrystals was 

achieved by Murray et al. in 1993.4 They reported the synthetic method of high quality CdSe, 

CdS, and CdTe quantum dots (QDs) using organometallic compounds (dimethylcadmium and 

Se-trioctylphosphine) at high temperature. Furthermore, the synthesis of several kinds of 

core/shell QDs in which the surface of core QDs was coated with the different semiconductor 

shell were reported.5,6 These core/shell nanocrystals can be classify into type I, quasi-type II, 

and type II by the difference of the energy of conduction and valence band-edge states. In the 

type I core/shell nanocrystals, the energy levels of conduction and valence band-edge states of 

shell were higher than those of core nanocrystals, indicating electron and hole wavefunctions 

were confined core region. Moreover, by passivating surface defects with the shell, the 

remarkable increase of luminescence quantum yield was observed in type I core/shell 

nanocrystals.5,6 In the quasi-type II core/shell nanocrystals, only the electron (hole) 

wavefunction spread over the whole core/shell nanocrystals, and hole (electron) wavefuncton 

was confined in the core region.7,8 In the type II core/shell nanocrystals, electron and hole 

wavefunctions were separated in the core and shell region. Consequently, the overlap of 

electron and hole wavefunctions reduces in the type II core/shell nanocrystals, leading that the 
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radiative lifetime becomes longer.9,10 In 2000, Peng et al. reported the one-dimensional 

growth of wurtzite CdSe nanocrystals where electron and hole were confined in the short axis 

direction.11 The important factors in the shape control of nanocrystals are the crystal structure, 

precursor concentration, and capping reagents.11-15 In addition to QDs (three dimensional 

confinement) and NRs (two dimensional confinement), S. Ithurria and B. Dubertret 

synthesized colloidal semiconductor nanoplatelets (NPLs, one dimensional confinement) with 

atomic-layer precision in 2008.16 The two dimensional growth of NPLs was achieved by the 

selective passivation of the (100) face of zinc-blend CdSe nanocrystals with carboxylic 

acid.17-19 Colloidal semiconductor NPLs exhibit thickness-tunable, bright luminescence with 

narrow line width, and large absorption cross section.20-22 Then, synthetic methods of 

core/shell and core/crown heterostructure-NPLs were reported.19,23,24 The control of quantum 

confinement dimensionality leads to the variation of electronic structures and carrier 

relaxation processes. Furthermore, Mokari et al. have reported the synthesis and 

characterization of semiconductor-metal hybrid nanostructures (HNs) where metal 

nanoparticles (NPs) attached semiconductor NRs, tetrapods, and QDs.25,26 Much attention has 

been paid for these HNs in terms of photovoltaics and photocatalysis because of the efficient 

charge separation between semiconductor and metal.  

Since the semiconductor nanocrystals have discrete energy states, photoexcited hot 

carriers relax to the band-edge state through different processes from bulk semiconductor. For 

bulk semiconductor, hot carrier relax to the band-edge state immediately via phonon emission. 

However, in the semiconductor QDs where the energy separation between 1S and 1P states is 

much larger than the phonon energy,27 the hot carrier relax via energy transfer between 

electron and hole,28-32 energy transfer to the vibrational state of capping reagents,33 and 

multiphonon emission.34 The rate constant of these mechanisms can be controlled by capping 

reagents,33 spatial separation between electron and hole,33,35 and changing temperature.34 
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Actually, Pandey and Gyot-Sionnest reported the extremely slow hot electron relaxation with 

the lifetime over 1 ns in CdSe/ZnSe/ZnS/CdSe multishell QDs.35 Consequently, the slow 

intraband reraxation in semiconductor nanocrystals can potentially allow for efficient hot 

carrier extraction. Furthermore, the enhancement of electron-hole interaction in 

semiconductor nanocrystals leads to the highly efficient multiple exciton generation (MEG) in 

which multiexcitons generate from the absorption of only one photon, and the MEG process 

was observed in several kinds of semiconductor nanocrystals.36-41 However, the multiexcitons 

generated in semiconductor nanocrystals disappear nonradiatively by the Auger 

recombination process with the lifetime of tens of ps.42-45 From the hot carrier relaxation and 

MEG processes, the semiconductor nanocrystals are the promising materials for the highly 

efficient solar cells which are beyond the Shockley−Queisser limit (32.7%).46 In the 

theoretical work by Ross and Nozik, the maximum conversion efficiency in QDs solar cells 

was reported to reach ∼67% when the excess energy of hot carriers was utilized.47 As a result, 

efficient carrier transfer from semiconductor nanocrystals before the hot carrier relaxation or 

multiexciton annihilation is the key process for the development of the new generation solar 

cells using the semiconductor nanocrystals. 

The electron transfer process is one of the most basic and important chemical 

reaction. In 1956, R. A. Marcus reported the theoretical equation of the electron transfer 

between donor and acceptor molecules in polar solvent.48,49 The Marcus theory predicted the 

unique parabolic energy gap law of electron transfer rate and the existence of the Marcus 

inverted region, where the electron transfer rate decrease with increasing the driving force of 

electron transfer reaction. In 1984, the experimental work by Miller et al. revealed the 

existence of Marcus inverted region for the electron transfer from biphenyl anion radical to 

several kinds of acceptor molecules.50 In addition, the electron transfer from semiconductor 

nanocrystals to the outside have been reported by various groups.51-62 Recently, Zhu et al. 
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have reported the efficient electron transfer from II-VI semiconductor QDs to acceptor 

molecules different from systems of molecular chromophores.53 According to this report, 

electron transfer rate from QDs to acceptor molecule increases monotonically with increasing 

the Gibbs energy change, indicating that the Marcus inverted region does not exist. Therefore, 

excited carriers in colloidal semiconductor nanocrystals can be extracted to the outside 

efficiently, which strongly suggests that the semiconductor nanocrystals is the promising 

material for the highly efficient solar cells.          

 In the present thesis, carrier transfer from band-edge state and higher excited states of 

semiconductor nanocrystals with different quantum confinement dimensionality and 

composition to the metal NPs and acceptor molecules are discussed. An understanding of the 

nature of hot electron transfer as well as the electron transfer from the band-edge state is very 

important for the development of highly efficient solar cells and scientific interest. We hope 

that the present study will provide the insight into the elementary carrier extraction 

mechanism from semiconductor nanocrystals.  

 

1.2  Semiconductor nanocrystals  

1.2.1   General properties of semiconductor quantum dots 

Semiconductor QDs are nm-scale spherical particles whose diameter is smaller than 

the exciton Bohr radius. In this size range, the electron and hole were confined along the 

three-dimensional direction, and the absorption and emission properties were strongly 

depends on the size of QDs (Figure 1.1).3,27,63 The latter is well known as “quantum size 

effect”, and can be described approximately by a “particle in a box” model. In addition to 

size-dependent optical properties, the electronic structure in QDs becomes discrete while the 

bulk semiconductor have the continuous band structure (Figure 1.1). Notations of discrete 

electronic states in QDs in order of increasing the energy are 1S, 1P, and 1D, and the energy 
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spacing between 1S and 1P states is especially large as compared with the phonon 

energy.27,64,65 These discrete energy states lead to the drastic change of hot carrier relaxation 

processes in semiconductor QDs.29,33,66 Furthermore, the strong spacial confinement of 

electron and hole in QDs induced the enhancement of carrier-carrier Coulomb interaction. 

This effect leads to the efficient MEG process and annihilation of multiexciton such as Auger 

recombination (Figure 1.2).36-44 In addition, the strong Coulomb interaction leads to the 

unique and highly efficient electron transfer process from semiconductor QDs to acceptor 

molecules, where the Marcus inverted region does not exist.53 

Previously, a great deal of researcher have prepared the semiconductor QDs by 

using “physical” or “chemical” methods. In physical methods, semiconductor QDs grow on 

the substrate using the molecular beam epitaxy and metalorganic chemical vapor deposition 

methods. Semiconductor QDs prepared by the physical processes have an advantage in terms 

of carrier extraction from QDs. However, manufacturing equipments for these QDs are very 

expensive and large. On the other hand, semiconductor QDs were also prepared using 

colloidal synthetic method. By using the chemical synthetic method, semiconductor QDs 

which are covered with the organic ligand layer are dispersed in the polar or nonpolar 

solvents. In contrast to semiconductor QDs prepared by physical methods, colloidal 

semiconductor QDs are easy to prepare and cheaper. In addition, colloidal semiconductor 

QDs are freestanding which is different from epitaxial QDs grown on the substrate, and have 

the good size dispersion.67,68       

 

1.2.2  Shape control of semiconductor nanocrystals 

As described in 1.2.1, spherical colloidal semiconductor QDs confines electron and 

hole along three dimensional directions. In addition to QDs, the elongated (NRs) and planer 

(NPLs) nanocrystals corresponding to the two and one dimensional quantum confinement 
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system have been synthesized by colloidal synthetic method.11,16 The general growth 

mechanism of colloidal semiconductor QDs was explained based on the previous study by La 

Mer and Dinegar.69 The high quality and monodisperse QDs can be synthesized by injecting 

organometallic precursor solution, such as Se-trioctylphosphine, to the coordinating solvent at 

high temperature (~300 °C).70 As shown in Figure 1.3, immediately after the precursor 

injection, the precursor concentration in the reaction mixture increases quickly over the 

nucleation threshold, and the concentration decreases rapidly by the formation of small nuclei 

which is the assembly of several precursors. When the precursor concentration became lower 

than the threshold of nucleation, the precursor reacts with the formed nuclei without the 

formation of new nuclei. After the further decrease of the precursor concentration by growing 

nuclei, the colloidal semiconductor QDs grow through the Ostwald ripening process, where 

smaller nanoparticle with the higher surface energy dissolved into the solution and larger 

nanoparticles further grow, and the concentration of nanoparticles decreases during the 

growth process.67,68,71       

       In addition to QDs, colloidal semiconductor nanocrystals elongated along one 

direction, which is called “nanorods (NRs)”, have been synthesized.11,14 Key factors for the 

shape control of nanocrystals are the crystal structure, precursor concentration, and capping 

reagents.12,13,72 We describe the mechanism of shape control of CdSe nanocrystals as the 

model system in the following sentences. In the CdSe nanocrystals, there are two possible 

crystal structures, zinc-blende and wurtzite structures. It is known that the crystals structures 

of nanocrystals can be controlled by the reaction temperature, where the wurtzite is the 

preferential structure at high temperature (thermodynamic phase) and the zinc-blende is the 

preferential structure at low temperature (kinetic phase).67,68 The wurtzite structure has the 

intrinsic anisotropy with the c/a ratio of ~1.6, although the zinc-blende is the cubic structure. 

In 2000, Peng et al. and Manna et al. have reported the one dimensional growth of wurtzite 
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CdSe nanocrystals along the c-axis, which is capped with trioctylphosphine oxide and 

hexylphosphonic acid.11,12 In 2001, Z. A. Peng and X. Peng have revealed the anisotropic 

growth mechanism of CdSe NRs.13 Wrutzite CdSe NRs have two facets which are 

perpendicular to the c-axis, (001) and (001̅) facets, and these facets have different chemical 

compositions shown in Figure 1.4a. All atoms on both facet have a dangling bond, where 

(001) and (001̅) facets are terminated by positively charged Cd atoms and negatively charged 

Se atoms, respectively. Since the electron-donating ligand are used for the synthesis of CdSe 

NRs, the negatively charged (001̅) facet was not passivated by ligands, leading that (001̅) 

facet easily react with the Cd precursor in the solution. In addition, even if the Cd precursor 

react with the (001̅) facet, surface Cd atoms on the (001̅) facet have three dangling bonds 

different from Cd atoms on the (001) facet. Moreover, electron-donating ligands such as 

alkylphosphonic acid passivate the {110} facets on the side of NRs as well as (001) facet. As 

a results, the highly reactivity of (001̅) facet compared with the (001̅) facet and side facets 

induces the efficient one-dimensional growth of CdSe nanocrystals. Wang et al. reported that 

the aspect ratio of CdSe NRs could be controlled by the selection of ligands, where the 

phosphonic acid with longer alkyl chain lead to the lower aspect ratio of CdSe NRs.15 

Furthermore, the precursor concentration during the growth process is the important factor for 

the anisotropic growth of colloidal semiconductor nanocrystals. Peng et al. observed that the 

growth kinetics of CdSe nanocrystals was strongly depend on the Cd precursor concentration 

during the growth process.13 Immediately after the nucleation, in the high Cd precursor 

concentration region, the aspect ratio of CdSe nanocrystals increased as the Cd precursor in 

the solution decreased (the reaction time increased). In the middle Cd precursor concentration 

region, the aspect ratio did not change although the volume of CdSe nanocrystals increased, 

suggesting the three dimensional growth. Finally, in the low Cd precursor concentration 

region, the aspect ratio of CdSe nanocrystals decreased with increasing the reaction time 
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without the decrease of volume and concentration, indicating that the monomer likely moved 

on the surface of a crystals from c-axis to the other two dimensions. The precursor 

concentration dependence of the growth of CdSe nanocrystals suggests that effective one 

dimensional growth is induced by maintaining the high precursor concentration during the 

growth process as shown in Figure 1.4b. Actually, Shieh et al. synthesized the colloidal CdSe, 

CdS, and CdTe NRs by the multiple injection of precursor solution.14 This precursor 

concentration dependence of the growth kinetics was interpreted by the diffusion-controlled 

process. In the higher precursor concentration, the chemical potential in the bulk solution is 

much higher than that in the vicinity of each facets of wurtzite CdSe nanocrystals, leading the 

diffusion of precursors from bulk solution to the surrounding region of CdSe nanocrystals. As 

mentioned above, the (001̅) facet of wurtzite CdSe nanocrystals have the unique structural 

features. In addition, Blanton et al. observed the permanent dipole moment of CdSe 

nanocrystals along c-axis.73 The unique (001̅) facet and dipole moment along c-axis increases 

the chemical potential of the (001̅) facet compared with the other facets. Therefore, the 

growth rate along c-axis is much faster than that along the others, and CdSe nanocrystals 

preferentially grows along the c-axis. In the lower precursor concentration, the gradient of 

chemical potential between the bulk solution and each facets of CdSe nanocrystals decreases. 

The impact of this decrease significantly affects to the growth at the (001̅) facet compared 

with the other facets because of the high chemical potential of the (001̅) facet. The smaller 

gradient of chemical potential between bulk solution and the vicinity of (001̅) facet leads to 

the difficulty of precursor diffusion into the (001̅) facet. As a result, the higher growth rate 

and small diffusion of precursors at the facets along c-axis cancel each other, and CdSe 

nanocrystals grows along three dimensional directions.  

 Furthermore, in 2008, S. Ithurria and B. Dubertret reported the colloidal synthetic 

method of CdSe NPLs which corresponds to the quantum wells.16 After this report, the 
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colloidal synthesis of cadmium chalcogenide NPLs with various thicknesses and 

hetero-structure NPLs (core/shell and core/crown NPLs) are reported.19,23,24,74-76 Key factors 

for the two-dimensional growth of semiconductor nanocrystals are crystal structure and 

passivation by carboxylic acids ligands. In the synthesis of CdSe NPLs as a model system, the 

nucleation of CdSe seed crystals occurs at the relatively low temperature (<240 °C), leading 

the formation of the zinc-blende crystal structure of CdSe nanocrystals.74 In the zinc-blende 

CdSe NPLs, the thickness direction is confirmed to be [100] direction using the high 

resolution transmission electron microscopy, and perpendicular facets to the thickness 

direction (top and bottom facets) are {100} facets.74,77 The {100} facets of zinc-blende CdSe 

are terminated by cadmium atoms.19,78,79 Therefore, these facets of CdSe seed crystals are well 

passivated by carboxylic acid ligands, which induces the prevention of the growth of CdSe 

seeds along the only thickness direction. Consequently, CdSe nanocrystals grow along two 

dimensional directions.        

 

1.2.3  Electronic structures of semiconductor nanocrystals 

 As mentioned above, the semiconductor QDs (three dimensional quantum 

confinement system) have discrete electronic states while bulk semiconductors have the 

continuous band structures. In early studies, electron and hole which are strongly confined in 

QDs can be treated in the simple model, particle-in-a-sphere model, where wavefunctions of 

electron and hole are represented as the product of a spherical harmonic and a spherical 

Bessel function.80,81 In this model, the wavefunction can be described in the simple 

atomic-like orbital labeled by the angular momentum number (L) and radial quantum number 

(n), and energy levels in order of increasing energy is described as 1S, 1P, 1D, 2S, etc. 

Moreover, the first exciton band in the absorption spectrum of QDs is assigned to 1Sh-1Se 

transition.  
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 In the simple particle-in-a-sphere model, the conduction and valence band were 

approximated by simple parabolic bands. However, the actual band structure of II-VI 

semiconductors is more complicated. In the theoretical work which takes into account the 

valence band degeneracy and mixing of valence band, the total angular momentum F is 

appropriate quantum number for the label of the hole wavefunction. The total angular 

momentum F is sum of the Bloch-function angular momentum J and the orbital momentum of 

hole wavefunction Lh, F = J + Lh. Therefore, the hole states in the QDs are labeled as nhLF, 

although the electron states are not affected by the complexities of valence band and labeled 

as neLe. According to this theory, the lowest three absorption band observed in CdSe QDs can 

be assigned to 1S3/2-1Se, 2S3/2-1Se, and 1P3/2-1Pe (Figure 1.5).64,65,82  

The quantum confinement dimensionality of semiconductor nanocrystals 

significantly affects the electronic structures. Hu et al. examined the aspect ratio dependent 

electronic structures of CdSe NRs (two dimensional quantum confinement system) by the 

semiempirical psuedopotential calculation.83 In this report, the additional electronic states 

arising from the weak quantum confinement along the long axis generated between the 

discrete electronic states for QDs with the aspect ratio of 1, and the density of states increases 

with increasing the aspect ratio of CdSe NRs. According to this calculation, lowest three 

absorption band of CdSe NRs in Figure 1.6 can be assigned to transition of 1v-1c (1 band), 

2v-2c (2 band), and 1v-1c (1 band).62   

 Furthermore, the recent progress in the colloidal synthesis of semiconductor 

nanocrystals allows us to synthesize the colloidal CdSe NPLs (one dimensional quantum 

confinement system) with the atomic-layer precision. These NPLs have very narrow 

absorption and emission bands arising from the small contribution of inhomogeneous 

broadening (size distribution) and coherent motion of the exciton.74,78,79 As shown in Figure 

1.7, the lowest two absorption band observed in colloidal NPLs can be assigned to heavy-hole 
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band (from heavy-hole band edge to conduction band-edge state) and light-hole band (from 

light-hole band edge to conduction band-edge state) similar to absorption bands of epitaxial 

quantum wells.16,74 In the theoretical work by Bose et al., first 10 electron levels exist in the 

range of few hundreds of meV, although the energy spacing between 1Se and 1Pe states in 

QDs is a few hundreds of meV.84   

  

1.2.4  Carrier dynamics of semiconductor nanocrystals 

 As mentioned above, colloidal semiconductor QDs exhibit the discrete energy state 

and enhancement of Coulomb interaction, which significantly affect to the hot carrier 

relaxation and single- and multi-exciton dynamics. The strong electron-hole Coulomb 

interaction in semiconductor nanocrystals enhance the probability of radiative recombination 

compared with the bulk semiconductors. However, in the semiconductor nanocrystals, the 

surface condition strongly affect to the nonradiative recombination process such as the carrier 

trapping at the surface defects.27 The carrier trapping to surface defect states can be 

suppressed by the coating of the surface with different semiconductor shell.5,6 In addition to 

the single exciton dynamics, the multiexciton dynamics in semiconductor nanocrystals is 

different from bulk semiconductors. In the semiconductor QDs, multiple exciton annihilation 

process is dominated by the nonradiative Auger recombination with the lifetime of several 

tens of ps, which is a process that electron and hole recombine nonradiatively by the energy 

transfer to another carrier (electron or hole).27,63 The Auger recombination process in QDs is 

significantly enhanced as compared to that in bulk because of the strong exciton-exciton 

interaction and relaxation of momentum conservation.85 In our group, Kobayashi et al 

reported that the lifetime of Auger recombination in CdS QDs depends only on the size of 

QDs, which is irrespective of surface defects and ligands, and was proportional to ~D6 (D: 

diameter of QDs).44 Moreover, the temperature dependence of Auger recombination lifetime 
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for CdTe QDs (D = ~4.0 nm) capped with oleic acids were examined using a streak camera.86 

In this report, the biexciton Auger rate in CdTe QDs exhibited the moderate temperature 

dependence and is proportional to the natural logarithm of temperature, where the 

contribution of phonon probably have important role for the satisfaction of energy 

conservation. The theoretical study by Kim et al revealed that the logarithm temperature 

dependence of Auger recombination, which agree well with the experimental work by 

Kobayashi et al., can be interpreted in terms of electron-phonon coupling accompanied by 

Auger recombination.87 The multiple exciton annihilation dynamics can be modified by 

controlling the quantum confinement dimensionality. A.V. Barzykin and M. Tachiya analyzed 

the multiexciton Auger process in semiconductor nanocrystals using stochastic models.88 The 

multiexciton Auger recombination process in QDs was analyzed by the three-particle model 

or two-particle model. In the three-particle model, electron and hole does not form an exciton 

because of the strong confinement energy and Auger recombination occurs between two 

electrons and one hole (or one electron and two holes). In this case, the multiexciton Auger 

recombination rate in the n exciton state (𝑘𝑛
𝐴) is represented as 𝑘𝑛

𝐴 =  
1

2
𝑛2(𝑛 − 1)𝑘2

𝐴. On the 

other hand, in the two-particle model, electron and hole are bound and form an exciton and 

Auger recombination occurs between two excitons. In this case, the 𝑘𝑛
𝐴 is represented as 

𝑘𝑛
𝐴 =  

1

2
𝑛(𝑛 − 1)𝑘2

𝐴. In the theoretical work by A.V. Barzykin and M. Tachiya, multiexciton 

Auger recombination processes can be expressed by the two-particle (bimolecular) model 

rather than the three-particle model, since the average number of excitons per one QD is only 

a few. In the previous experimental studies, the higher order multiexciton Auger 

recombination process occurs with the three-particle process.89-91 Moreover, V. I. Klimov and 

coworkers analyzed the multiexciton Auger recombination dynamics in CdSe QDs and NRs, 

and found the transition of the multiexciton Auger recombination process from three-particle 

process to bimolecular process with increasing the aspect ratio of CdSe NRs.89 This transition 
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of Auger recombination process was attributed to the formation of 1D exciton arising from 

the decrease of confinement energy and enhancement of Coulomb interaction.39,89,92 

Considering the number of exciton (n) dependence of 𝑘𝑛
𝐴, high order (n > 2) multiexciton 

Auger recombination in a bimolecular process is slower than that in a three-particle process. 

Actually, CdSe NRs exhibited the decrease of 𝜏2
𝐴/ 𝜏3

𝐴 and longer 𝜏3
𝐴 as compared to the 

CdSe QDs, suggesting the bimolecular Auger recombination process in CdSe NRs. Moreover, 

Aerts et al. reported the similar transition of multiexciton annihilation process in PbSe QDs 

and NRs.90 In addition to the semiconductor NRs, Kunnemann et al. revealed that colloidal 

CdSe NPLs and CdSe/CdS/ZnS NPLs (one dimensional quantum confinement system) 

exhibited the significantly slow biexciton Auger recombination with the lifetime of ~10 ns 

and the bimolecular multiexciton annihilation process, suggesting the electron and hole form 

an exciton in semiconductor NPLs.93    

 The hot electron and hole relaxation processes in colloidal semiconductor QDs is 

much different from that in bulk semiconductor because of discrete energy states in QDs as 

mentioned in 1.2.3. In the II-VI semiconductor nanocrystals such as CdSe QDs, since the 

energy spacing between 1Se and 1Pe states are especially large, which is 10 times larger than 

the LO phonon energy of CdSe QDs (~ 30 meV), a hot electron cannot relaxed to the 1Se state 

by the phonon emission in contrast with bulk semiconductors.27 In the previous studies, three 

possible processes are proposed for the hot electron relaxation mechanism, which are Auger 

cooling, energy transfer to ligands and multiple phonon emission (Figure 1.8).29-34 First, the 

Auger cooling process was proposed as the hot electron relaxation mechanism in CdSe QDs 

by Efros et al., where a hot electron relaxes from the 1Pe state to 1Se state through the transfer 

of excess electron energy to a hole.28 The Auger cooling process can be very efficient in 

semiconductor QDs because of the large wavefunction overlap, enhanced electron-hole 

Coulomb interaction, and relaxation of momentum conservation.29 In the experimental works 
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by Klimov and coworkers, the Auger cooling process in CdSe QDs was examined using the 

femtosecond pump-prove spectroscopy.27,66,94 In their report, hot electron relaxation rates 

from 1Pe to 1Se state decreased as the size of CdSe QDs increased. Moreover, they compared 

the hot electron relaxation dynamics of CdSe/ZnS QDs with that of CdSe QDs capped with 

pyridine (hole acceptor) and found that the hot electron transfer time became longer in 

pyridine-capped CdSe QDs (from ~320 fs to 3 ps), resulting from the reduction of 

electron-hole interaction by the spacial charge separation between CdSe QDs and pyridine 

molecules.27 This experimental result indicates the contribution of Auger cooling process to 

the hot electron relaxation. However, even in the charge separated CdSe QDs-pyridine system, 

the ps-scale hot electron relaxation time was much faster compared with the relaxation via 

phonon emission, suggesting the existence of other hot electron relaxation mechanism. 

Second, the role of surface ligands to the hot electron relaxation process was revealed by 

Gyot-Sionnest group. They examined the hot electron relaxation dynamics from 1Pe to 1Se 

state in CdSe QDs with different surface ligands.33 According to their report, the hot electron 

relaxation rate can be modified by changing surface ligands, and the 1Pe electron relaxes to 

1Se state via energy transfer to high-frequency vibration of surface ligands. Furthermore, 

Kambhampati group analyzed the hot electron and hole relaxation mechanism in CdSe QDs 

in more detail with the state-selective excitation experiments.29,31,32 They revealed that the 

Auger cooling process and energy transfer to surface ligands contributed dominantly to the 

hot electron relaxation from 1Pe to 1Se and hot hole relaxation from 2Sh to 1Sh, respectively. 

In II-VI semiconductor QDs, the Auger cooling process occurs effectively because of the 

higher density of states in valence band as compared to that in conduction band. On the other 

hand, IV-VI semiconductor QDs have a mirrorlike symmetry between conduction and valence 

band, leading the suppression of an Auger cooling process. Schaller et al. reported the clear 

temperature dependence of hot carrier relaxation from 1P-to-1S states in PbSe QDs, although 
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the hot electron relaxation time in CdSe QDs is independent of the temperature, suggesting 

the contribution of phonon.34 Therefore, they concluded that the hot carrier relaxation in PbSe 

QDs was due to the multiphonon emission process. These experimental results of intraband 

transition processes in semiconductor QDs indicates that the hot carrier relaxation time can be 

controlled by the charge separation, surface ligands, and temperature. Since the electronic 

structure of semiconductor nanocrystals are modified by the change of quantum confinement 

dimensionality, hot carrier relaxation dynamics in NRs and NPLs can be different from that in 

QDs. Nevertheless, in contrast to semiconductor QDs, the hot electron and hole relaxation 

mechanism in semiconductor NRs and NPLs are still not established. Yu et al. examined the 

hot electron relaxation in CdSe NRs with thin (2.2 nm) and thick (7.2 nm) short axes.95 They 

reported that hot electron relaxation rates of CdSe NRs were similar or slower than those of 

CdSe QDs, and the hot electron relaxation rate of thinner CdSe NRs (~3.2 eV/ps) is faster 

than that of thicker CdSe NRs (~0.39 eV/ps). The latter suggested that the dominant hot 

electron relaxation mechanism in CdSe NRs was probably not the LO phonon emission. 

Moreover, Sipple et al. reported that the hot electron relaxation in colloidal CdSe NPLs 

occurred by the phonon emission via continuous conduction band arising from the weak 

confinement along lateral directions.96 

 

1.3  Carrier transfer from semiconductor nanocrystals 

 1.3.1  Electron transfer in molecular chromophores 

 The electron transfer process is one of the most basic and important chemical 

reaction. In 1956, R. A. Marcus reported the theoretical equation of the electron transfer 

between donor and acceptor molecules in polar solvent.48,49 In the Marcus theory, the electron 

transfer rate (kET) was derived based on the transition state theory as following equation, 
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     𝑘𝐸𝑇 = 𝑍𝑒𝑥𝑝(−
∆𝐺∗

𝑘𝐵𝑇
)     (1) 

 

where Z is the frequency factor, kB is the boltzmann constant. G* is the activation energy of 

electron transfer reaction (shown in Figure 1.9) which is represented as following equation, 

 

      ∆𝐺∗ =
(ΔG+𝜆)2

4𝜆
     (2) 

 

where G is the change in Gibbs energy corresponding the energy difference between the 

initial state and final state.  is the reorganization energy which corresponds to the energy 

required to change the orientation of solvent molecules for the stabilization of the products, 

and represented as below, 

 

      λ =  
𝑒2

4𝜋𝜀0
(

1

2𝑎𝐷
+  

1

2𝑎𝐴
−

1

𝑟𝐷𝐴
) (

1

𝜀𝑜𝑝
−

1

𝜀𝑠
)     (3) 

 

where aD and aA are radius of donor and acceptor molecules, rDA is the distance between 

donor and acceptor molecules, op and s are optical and static dielectric constant of the 

solvent. The remarkable point of the equation in Marcus theory is the energy gap law of 

electron transfer rate, where the electron transfer rate reaches the maximum value at –G =  

and decreases with increasing the –G (> ) which is well known as the ”Marcus inverted 

region” (Figure 1.10). After this report, the validity of Marcus theory was proven 

experimentally by Miller et al in 1984.50,97 They examined the correlation between –G and 

electron transfer rate from the biphenyl anion radical to the several kinds of acceptor molecule, 

where the donor and acceptor molecules were connected with a rigid saturated hydrocarbon 

spacer. In that experiment, the decrease of electron transfer rate as the –G increased were 
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clearly observed, revealing the existence of the Marcus inverted region.  

 

 1.3.2  Electron transfer in semiconductor nanocrystals 

The electron transfer from semiconductor nanocrystals to the outside (metal oxides, 

acceptor molecules, metal NPs, etc.) have been reported by various groups.51-62 Yang et al. 

examined electron transfer dynamics from PbS QDs to TiO2 NPs.58 In this system, the 

existence of the ultrafast adiabatic electron transfer from the 1Se state of PbS QDs with the 

lifetime of ~6 fs were suggested, resulting from strong mixing of electronic states of PbS QDs 

and TiO2 NPs. In addition, Sambur et al. reported the multiple exciton collection from PbS 

QDs to single crystalline TiO2 using the photon-to-current efficiency measurements, where 

the multiexciton were generated by a MEG process.59 The multiple electrons extraction was 

also observed in the semiconductor nanocrystal-acceptor molecules complexes. Matylitsky et 

al. reported ~4 electrons can be extracted from CdSe QDs to methyl viologen (electron 

acceptor, MV2+) adsorbed on the surface of QDs.51 In addition, the more efficient multiple 

electron transfer was achieved in CdSe NR-MV2+ and CdSe/CdS core/shell QD-MV2+ 

complexes by controlling quantum confinement dimensionality and the electron and hole 

wavefunction, respectively.52,54 Moreover, the ultrafast electron transfer from the band-edge 

state in semiconductor-metal HNs were detected in CdS NR-Au HNs and PbS QD-Au HNs, 

suggesting the possibility of multi carrier collection in semiconductor-metal HNs.60,98 

In addition to ultrafast electron transfer, as mentioned above, the hot electron transfer 

can potentially allow the increase of the photon-to-current conversion efficiency. Tisdale et al. 

reported the hot electron transfer from thiol-capped PbSe QDs to single crystalline TiO2 at 

low temperature (~80 K).99 Zhu et al. and Wang et al. reported the hot electron transfer from 

CdSe NRs and CdSe QDs, respectively.54,100 In addition, in the our previous study on CdSe 

NR-Au HNs, hot electron transfer rate and yield were analyzed using femtosecond 
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pump-prove spectroscopy with the state-selective excitation technique.62,101 CdSe NR-Au 

HNs with the largest diameter of Au NPs (~2.2 nm) exhibited the hot electron transfer with 

the lifetime of ~0.5-1.0 ps and the highest hot electron transfer yield of ~23%.     

Furthermore, a recent work by T. Lian and co-workers examined the energy gap law 

of electron transfer rate from band-edge state of cadmium chalcogenide (CdX) QDs to several 

kinds of acceptor molecules.53 They reported the unique and efficient electron transfer 

processes where the electron transfer rate monotonically increased with increasing the -G, 

meaning the Marcus inverted region does not exist. As mentioned above, colloidal 

semiconductor QDs strongly confines electron and hole in itself, leading the enhancement of 

electron-hole Coulomb interaction. This enhancement affects the electron transfer process as 

well as the hot carrier relaxation and multiexciton dynamics in semiconductor nanocrystals. In 

the conventional electron transfer theory, the contribution of hole dynamics associated with 

electron transfer from QDs to acceptor molecules is neglected, where the product state is 

represented as QD+(1Sh)-A
-. In contrast, Lian et al. consider that the excess electron energy is 

conserved by the excitation of 1S hole to the deeper conduction band states (Eh,i) associated 

with the electron transfer, which is like an Auger cooling process, and there is a manifold of 

product state represented as QD+(Eh,i)-A
-. In addition, authors further assumed that the 

electronic coupling constant depends not only on the overlap of 1Se state and acceptor orbital 

but also on the electron-hole Coulomb interaction, and the density of hole states in the 

quasi-continuum valence band was represented by 𝜌ℎ(𝐸ℎ, 𝑅)𝑑𝐸ℎ ∝ 𝐸ℎ𝑅3 . In the 

nonadiabatic limit, the total electron transfer rate (k’ET) from 1Se state of CdX QDs with the 

radius of R to acceptor molecules accompanied with the 1S hole excitation can be represented 

by the following equation,     

 

𝑘′𝐸𝑇(𝑅) =  𝐶|Ψ1𝑆𝑒
(𝑅)0|

2
𝑅2 ∫ 𝑑𝐸ℎ𝐸ℎ

2𝜋

ℏ

1

√4𝜋𝜆𝑘𝐵𝑇
𝑒𝑥𝑝 [−

(𝜆+∆𝐺(𝑅)+𝐸ℎ)2

4𝜆𝑘𝐵𝑇
]

∞

𝐸ℎ=0
     (4) 
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where 𝐶|Ψ1𝑆𝑒
(𝑅)0|

2
 represents the electronic coupling constant between QDs and acceptor 

molecules, which is represented as |�̅�(𝐸)| in the conventional electron transfer theory. The 

electronic coupling constant between QDs and acceptor molecules strongly depends on the 1S 

electron density at the surface of QDs (|Ψ1𝑆𝑒
(𝑅)0|

2
). The C is the size independent factor that 

depends on the material of QDs and molecules. To more clearly illustrate the -G dependence 

of electron transfer rate, the electron transfer rate (k’ET(R)) is divided by the size and material 

dependent factor. The scaled electron transfer rate (k’ET(-G)) is given in the following 

equation,  

 

      𝑘′𝐸𝑇(−∆𝐺) = ∫ 𝑑𝐸ℎ𝐸ℎ
2𝜋

ℏ

1

√4𝜋𝜆𝑘𝐵𝑇
𝑒𝑥𝑝 [−

(𝜆+∆𝐺(𝑅)+𝐸ℎ)2

4𝜆𝑘𝐵𝑇
]

∞

𝐸ℎ=0
      (5) 

  

By using equation 4 and 5, the obtained size and -G dependence of the electron transfer rate 

from CdX QDs to acceptor molecules can be well fitted. Therefore, the unique electron 

transfer processes in the semiconductor QDs are originated from the strong electron-hole 

Coulomb interaction in QDs and the excitation of 1S hole to the deeper valence band states. 

This novel efficient electron transfer process in semiconductor nanocrystals is named 

“Auger-assisted electron transfer”. 

 

1.4  Outline of this thesis 

 In this thesis, basic photophysical properties of colloidal semiconductor nanocrystals, 

and the quantum confinement dimensionality effect on their properties are given in Chapter 1. 

Chapter 2 introduces synthetic methods of several kinds of colloidal semiconductor 

nanocrystals and semiconductor-metal hybrid nanostructures. In Chapter 3, electron transfer 
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dynamics from 1Se and higher excited states of CdSe/CdS core/shell QDs to MV2+ are 

examined. From the analyses of transient absorption dynamics at 1S bleach band and MV+ 

radical band, hot electron transfer time in CdSe/CdS QDs with thicker shell is similar or 

slightly faster as compared to that in CdSe/CdS QDs with thinner shell in contrast with the 

shell thickness dependence of electron transfer from the 1Se state. Elementary electron 

transfer processes from CdSe NPLs to MV2+ are discussed in Chapter 4. The lateral size 

dependence of electron transfer rate from band-edge state of CdSe NPLs to MV2+ reveals that 

the electron transfer rate depends on the CdSe NPLs face where MV2+ adsorbs on. In Chapter 

5, carrier transfer dynamics in PbS QD-Au HNs were analyzed from initial bleach amplitude 

and relaxation dynamics at 1S bleach band. The ultrafast electron transfer whose lifetime is 

much faster than the instrumental response function (~60 fs) was observed in the 1S 

excitation experiments. In Chapter 6, we synthesized CdSe QD-Au HNs and examined 

electron transfer dynamics from 1Se state and higher excited states using the femtosecond 

pump-probe spectroscopy. State-selective excitation experiments revealed that hot electron 

transfer occurred from 1Pe state whose lifetime and yields are estimated to be ~300 fs and 

50%, respectively. Moreover, in 1S excitation experiments, the initial 1S bleach amplitude 

became lower with increasing the size of Au NPs, indicating the existence of ultrafast electron 

transfer from 1Se state. We compared the obtained results for CdSe QD-Au HNs to those for 

CdSe NR-Au HNs. In addition, the electron transfer dynamics in CdSe NPL-Au HNs was 

discussed in Chapter 7. In contrast with CdSe QD-Au HNs, hot electron transfer and ultrafast 

electron transfer from band-edge state are not observed in CdSe NPL-Au HNs.  
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Figure 1.1 Size dependent electronic structures of semiconductor QDs and the band structure 

of bulk semiconductors.  
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Figure 1.2 Schemes of the (a) multiple exciton generation process and (b) Auger 

recombination process. 
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Figure 1.3 The scheme for a nucleation and growth of colloidal semiconductor nanocrystals 

based on La Mer’s model. 
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Figure 1.4 (a) The crystal structure of wrutzite CdSe12 and (b) the scheme of anisotropic 

growth of colloidal semiconductor nanocrystals using a multiple injection method. 
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Figure 1.5 (a) The energy diagram and optical transitions of CdSe QDs and (b) absorption 

spectrum of typical CdSe QDs. 
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Figure 1.6 (a) The calculated electronic structure of CdSe nanocrystals with different aspect 

ratio83 and (b) absorption spectrum of typical CdSe NRs. 
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Figure 1.7 (a) The energy diagram and optical transitions of CdSe NPLs and (b) absorption 

spectrum of typical CdSe NPLs. 
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Figure 1.8 Schemes of hot electron relaxation in colloidal semiconductor nanocrystals via (a) 

Auger cooling process, (b) energy transfer to surface ligands, and (c) multiple phonon 

emission. 
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Figure 1.9 Potential energy curves of the reactant and product. 
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Figure 1.10 The energy gap dependence of electron transfer rates based on the Marcus theory. 
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Chapter 2 

Synthesis of Colloidal Semiconductor 

Nanocrystals and Semiconductor-metal HNs 
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2.1    CdSe/CdS core/shell QDs and core/shell QD-MV2+ complexes 

a) Synthesis of CdSe/CdS core/shell QDs 

Trioctylphosphine (90%, TOP) and cadmium oxide (99%, CdO) were purchased 

from Alfa Aesar and Kanto Chemical Co., Inc., respectively. 1-octadecene (90%) and sulfur 

(S, 99.99%) were purchased from Tokyo Chemical Industry Co., Ltd. and Kojundo Chemical 

Laboratory, respectively. Tetradecylphosphonic acid (97%), Selenium powder (99.99%, Se), 

ocadecylamine (99%), oleic acid (90%), and trioctylphosphine oxide (99%) were purchased 

from Sigma-Aldrich. Ethanol (99.8%), hexane (96%), and chloroform (99%) were purchased 

from Kishida Chemical Co. 

The core CdSe QDs capped with tetradecylphosphonic acid were synthesized with 

apparatuses shown in Figure 2.1 according to the method reported by Freitas et al.1 Briefly, 

0.11 g of CdO, 0.43 g of tetradecylphosphonic acid, and 7 g of trioctylphosphine oxide were 

introduced into the three-neck flask. The mixture was heated to 120 °C and degassed for 20 

min. Then, the mixture was heated to 360 °C under argon atmosphere until the mixture 

became transparent. Then, the temperature was lowered to 270 °C and Se precursor solution 

prepared by dissolving the 79 mg of Se in 5 mL of trioctylphosphine was injected to the 

mixture. The reaction mixture was maintained at 270 °C for 7 minutes. After that, the reaction 

mixture was cooled to room temperature. Core CdSe QDs were purified by ethanol and 

redispersed in hexane.  

The CdSe/CdS core/shell QDs were synthesized with apparatuses shown in Figure 

2.1 according to the method reported by Zhang et al.2 For the CdS shell growth, we prepared 

the Cd- and S-precursor solution. The Cd precursor solution was prepared by dissolving the 

102 mg of cadmium oxide in 2 mL of oleic acid and 18 mL of 1-octadecene at 250 °C. The S 

precursor solution was prepared by dissolving the 13 mg of sulfur in 10 mL of 1-octadecene 

at 200 °C. The 3.7 mL of the presynthesized core CdSe QDs, 1.5 g of octadecylamine, and 6 
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mL of 1-octadecene were mixed in the three-neck flask. The mixture was heated to 60 °C and 

degassed for 30 min. Then, the mixture was heated to 240 °C under argon atmosphere. Cd- 

and S-precursor solution were alternately added to CdSe QDs solution with an interval of 10 

minutes. We synthesized CdSe/CdS core/shell QDs A and B by adding two kinds of precursor 

solutions one and two times, respectively. CdSe/CdS core/shell QDs were purified and 

redispersed in chloroform. 

b) Preparation of CdSe/CdS core/shell QD-MV2+ complexes 

The CdSe/CdS core/shell QD-MV2+ complexes were prepared by adding a drop of 

highly concentrated MV2+ in methanol to the chloroform solution of CdSe/CdS core/shell 

QDs.3 Then, any undissolved MV2+ and aggregation of NPLs were removed by filtration 

using a 1 μm syringe filter. Because of the insolubility of MV2+ in chloroform, all MV2+ 

present in the CdSe/CdS core/shell QD solution is considered to be adsorbed on the surface of 

the core/shell QDs. 

 

2.2    4-monolayer CdSe NPLs and CdSe NPL-MV2+ complexes  

a) Synthesis of CdSe NPLs with different lateral size 

 Selenium powder (99.99%, Se), oleic acid (90%) and methyl viologen dichloride 

hydrate (98%, MV2+) were purchased from Sigma-Aldrich. Cadmium acetate dihydrate (98%) 

was purchased from Wako Pure Chemical Industries, Ltd. Sodium myristate (>98%) and 

1-octadecene (90%) were purchased from Tokyo Chemical Industry Co., Ltd. Cadmium 

nitrate tetrahydrate (>98.5%), methanol (99.8%), hexane (96%), and chloroform (99%) were 

purchased from Kishida Chemical Co. 

Cadmium myristate was prepared for the synthesis of CdSe NPLs.4 1.23 g of 

Cadmium nitrate tetrahydrate was dissolved in 40 mL of methanol. This methanol solution 

was added to the 250 mL of methanol containing 3.13 g of sodium myristate. The white 
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precipitate of cadmium myristate was filtered, and dried under vacuum overnight.  

CdSe NPLs with the different lateral size were synthesized with apparatuses shown 

in Figure 2.1 according to the method reported by Tessier et al.5 Briefly, 170 mg of cadmium 

myristate, 12 mg of Se, and 1-octadecene (15 mL) were mixed in a three-neck flask, and the 

mixture was degassed at room temperature. Then, the mixture was heated, and 80 mg of 

cadmium acetate was added at 195 °C. The reaction mixture was maintained at 240 °C for 

4-20 minutes for the control of the lateral size. Subsequently, the mixture was cooled to 40 °C, 

and 2 mL of oleic acid and 15 mL of hexane were added. The mixture was centrifuged, and 

the precipitate containing CdSe NPLs was dispersed in chloroform. 

 b) Preparation of CdSe NPL-MV2+ complexes 

The CdSe NPL-MV2+ complexes were prepared by adding a drop of highly 

concentrated MV2+ in methanol to the chloroform solution of CdSe NPLs.3 Then, the solution 

was sonicated, and any undissolved MV2+ and aggregation of NPLs were removed by 

filtration using a 1 μm syringe filter. Because of the insolubility of MV2+ in chloroform, all 

MV2+ present in the CdSe NPL solution is considered to be adsorbed on the surface of the 

NPLs.  

 

2.3    oleylamine capped PbS QDs and PbS QD-Au HNs 

a) Synthesis of PbS QDs 

Lead chloride (PbCl2, 99.999%) and sulfur (S, 99.99%) were purchased from 

Kojundo Chemical Laboratory. Oleylamine (OLAm, 70%), Trioctylphosphine (TOP, 90%) 

and oleic acid (90%) were purchased from Sigma-Aldrich. 1,1,2,2-Tetrachloroethylene (TCE, 

99.0%), methanol (99.8%), ethanol (99.8%), and toluene (99.5%) were purchased from 

Kishida Chemical Co. 
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OLAm capped PbS QDs were synthesized with apparatuses shown in Figure 2.1 

according to the method reported by Moreels et al.6 Briefly, 0.417 g (1.5 mmol) of PbCl2 and 

5 mL of OLAm were mixed in a three neck flask and degassed for 1 hour under vacuum at 

120 °C. Sulfur precursor solution was prepared under a nitrogen atmosphere by heating a 

mixture of 24 mg (0.75 mmol) of S and 2.25 mL of OLAm for 30 min at 120 °C. 1.1 mL of S 

precursor solution was then injected into the Pb-OLAm suspension under a nitrogen 

atmosphere at 120 °C. After 2 min, the reaction mixture was cooled to room temperature. 6 

mL of toluene was added to the reaction mixture and the reaction mixture was centrifuged to 

remove excess PbCl2. PbS QDs in the supernatant was purified by ethanol and dispersed in a 

20:3 mixture of toluene and oleic acid. PbS QDs with various sizes (reference A, B, and C) 

were synthesized by injecting the S precursor solution including 170 μL of TOP to the 

Pb-OLAm suspension and varying the reaction temperature (80-100 °C) and reaction time 

(3-15 min). All of PbS QDs were purified by methanol and dissolved in TCE for 

measurements in the near-IR region. 

 

b) Synthesis of PbS QD-Au HNs 

Didodecyldimethylammonium bromide (DDAB, 98%), gold chloride (AuCl3, 

99.99%), and dodecylamine (DDA, 98%) were purchased from Sigma-Aldrich. 

1,1,2,2-Tetrachloroethylene (TCE, 99.0%), methanol (99.8%), ethanol (99.8%), and toluene 

(99.5%) were purchased from Kishida Chemical Co.  

PbS QD-Au HNs were synthesized under a nitrogen atmosphere according to the 

some modifications of a previously reported method.7 Briefly, a gold precursor solution was 

prepared by dissolving 65 mg (0.35 mmol) of DDA, 69 mg (0.15 mmol) of DDAB, and 2 mg 

(6.6 μmol) of AuCl3 in toluene. Three kinds of PbS QD-Au HNs were synthesized by 

changing the concentration of Au precursor, in which AuCl3 was dissolved in 4, 3, and 2 mL 
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of toluene for PbS QD-Au HNs A, B, and C, respectively. In each case, 2 mL of the precursor 

solution was injected into the toluene solution of PbS QDs at room temperature, after which 

the reaction mixture was stirred for 10 min. The reaction was stopped by adding methanol to 

the reaction mixture. All of PbS QD-Au HNs were redispersed in TCE for measurements in 

the near-IR region. 

 

2.4   Au NPs attached CdSe nanocrystals with different quantum confinement 

dimensionality  

a) Synthesis of CdSe QDs 

Trioctylphosphine (90%, TOP) and cadmium oxide (99%, CdO) were purchased 

from Alfa Aesar and Kanto Chemical Co., Inc., respectively. 1-octadecene (90%) was 

purchased from Tokyo Chemical Industry Co., Ltd. Selenium powder (99.99%, Se), 

ocadecylamine (99%) and trioctylphosphine oxide (99%) were purchased from 

Sigma-Aldrich. Stearic acid (98%), methanol (99.8%) and toluene (99.5%) were purchased 

from Kishida Chemical Co. 

Octadecylamine capped CdSe QDs were synthesized with apparatuses shown in 

Figure 2.1 according to the method reported by Goodman et al.8 Briefly, 51.2 mg of CdO, 

0.454 g of stearic acid and 16 mL of 1-octadecene were mixed in a three neck flask. The 

mixture was heated to 125 °C and degassed for 1 hour under vacuum. Then, the mixture was 

heated to 250 °C under argon atmosphere until the mixture became transparent. The mixture 

was cooled to room temperature, and 2 g of octadecylamine and 2 g of trioctylphosphine 

oxide were added to the mixture. After that, the mixture was heated to 125 °C and degassed 

for 1 hour under vacuum, and the mixture was heated to 300 °C. Se precursor solution 

prepared by dissolving 78 mg of Se in 1.7 mL of TOP was injected into the three neck flask. 

The reaction mixture was maintained at 300 °C for 20 minutes. Then, the mixture was cooled 
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to 80 °C, and toluene was added to the aliquot of reaction mixture containing CdSe QDs 

(reaction mixture:toluene = 1:2). CdSe QDs were precipitated by adding excess methanol and 

centrifugation. The purified CdSe QDs were redispersed in toluene.  

b) Synthesis of CdSe NPLs 

4-monolayer CdSe NPLs were synthesized according to the method of 2.2 a). The 

reaction time was 7 minutes, and the synthesized CdSe NPLs were dispersed in toluene. 

c) Synthesis of CdSe QD-Au HNs and NPL-Au HNs 

Didodecyldimethylammonium bromide (DDAB, 98%), gold chloride (AuCl3, 

99.99%), and dodecylamine (DDA, 98%) were purchased from Sigma-Aldrich. Methanol 

(99.8%), and toluene (99.5%) were purchased from Kishida Chemical Co. 

CdSe QD-Au HNs were synthesized under a nitrogen atmosphere according to the 

previously reported method.9 Briefly, a gold precursor solution was prepared by dissolving 9 

mg of DDA, 10 mg of DDAB, and 3 mg of AuCl3 in 1mL of toluene. The prepared Au 

precursor solution was added into toluene solution of CdSe QDs at 0 °C. Two kinds of CdSe 

QD-Au HNs were synthesized by changing the amount of Au precursor solution and reaction 

time. For the synthesis of CdSe QD-Au HNs A (B), 300 L (500 L) of Au precursor solution 

was added to the toluene solution of CdSe QDs, and the reaction mixture was stirred for 10 

(20) minutes. After that, CdSe QD-Au HNs were precipitated by adding excess methanol and 

centrifugation, CdSe QD-Au HNs were redispersed in toluene. 

CdSe NPL-Au HNs were synthesized according to the modifications of a method for 

CdSe QD-Au HNs. Briefly, a gold precursor solution was prepared by dissolving 9 mg of 

DDA, 10 mg of DDAB, and 1 mg of AuCl3 in 10 mL of toluene. 100 L of Au precursor 

solution was added into toluene solution of CdSe NPLs at room temperature, and the reaction 

mixture was stirred for 10 minutes. CdSe NPL-Au HNs were precipitated by adding excess 

methanol and centrifugation, and CdSe NPL-Au HNs were redispersed in toluene.  
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Figure 2.1 The illustration of apparatuses for the colloidal synthesis of semiconductor 

nanocrystals. 
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Chapter 3 

Hot Electron Transfer from CdSe/CdS 

Core/shell QDs to Methyl Viologen 

 

  



58 

 

3.1  Abstract 

The efficient hot electron transfer from colloidal semiconductor nanocrystals to the 

outside promotes the development of the highly efficient solar cells. However, the previous 

studies on the electron extraction from semiconductor nanocrystals have focused on the 

electron transfer from conduction band-edge state of semiconductor nanocrystals. In the 

present study, we prepared CdSe/CdS core/shell QD-methyl viologen (MV2+) complexes with 

different shell thickness, and analyzed the shell thickness dependence on the hot electron 

transfer processes, as well as the electron transfer from the band-edge state, by using the 

femtosecond pump-probe spectroscopy with the state-selective excitation technique. The 

electron transfer from conduction band-edge state of CdSe/CdS core/shell QDs to MV2+ 

became slower with increasing the shell thickness, which was originated from the decrease of 

electronic coupling constant between QDs and MV2+ adsorbed on the surface. In contrast, the 

hot electron transfer from CdSe/CdS core/shell QDs to MV2+ did not depend on the shell 

thickness or became slightly faster as the shell thickness increased.          

 

3.2  Introduction 

The efficient charge separation from colloidal semiconductor nanocrystals is one of 

the most important processes for the application of light-energy conversion, such as the 

photovoltaics and photocatalysis. In particular, much attention has been paid to the 

development of next generation solar cells using the colloidal semiconductor nanocrystals. In 

bulk semiconductors, photoexcited carrier with excess energy (hot carrier) relaxes 

immediately to the band-edge states by a phonon emission because the bulk semiconductor 

have continuous band structures. As a result, the photon-to-current conversion efficiency of 

the conventional solar cells using bulk semiconductors is theoretically limited to 32.7% by 

fast relaxation of hot carrier, which is well known as the Shockley-Queisser limit.1 In contrast, 
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semiconductor quantum dots (QDs) have the discrete energy states when electron and hole are 

confined in a size smaller than the exciton Bohr radius. For the II-VI semiconductor QDs, 

since the energy spacing between the conduction band-edge state (1Se state) and next higher 

energy state (1Pe state) is 10 times larger than the LO phonon energy,2 excited hot electron 

relaxes to the band-edge state by different processes from bulk semiconductors, such as the 

Auger cooling process, in which a electron relaxes from 1Pe to 1Se state via energy transfer to 

hole, and energy transfer to surface ligands.3-7 These discrete energy states and particular 

relaxation processes in QDs lead to the slower hot carrier relaxation compared to bulk 

semiconductors. In addition, the hot electron relaxation time in colloidal semiconductor 

nanocrystals can be controlled by surface ligands7, charge separation7,8, and temperature.9 

Actually, Pandey and Guyot-Sionnest have achieved the extremely slow hot electron 

relaxation with a lifetime longer than 1 ns in CdSe/ZnSe/ZnS/CdSe multishell nanoparticles 

(NPs).8 Therefore, the efficient hot electron extraction from semiconductor QDs is expected. 

In a previous theoretical study, Ross and Nozik reported that the maximum conversion 

efficiency of QD solar cells could reach to ~67% by utilizing the excess energy of 

photoexcited hot carrier.10 Consequently, colloidal semiconductor nanocrystals are one of the 

best candidate materials for the highly efficient solar cell.  

 The charge transfer from colloidal semiconductor nanocrystals to the outside has 

been examined using time-resolved fluorescence measurements and pump-probe spectroscopy. 

In the previous study on the electron transfer from band-edge state of cadmium chalcogenide 

QDs to acceptor molecules adsorbed on the surface of QDs, Zhu et al. reported the unique and 

efficient electron transfer process in which the Marcus inverted region does not exist, 

resulting from the hole excitation coincident with the electron transfer.11 In addition, Zhu et al. 

reported the enhanced extraction of multiple excitons (~21 electrons) from CdSe nanorods 

(NRs) to methyl viologen (MV2+) as compared with that from CdSe QDs to MV2+(< ~4 
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electrons), which was due to the fast electron transfer (~60 fs) and slow Auger recombination 

process.12,13 The efficient electron transfer dynamics in the semiconductor-metal hybrid 

nanostructures (HNs) was examined by several groups. Mongin et al. reported the ultrafast 

electron transfer from band-edge state of CdS NRs with the lifetime of sub-20 fs time scale in 

Au NP-attached CdS NRs.14 In our previous studies, by using the femtosecond pump-probe 

spectroscopy, ultrafast (much faster than the instrumental response function) and ps-scale 

electron transfer from the band-edge state of PbS QDs and CdSe NRs to Au NPs were 

analyzed, respectively.15,16 In addition, in PbS QDs strongly coupled with TiO2 NPs systems, 

ultrafast electron transfer from the band-edge state of PbS QDs with the estimated lifetime of 

~6 fs were suggested.17 Furthermore, the hot electron transfer from semiconductor 

nanocrystals have been observed. Tisdale et al. analyzed the hot electron transfer from 

colloidal PbSe QDs to the single-crystalline TiO2 (rutile) by using the femtosecond 

time-resolved second harmonic generation experiments.18 In our previous study on the 

femtosecond pump-probe spectroscopy for CdSe NR-Au HNs with different size of Au NPs, 

hot electron transfer from CdSe NRs to Au NPs were revealed by analyses of rise time and 

initial bleach amplitudes of band-edge bleach band.16 Moreover, the hot electron transfer from 

CdSe QDs and NRs to MV2+ were reported.12,19-21                

 In addition, the electron transfer dynamics from core/shell nanocrystals as well as 

from bare semiconductor nanocrystals were examined. The shell growth on the core 

semiconductor nanocrystals is a very effective method for the drastic increase of 

luminescence quantum yield and modification of electronic structures and carrier relaxation 

processes. Core/shell semiconductor nanocrystals can be classified into type I, quasi-type II, 

and type II (Figure 3.1) depending on the relative energy levels of core and shell materials. In 

the type I core/shell QDs (CSQDs), such as CdSe/ZnS CSQDs, electron and hole are confined 

in the core region and the increase of luminescence quantum yields is observed as compared 
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with the core only.22 In type II CSQDs, such as CdTe/CdSe CSQDs, electron and hole are 

spacially separated into the core and shell regions and the charge recombination rate 

reduces.23,24 In the intermediate electronic structure, the electron (or hole) wavefunction 

spreads out a whole CSQDs, although the another wavefunction confines in the core or shell 

region, which is referred as quasi-type II CSQDs. In the CdSe/CdS CSQDs, the electronic 

structures can be modified by changing the core diameter and shell thickness since the 

conduction band-edge energy of bulk CdSe (-4.04 V vs vacuum) is slightly lower than that of 

bulk CdS (-3.84 V vs vacuum).11 The control of electronic structures in the CSQDs can leads 

to the change of the hot electron relaxation rate. In previous reports, the hot electron 

relaxation rate by Auger cooling and energy transfer to ligands depends on the overlap of 

wavefunction of electron and hole, and interaction between QDs and surface ligands, 

respectively.3,7 Therefore, the modification of electronic structures and overlap of 

wavefunctions in CSQDs can potentially allow to suppress the fast hot electron relaxation.8,25 

Furthermore, the electron transfer dynamics from several kinds of CSQDs to acceptor 

molecules were examined. The shell thickness dependence of the rate of electron transfer 

from band-edge state was analyzed in the type I CdSe/ZnS CSQDs-anthraquinone and 

quasi-type II CdSe/CdS CSQDs-MV2+ complexes.26,27 According to these studies, natural 

logarithm of electron transfer rate from the band-edge state decreases linearly with increasing 

the shell thickness, resulting from the decrease of electronic coupling strength between 

core/shell QDs and acceptor molecules adsorbed on the surface of QDs. Moreover, the 

multiple (~19) electron transfer from quasi-type II CdSe/CdS CSQDs to MV2+ were observed, 

which was due to the slow multiexciton annihilation and fast electron transfer in quasi-type II 

CSQDs.20 However, the shell thickness dependence of the rate of hot electron transfer from 

CSQDs has not been examined yet and remains unclear.  

 In the present study, we prepared CdSe/CdS CSQDs and CSQD-MV2+ complexes 
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with different shell thickness. We analyzed the shell thickness dependence of hot electron 

transfer rates as well as electron transfer rates from 1Se state by using the femtosecond 

pump-probe spectroscopy with a state-selective excitation technique.           

 

3.3  Experimental section 

 Synthetic and preparation methods of CdSe/CdS CSQDs and CSQD-MV2+ 

complexes were described in Chapter 2, respectively. The size of CdSe QDs and CdSe/CdS 

CSQDs were characterized by scanning transmission electron microscopy (STEM, TECNAI 

20, 200 keV, FEI) and energy dispersive X-ray spectrometry (EDX, ibid). UV−vis absorption 

and luminescence spectra of CSQDs and CSQD-MV2+ complexes were recorded using an 

U-4100 (Hitachi) and a Fluorolog-3 (Jobinyvon-Spex), respectively. The transient absorption 

spectra were measured using femtosecond pump-probe techniques. The samples were exited 

at 400 nm using the second harmonic of an amplified mode-locked Ti:sapphire laser (Spitfire 

and Tsunami, Spectra-Physics, repetition rate: 1 kHz), and the state-selective excitation 

experiments were performed by an optical parametric amplifier (OPA) (TOPAS, Light 

Conversion Ltd.). The pump pulse was focused to a spot with 0.7 mm diameter, and a 

repetition rate of 0.5 kHz was achieved by an optical chopper (Model 3501, New Focus, Inc.). 

The transient absorption was probed using the delayed pulses of a femtosecond white-light 

continuum generated by focusing the fundamental laser pulse into a D2O cell. Detection was 

carried out using a polychromator-CCD combination (Spectra Pro-275, Acton Research Co., 

and Spec-10, Princeton Instruments). The temporal resolution for 400 nm and state-selective 

excitation were ∼100 fs and ~60 fs, respectively.  

 

3.4  Results and discussion 

  STEM images of CdSe QDs and CdSe/CdS CSQDs A and B were shown in Figure 
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3.2 and the shell thickness of CSQDs A and B were estimated to be ~0.4 nm and ~0.6 nm, 

respectively (Table 3.1). STEM image analyses revealed that the diameter of CdSe/CdS 

CSQDs became larger than that of core CdSe QDs by the growth of CdS shell on the core, 

and the shell thickness increased with increasing the number of precursor injection. 

Furthermore, as shown in Figure 3.3, the EDX data of CdSe/CdS CSQDs A clearly showed a 

S peak as well as Cd and Se peaks, suggesting the CdS shell growth on the CdSe core. 

Steady-state absorption and emission spectra of CdSe QDs and CdSe/CdS CSQDs were 

illustrated in Figure 3.4. In the absorption spectrum of CdSe QDs, 1S, 2S, and 1P absorption 

bands were observed centered at 547 nm, 512 nm, and 466 nm, respectively.3,5 From the 

wavelength of a 1S absorption peak, the diameter of CdSe QDs was estimated to be 3.0 nm,28 

which is in good agreement with the STEM data. In the absorption spectra of CdSe/CdS 

CSQDs A and B, 1S absorption peak was shifted to the longer wavelength region as the shell 

thickness increased, resulting from the penetration of electron wavefunction of CdSe core to 

the CdS shell region.29,30 In addition, the absorption of CdS shell was detected in the shorter 

wavelength region (<500 nm). The band-edge luminescence centered at 559 nm in CdSe QDs 

exhibited the red-shift with increasing the shell thickness. Luminescence quantum yields of 

CdSe/CdS CSQDs (A; 25%, B; 29%) were higher than that of CdSe QDs (15%), suggesting 

that the decrease of surface trap states by the shell growth on the core CdSe QDs.27,29 The 

steady-state absorption and emission spectra of CdSe/CdS CSQDs-MV2+ complexes are 

illustrated in Figure 3.5. In the absorption spectra, the absorption of MV2+ is superposed on 

the spectrum of the CdSe/CdS CSQDs in the shorter wavelength region.13,19 The band-edge 

luminescence of CSQDs are strongly quenched in CdSe/CdS CSQDs-MV2+ complexes, which 

is due to the electron transfer from CdSe/CdS CSQDs to MV2+.  

The transient absorption spectra of CdSe/CdS CSQDs A, B, and their MV2+ 

complexes excited at 400 nm are shown in Figure 3.6. In the CdSe/CdS CSQDs A and B, 1S 
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bleach bands were observed at 554 nm and 575 nm, corresponding to the wavelength of 1S 

absorption peak in steady-state absorption spectra of CSQDs A and B, respectively. As shown 

in Figure 3.6, though the spectral features of CdSe/CdS CSQDs-MV2+ A and CSQDs-MV2+ B 

complexes were very similar to those of CdSe/CdS CSQDs, the very fast relaxation in 

CSQD-MV2+ complexes was clearly observed. The fast relaxation was due to the electron 

transfer from CdSe/CdS CSQDs to MV2+.20,27 Moreover, the broad induced absorption 

corresponding to the absorption of methyl viologen cation radical (MV+ radical)31 were 

detected at longer wavelength region (>600 nm) of transient absorption spectra in both 

CSQD-MV2+ complexes. The appearance of MV+ radical band indicates the electron transfer 

from CdSe/CdS CSQDs to MV2+.  

The 1S bleach band dynamics of each samples were illustrated in Figure 3.7. In the 

CdSe/CdS CSQDs, the ps-scale fast relaxation corresponding to the electron trapping to the 

surface defect does not detected. In contrast, the 1S bleach dynamics of CdSe/CdS 

CSQD-MV2+ complexes showed a very fast decay component corresponding to the electron 

transfer from the 1Se state of QDs to MV2+. The 1S bleach dynamics were fitted with the sum 

of exponential functions by a deconvolution analysis. The electron transfer dynamics in 

CdSe/CdS CSQD-MV2+ complexes A (shell thickness: ~0.4 nm) were faster than that in 

CSQD-MV2+ complexes B (shell thickness: ~0.6 nm), and the lifetime of electron transfer 

from the 1Se state in CSQD-MV2+ complexes A and B were estimated to be ~400 fs and ~640 

fs, respectively. In the previous studies on the CSQDs-acceptor molecules complexes, the 

electron transfer from the 1Se state of CSQDs to acceptor molecules became slower with 

increasing the shell thickness because of the decrease of electronic coupling constant between 

QDs and acceptor molecules adsorbed on the surface.27,32 Therefore, the observed decrease of 

electron transfer rate from the 1Se state of CdSe/CdS CSQDs to MV2+ is consistent with these 

previous reports. According to the previous studies, the electron transfer rate depends on the 
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number of electron acceptors.12,33-35 Morris-Cohen et al. reported that the electron transfer rate 

from CdS QDs increased linearly with the number of viologen molecules.36 However, in the 

present study, the estimation of the average number of MV2+ adsorbed on the surface of a 

CSQD was not easy because the absorption coefficient of CdSe/CdS CSQDs was unclear. 

Thus, the average number of MV2+ on a QD was possible to contribute to the decrease of 

electron transfer rate as the shell thickness increase. On the other hand, the growth kinetics of 

1S bleach band of semiconductor nanocrystals represents the hot carrier relaxation to the 

band-edge states.2-6 Kambhampati group reported the hot electron relaxation mechanism in 

CdSe QDs with the state-selective excitation experiments.3-6 According to their reports, when 

the pump pulse whose energy is much higher than the 1P transition is used for the excitation, 

the hot electron relaxation follows a sum of three signals convolved with the instrumental 

response function (IRF).3,6  

 

∆𝑂𝐷(𝑡) =  [𝐴1𝑆 +  𝐴1𝑝𝑒−𝑘1𝑡 +  𝐴𝑖 {1 +  
1

𝑘2− 𝑘1
 × (𝑘1𝑒−𝑘2𝑡 −  𝑘2𝑒−𝑘1𝑡)}] ⊗  𝐼𝑅𝐹   (1) 

 

where i is the electronic states higher than 1Pe state, k2 ≡ ki→1P and k1 ≡ k1P→1S. However, in 

our experiments, by considering the signal-to-noise ratio in transient absorption 

measurements, only one rise component is enough to analyze the 1S bleach dynamics. 

Therefore, a sequential relaxation process (i → 1P and 1P → 1S) can be approximately 

expressed as one process (i → 1S) with the rate constant of kint. By using one exponential 

function with a deconvolution analysis, the rise time of 1S bleach band (1/kint) in CdSe/CdS 

CSQDs A and B were estimated to be ~240 fs and ~550 fs, respectively. In addition, in the 

growth kinetics of both CSQDs, a fast rise component comparable to an instrumental response 

function was also detected. The fast rise component is likely due to electronic excitation from 

deep valence band states to the 1Se state in the conduction band. The growth kinetics of 1S 
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bleach band of CdSe/CdS CSQD-MV2+ complexes A and B became much faster than those of 

CSQDs A and B. The rise times were estimated to be ~100 fs and ~90 fs for CSQD-MV2+ 

complexes A and B, respectively. By assuming the hot electron transfer from CSQDs to MV2+ 

with the rate constant of kHET, the rise time of 1S bleach band in CSQD-MV2+ complexes can 

be expressed as the inverse of the sum of the rate constants of intraband relaxation and hot 

electron transfer (1/(kint + kHET)). Therefore, the observed faster growth kinetics in CdSe/CdS 

CSQD-MV2+ complexes strongly suggested the hot electron transfer from QDs to MV2+. By 

using the estimated rise time of growth kinetics in each sample, the lifetime of hot electron 

transfer in CdSe/CdS CSQD-MV2+ complexes A and B were estimated to be ~170 fs and 

~110 fs, respectively. Furthermore, the hot electron transfer yields defined as kHET /(kint + 

kHET) were 0.59 and 0.82 for CdSe/CdS CSQD-MV2+ complexes A and B, respectively. In 

addition, as clearly shown in Figure 3.6, the 1S bleach amplitude of CdSe/CdS CSQDs-MV2+ 

complexes were smaller than those of CdSe/CdS CSQDs. Since the 1S bleach band of 

CdSe/CdS CSQDs is originated from the state filling of 1Se level,20 the lower 1S bleach 

amplitude of CSQDs-MV2+ suggests the hot electron transfer from CSQDs to MV2+. 

 As mentioned above, MV+ radical band were detected in the transient absorption 

spectra, suggesting the electron transfer from CdSe/CdS CSQDs to MV2+. Therefore, the 

growth kinetics of MV+ radical band, as well as the 1S bleach band dynamics, should 

represent the total electron transfer processes from 1Se and higher excited states of QDs to 

MV2+. The growth kinetics of MV+ radical band in both CSQD-MV2+ complexes excited at 

400 nm were shown in Figure 3.8. The growth kinetics of MV+ radical band were analyzed 

using biexponential function including the electron transfer from 1Se state and hot electron 

transfer. The fast rise times of MV+ radical band in both samples were estimated to be ~120 fs 

and ~90 fs for CSQDs-MV2+ complexes A and B by fixing the slow rise time in the electron 

transfer time from the 1Se state, respectively. These fast rise times of MV+ radical band were 
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similar to the rise time of 1S bleach band for each CSQDs-MV2+ complexes (1/( kint + kHET)), 

suggesting that analyses based on the hot electron transfer and electron transfer from 1Se state 

were valid..  

 In order to analyze electron transfer processes from CdSe/CdS CSQDs to MV2+ in 

more detail, the selective excitation of 1S transition of CSQDs was conducted using an OPA. 

In this experimental condition, the photoexcited electron occupies 1Se states directly and the 

hot electron does not generate. Transient absorption spectra of all samples excited at 1S 

absorption band (A: ~550 nm; B: ~570 nm) were illustrated in Figure 3.9. In all transient 

absorption spectra, 1S bleach band was clearly observed. In the CdSe/CdS CSQD-MV2+ 

complexes A and B, fast relaxation of transient absorption signal derived from CSQDs and 

the broad MV+ radical band were observed, indicating the electron transfer from 1Se state of 

CdSe/CdS CSQDs to MV2+. Transient absorption dynamics of 1S bleach band of each sample 

under 1S excitation were illustrated in Figure 3.10. As shown in Figure 3.10, the rise 

component of 1S bleach band was comparable to the instrumental response function (~60 fs), 

indicating that hot electron did not generate and hot electron transfer did not contribute to the 

transient absorption spectra and dynamics under 1S excitation. The lifetime of fast relaxation 

in the 1S bleach band of CSQD-MV2+ complexes A and B were estimated to be ~0.46 ps and 

~1.0 ps, respectively. The growth kinetics of MV+ radical band in CSQD-MV2+ complexes A 

and B under 1S and 400 nm excitation were shown in Figure 3.11. In contrast to 400 nm 

excitation experiments, the growth kinetics of MV+ radical band was fitted with single 

exponential function, and the rise time of MV+ radical band in QD-MV2+ complexes A and B 

were estimated to be ~0.43 ps and ~1.1 ps, which were similar to those of the fast decay 

component of 1S bleach dynamics. In 1S excitation experiments, the electron transfer process 

from 1Se state of QDs to MV2+ was only observed in the transient absorption spectra and 

dynamics, which leads to the excitation wavelength dependence of growth kinetics of MV+ 
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radical band dynamics.  

 As mentioned above, electron transfer time from 1Se state of CdSe/CdS CSQDs to 

MV2+ became slower with increasing the shell thickness, which was similar to the previous 

reports.27,32 On the other hand, the hot electron transfer time from CdSe/CdS CSQDs A (shell 

thickness: ~0.4 nm) to MV2+ was similar to (or slightly faster than) that from CdSe/CdS 

CSQDs B (shell thickness: ~0.6 nm). Consequently, in the CdSe/CdS CSQD-MV2+ 

complexes, the shell thickness dependence on the hot electron transfer rate were probably 

different from that on the electron transfer from 1Se state of CdSe/CdS CSQDs. The electron 

transfer rate was expressed as the sum of the electron transfer rates to all possible accepting 

states as given in the equation,37-40 

 

      𝑘𝐸𝑇 =  
2𝜋

ℏ
∫ 𝑑𝐸 𝜌(𝐸)|�̅�(𝐸)|2 1

√4𝜋𝜆𝑘𝐵𝑇
× 𝑒𝑥𝑝 [−

(𝜆+ Δ𝐺0+𝐸)2

4𝜆𝑘𝐵𝑇
]

∞

−∞
     (2) 

 

where 𝑘𝐸𝑇 is the total rate constant of electron transfer, 𝜌(𝐸) is the density of the MV2+ 

final state, Δ𝐺0  is the change in Gibbs energy corresponding to the energy difference 

between the electronic state of the CdSe/CdS CSQDs and the LUMO level of MV2+, 𝜆 is the 

reorganization energy, which is the sum of the inner-sphere, 𝜆𝑖 , and outer-sphere, 𝜆𝑜 , 

components, and |�̅�(𝐸)| is the electronic coupling constant between the initial electronic 

state of the CdSe/CdS CSQDs and the final state of MV2+. Since the solvent (chloroform) has 

a weak polarity, o is very small and i of MV2+ dominantly contributes to the total , 

indicating that the  does not depends on shell thickness. Therefore, possible reasons for the 

different shell thickness dependence of hot electron transfer rate are the electronic coupling 

constant, Gibbs energy change, and the density of acceptor states. Firstly, the penetration of 

electron wave functions at higher excited states (1Pe, 1De, etc.) are expected to be different 

from that at 1Se state, suggesting the different shell thickness (or total diameter) dependence 



69 

 

of electronic coupling between higher excited states of CSQDs and MV2+. Secondly, in the 

present study, the specific electronic state of CdSe/CdS CSQDs where hot electron transfer 

takes place is unclear. Therefore, the estimation of Gibbs energy change is not so easy. Zhu et 

al. reported the electron transfer rate from the 1Se state of semiconductor QDs to acceptor 

molecules increases monotonically with increasing the Gibbs energy change.11 According to 

this report, if the Gibbs energy change became larger (the energy level of initial state in a hot 

electron transfer process became higher) with increasing the shell thickness, the hot electron 

transfer could be faster in CdSe/CdS CSQDs-MV2+ complexes B. Therefore, the Gibbs 

energy change modified the hot electron transfer rate in CdSe/CdS CSQDs-MV2+ complexes. 

Thirdly, if the energy level of initial state for the hot electron transfer changed with changing 

the shell thickness, the density of MV2+ states whose energy levels are equal to the initial state 

could change. Consequently, these three reasons or their multiplier effects could lead to the 

unique shell thickness dependence of hot electron transfer from CdSe/CdS CSQDs to MV2+. 

Further experiments such as 1P excitation experiments are necessary for the elucidation of 

shell thickness dependence of the hot electron transfer rate in CdSe/CdS CSQD-MV2+ 

complexes.  

 

3.5 Conclusion 

 In conclusion, we synthesized the CdSe/CdS CSQDs with different shell thickness 

and prepared the CdSe/CdS CSQD-MV2+ complexes, and analyzed shell thickness 

dependence on the electron transfer from 1Se state and higher excited states by femtosecond 

pump-probe spectroscopy with the state-selective excitation technique. Steady-state 

absorption and luminescence spectra shows the absorption of MV2+ and strong quenching of 

band-edge luminescence, respectively. In the transient absorption measurements for 

CdSe/CdS CSQD-MV2+ complexes under 400 nm excitation, the fast relaxation of transient 
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absorption bands of CSQDs and the growth of MV+ radical band were observed, indicating 

the electron transfer from CSQDs to MV2+. By analyzing the 1S bleach band dynamics of 

each sample, we estimated the rate of electron transfer from 1Se state and hot electron transfer 

in CdSe/CdS CSQD-MV2+ complexes with different shell thickness. The electron transfer 

from 1Se state of CdSe/CdS CSQD-MV2+ complexes became slower with increasing the shell 

thickness, which was similar to previous studies on the electron transfer in CSQD-MV2+ 

complexes. On the other hand, we found that the hot electron transfer time from CdSe/CdS 

CSQDs to MV2+ did not depend on the shell thickness or became slightly faster as the shell 

thickness increased, which is clearly different from the shell thickness dependence of electron 

transfer from 1Se state. Furthermore, in the growth kinetics of MV+ radical band, both 

electron transfer from 1Se state and hot electron transfer were detected under 400 nm 

excitation, and only electron transfer from 1Se state was detected under 1S excitation. Our 

experimental results will provide the new insight into the hot electron transfer process from 

semiconductor nanocrystals, and develop the highly efficient QDs solar cell utilizing the hot 

electron. 
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Figure 3.1 The electronic structures of (a) type I, (b) quasi-type II, and (c) type II CSQDs. 
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Figure 3.2 STEM images of (a) CdSe QDs, (b) CdSe/CdS CSQDs A, and (c) B. 

 

 

Table 3.1 The diameter of each samples. 

Sample Diameter / nm Shell thickness / nm 

CdSe QDs 2.9 ± 0.2  

CdSe/CdS CSQDs A 3.7 ± 0.4 ~0.4  

CdSe/CdS CSQDs B 4.1 ± 0.6 ~0.6 
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Figure 3.3 (a) STEM image of CdSe/CdS CSQDs A and (b) EDX data obtained at red square 

region in Figure 3.3a. 
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Figure 3.4 Steady-state absorption (solid line) and emission spectra (dashed line) of CdSe 

QDs and CdSe/CdS CSQDs. 
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Figure 3.5 Steady-state absorption (solid) and emission (dashed) spectra of CdSe/CdS CSQDs 

and CSQD-MV2+ complexes. 
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Figure 3.6 Transient absorption spectra of (a) CdSe/CdS CSQDs A, (b) CSQD-MV2+ 

complexes A, (c) CdSe/CdS CSQDs B, and (d) CSQD-MV2+ complexes B excited at 400 nm 

(excitation intensity for A and B were 10 W and 20 W, respectively). 
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Figure 3.7 Transient absorption dynamics at the 1S bleach band of CdSe/CdS CSQDs and 

MV2+ complexes (a) A (obs: 554 nm) and (b) B (obs: 575 nm) excited at 400 nm. The inset 

shows the 1S bleach dynamics of each sample in the long time region.  
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Figure 3.8 Growth kinetics of MV+ radical band in (a) CdSe/CdS CSQDs MV2+ complexes A 

and (b) B (ex: 400 nm, obs: 630 nm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



85 

 

 

Figure 3.9 Transient absorption spectra of (a) CdSe/CdS CSQDs A, (b) CSQD-MV2+ 

complexes A, (c) CdSe/CdS CSQDs B, and (d) CSQD-MV2+ complexes B excited at 1S 

absorption peak (ex for A: 550 nm, ex for B: 570 nm). 
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Figure 3.10 Transient absorption dynamics at 1S bleach band of (a) CdSe/CdS CSQDs A and 

CSQDs-MV2+ A, and (b) CdSe/CdS CSQDs B and CSQDs-MV2+ B excited at 1S absorption 

band (ex for A: 550 nm, ex for B: 570 nm). 
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Figure 3.11 The excitation wavelength dependence of growth kinetics of MV+ radical band in 

CdSe/CdS CSQDs-MV2+ complexes (a) A and (b) B (obs: 630 nm). 
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Chapter 4 

Elementary Electron Transfer Processes from 

CdSe NPL to Methyl Viologen 
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4.1  Abstract 

 Charge separation in colloidal semiconductor nanocrystals is one of the key 

processes for the development of highly efficient solar cells. Several types of colloidal 

semiconductor nanocrystals have been recently synthesized with controlled quantum 

confinement dimensionality such as quantum dots (QDs), nanorods (NRs), and nanoplatelets 

(NPLs). However, previous studies on the carrier extraction dynamics from colloidal 

semiconductor nanocrystals have focused on QDs and NRs. Here, we analyzed the electron 

transfer process from colloidal CdSe NPLs to methyl viologen (MV2+, electron acceptor) 

using luminescence decay measurements and femtosecond pump-probe spectroscopy. We 

examined the dependence of the electron transfer dynamics on the lateral size of CdSe NPLs 

and found that the rate of electron transfer from CdSe NPLs to MV2+ depends on the NPL 

face where MV2+ adsorbs. In addition, we analyzed the growth kinetics and initial bleach 

amplitude at the band-edge bleach of CdSe NPLs and CdSe NPL-MV2+ complexes and found 

that, in contrast with the behavior of CdSe QD-MV2+ and NR-MV2+ complexes, hot electron 

transfer does not occur. This result is a consequence of fast intraband relaxation in CdSe 

NPLs and the relatively slow electron transfer process.      

 

4.2  Introduction 

Recent progress in the colloidal synthesis of semiconductor nanocrystals allows 

control over the quantum confinement dimensionality, for example, quantum dots1 (QDs, 

three dimensional confinement), nanorods2,3 (NRs, two dimensional confinement), and 

nanopletelets4,5 (NPLs, one dimensional confinement). Colloidal semiconductor NPLs have 

been synthesized with atomic-layer precision. Furthermore, core/shell6-8 and core/crown9-11 

colloidal semiconductor NPLs have also been synthesized. In semiconductor NPLs, electrons 

and holes are strongly confined only in the thickness direction, and the absorption and 
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emission features are almost independent of the lateral size of NPLs.12 Colloidal 

semiconductor NPLs exhibit tunable, bright luminescence with narrow line widths5,13 and 

large absorption cross sections.14,15 Therefore, colloidal semiconductor NPLs are of interest 

for various applications, such as light-harvesting materials and lasers, owing to their lower 

threshold of amplified spontaneous emission and higher gain saturation.8,13  

The carrier dynamics of photoexcited colloidal NPLs were investigated using 

luminescence decay measurements,5 single particle spectroscopy,7,16 and transient absorption 

spectroscopy.11,15,17 Ithurria et al. synthesized CdE (E = S, Se, Te) NPLs and measured the 

luminescence lifetimes of CdSe NPLs at various temperature (6-300 K).5 They found that 

CdSe NPLs exhibited an increase of luminescence intensity and decrease of luminescence 

lifetime as the temperature decreased, which was a unique signature observed only in 

quantum wells. The multiple exciton dynamics of CdSe NPLs were examined using 

time-resolved photoluminescence8,13,18 and transient absorption measurements.8 The multiple 

exciton annihilation in colloidal NPLs was described by a bimolecular process,18 and slow 

biexciton Auger recombination with a lifetime from hundreds of ps to 10 ns was observed.18 

Furthermore, Rowland et al. reported picosecond energy transfer from 4-monolayer NPLs to 

5-monolayer NPLs in a self-assembled CdSe NPL system, suggesting the potential for 

multiexciton extraction.19 In CdSe/CdTe core/crown type-II NPLs, the charge separation 

dynamics between the core and crown were analyzed using transient absorption 

spectroscopy.17    

Efficient charge extraction to the outside of a nanocrystal is very important for the 

application of semiconductor nanocrystals to photovoltaics and photocatalysis. The charge 

separation dynamics from various semiconductor nanocrystals to several kinds of acceptor 

molecules (methyl viologen (MV2+), methylene blue, anthraquinone, etc.)20-26 and metal 

nanoparticles27-31 have been reported. MV2+ is especially well known as an efficient electron 
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acceptor for CdSe nanocrystals. Furthermore, in contrast with molecular chromophores and 

bulk semiconductors, the recent work in semiconductor QD-acceptor molecule complexes has 

revealed a unique electron transfer process in which the Marcus inverted regime does not 

exist.20 In metal nanoparticle–tipped CdSe and CdS NRs, photoinduced electron transfer from 

the semiconductor to metal (or metal to semiconductor) was analyzed using luminescence 

decay measurements, transient absorption spectroscopy, and single particle spectroscopy.28-31 

Furthermore, Wu et al. synthesized Pt nanoparticle-attached CdSe NPLs and examined their 

carrier dynamics using transient absorption spectroscopy.31 In these nanostructures, ultrafast 

energy transfer (<150 fs) and ps-scale electron transfer (~9.4 ps) from the band-edge state of 

CdSe NPLs to the Pt nanoparticles were reported. However, as far as we know, this is the 

only report analyzing the carrier extraction dynamics from colloidal NPLs to the outside. 

Moreover, in contrast to metal-attached semiconductor nanocrystal systems, the transient 

absorption spectra of semiconductor nanocrystal-acceptor molecule complexes show growth 

kinetics of the radical species of the acceptor molecules, as well as decay kinetics of the 

semiconductor nanocrystals. Therefore, in semiconductor nanocrystal-acceptor molecule 

complexes, the electron transfer dynamics can be analyzed in more detail.    

In addition, hot electron extraction is a very important process for the development of 

highly efficient solar cells that are beyond the Shockley-Queisser limit.32 In a previous 

theoretical study by Ross and Nozik, the maximum conversion efficiency was reported to 

reach ~67% when the excess energy of photoexcited hot carriers was utilized.33 In contrast 

with bulk semiconductors, semiconductor nanocrystals have discrete electronic states because 

of the strong confinement of electrons and holes. Consequently, the energy separation 

between the 1Se and 1Pe states is much larger than the LO phonon energy,34 which leads to 

different intraband relaxation processes from bulk semiconductors such as Auger cooling and 

energy transfer to surface ligands.35-38 Pandey et al. reported extremely slow electron cooling 
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with a time constant of ~1 ns in CdSe/ZnSe/ZnS/CdSe multishell nanocrystals.39 Therefore, 

hot electrons in semiconductor nanocrystals show potential for extraction to the outside. In the 

work of Tisdale et al., hot electron transfer from colloidal PbSe QDs on single-crystalline 

(110) TiO2 (rutile) was observed in femtosecond time-resolved second harmonic generation 

experiments.40 Wang et al. reported hot electron transfer from CdSe QDs and CdSe/CdS 

core/shell QDs to MV2+ by analyzing the growth kinetics at the band-edge bleach.21 Zhu et al. 

examined ultrafast hot electron transfer in CdSe NR-MV2+ complexes.25 In this report, the 

electron transfer from CdSe NRs to MV2+ was comparable to or faster than that in CdSe 

QD-MV2+ complexes because transfer of the excited electron to MV2+ occurred along the 

radial direction of the NRs, where the electron is strongly confined. Moreover, Sagarzazu et al. 

examined the carrier dynamics of Au-tipped CdSe NRs and suggested the existence of hot 

electron transfer from CdSe NRs to Au NPs.29 However, the occurrence of hot electron 

transfer in colloidal semiconductor NPLs remains unclear.  

In this study, we prepared several kinds of CdSe NPLs with different lateral sizes and 

CdSe NPL-MV2+ complexes. We examined the electron transfer dynamics from CdSe NPLs 

to MV2+ adsorbed on their surfaces using luminescence decay measurements and femtosecond 

transient absorption spectroscopy. Using the transient absorption measurements, we analyzed 

the lateral size dependence of the electron transfer dynamics. Furthermore, the hot electron 

dynamics of the CdSe NPL-MV2+ complexes were analyzed by comparing the growth 

kinetics and initial transient bleach amplitude at the band-edge bleach of CdSe NPLs with 

those of CdSe NPL-MV2+ complexes. 

 

4.3  Experimental section 

 Synthetic and preparation methods of CdSe NPLs and CdSe NPL-MV2+ complexes 

were described in Chapter 2, respectively. The lateral size and thickness of CdSe NPLs were 
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characterized by scanning transmission electron microscopy (STEM, TECNAI 20, 200 keV, 

FEI). UV-vis absorption and luminescence spectra of CdSe NPLs and CdSe NPL-MV2+ 

complexes were recorded using an U-4100 (Hitachi) and a Fluorolog-3 (Jobinyvon-Spex), 

respectively. Luminescence decays were measured using a time-correlated single-photon 

counting system. The samples were excited by the second harmonic (415 nm) of a 

cavity-dumped Ti:sapphire laser (Kapteyn-Murnane, Cascade), and the luminescence signal 

was detected with a monochromator-microchannel plate photomultiplier combination 

(JASCO, CT-10, and Hamamatsu, R2809U). The transient absorption spectra were measured 

using femtosecond pump-probe techniques. The samples were exited at 400 nm using the 

second harmonic of an amplified mode-locked Ti:sapphire laser (Spitfire and Tsunami, 

Spectra-Physics, repetition rate: 1 kHz). The pump pulse was focused to a spot with 0.7 mm 

diameter, and a repetition rate of 0.5 kHz was achieved by using an optical chopper (Model 

3501, New Focus, Inc.). The transient absorption was probed using the delayed pulses of a 

femtosecond white-light continuum generated by focusing the fundamental laser pulse into a 

D2O cell. Detection was carried out using a polychromator−CCD combination (Spectra Pro- 

275, Acton Research Co., and Spec-10, Princeton Instruments). The temporal resolution was 

∼100 fs.  

 

4.4  Results and discussion 

4.4.1  Elementary electron transfer processes from CdSe NPL to MV2+ 

 STEM images of CdSe NPLs with different lateral size were shown in Figure 4.1 and 

their lateral size were summarized in Table 4.1. The thickness of CdSe NPLs was estimated to 

be ~1.4 nm from STEM image analyses. Steady-state absorption and emission spectra of 

CdSe NPLs with different size were illustrated in Figure 4.2. CdSe NPLs with different lateral 

size have similar spectral features, suggesting that all CdSe NPLs have the same thickness.12 
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CdSe NPLs exhibited two narrow absorption band at ~510 nm and ~480 nm, which 

correspond to the electronic transitions from heavy-hole and light-hole valence bands to the 

conduction band edge (heavy-hole band and light-hole band), respectively.4,5 The very narrow 

band-edge luminescence was observed at ~511 nm, and the luminescence quantum yield of 

CdSe NPLs were determined by comparing the integrated emission intensity of the CdSe 

NPLs and that of coumarin343 in ethanol. The absolute quantum yield of coumarin343 in 

ethanol was measured by QE-2000 (Otsuka Electronics Co., Ltd). Steady-state absorption and 

emission spectra of CdSe NPLs and CdSe NPL-MV2+ complexes were illustrated in Figure 

4.3. In the CdSe NPL-MV2+ complexes, the absorption of MV2+ were superposed on the 

spectra of CdSe NPLs in the shorter wavelength region (<320 nm).21,23 Moreover, the 

band-edge emission of CdSe NPLs were strongly quenched in the CdSe NPL-MV2+ 

complexes (Table 4.2). This luminescence quenching is due to electron transfer from CdSe 

NPLs to MV2+, as illustrated in the energy diagram shown in Figure 4.3e.20 

The luminescence decays monitored at the band-edge luminescence peak of CdSe 

NPLs and CdSe NPL-MV2+ complexes are illustrated in Figure 4.4. The luminescence decay 

of the CdSe NPL-MV2+ complexes became much faster than that of the CdSe NPLs, 

indicating that the excited electron in the band-edge state of CdSe NPLs is transferred to 

MV2+. As shown in Table 4.3, the electron transfer time in all CdSe NPL-MV2+ complexes 

could not be accurately estimated from the luminescence decay measurements because the 

estimated lifetime of the excited state of CdSe NPL-MV2+ complexes was much shorter than 

the instrumental response function (∼30 ps). 

The transient absorption spectra of typical CdSe NPLs C and CdSe NPL-MV2+ 

complexes C excited at 400 nm are shown in Figure 4.5a and 5b. As shown in Figure 4.6, 

multiexcitons did not contribute to the transient absorption spectra and dynamics because of 

the low excitation intensity (1.6 J/cm2) in these measurements. In each samples, two bleach 
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peaks were observed, corresponding to the heavy-hole and light-hole bands in the steady-state 

spectra. The transient absorption dynamics at heavy-hole and light-hole bands in the typical 

CdSe NPLs C are illustrated in Figure 4.5c. In the light-hole band dynamics, a fast relaxation 

component with a lifetime of 240 fs was detected, whereas this fast relaxation was not 

detected in the heavy-hole band dynamics. This fast relaxation component was probably due 

to the hole relaxation from light-hole to heavy-hole state. As shown in Figure 4.5b, a very fast 

relaxation in CdSe NPL-MV2+ complexes were clearly observed though the spectral features 

were similar to those of CdSe NPLs. We assigned the origin of transient absorption bands in 

CdSe NPLs using the electron and hole acceptor molecules. The detailed results are described 

in section 4. 4. 2. From these results, the excited electron predominantly contributed to the 

heavy-hole band dynamics, and both electron and hole contributed to the light-hole band 

dynamics in CdSe NPLs. Consequently, the fast relaxation at the heavy-hole band of CdSe 

NPL-MV2+ complexes was due to the electron transfer from band-edge state of CdSe NPLs to 

MV2+. Furthermore, as shown in Figure 4.7, a broad absorption band centered at ~620 nm 

corresponding to the methyl viologen cation radical (MV+ radical) was observed in the 

transient absorption spectra, further supporting the electron transfer from CdSe NPLs to 

MV2+.41 As the formation of the MV+ radical originated from the electron transfer from the 

CdSe NPLs to MV2+, the rise components of the MV+ radical band, as well as the decay 

components of the heavy-hole band, should represent the electron transfer processes. 

However, the growth kinetics of the MV+ radical band could not be accurately analyzed 

because of the weak transient absorption signal at the very low excitation intensity of 1.6 

J/cm2. Therefore, we used somewhat higher excitation intensity (10 J/cm2) for the analysis 

of the electron transfer dynamics in MV+ radical band (the growth kinetics of the MV+ radical 

band with both excitation intensities are very similar).42 The transient absorption dynamics at 

heavy-hole band and MV+ radical band in all CdSe NPL-MV2+ complexes obtained using an 
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excitation intensity of 10 J/cm2 were shown in Figure 4.8, and the fitting results were 

summarized in Table 4.4. Two rise and two decay components were detected in MV+ radical 

band and heavy-hole band, respectively. However, the amplitudes of two rise and decay 

components does not match well with each other. In the heavy-hole band dynamics of CdSe 

NPLs, the intrinsic fast relaxation component with the lifetime of a few picoseconds exists. 

Therefore, the electron transfer rate analyzed from heavy-hole band dynamics included some 

uncertainty, which leads to the difference of the amplitudes. For the clarification of two 

electron transfer rates, we analyzed the lateral size dependence of the electron transfer 

dynamics from CdSe NPLs to MV2+. In previous studies on QD-MV2+ complexes, the 

electron transfer rate depends on the number of acceptor molecules adsorbed on each QD.43 

To analyze the number of MV2+ molecules on the surface of each CdSe NPLs, the absorption 

cross section (NPL) of the CdSe NPLs was estimated by assuming that the NPL value of 

CdSe NPLs with the same thickness is proportional to the physical cross section and 

comparing with the reported value (3.91 × 10-14 cm2 at 400 nm for a lateral size of 230 nm2).14 

By analyzing the steady-state absorption (Figure 4.3), the ratio of MV2+ to CdSe NPL was 

estimated to be ∼80 for each of the CdSe NPL-MV2+ complexes. The time constants of the 

two electron transfer processes obtained by fitting the growth kinetics of the MV+ (Table 4.4) 

became longer as the lateral dimension of the CdSe NPLs increased (fast: from 370 to 580 fs; 

slow: from 2.4 to 6.2 ps). In addition, A biexponential decay was observed in the long-time 

region for the MV+ radical band, corresponding to the charge recombination between the 

electron in the MV+ radical and the hole in the valence band of the CdSe NPLs (back electron 

transfer from the MV+ radical to CdSe NPLs). Both lifetimes became slower as the lateral size 

of CdSe NPLs increased.  

The electron transfer rate was expressed as the sum of the electron transfer rates to all 

possible accepting states as given in the following equation44-47 
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where 𝑘𝐸𝑇 is the total rate constant of electron transfer, 𝜌(𝐸) is the density of the MV2+ 

final state, Δ𝐺0  is the change in Gibbs energy corresponding to the energy difference 

between the band-edge state of the CdSe NPLs and the LUMO level of MV2+, 𝜆 is the 

reorganization energy, which is the sum of the inner-sphere, 𝜆𝑖 , and outer-sphere, 𝜆𝑜 , 

components, and |�̅�(𝐸)| is the electronic coupling constant between the initial conduction 

band-edge state of the CdSe NPLs and the final state of MV2+. As shown in Figure 4.2, each 

of the CdSe NPLs with a different lateral size had a similar absorption peak wavelength, 

indicating that all CdSe NPLs have comparable bandgap energies and conduction band edge 

energies. Therefore, Δ𝐺0 does not change with the lateral size of the CdSe NPLs. In addition, 

the inner-sphere term of the reorganization energy, 𝜆𝑖, has contributions from both the CdSe 

NPLs and acceptor molecules. According to previous studies, the contribution from acceptor 

molecules (a few hundreds of meV)20 to 𝜆𝑖 is dominant, whereas that from semiconductor 

nanocrystals (∼10 meV)48 is negligible. The outer-sphere term, 𝜆𝑜, which is related to the 

dielectric response of the solvent and ligand, depends on the size of nanocrystals.49-51 

However, the change in  𝜆𝑜 with the size of the CdSe NPLs is not very large (∼10 meV) 

because of the relatively large size of the CdSe NPLs and the small difference between the 

static and optical dielectric constants of chloroform. As a result, the overall change in the 

reorganization energy (𝜆𝑖 + 𝜆𝑜) with lateral size does not significantly affect the electron 

transfer rate from the CdSe NPLs to MV2+. The electronic coupling constant, |�̅�(𝐸)|, 

depends on the degree of overlap between the penetrated wave function of the conduction 

band-edge state of CdSe NPLs and MV2+ adsorbed on the NPL surface. Zhu et al. reported 

that the electronic coupling strength is proportional to the amplitude of the electron density at 
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the surface of QDs, with the density increasing as the size of the QDs decreases (∼10 times 

larger with a decrease of the radius from 2 to 1 nm),20 indicating that the electronic coupling 

between QDs and acceptor molecules is stronger in smaller QDs. Therefore, the lateral size 

dependence of the electron transfer time from CdSe NPLs to MV2+ probably originated from 

a change in the electronic coupling strength. 

 Since the shape of the CdSe NPLs was highly anisotropic, with a large lateral size 

(short axis of 5.1−7.5 nm and long axis of 15.0−22.8 nm) and small thickness (1.4 nm), the 

electronic coupling strength between the CdSe NPLs and MV2+ should be different at the 

different CdSe NPLs faces. Therefore, the two electron transfer rates observed probably 

originate MV2+ adsorbed on different CdSe NPLs faces. We deduced that MV2+ likely 

adsorbed on the faces perpendicular to the short and long axes in the lateral dimension of the 

CdSe NPLs for the following reasons. If MV2+ were adsorbed on the face perpendicular to the 

thickness direction (the plane of CdSe NPLs), the electronic coupling strength would not 

change with the lateral size because all the CdSe NPLs have the same thickness. Thus, 

electron transfer from the CdSe NPLs to MV2+ adsorbed on the face perpendicular to the 

thickness direction is expected to be similar for all the CdSe NPL-MV2+ complexes. However, 

in our results, the time constants of the fast and slow electron transfer depend clearly on the 

lateral size of the CdSe NPLs. Furthermore, previous studies have reported that the faces 

perpendicular to the thickness direction are well passivated by carboxylic acid groups.6,16,52,53 

Moreover, these faces are terminated with cadmium atoms.6,16,52,53 Peterson et al. reported that 

MV2+ tends to adsorb to the anionic surface (S-terminated) of CdS QDs because MV2+ is a 

cationic molecule.43 For these reasons, MV2+ cannot be adsorbed on the faces perpendicular to 

the thickness direction of the CdSe NPLs. In addition, as mentioned above, electron transfer 

from semiconductor nanocrystals to acceptor molecules adsorbed on the surface is faster in 

the smaller nanocrystals because of differences in the electronic coupling at the surface. 
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Therefore, the observed fast and slow electron transfer from the CdSe NPLs to MV2+ can be 

assigned to electron transfer at the faces perpendicular to the short and long axes in the lateral 

dimension, respectively (Figure 4.9). The fast and slow electron transfer rates are plotted 

against the length of the short and long axes in the lateral dimension of the CdSe NPLs, as 

shown in Figure 4.10. A good correlation was shown between two electron transfer rates and 

the length of the short and long axes.  

 In previous studies, the electron transfer dynamics in semiconductor 

nanocrystal-acceptor molecule complexes was fitted by a kinetic model derived from the 

Poisson distribution.20,22,43 This model assumes that the number of acceptor molecules 

adsorbed on the surface of a nanocrystal follows Poisson statistics and the observed electron 

transfer rate increases linearly with the number of adsorbed acceptor molecules. Therefore, 

the observed electron transfer kinetics is written as ∑ 𝐴𝑛𝑒−𝑛𝑘𝐸𝑇,𝑖𝑛𝑡𝑡∞
𝑛=1 , where 𝑘𝐸𝑇,𝑖𝑛𝑡 is the 

intrinsic electron transfer rate of one semiconductor nanocrystal with one adsorbed acceptor 

molecule and 𝐴𝑛 is the amplitude of the nth electron transfer component. This sum of 

exponential functions can be converted to the following function20,22,43,54  

 

     ∑ 𝐴𝑛𝑒−𝑛𝑘𝐸𝑇,𝑖𝑛𝑡𝑡 =  𝑒[𝑚(𝑒
−𝑘𝐸𝑇,𝑖𝑛𝑡𝑡

−1)]∞
𝑛=1      (2) 

 

where m is the average number of acceptor molecules adsorbed on the surface of a 

semiconductor nanocrystal which can be estimated from UV-vis absorption spectra. We 

simulated the growth kinetics of the MV+ radical band using the Poisson-derived function 

with a m value of 80 (Figure 4.11). However, as shown in Figure 4.11, the growth kinetics 

cannot be well fitted by this function. In this expression, when the value of 𝑘𝐸𝑇,𝑖𝑛𝑡𝑡 is small, 

𝑒−𝑘𝐸𝑇,𝑖𝑛𝑡𝑡  is approximated as 1 − 𝑘𝐸𝑇,𝑖𝑛𝑡 , indicating that the Poisson-derived function 

approaches a single-exponential function.22,55  In our simulation of the dynamics of the MV+ 
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radical band, the product 𝑘𝐸𝑇,𝑖𝑛𝑡𝑡 is very small for all the CdSe NPL-MV2+ complexes in the 

initial time region (𝑘𝐸𝑇,𝑖𝑛𝑡𝑡 < 0.15 at t ≤ 10 ps). Therefore, the biexponential-like growth 

kinetics of the MV+ radical band can be explained by the adsorption of MV2+ on different 

faces of the CdSe NPLs.  

 By assuming hot electron transfer, the rise time of the heavy-hole band in the CdSe 

NPL-MV2+ complexes can be expressed as the inverse of the sum of the rate constants of 

intraband relaxation and hot electron transfer, indicating that the rise time of the heavy-hole 

band in the CdSe NPL-MV2+ complexes should be faster than that in the CdSe NPLs. The 

growth kinetics of the CdSe NPLs and CdSe NPL-MV2+ complexes at the heavy-hole band 

are illustrated in Figure 4.12. As clearly shown, the rise times of both samples are very similar 

(∼70 fs), and the initial amplitudes of the transient bleach at the heavy-hole band divided by 

the ground state absorbance value (ΔOD/OD) were also very similar. These results indicate 

that the rate of hot electron relaxation in the CdSe NPL-MV2+ complexes is very similar to 

that in the CdSe NPLs, indicating that hot electron transfer does not occur. In contrast to our 

results, hot electron transfer from CdSe QDs21,24 and CdSe NRs25 to MV2+ has been observed 

in previous studies. As QDs have a discrete electronic state, the hot electron relaxes to the 

band-edge state through energy transfer to the hole (Auger cooling).35-37 The hot electron in 

QDs relaxes to the band-edge (1Se) state with a lifetime of a few hundreds of fs to several 

ps.34,38,56,57 Yu et al.58 and Spann et al.59 reported hot electron relaxation in CdSe NRs with 

similar time scales to that in CdSe QDs. On the other hand, semiconductor NPLs have 

relatively continuous electronic states in the conduction band because of the large lateral 

dimension. Therefore, the hot electron in CdSe NPLs relaxes to the band-edge state via these 

continuous electronic states by immediate phonon emission.60 Indeed, the intraband relaxation 

time of the hot electron in the CdSe NPLs with different lateral sizes was much faster (∼60-70 

fs) than that in CdSe QDs and NRs. In previous studies, ultrafast electron transfer was 
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observed from CdSe QDs to MV2+ within tens of fs.20,23 Furthermore, in the case of CdSe 

NR-MV2+ complexes, ultrafast electron transfer (∼60 fs) to MV2+ occurred along the short 

axis (3.2 nm) because of strong electronic coupling.25 In the CdSe NPL-MV2+ complexes, the 

electron transfer processes were slower than those in CdSe QD-MV2+ and NR-MV2+ 

complexes, owing to the relatively weak electronic coupling along the short and long axes in 

the lateral dimension. Because of the fast intraband relaxation and slow electron transfer, hot 

electron transfer did not occur from the CdSe NPLs to MV2+.  

  

4.4.2  The assignment of transient absorption bands of CdSe NPLs   

 Transient absorption spectra at visible and near-IR region, and dynamics at each 

band of CdSe NPLs B are illustrated in Figure 4.13. In the transient absorption spectra of 

CdSe NPLs B, the induced absorption peak in the near-IR region (~1060 nm) was clearly 

observed as well as heavy-hole and light-hole bands in the visible region. As shown in Figure 

4.13c, the fast decay component corresponding to the hole relaxation with a lifetime of 240 fs 

was observed only in the light–hole band dynamics. Moreover, the decay kinetics of induced 

absorption band at near-IR region was nearly identical with that of heavy-hole band, 

suggesting that the origin of near-IR band was the absorption of excited electron or hole at the 

band-edge states.15 In order to assign these transient absorption bands of CdSe NPLs, we 

examined the transient absorption dynamics of CdSe NPLs B with electron acceptor (MV2+) 

and hole acceptor (phenothiazine, PTZ) molecules.25 Steady-state absorption and 

luminescence spectra of these samples were illustrated in Figure 4.14a and 14b, where the 

absorption of acceptor molecules at shorter wavelength region (<400 nm) and luminescence 

quenching in CdSe NPL-acceptor molecule complexes were observed. In addition, 

luminescence decays of CdSe NPL-acceptor molecules complexes monitored at the 

band-edge luminescence peak (inset of Figure 4.14b) became faster than that of CdSe NPLs, 
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resulting from electron and hole transfer from CdSe NPLs to acceptor molecules.61,62 As 

shown in Figure 4.15, transient absorption spectra of CdSe NPL-MV2+ and CdSe NPL-PTZ 

complexes in visible and near-IR region have similar features to those of CdSe NPLs. 

Transient absorption dynamics at each band are shown in Figure 4.16. In CdSe NPL-MV2+ 

complexes, transient absorption dynamics at each band showed much faster relaxation than 

those of CdSe NPLs, corresponding to the electron transfer from the conduction band-edge of 

CdSe NPLs to MV2+. This fast relaxation in CdSe NPL-MV2+ complexes indicates that 

excited electron in conduction band-edge contributes to all transient absorption band of CdSe 

NPLs. In contrast, transient absorption dynamics of CdSe NPL-PTZ complexes were similar 

to those of CdSe NPLs, though the luminescence decay of CdSe NPL-PTZ complexes was 

faster than that of CdSe NPLs. The similar transient absorption dynamics of CdSe NPLs and 

CdSe NPL-PTZ complexes indicates that the hole transfer from CdSe NPLs to PTZ did not 

affect to all transient absorption band of CdSe NPLs. However, as mentioned above, hot hole 

relaxation with the time constant of 240 fs were observed at the light-hole band of CdSe NPLs, 

suggesting that excited hole in the valence band contributes to the light-hole band. As a result, 

although the excited hole contributes to the light-hole band, hole transfer dynamics from 

CdSe NPLs to PTZ could not be observed because of the very fast hole relaxation. These 

comparisons of transient absorption dynamics between CdSe NPLs and CdSe NPL-acceptor 

molecule complexes revealed that excited electron in conduction band predominantly 

contributed to the heavy-hole and near-IR band, and both electron and hole contributed to the 

light-hole band.  

 Benchamekh et al. calculated the electronic structure of colloidal CdSe NPLs by 

tight-binding approximation, where the energy spacing between the conduction band-edge 

and next higher electronic state was ~1.2 eV.63 Therefore, induced absorption peak observed 

in the near-IR region (~1.17 eV) was assigned to the electronic transition between conduction 
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band-edge and next higher electronic state.  

 

4.5 Conclusion 

In conclusion, we prepared CdSe NPLs with different lateral sizes and the 

corresponding CdSe NPL-MV2+ complexes and examined their carrier dynamics using 

luminescence decay measurements and femtosecond transient absorption spectroscopy. 

Transient absorption spectroscopy of the CdSe NPL-MV2+ complexes revealed fast recovery 

of the heavy-hole band and growth of the MV+ radical band due to electron transfer from the 

CdSe NPLs to MV2+. An analysis of the transient absorption dynamics revealed the existence 

of fast and slow electron transfer processes from the band-edge state of CdSe NPLs to MV2+. 

The time constants of these fast and slow electron transfer processes decreased in the larger 

CdSe NPL-MV2+ complexes. This dependence of the electron transfer on the lateral size is 

due to a change in the electronic coupling strength between the penetrated wave function of 

the CdSe NPLs and MV2+ adsorbed on the surface. Furthermore, the two electron transfer 

processes originated from the different faces of the CdSe NPLs where MV2+ adsorbed, with 

fast and slow electron transfer occurring along the short and long axes in the lateral dimension, 

respectively. The analysis of the initial bleach amplitude and growth kinetics at the 

heavy-hole band indicates that hot electron transfer does not occur from the CdSe NPLs to 

MV2+. This is probably due to the faster hot electron relaxation and relatively slow electron 

transfer time in CdSe NPL-MV2+ complexes when compared with CdSe QD-MV2+ and 

NR-MV2+ complexes. Our experimental results will provide the new insight into the electron 

extraction mechanism from colloidal semiconductor nanocrystals. 
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Figure 4.1 STEM images of CdSe NPLs (a) A, (b) B, (c) C, and (d) D. 

 

Table 4.1 Lateral size of each CdSe NPLs 

Sample Reaction time / min Short axis / nm Long axis / nm 

CdSe NPLs A 4 15.0 ± 2.2 5.1 ± 0.7 

CdSe NPLs B 7 21.3 ± 2.7 5.8 ± 0.8 

CdSe NPLs C 15 21.7 ± 3.0 6.7 ± 0.8 

CdSe NPLs D 20 22.8 ± 3.0 7.5 ± 0.9 
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Figure 4.2 Steady-state absorption (solid) and emission (dashed) spectra of each sample. 
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Figure 4.3 Steady-state absorption (solid) and emission (dashed) spectra of CdSe NPLs and 

NPL-MV2+ (a) A, (b) B, (c) C, and (d) D. (e) The diagram of the conduction band edge of 

bulk CdSe and reduction potential of MV2+.20 

 

Table 4.2 Luminescence quantum yields of CdSe NPLs and CdSe NPL-MV2+ complexes 

Sample CdSe NPLs CdSe NPL-MV2+ complexes 

A (15.0 nm × 5.1 nm) 0.34 1.2 × 10-3 

B (21.3 nm × 5.8 nm) 0.35 2.7 × 10-3 

C (21.7 nm × 6.7 nm) 0.20 1.7 × 10-3 

D (22.8 nm × 7.5 nm) 0.19 2.1 × 10-3 
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Figure 4.4 Luminescence decay monitored at a luminescence peak of CdSe NPLs and CdSe 

NPL-MV2+ complexes (a) A, (b) B, (c) C, and (d) D. 

 

Table 4.3 Luminescence lifetimes of CdSe NPLs and CdSe NPL-MV2+ complexes 

Sample 1 / ns (%) 2 / ns (%) 3 / ns (%) ave / ns 

CdSe NPLs A 0.22 ± 0.03 (65.5) 1.7 ± 0.2 (24.5) 13.0 ± 0.3 (10.0) 1.86 

CdSe NPL-MV2+ A 0.009 ± 0.002 (99.9) 1.7 ± 0.1 (0.10)  0.010 

CdSe NPLs B 0.26 ± 0.03 (41.4) 1.2 ± 0.1 (38.8) 8.1 ± 0.2 (19.8) 2.18 

CdSe NPL-MV2+ B 0.009 ± 0.002 (99.9) 3.3 ± 0.1 (0.1)  0.010 

CdSe NPLs C 0.19 ± 0.04 (64.5) 0.97 ± 0.07 (27.8) 7.9 ± 0.3 (7.7) 1.01 

CdSe NPL-MV2+ C 0.017 ± 0.002 (99.9) 1.2 ± 0.1 (0.1)  0.018 

CdSe NPLs D 0.16 ± 0.04 (66.8) 0.85 ± 0.05 (26.7) 7.6 ± 0.4 (6.5) 0.83 

CdSe NPL-MV2+ D 0.020 ± 0.002 (99.9) 0.62 ± 0.05 (0.1)  0.020 
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Figure 4.5 Transient absorption spectra of (a) CdSe NPLs C and (b) CdSe NPL-MV2+ 

complexes C and (c) transient absorption dynamics at the heavy-hole and light-hole bands of 

CdSe NPLs C (λex: 400 nm). The inset of (c) shows the electronic structure of CdSe NPLs and 

the heavy-hole (green) and light-hole (blue) band transitions.  

 

 

 

 

 

 

 

 

 

 

 



118 

 

 

Figure 4.6 Single-exciton dynamics at heavy-hole bleach of CdSe NPLs (a) A, (b) B, (c) C, 

and (d) D. 
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Figure 4.7 Transient absorption spectrum of CdSe NPL-MV2+ C at the delay time of 100 ps 

with the low excitation intensity (1.6 J/cm2). 
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Figure 4.8 Transient absorption dynamics of the heavy-hole band (red) and MV+ radical band 

at 620 nm (blue) in CdSe NPL-MV2+ complexes (a) A, (b) B, (c) C, and (d) D (excitation 

intensity: 10 J/cm2). 

 

Table 4.4 Electron transfer times for each CdSe NPL-MV2+ complexes. 

Sample 
Lateral size 

 / nm2 

MV+ radical band Heavy-hole band 

fast / fs slow / ps fast / fs slow / ps 

CdSe NPL-MV2+ A 15.0 × 5.1 370 ± 30 (34%) 2.4 ± 0.2 (66%) 390 ± 20 (15%) 2.1 ± 0.3 (85%) 

CdSe NPL-MV2+ B 21.3 × 5.8 420 ± 20 (31%) 5.3 ± 0.3 (69%) 500 ± 30 (32%) 5.2 ± 0.4 (68%) 

CdSe NPL-MV2+ C 21.7 × 6.7 470 ± 20 (49%) 5.5 ± 0.4 (51%) 450 ± 20 (44%) 5.3 ± 0.3 (56%) 

CdSe NPL-MV2+ D 22.8 × 7.5 580 ± 30 (61%) 6.2 ± 0.3 (39%) 600 ± 30 (30%) 5.7 ± 0.3 (70%) 
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Figure 4.9 Origin of different electron transfer rates from the CdSe NPLs to MV2+ adsorbed 

on the surface. The green and transparent red rectangles represent CdSe NPL and surface 

ligands, respectively. 
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Figure 4.10 Lateral size dependence on the (a) fast and (b) slow electron transfer rates. (c) 

The natural logarithm of fast and slow electron transfer rates were plotted against the distance 

(the half of short and long axis) and the linear dependence of ln kET against the distance was 

experimentally obtained. 
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Figure 4.11 Fitting results of MV+ radical band at 620 nm of CdSe NPL–MV2+ (a) A, (b) B, 

(c) C and (d) D by the Poisson-derived function (m was fixed to 80). As compared with the 

fitting by the biexponential function (Figure 4.8), the growth kinetics of MV+ radical band 

could not be well fitted by the Poisson-derived function.  
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Figure 4.12 Transient absorption signal and growth kinetics of the heavy-hole band bleach in 

CdSe NPLs and CdSe NPL-MV2+ complexes (a) A, (b) B, (c) C and (d) D under low 

excitation intensity (1.6 J/cm2). 
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Figure 4.13 Transient absorption spectra of CdSe NPLs B (λex : 400 nm) with low excitation 

intensity (1.6 J/cm2) at (a) visible and (b) near–IR region. (c) Transient absorption dynamics 

at each band. 
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Figure 4.14 Steady–state (a) absorption and (b) luminescence spectra of CdSe NPLs, CdSe 

NPL-PTZ, and CdSe NPL-MV2+ complexes. The inset of Figure S5b shows the luminescence 

decay of these samples observed at 511 nm. (c) The energy diagram of bulk CdSe, reduced 

potential of methyl viologen, and oxidation potential of phenothiazine.61,62 
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Figure 4.15 Transient absorption spectra at visible and near–IR region of (a and b) CdSe 

NPL-PTZ and (c and d) CdSe NPL-MV2+ complexes under the low excitation intensity (1.6 

J/cm2). 
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Figure 4.16 The comparison of transient absorption dynamics at each band of all samples 

under the low excitation intensity (1.6 J/cm2). 
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Chapter 5 

Ultrafast and Hot Carrier Dynamics in PbS 

QD-Au HNs 
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5.1  Abstract 

Semiconductor-metal hybrid nanostructures (HNs) are promising materials for 

photovoltaics and photocatalysis because of their efficient charge separation in the excited 

state. However, analysis of their carrier dynamics has been limited to only a handful of HNs, 

such as CdSe-Au and CdS-Au. Herein, we synthesized and characterized PbS QD-Au HNs 

and examined their carrier dynamics by femtosecond near-IR pump-probe spectroscopy. A 

decrease in band-edge (1S) bleach yields was clearly observed in PbS QD-Au HNs as 

compared to PbS QDs under 1S excitation, suggesting the existence of ultrafast carrier 

transfer from the 1S states of PbS QDs to Au NPs that was faster than the instrumental 

response function. A rise time analysis of 1S bleach dynamics determined that no hot carrier 

transfer was present. In addition to ultrafast carrier transfer, picosecond-scale carrier transfer 

was observed, with the rate constants increasing with Au NPs diameter. This difference 

between ultrafast and picosecond-scale carrier transfer is likely due to a difference in rate 

constants between electron and hole transfer. 

 

5.2  Introduction 

Semiconductor nanocrystals strongly confine electrons and holes, resulting in 

significant enhancement of electron-hole Coulomb interaction. This enhancement can lead to 

highly efficient multiple exciton generation (MEG),1 a process whereby multiple excitons 

result from the absorption of only one photon. This process has been observed in several 

kinds of quantum dots (QDs)2-5 and could be applied to the development of highly efficient 

solar cells. However, this strong confinement effect also result in highly efficient Auger 

recombination, reducing the lifetime of these semiconductor QD excitons to the order of tens 

of picoseconds.6 Therefore, it is essential to extract multiple excitons from QDs before Auger 

recombination for the highly efficient solar cells. 
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 In addition, semiconductor QDs have discrete electronic structures while bulk 

semiconductors have continuous band structures. Since energy separation between 1S and 1P 

states of CdSe QDs is 10-fold larger than the LO phonon energy,7 excited carriers in 

semiconductor nanocrystals relax to band-edge state through different processes from bulk 

semiconductors such as Auger cooling.8 The mechanism of intraband relaxation in CdSe QDs 

has been reported with the state-selective excitation experiments by Kambhampati et al.9-12 

According to these reports, excited electrons relax primarily via Auger process from the 1P to 

1S state, and holes relax primarily by a surface ligand mediated nonadiabatic process. In 

addition, they reported the hot carrier trapping in CdSe QDs competing with the hot carrier 

relaxation.13-15 For bulk semiconductors, excited carriers relax to the band-edge state by 

phonon emission, and this fast relaxation is an origin of the theoretical efficiency limit of 

solar cell (Shockley-Queisser limit).16 In contrast, intraband relaxation time in semiconductor 

nanocrystals can be controlled by capping reagents,17 spatial separation between electron and 

hole,18 and changing temperature.19 An extreme example of this increased relaxation time can 

be observed in the work of Gyot-Sionnest et al., who reported very slow electron cooling 

(over 1 ns) in CdSe/ZnSe/ZnS/CdSe multishell nanoparticles (NPs).18 This effect could 

potentially allow for efficient hot carrier extraction. 

 Lead chalcogenide QDs (PbS, PbSe, etc.) in particular have a great potential for use 

in solar energy conversion because of their small bandgap energies that lead to large exciton 

absorption in the near-IR to UV region and the easy generation of hot carriers. In addition, 

many researchers have reported MEG in lead chalcogenide QDs by transient absorption 

spectroscopy, fluorescence decay measurements, and photonto-current efficiency 

measurements.3,20-22 

 Multiple excitons and hot carriers should be extracted from semiconductor 

nanocrystals to the outside for efficient energy conversion. Semiconductor-metal hybrid 
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nanostructures (HNs) are one of the best candidate materials for photovoltaics23-26 and 

photocatlysis27-30 because of the ultrafast carrier transfer from the semiconductor to metal. 

Recent progress in the synthesis of colloidal nanocrystals has allowed for the synthesis of 

various kinds of semiconductor-metal HNs, including metal-tipped CdSe and CdS nanorods 

(NRs)31-33, Au-attached CdSe and PbS quantum dots (QDs),34,35 and Au/PbS core/shell hybrid 

nanoparticles.36 Their carrier dynamics have been examined by transient absorption 

spectroscopy, luminescence decay, and single-particle spectroscopy. Khon et al. reported the 

Au NPs size dependence on carrier dynamics of Au-tipped CdS NRs,37 showing that transient 

absorption signal of the smallest (2.7 nm) and largest (15.4 nm) Au-tipped CdS NRs showed 

only excitonic and plasmonic features, respectively. However, in middle size (5.3 nm) Au- 

tipped CdS NRs, both of these features were suppressed because of the mixing of electronic 

states at the semiconductor-metal domain interface. Ultrafast electron transfer (sub-20 fs) 

from band-edge state (1e state) of CdS NRs to Au NPs has been reported.26 Furthermore, one 

of our previous studies analyzed the electron transfer dynamics from both higher excited 

states (hot electron transfer) and the 1e state of CdSe NRs to Au NPs (1.5−2.2 nm).23 

Yang et al. reported the synthesis and carrier dynamics of Au attached PbS QDs,35 

where electron transfer dynamics from PbS QDs to Au NPs was studied by femtosecond 

pump−probe measurements at a particular wavelength of 700 nm. However, excited carrier 

dynamics in specific electronic states (1Se, 1Pe, etc.) could not be analyzed because of the 

lack of spectral information. In addition, excitonic transition of PbS QDs was not clearly 

observed in the steady-state absorption spectrum. In our previous experiments on Au/PbS 

core/shell hybrid nanoparticles (diameter of the Au core = 5.1 ± 1.3 nm, thickness of the PbS 

shell = 2.2 ± 0.7 nm), coherent acoustic phonon dynamics for the Au/PbS nanoparticles as a 

whole was clearly observed through transient absorption spectroscopy.38 However, excitonic 

features were not observed in the steady-state and transient absorption spectra because of the 
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significantly larger extinction coefficient of Au NPs as compared to that of the PbS shell. 

Therefore, in order to understand the excited carrier dynamics of PbS in PbS QD-Au HNs, it 

is essential to synthesize PbS QD-Au HNs with clear excitonic features and examine their 

carrier dynamics. 

 In the present study, we synthesized PbS QD-Au HNs showing clear excitonic 

features and characterized them by transmission electron microscopy (TEM) and energy 

dispersive X-ray spectroscopy (EDX). Moreover, carrier dynamics of PbS QD-Au HNs was 

examined by femtosecond near-IR transient absorption spectroscopy. In order to evaluate hot 

carrier and ultrafast carrier transfer, we analyzed the rise time of 1S bleach dynamics and 1S 

bleach yields in state-selective excitation experiments. 

 

5.3  Experimental section 

 Synthetic methods of OLAm capped PbS QDs and PbS QD-Au HNs were described 

in Chapter 2. The structures of PbS QDs and PbS QD-Au HNs were characterized by 

transmission electron microscopy (TEM, TECNAI 20, 200 keV, FEI), scanning TEM (STEM, 

ibid), and energy dispersive X-ray spectrometry (EDX, ibid). UV-vis absorption and 

luminescence spectra of PbS QDs and PbS QD-Au HNs were recorded using an U-4100 

(Hitachi) and a Fluorolog-3 (Jobinyvon-Spex), respectively. Near-IR transient absorption 

spectra were measured using femtosecond pump-probe experiments. In 800 nm excitation 

experiments, PbS QDs and PbS QD-Au HNs were excited with fundamental wave of an 

amplified mode-locked Ti:sapphire laser (Spitfire and Tsunami, Spectra-Physics, repetition 

rate: 1 kHz). The state selective excitation experiments were performed by an optical 

parametric amplifier (OPA) (TOPAS, Light Conversion Ltd.). Excitation intensity was 

7.1-213 μJ/cm2 with a repetition rate of 0.5 kHz by using a chopper (Model 3501, NEW 

FOCUS, Inc.). Absorption transients were probed by delayed pulses of a femtosecond 



134 

 

white-light continuum generated by focusing a fundamental laser pulse into a sapphire plate 

and were detected by an InGaAs detector (Princeton Instruments, OMA V). The temporal 

resolution in 800 nm excitation and state-selective excitation experiments were 100 fs and 60 

fs, respectively.  

 

5.4  Results and discussion 

TEM and STEM images of PbS QDs and PbS QD-Au HNs were shown in Figure 5.1. 

In the STEM images, PbS QD-Au HNs were constructed in two clearly contrasting parts. As 

shown in Figure 5.2, the EDX data of PbS QD-Au HNs A confirm that the bright and dark 

parts corresponded to Au NPs and PbS QDs, respectively. The average diameter of PbS QDs 

and Au NPs were summarized in Table 5.1. The average diameter of PbS QDs became 

smaller with increasing the concentration of Au precursor solution. The decrease of PbS QDs 

diameter was probably due to the etching during the synthesis which has been reported in 

CdSe NR-Au HNs.27,39 Steady-state absorption and luminescence spectra of PbS QDs and 

PbS QD-Au HNs are shown in Figures 5.3, respectively. The band-edge (1S) absorption band 

was clearly observed in the absorption spectra of both PbS QDs and PbS QD-Au HNs. The 1S 

absorption band shifted to the shorter wavelength (Table 5.2) and became broader with 

increasing the diameter of Au NPs. As mentioned above, the blueshift of 1S absorption band 

was due to the etching of PbS QDs diameter. Indeed, the diameter of PbS QDs in PbS QD-Au 

HNs estimated from 1S absorption peak40 were in good agreement with those from STEM 

images. In addition to the blueshift, the absorption spectra of PbS QD-Au HNs became 

broader as compared with that of PbS QDs. This observed broadening is likely due to either 

the size distribution of the PbS QDs or contribution of ultrafast carrier transfer between the 

PbS QDs and Au NPs under strong electronic coupling. Yang et al. have reported that the 

absorption spectrum of PbS QDs strongly coupled to TiO2 NPs became broader by ultrafast 
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electron transfer (∼6 fs) from PbS QDs to TiO2 NPs.41 In the luminescence spectra of PbS 

QD-Au HNs, wavelengths of luminescence peak slightly shifted to shorter wavelength region, 

and the luminescence intensity decreased with increasing the diameter of Au NPs. This 

luminescence quenching is likely due primarily to the interaction between PbS QDs and Au 

NPs. Steady-state absorption and emission spectra of PbS QDs with various sizes (reference 

A, B, and C) were illustrated in Figure 5.4. The wavelengths of 1S absorption peak in 

reference PbS QDs A, B, and C were nearly identical to those of PbS QD-Au HNs A, B, and 

C, respectively, indicating that the diameter of each set of QDs and PbS QD-Au HNs were 

very similar.  

Figure 5.5a shows the transient absorption spectra of PbS QDs under 800 nm 

excitation with weak excitation intensity of 14.2 J/cm2. The average number of excitons in a 

PbS QD, <N0>, is estimated to be ~0.1 at 14.2 μJ/cm2 by the equation <N0> = jp, where jp is 

the pump photon fluence and  is the QD absorption cross section at the excitation 

wavelength.42 In the Figure 5.5a, 1S bleach peak was clearly observed at ~1400 nm, which is 

the expected wavelength from the 1S exciton peak in the steady-state absorption spectrum. 

The excitation intensity dependence of 1S bleach dynamics in PbS QDs is illustrated in Figure 

5.5b. At low excitation intensity, the almost single exponential decay was observed in 1S 

bleach dynamics. However, an additional relaxation component with the lifetime of ~120 ps 

was detected at higher excitation intensity, corresponding to the Auger recombination. The 

estimated Auger lifetime was slightly longer than that of oleic acid-capped PbS QDs with 

similar diameters (Auger: 80−90 ps for 5.5 nm).21  

Transient absorption spectra of PbS QD-Au HNs A, B, and C are illustrated in Figure 

5.6. In these measurements, multiexcitons did not contribute to the transient absorption 

spectra and dynamics, because of the low excitation intensity (<N0> ≤ 0.1). The 1S bleach 

peak was clearly observed in each sample, and shifted to the shorter wavelength region with 
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increasing the diameter of Au NPs. The 1S bleach dynamics of all samples, which were 

illustrated in Figure 5.7, were fitted by the biexponential decay function, and the results were 

summarized in Table 5.3. The ps-scale fast relaxation component was observed in the PbS 

QD-Au HNs and became clearly faster as the diameter of Au NPs increased. The fast 

relaxation component was probably due to the carrier transfer from 1S states of PbS QDs to 

Au NPs. In the nonadiabatic limit, the total rate of electron transfer from the donor state of 

PbS QDs to the acceptor states of Au NPs can be expressed as the sum of electron transfer 

rates to all possible accepting states as given in the following equation,43-46   

 

𝑘𝐸𝑇 =  
2𝜋

ℏ
∫ 𝑑𝐸 𝜌(𝐸)|�̅�(𝐸)|2 1

√4𝜋𝜆𝑘𝐵𝑇
× 𝑒𝑥𝑝 [−

(𝜆+ Δ𝐺+𝐸)2

4𝜆𝑘𝐵𝑇
]

∞

−∞
     (1) 

 

where 𝑘𝐸𝑇 is the total rate constant of electron transfer, 𝜌(𝐸)is the density of the final states 

of the Au NPs, |�̅�(𝐸)| is the electronic coupling constant between the initial 1S state of PbS 

QDs and the final states of the Au NPs, 𝜆 is the reorganization energy, and ∆𝐺 is the 

variation of Gibbs energy corresponding to the energy difference between the band edge state 

of PbS QDs and the Fermi level of Au NPs. This equation suggests that total carrier transfer 

rate strongly depends on the density of final states of Au NPs. In the small Au NPs whose 

diameter is less than 2 nm, the localized surface plasmon resonance band could not be 

observed.47 In addition, at room temperature, Coulomb blockade effect was clearly observed 

in Au NPs with the diameter of 1.8 nm.48 This phenomenon was only observed if the energy 

spacing is larger than the thermal energy. In contrast with small Au NPs (1.8 nm), larger Au 

NPs with the diameter of 5 nm exhibited Coulomb blockade effect at only low temperature 

(10 K).49 These results strongly suggested that the electronic structure of Au NPs becomes 

discrete drastically as the diameter decreases below 2 nm, indicating that the total carrier 

transfer rate from 1S state of PbS QDs to Au NPs becomes slower as the diameter of Au NPs 



137 

 

decrease. Therefore, the observed Au NPs size dependence of carrier transfer rate can be 

interpreted in terms of the change of 𝜌(𝐸) in Au NPs. Moreover, the change of the electronic 

coupling constant, |�̅�(𝐸)|, between PbS QDs and Au NPs can contribute to the Au NPs size 

dependence of the total carrier transfer rate. The electronic coupling constant depends on the 

degree of overlap between the penetrated wave function of the 1S state of PbS QDs and Au 

NPs on the PbS QDs surface, which is known to increase in smaller QDs.50 In our 

experiments, the diameter of PbS QDs became smaller with increasing the Au NPs size. 

Therefore, the change of the electronic coupling constant can contribute to the total carrier 

transfer rate from 1S state of PbS QDs to Au NPs.  

Reorganization energy, 𝜆, is expressed as the sum of the inner-sphere (𝜆𝑖𝑛𝑛𝑒𝑟) and 

the outer-sphere component (𝜆𝑜𝑢𝑡𝑒𝑟). 𝜆𝑖𝑛𝑛𝑒𝑟 comes from the nuclear displacement of the 

reactants and products, and the 𝜆𝑖𝑛𝑛𝑒𝑟 in semiconductor QDs is known to be negligibly small 

(a few tens of meV).51,52 Though the effect of the Au NPs size to 𝜆𝑖𝑛𝑛𝑒𝑟 is still unclear, in 

this study, we assume that the effect of nuclear displacement in Au NPs associated with single 

electron transfer is very small because there are a lot of electrons in Au NPs. 𝜆𝑜𝑢𝑡𝑒𝑟 comes 

from the dielectric response of the solvent and ligand.53 In our PbS QD-Au HNs systems, 

𝜆𝑜𝑢𝑡𝑒𝑟 is very small (a few meV) because of the small difference between static (s) and 

optical (op) dielectric constants of tetrachloroethylene (s: 2.30, op: 2.28).54 Therefore, in the 

PbS QD-Au HNs, we expect that the change in total 𝜆 associated with the change in 

diameter of Au NPs is not so large.  

In addition to ps-scale carrier transfer from 1S state, we analyzed the hot carrier 

dynamics in PbS QD-Au HNs. In our previous study on CdSe NR-Au HNs, both hot electron 

transfer and electron transfer from band-edge state were clearly observed.23 In previous 

studies by Kambhampati et al., when the pump pulse with the excess energy is used for the 
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excitation, hot electron relaxation follows a sum of three signals with the instrumental 

response function (IRF).8,10  

 

∆𝑂𝐷(𝑡) =  [𝐴1𝑆 +  𝐴1𝑝𝑒−𝑘1𝑡 +  𝐴𝑖 {1 +  
1

𝑘2− 𝑘1
 × (𝑘1𝑒−𝑘2𝑡 −  𝑘2𝑒−𝑘1𝑡)}] ⊗  𝐼𝑅𝐹     (2) 

 

where i is the electronic states higher than 1P state, k2 ≡ ki→1P and k1 ≡ k1P→1S. This equation 

should be used to analyze the intraband relaxation from highly excited initial state to 

band-edge state. However, in our experiments, by considering the signal-to-noise ratio in 

transient absorption measurements, only one rise component is enough to analyze the 1S 

bleach dynamics. Therefore, a sequential relaxation process (i → 1P and 1P → 1S) can be 

approximately expressed as one process (i → 1S) with the rate constant of kint. Therefore, 

assuming that the hot electron transfer from PbS QDs to Au NPs, the rise time of 1S bleach 

band is expressed as the inverse of the sum of the rate constants of intraband relaxation (kint) 

and hot electron transfer (khot). 

 

     𝜏𝑟𝑖𝑠𝑒 =  
1

𝑘𝑖𝑛𝑡+ 𝑘ℎ𝑜𝑡
     (3) 

 

This equation indicates that the rise time of 1S bleach band in PbS QD-Au HNs should 

become faster than that in bare PbS QDs (1/kint) when the hot electron transfer occur. 

However, in our experiments, the diameter of PbS QDs decreased with increasing the size of 

Au NPs, suggesting that the intraband relaxation time could be different in each sample. 

Consequently, we compared rise times of 1S bleach band in PbS QD-Au HNs to those of PbS 

QDs with the similar diameter (reference A, B, and C).The comparison of growth kinetics of 

1S bleach band were illustrated in Figure 5.8. In addition to the slow rise component, the 

reference samples show a fast rise component comparable to an IRF. The fast rise time is 
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likely due to electronic excitation from high valence band states to the 1Se state in the 

conduction band. Therefore, the slow rise component was used as the time constant for 

intraband transition to the 1S states. Fitting results of 1S bleach band for all samples were 

summarized in Table 5.4. The observed rise time of PbS QDs becomes slower from 190 to 

520 fs as PbS QDs diameter increases because of the generation of higher excited states in 

larger QDs that exhibit smaller bandgap energies. From the fitting results, there is no 

significant between the rise time in PbS QD-Au HNs and their corresponding reference 

samples, indicating that hot carrier transfer does not occur in PbS QD-Au HNs.  

In order to analyze the carrier transfer dynamics from PbS QDs to Au NPs in more 

detail, state selective excitation experiments were conducted using an optical parametric 

amplifier. In these experiments, PbS QD-Au HNs A and B and their counterpart were excited 

at 1310 nm and 1200 nm, corresponding to the 1S absorption peak of each samples, 

respectively. In 1S excitation experiments, excited carrier occupy the band-edge states (1Se 

and 1Sh) directly. 1S bleach band dynamics in the initial time region were illustrated in Figure 

5.9a and 9b. The growth kinetics of 1S bleach dynamics were comparable to the instrumental 

response function (~ 60 fs), suggesting the no existence of hot carrier under 1S excitation. 

However, as shown in Figures 5.9c and 9d, initial 1S bleach amplitude corrected by the 

ground-state absorption at excitation wavelength (-OD/OD) of both PbS QD-Au HNs 

decreased as compared with their counterparts, although band-edge states were occupied 

directly by the pump pulse. In addition, the larger decrease of initial 1S bleach amplitude for 

PbS QD-Au HNs B (DAu: 1.7 nm) was clearly observed as compared with PbS QD-Au HNs A 

(DAu: 1.3 nm). The lower initial bleach amplitude in semiconductor-metal HNs can be 

originated from hot carrier transfer or ultrafast carrier transfer from band-edge states whose 

lifetime is much faster than the instrumental response function. In the previous study on the 

CdSe NR-Au HNs, not only faster growth kinetics of band-edge bleach dynamics but also the 
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decrease of initial band-edge bleach amplitude under 400 nm excitation was observed, which 

was originated from hot electron transfer from CdSe NRs to Au NPs.23 However, in the 

present study, the initial 1S bleach amplitude of PbS QD-Au HNs decreased, though the hot 

carrier does not generate in 1S excitation experiments. Another possible reason is the 

contribution of ultrafast carrier transfer. As mentioned above, Yang et al. reported that the 

transient bleach amplitude for PbS QDs coupled with TiO2 NPs decreased as compared to 

PbS QDs on a sapphire plate by ultrafast electron transfer (~6 fs).41 Moreover, Mongin et al. 

reported the similar results for CdS NR-Au HNs excited at band-edge absorption band.26 

Therefore, it is likely that the observed decrease in 1S bleach yields of PbS QD-Au HNs is 

due to the ultrafast carrier transfer that takes places on a faster time scale than our temporal 

resolution (~60 fs).  

In this study, we discussed two types of carrier transfer processes in PbS QD-Au 

HNs. The first one is ultrafast carrier transfer analyzed from the decrease of the initial 1S 

bleach amplitude under the 1S excitation, and the second one is ps-scale carrier transfer 

determined by the fast decay component in the 1S bleach dynamics. In our PbS QD-Au HNs, 

since the energy level of valence band-edge of PbS QDs is almost the same as the Fermi level 

of Au NPs,55,56 both electron and hole transfer from the PbS QDs to the Au NPs are possible. 

Furthermore, both electron and hole in the 1S state contribute to the 1S bleach signal in PbS 

QDs because of the similarity in the effective masses of electron and hole (𝑚𝑒
∗ =  𝑚ℎ

∗ = 

0.085).57,58 Therefore, the observed 1S bleach dynamics of PbS QD-Au HNs includes electron 

and hole transfer from PbS QDs to Au NPs. Recently, Kaushik et al. have calculated the 

electron and hole coupling constants between PbSe QDs.59 They found significant differences 

between these coupling constants because the HOMO wave function (1Sh) does not penetrate 

into the outside of PbSe QDs as much as the LUMO wave function (1Se), suggesting that 

electron coupling and hole coupling between PbS QDs and Au NPs should be different. 
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Consequently, the ultrafast carrier transfer much faster than the the instrumental response 

function (~60 fs) and picosecond scale carrier transfer are probably attributed to the electron 

and hole transfer from PbS QDs to Au NP, respectively.  

 

5.5  Conclusion 

We synthesized PbS QD-Au HNs with clear excitonic absorption peaks and 

characterized these HNs by TEM and EDX. The 1S exciton absorption peak in the steady 

state spectra shifted to a shorter wavelength while the luminescence quantum yields decreased 

as Au NPs size increased. The carrier transfer dynamics from PbS QDs to Au NPs was 

analyzed by femtosecond near-IR transient absorption spectroscopy. The decrease of initial 

1S bleach amplitude in PbS QD-Au HNs under 1S excitation suggests the existence of 

ultrafast carrier transfer beyond the time scale of the instrumental response function (~60 fs). 

However, the hot carrier transfer was not directly observed from the growth kinetics of the 1S 

bleach band in PbS QD-Au HNs. In addition to ultrafast carrier transfer, slow carrier transfer 

was also observed with time constants decreasing from 110 to 1.9 ps as Au NPs diameter 

increased from 1.3 to 2.6 nm. This size dependence was mainly interpreted in terms of the 

difference of density of state in Au NPs. The observed difference between ultrafast and 

ps-scale carrier transfer is probably attributed to the electron and hole transfer rates from 1S 

states of PbS QDs to Au NPs, respectively, which may be originated from the difference of 

penetration in 1Se and 1Sh wave functions. 
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Figure 5.1 TEM image of (a) PbS QDs and STEM images of PbS QD-Au HNs (b) A, (c) B, 

and (d) C. 

 

Table 5.1 Estimated diameter of PbS QDs and Au NPs 

Sample Diameter of PbS QDs / nm Diameter of Au NPs / nm 

PbS QDs 5.5 ± 0.4  

PbS QD-Au HNs A 5.1 ± 0.5 1.3 ± 0.3 

PbS QD-Au HNs B 4.7 ± 0.5 1.7 ± 0.4 

PbS QD-Au HNs C 4.4 ± 0.6 2.6 ± 0.5 

 

 



152 

 

 

Figure 5.2 (a) STEM image of PbS QD-Au HNs and (b) the result of EDX measured at the 

red circle point in (a). 
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Figure 5.3 (a) Absorption spectra and (b) luminescence spectra (λex =800 nm) of PbS QDs and 

PbS QD-Au HNs. 

 

Table 5.2 Peak wavelength of 1S absorption and luminescence, and relative luminescence 

intensity of PbS QDs and PbS-Au HNs. 

Sample 
1S absoption peak 

 / nm 

Luminescence peak 

 / nm 

Relative luminescence 

intensity 

PbS QDs 1400 1460 1 

PbS QD-Au HNs A 1290 1430 0.20 

PbS QD-Au HNs B 1200 1420 0.06 

PbS QD-Au HNs C 1120 1430 0.01 
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Figure 5.4 Absorption (solid line) and luminescence (dashed line) spectra of PbS QDs with 

various sizes (Reference A, B, and C). 
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Figure 5.5 (a) Transient absorption spectra (ex = 800 nm, <N0> = 0.1) and (b) excitation 

intensity dependence of 1S bleach dynamics of PbS QDs. 
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Figure 5.6 Transient absorption spectra of (a) PbS QD-Au HNs A, (b) PbS QD-Au HNs B, 

and (c) PbS QD-Au HNs C. 
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Figure 5.7 1S bleach dynamics of PbS QDs and PbS QD-Au HNs excited at 800 nm (<N0> ≤ 

0.1). 

 

Table 5.3 Fitting results of the 1S bleach dynamics with a biexponentia decay function. 

Sample 1 / ps 2 / ns 

PbS QDs 200 (6%) Over 10 ns (94%) 

PbS QD-Au HNs A 110 (16%) 8.0 (84%) 

PbS QD-Au HNs B 34 (29%) 3.1 (71%) 

PbS QD-Au HNs C 1.9 (71%) 1.0 (29%) 
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Figure 5.8 Transient absorption dynamics at 1S bleach of corresponding PbS QD-Au HNs and 

references (a) A, (b) B, and (c) C under 800 nm excitation.  

 

Table 5.4 Rise time of 1S bleach band in each sample. 

Sample rise / fs Sample rise / fs 

PbS QDs 520   

Reference A 440 PbS QD-Au HNs A 460 

Reference B 400 PbS QD-Au HNs B 350 

Reference C 190 PbS QD-Au HNs C 180 
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Figure 5.9 Transient absorption dynamics at 1S bleach of corresponding PbS QD-Au HNs and 

references (a) A and (b) B and 1S bleach yields of PbS QD-Au HNs and references (c) A and 

(d) B under 1S excitation. 
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Chapter 6 

Ultrafast and Hot Electron Transfer Processes 

from CdSe QDs to Au NPs 
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6.1  Abstract 

 Recently, much attention has been paid for semiconductor-metal hybrid 

nanostructures (HNs) in terms of efficient electron transfer from semiconductor to metal, and 

semiconductor-metal HNs are one of the best candidate materials for photovoltaics and 

photocatlysis. However, the analyses of electron transfer processes in semiconductor-metal 

HNs have focused on the electron transfer from band-edge state in metal attached 

semiconductor nanorods (NRs). Here, we synthesized and characterized CdSe quantum dots 

(QDs) attached with different size of Au nanoparticles (NPs), and examined electron transfer 

from band-edge (1S(e)) and higher excited states using femtosecond pump-probe 

spectroscopy with state-selective excitation. We analyzed growth kinetics, decay dynamics, 

and initial bleach amplitude at the 1S bleach band, and found the existence of the hot electron 

transfer from 1P(e) state and ultrafast electron transfer with the lifetime much faster than the 

instrumental response function from 1S(e) state of CdSe QDs to Au NPs. We found that the 

rates and yields of hot electron transfer in CdSe QD-Au HNs became faster and larger than 

those in CdSe NR-Au HNs, although these properties does not change irrespective of the size 

of Au NPs. In addition, the yield of ultrafast electron transfer (≪ 60 fs) from 1S(e) state in 

CdSe QD-Au HNs increased with increasing the Au NPs size, in contrast with CdSe NR-Au 

HNs.    

 

6.2  Introduction 

 Semiconductor nanocrystals are promising materials for the photovoltaics because of 

their unique photophysical properties resulting from the strong confinement of electron and 

hole. The semiconductor quantum dots (QDs), where electron and hole are confined along 

three dimensional directions, exhibit the size-tunable absorption and luminescence spectra,1,2 

highly efficient multiple exciton generation (MEG),3-6 and discrete electronic states.2 MEG 
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process in semiconductor QDs, a process that multiple excitons are generated by the 

absorption of only one photon, is noticeable phenomenon for the development of highly 

efficient solar cells. However, multiple excitons in semiconductor QDs disappear with the 

time scale of tens of ps by Auger recombination process.2,7-9 Therefore, the efficient 

extraction of multiple excitons from semiconductor QDs is very important for the application 

of light-energy conversion. In addition to the MEG process, slow relaxation of excited 

electron with excess energy (hot electron) in semiconductor QDs can potentially allow to 

increase the conversion efficiency of QDs solar cells. Semiconductor QDs have the discrete 

electronic structures while bulk semiconductor have the continuous band structures, and the 

energy spacing between 1S(e) and 1P(e) states in CdSe QDs is 10 times larger than the LO 

phonon energy.2 Therefore, the hot electron in QDs relaxes to the band-edge state by different 

processes from bulk semiconductors such as Auger cooling process and energy transfer to 

surface ligands.10-14 Kambhampati’s group analyzed the size dependence of intraband 

transition rate in CdSe QDs using the state-selective excitation experiments and revealed that 

dominant hot carrier relaxation process from 1P(e) to 1S(e) and 2S3/2(h) to 1S3/2(h) were 

Auger cooling and energy transfer to surface ligands, respectively.10-13 Moreover, 

Guyot-sionnest’s group examined the role of surface ligands to the intraband transition of 

CdSe QDs capped with different ligands using the infrared pump-probe spectroscopy.14 

According to these previous studies, intraband relaxation rate from 1P(e) state to 1S(e) state 

can be modified by the separation of electron and hole wavefunction and surface ligands. 

Actually, the extremely slow hot electron relaxation in CdSe/ZnSe/ZnS/CdSe nanoparticles 

(NPs) have been achieved by Pandey et al.15 For the conventional solar cells using bulk 

semiconductors, hot carrier relaxes immediately to the band-edge state by phonon emission 

through continuous electronic states. This fast relaxation of hot carriers limits the conversion 

efficiency to ~32.7%, which is well known as Shockley-Queisser limit.16 On the other hand, 
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the slower intraband relaxation in semiconductor QDs can lead to the efficient extraction of 

hot carriers. In a previous theoretical study, Ross and Nozik reported that the maximum 

conversion efficiency of QD solar cells could reach ~67% by utilizing the excess energy of 

hot carriers.17  

 The efficient extraction of multiple and hot carriers from semiconductor nanocrystals 

to the outside is the key for the development of highly efficient QDs solar cells. In PbSe QDs 

strongly coupled with the TiO2, the ultrafast electron transfer (~ 6 fs) from PbSe QDs to TiO2 

was suggested,18 and the multiple excitons collection was detected by measurements of 

excitation wavelength dependence of photon-to-current conversion efficiency.19,20 Moreover, 

electron transfer processes from semiconductor nanocrystals to acceptor molecules were 

examined by several groups. Matylitsky et al. examined the multiple electron ( ≤  ~4 

electrons) transfer from CdSe QDs to methyl viologen (MV2+) that is known as an efficient 

electron acceptor molecule.21 In the quasi-type II CdSe/CdS core/shell QDs-MV2+ complexes, 

the slow Auger recombination and fast electron transfer lead to very efficient multiple 

electron extraction up to ~19 electrons.22 Furthermore, in nanorods (NRs) systems, Zhu and 

Lian reported the ~21 electrons extraction from CdSe NRs to MV2+.23 In addition to the 

multiple exciton extraction, hot electron transfer from CdSe QDs to MV2+ was examined by 

Wang et al.24  

Since metal nanoparticles are well known as an electron acceptor for the 

semiconductor nanocrystals, semiconductor-metal hybrid nanostructures (HNs) are promising 

materials for the development of highly efficient solar cells in terms of the efficient charge 

separation. In the semiconductor-metal HNs, the ultrafast electron transfer from 

semiconductor nanocrystals to metal nanoparticles whose lifetime was much faster than the 

instrumental response function was reported.25,26 In our previous study on PbS QD-Au HNs 

(Chapter 5), ultrafast electron transfer and ps-scale hole transfer from the band-edge states of 
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PbS QDs to Au NPs were examined by the state-selective excitation experiments.25 Mongin et 

al, reported the sub-20 fs electron transfer from CdS NRs to Au NPs.26  Furthermore, in our 

previous study, the hot electron transfer from CdSe NRs to Au NPs were analyzed by 

state-selective excitation experiments.27,28 For the analyses of growth kinetics of band-edge 

bleach band and initial bleach amplitude in CdSe NR-Au HNs with the Au NPs diameter of 

2.2 nm, the rate and yield of hot electron transfer were estimated to be ~(0.5-1.0 ps)-1 and 

~23%, respectively. The most of previous studies on the charge separation in 

semiconductor-metal HNs have focused on the electron transfer from the band-edge state of 

cadmium chalcogenide NRs to Au NPs. However, semiconductor NRs have more 

complicated electronic structures compared with those of semiconductor QDs, in which 

additional electronic states derived from a weak quantum confinement along the long axis 

exist.29 Therefore, the detailed analysis of electron transfer processes from semiconductor 

QDs to metal NPs is very important for the understanding of elementary electron transfer 

processes in semiconductor-metal HNs.   

In the present study, we synthesized and characterized CdSe QD-Au HNs with 

different diameter of Au NPs. The electron transfer from CdSe QDs to Au NPs were 

examined by femtosecond pump-probe spectroscopy with the state-selective excitation 

technique. The hot electron transfer and ultrafast electron transfer much faster than the 

instrumental response function were analyzed by comparing the growth kinetics and initial 

bleach amplitude at 1S bleach band of CdSe QD-Au HNs with those of CdSe QDs. 

Furthermore, we compared the observed electron transfer dynamics in CdSe QD-Au HNs 

with that of CdSe NR-Au HNs. 

 

6.3  Experimental section 

Synthetic methods of CdSe QDs and CdSe QD-Au HNs were described in Chapter 2. 
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The structures of CdSe QDs and CdSe QD-Au HNs were characterized by scanning 

transmission electron microscopy (STEM, TECNAI 20, 200 keV, FEI) and energy dispersive 

X-ray spectrometry (EDX, ibid). UV−vis absorption and luminescence spectra of CdSe QDs 

and CdSe QD-Au HNs were recorded using an U-4100 (Hitachi) and a Fluorolog-3 

(Jobinyvon-Spex), respectively. The femtosecond transient absorption spectra were measured 

using an amplified mode-locked Ti:sapphire laser system (Spitfire and Tsunami, 

Spectra-Physics, repetition rate: 1 kHz). In 400 nm excitation experiments, CdSe QDs and 

CdSe QD-Au HNs were excited by the second harmonic of fundamental wave. State selective 

excitation experiments were performed by an optical parametric amplifier (OPA) (TOPAS, 

Light Conversion Ltd.), in which excitation wavelengths were 574 nm, 555 nm and 496 nm. 

A repetition rate of 0.5 kHz was achieved by an optical chopper (Model 3501, New Focus, 

Inc.). Absorption transients were probed by delayed pulses of a femtosecond white-light 

continuum generated by focusing a fundamental laser pulse into a D2O cell and were detected 

by a polychromator-CCD combination (Spectra Pro-275, Acton Research Co., and Spec-10, 

Princeton Instruments). The temporal resolution for 400 nm excitation and state-selective 

excitation experiments were 100 fs and 60 fs, respectively. 

 

6.4  Results and discussion 

 6.4.1  Electron transfer processes from CdSe QDs to Au NPs 

STEM images of CdSe QDs and CdSe QD-Au HNs A and B were shown in Figure 

6.1. The average diameter of CdSe QDs was estimated to be 4.2 ± 0.3 nm from the STEM 

image analysis. In the STEM images of CdSe QD-Au HNs, two clearly contrasting parts exist, 

in which bright and gray parts can be assigned to Au NPs and CdSe QDs, respectively, as 

shown in the EDX data (Figure 6.2). From the STEM images of CdSe QD-Au HNs, the 

average diameters of Au NPs were estimated to be 1.3 ± 0.4 nm and 2.0 ± 0.4 nm in CdSe 
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QD-Au HNs A and B, respectively. Steady-state absorption and luminescence spectra of 

CdSe QDs and CdSe QD-Au HNs were illustrated in Figure 6.3. In the absorption spectrum 

of CdSe QDs, several absorption peaks were clearly observed, in which absorption bands 

centered at ~589 nm, ~555 nm and ~495 nm were due to the transition of 1S(e)-1S3/2(h), 

1S(e)-2S3/2(h), and 1P(e)-1P3/2(h), respectively.10,30 From 1S(e)-1S3/2(h) absorption peak 

wavelength, the diameter of CdSe QDs can be estimated to be ~4.2 nm, which is in good 

agreement with STEM images.31 In the CdSe QD-Au HNs, absorption bands slightly shifted 

to the shorter wavelength and became broader with increasing the diameter of Au NPs. In the 

previous studies on PbS QD-Au HNs (Chapter 3)25 and PbS QDs adsorbed on the TiO2 NPs18, 

the broadening of steady-state absorption bands of PbS QDs is originated from the strong 

electronic coupling. It is also known that Au NPs smaller than 2 nm in diameter exhibit the 

very broad steady-state absorption, in which the localized surface plasmon resonance band 

cannot be observed.32 Therefore, the broad absorption spectra of CdSe QD-Au HNs were 

likely arised from both strong electronic coupling and absorption of small Au NPs attached to 

CdSe QDs. In the luminescence spectra, the band-edge emission of CdSe QDs centered at 593 

nm was strongly quenched in CdSe QD-Au HNs (Figure 6.3b), suggesting the existence of 

efficient carrier transfer from CdSe QDs to Au NPs.  

The transient absorption spectra of CdSe QDs and CdSe QD-Au HNs excited at 400 

nm with the excitation intensity of 3.5 J/cm2 were shown in Figure 6.4. In all samples, 

transient absorption bleach bands corresponding to 1S(e)-1S3/2(h), 1S(e)-2S3/2(h), and 

1P(e)-1P3/2(h) transitions in steady-state spectra were observed. As clearly shown, the 

amplitude of transient absorption signal of CdSe QD-Au HNs at initial time region became 

lower with increasing the size of Au NPs attached to CdSe QDs. In this excitation intensity, 

multiple excitons does not contribute to the transient absorption spectra and dynamics because 

of the low excitation intensity, which is supported by the excitation intensity dependence of 
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1S bleach dynamics as shown in Figure 6.5. Although the spectral features of all samples 

were very similar with each other, fast relaxation of transient absorption signal were clearly 

observed in CdSe QD-Au HNs. The band-edge (1S) bleach dynamics of CdSe QDs and CdSe 

QD-Au HNs is shown in Figure 6.6. In the previous studies, the 1S bleach of CdSe 

nanocrystals was due to the state-filling of the band-edge state in conduction band (1S(e) 

state).33 Therefore, fast relaxation of 1S bleach dynamics in CdSe QD-Au HNs were probably 

due to the electron transfer from 1S(e) state of CdSe QDs to Au NPs. Furthermore, the 

electron transfer from 1S(e) state of CdSe QDs became faster with increasing the diameter of 

Au NPs. The 1S bleach dynamics were fitted using sum of exponential functions by a 

deconvolution analysis, and the results were summarized in Table 6.1. The fitting results 

show that electron transfer from 1S(e) state to Au NPs became faster with increasing the size 

of Au NPs as similar to PbS QD-Au HNs (Chapter 3) and CdSe NR-Au HNs.25,27  

In the nonadiabatic limit, the total rate of electron transfer from the donor state of 

CdSe QDs to the acceptor states of Au NPs can be expressed as the sum of electron transfer 

rates to all possible accepting states as given in the following equation,34-37  

 

𝑘𝐸𝑇 =  
2𝜋

ℏ
∫ 𝑑𝐸 𝜌(𝐸)|�̅�(𝐸)|2 1

√4𝜋𝜆𝑘𝐵𝑇
× 𝑒𝑥𝑝 [−

(𝜆+ Δ𝐺+𝐸)2

4𝜆𝑘𝐵𝑇
]

∞

−∞
     (1) 

 

where kET is the total rate constant of electron transfer, ρ(E) is the density of the final states of 

the Au NPs, |H̅(E)| is the electronic coupling constant between the initial 1S(e) state of CdSe 

QDs and the final states of the Au NPs,  is the reorganization energy, which is the sum of the 

inner-sphere, i, and outer-sphere, o, components, and ΔG0 is the variation of Gibbs energy 

corresponding to the energy difference between the 1S(e) state of CdSe QDs and the Fermi 

level of Au NPs. The eq. 1 indicates that the electron transfer rate depends on the density of 

final states of Au NPs. According to previous studies, the localized surface plasmon 
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resonance band cannot be observed in the steady-state spectrum of the Au NPs whose 

diameter is less than 2 nm.32 Furthermore, the small Au NPs within the diameter of 2 nm 

exhibit the Coulomb blockade effect at room temperature.38,39 These results suggests the 

electronic states of Au NPs become discrete as the diameter decreases below 2 nm. 

Consequently, the observed Au NPs size dependence of electron transfer rate in CdSe QD-Au 

HNs was interpreted in terms of the change of the density of final states, (E), of Au NPs. The 

other parameters in eq. 1 such as |H̅(E)|, ΔG0, and may have small contribution on the 

size-dependent electron transfer rate because of the following reasons. As shown in Figure 6.3, 

1S absorption peak wavelengths of CdSe QDs is similar to those of CdSe QD-Au HNs, 

suggesting that CdSe QDs in each samples have similar band gap energy and diameter 

irrespective of Au NPs attachment. The electronic coupling constant, |H̅(E)|, depends on the 

degree of overlap between the penetrated wavefunction of the 1S(e) state of CdSe QDs and 

Au NPs, and is proportional to the amplitude of the electron density at the surface of QDs 

which increases as the size of the QDs decreases.40 In the present study, since the diameter of 

QDs is similar in all samples, the change of electronic coupling strength with increasing the 

size of Au NPs is not so large. Moreover, the similar band gap energy suggests that all 

samples have comparable conduction band-edge energies. Therefore, the change of ΔG0 with 

increasing the Au NPs size does not significantly contribute to the change of electron transfer 

rate. In addition, the inner-sphere term of reorganization energy (i,) comes from the nuclear 

displacement of the reactants and products, and the value of i in semiconductor QDs is 

known to be negligibly small (a few tens of meV).40,41 Since the contribution of Au NPs to i 

is still unclear, we assume that the effect of nuclear displacement in Au NPs associated with 

single electron transfer is very small because Au NPs contains many electrons. The o comes 

from the dielectric response of the solvent and ligand.42,43 In the present study, because of the 

small difference between static and optical dielectric constants of toluene (s: 2.41, op: 2.23)44, 
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the change of o with the change of Au NPs size is very small (< 10 meV). Therefore, the 

total reorganization energy does not contribute to the Au NPs size dependence of electron 

transfer rate.  

In addition to the electron transfer with a lifetime of sub-ps scale from the conduction 

band-edge state, we examined hot electron transfer from CdSe QDs to Au NPs by the 

analyses of growth kinetics of 1S bleach band. Assuming that the hot electron transfer 

occurred, the rise time of 1S bleach band can be expressed as the inverse of the sum of the 

rate constants of intraband relaxation (kint) and hot electron transfer (khot). Thus, the faster 

growth kinetics of 1S bleach band can be expected in CdSe QD-Au HNs as compared to CdSe 

QDs. The initial dynamics at the 1S bleach band of CdSe QDs and CdSe QD-Au HNs excited 

at 400 nm are illustrated in Figure 6.7a. As clearly shown, the rise time of CdSe QD-Au HNs 

A and B became faster than that of CdSe QDs, strongly suggesting the existence of hot 

electron transfer from CdSe QDs to Au NPs. The rise time at the 1S bleach band of CdSe 

QDs and the both of CdSe QD-Au HNs A and B were estimated to be ~300 fs (1/kint) and 

~150 fs (1/(kint + khot)), respectively. From these results, the hot electron transfer time (1/khot) 

was calculated to be ~300 fs, and the hot electron transfer yield, defined as hot = khot / (kint + 

khot), to be ~0.5 in both CdSe QD-Au HNs A and B.  

In addition to the growth kinetics of 1S bleach band, the initial bleach amplitude at 

the 1S bleach band should be affected by the hot electron transfer. The initial 1S bleach 

amplitudes corrected with the steady-state absorption at the excitation wavelength 

(OD/OD400 nm) in CdSe QDs and CdSe QD-Au HNs were plotted against the excitation 

intensity in Figure 6.7b. The hot electron in CdSe QDs relaxes to the 1S(e) state in 

competition with the hot electron transfer to Au NPs. As mentioned above, the 1S bleach 

band is due to the state filling of the 1S(e) state. Therefore, the decrease of the probability of 

electron relaxing to the 1S(e) state from higher excited states leads to the smaller initial 
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bleach amplitude of the 1S bleach in CdSe QD-Au HNs. By considering the three-level 

system including the <i|, 1S(e) state and Fermi level of Au (Figure 6.8), the initial bleach 

amplitude of 1S band in CdSe QD-Au HNs (BHNs) can be expressed as the following equation,  

      

     𝐵𝐻𝑁𝑠 =  [𝑘𝑖𝑛𝑡 (𝑘𝑖𝑛𝑡 +  𝑘ℎ𝑜𝑡)] × 𝐵𝑄𝐷𝑠⁄      (2) 

 

where BQDs is the initial bleach amplitude of 1S band in CdSe QDs. The 1S bleach amplitude 

of CdSe QD-Au HNs A and B estimated from hot was ~50% of CdSe QDs. However, as 

shown in Figure 6.7b, the observed 1S bleach amplitude of CdSe QD-Au HNs A and B were 

~31% and ~15% of CdSe QDs, respectively. Therefore, the lower initial 1S bleach amplitude 

in CdSe QD-Au HNs as compared with the estimated value from hot is originated from not 

only hot electron transfer but also other processes. Mongin et al. reported the decrease of the 

initial transient absorption signal at a band-edge bleach band in CdS NR-Au HNs compared 

with that of CdS NRs.26 According to this report, the decrease of initial amplitude of 

band-edge bleach was ascribed to the ultrafast electron transfer from band-edge state of CdS 

NRs to Au NPs with the sub-20 fs time scale, which was much faster than the instrumental 

response function. Therefore, the drastic decrease of the initial 1S bleach amplitude observed 

in our experiments is probably due to ultrafast electron transfer from the 1S(e) state of CdSe 

QDs to Au NPs.  

In order to analyze the elementary electron transfer processes from CdSe QDs to Au 

NPs in more detail, state-selective excitation experiments were conducted with an OPA. In 

these experiments, samples were excited at 574 nm, 555 nm, and 496 nm, corresponding to 

the selective excitation of 1S(e)-1S3/2(h) (1S), 1S(e)-2S3/2(h) (2S), and 1P(e)-1P3/2(h) (1P) 

transition, respectively. As mentioned in section 1.2.3, in the case of 1S and 2S excitation 

experiments, excited electron was occupied the band-edge state in conduction band directly 
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from different hole states. In contrast, in 1P excitation experiments, the electron is excited 

from 1P3/2(h) state to 1P(e) state, generating the hot electron. The transient absorption spectra 

of CdSe QDs and CdSe QD-Au HNs under the 1S excitation were shown in Figure 6.9. In 

CdSe QDs, although transient absorption bands were similar to those under 400 nm excitation, 

positive absorption band around 610 nm observed at 400 nm excitation experiments (Figure 

6.4a) did not appear under the 1S excitation. In previous studies, the positive absorption band 

longer than 1S bleach band was attributed to the shift of 1S transition arised from the 

biexciton effect between hot carrier and 1S exciton generatred by the probe pulse.10 On the 

other hand, the positive absorption band was also formed by the charge separation from 

semiconductor nanocrystals to the outside because the charge separation induces the electric 

fields and exciton peak shift by a Stark effect.22,23,45 In our experiments, the positive 

absorption band was clearly observed in transient absorption spectra of CdSe QD-Au HNs 

under 1S excitation in contrast with CdSe QDs, suggesting the charge separation between 

CdSe QDs and Au NPs. In the transient absorption dynamics at 1S bleach band illustrated in 

Figure 6.10a, the growth kinetics comparable to the instrumental response function were 

observed in all samples, indicating that hot electron was not generated under 1S excitation. 

Consequently, the hot electron transfer could not occur in this experimental condition. 

Nevertheless, as shown in Figure 6.10b, the decrease of initial bleach amplitude in CdSe 

QD-Au HNs was clearly observed. Moreover, the 1S bleach amplitude became lower with 

increasing the diameter of Au NPs. In our previous study on PbS QD-Au HNs (Chapter 5), 

the decrease of initial 1S bleach amplitude was clearly observed under 1S excitation. In the 

CdS NR-Au HNs26 and PbS QDs on the TiO2 NPs18, similar results have been reported. Thus, 

the lower band-edge bleach amplitudes observed in CdSe QD-Au HNs are due to the ultrafast 

electron transfer from 1S(e) state much faster than the instrumental response function (~60 fs). 
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The lower initial 1S bleach amplitude under 400 nm excitation as illustrated in Figure 6.7b 

should be also contributed from ultrafast electron transfer from 1S(e) state.  

Transient absorption spectra under 2S excitation (555 nm) and 1P excitation (496 

nm) were shown in Figure 6.11. The 1S bleach dynamics, and initial 1S bleach amplitude 

with 2S and 1P excitation were shown in Figure 6.12. In the transient absorption spectra, 

spectral features of each samples were very similar for all excitation wavelength. In the 2S 

excitation experiments, the electron is excited from 2S3/2(h) state in valence band to 1S(e) 

state in conduction band, indicating that hot electron did not generate. However, 1S bleach 

dynamics of CdSe QDs under 2S excitation (Figure 6.12a) slightly showed rise component 

with the lifetime of ~60 fs, suggesting the existence of hot electron. The generation of hot 

electron was likely due to the excitation of the tail of 1P absorption band or a weak absorption 

band, such as a forbidden transition to an energy state higher than 1S(e) state. The growth 

kinetics of CdSe QD-Au HNs were comparable to the instrumental response function, and the 

1S bleach amplitude of CdSe QD-Au HNs under 2S excitation (Figure 6.12b) became lower 

as compared with that of CdSe QDs with increasing the diameter of Au NPs.  

In the 1P excitation, the electron is excited from 1P3/2(h) state in valence band to 

1P(e) state in conduction band, indicating the generation of hot electron. In the transient 

absorption dynamics at 1S bleach band of CdSe QDs (Figure 6.12c), the rise component with 

the lifetime of 150 fs was clearly observed. In the previous studies by Kambhampati et al., hot 

electron relaxation processes in CdSe QDs were analyzed by using state-selective excitation 

experiments.10-13 According to these reports, the Auger cooling predominantly contribute to 

the hot electron relaxation process from 1P(e) state to 1S(e) state, and the similar time 

constant of Auger cooling process was detected in CdSe QDs with the similar diameter to our 

sample (~4.2 nm).10,13 In the CdSe QD-Au HNs A and B, faster rise time with the lifetime of 

~90 fs were clearly observed, suggesting the hot electron transfer from 1P(e) state of CdSe 
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QD to Au NPs. Hot electron transfer times in both CdSe QD-Au HNs were estimated to be 

~230 fs from rise time analyses, which is slightly faster than the hot electron transfer time in 

400 nm excitation experiments (~300 fs). Furthermore, the initial 1S bleach amplitude of 

CdSe QD-Au HNs decreased with increasing the diameter of Au NPs (Figure 6.12d). The 

decrease of 1S bleach amplitude in CdSe QD-Au HNs resulted from both hot electron transfer 

from 1P(e) state and ultrafast electron transfer from 1S(e) state as similar to the results under 

400 nm excitation.  

Furthermore, we discussed the electron transfer processes from CdSe QD to Au NPs 

in terms of the change of initial 1S bleach amplitude with different excitation wavelength. At 

first, we defined the bleach yield as the ratio of initial bleach amplitude of CdSe QD-Au HNs 

and CdSe QDs (BHNs/BQDs). The 1S bleach yield of all samples with different excitation 

wavelength were plotted against excitation intensity in Figure 6.13. In these figures, 1S bleach 

yields did not depend on the excitation intensity. Since the multiple excitons were generated 

in higher excitation intensity experiments, the excitation intensity dependence of 1S bleach 

yields suggested that hot and ultrafast electron transfer yields were not affected by the number 

average of excitons in a QD. In 1S excitation experiments, 1S bleach yields of CdSe QD-Au 

HNs A and B were estimated to be ~0.71 and ~0.28, respectively. As mentioned above, the 

decrease of 1S bleach yields under 1S excitation were originated from the ultrafast electron 

transfer from 1S(e) state. Therefore, the ultrafast electron transfer yields (ult) in CdSe 

QD-Au HNs A and B were estimated to be ~0.29 and ~0.72, respectively. In the 400 nm and 

1P excitation experiments, the 1S bleach yields of CdSe QD-Au HNs A and B became lower 

as compared with those in 1S excitation experiments. From rise time analyses, the hot 

electron transfer was clearly observed under 400 nm and 1P excitation. Therefore, much 

lower 1S bleach yields under 400 nm and 1P excitation were due to both hot electron transfer 

and ultrafast electron transfer from 1S(e) state. Furthermore, the observed 1S bleach yields of 
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CdSe QD-Au HNs A and B under 400 nm excitation (~0.31 in HNs A and ~0.13 in HNs B) 

were nearly identical to those under 1P excitation (~0.36 in HNs A and ~0.15 in HNs B). 

From these comparisons, we can conclude that hot electron transfer occurred from 1P(e) state 

of CdSe QDs to Au NPs after the hot electron relaxation from initial photoexcited state (< 𝑖|) 

to 1P(e) state. As mentioned above, the hot electron transfer yields (hot) in CdSe QD-Au 

HNs A and B were estimated to be ~0.50 by the rise time analyses in the 400 nm excitation 

experiments. The 1S bleach signal is originated from the electron without hot electron transfer 

from 1P(e) state and ultrafast electron transfer much faster than the instrumental response 

function from 1S(e) state. Consequently, the 1S bleach yields of CdSe QD-Au HNs A and B 

can be calculated by using the products of (1-hot) and (1-ult). The calculated 1S bleach 

yields were very similar to the observed 1S bleach yields for each samples, as summarized in 

Table 6.2, indicating that the decrease of 1S bleach yields in CdSe QD-Au HNs were 

originated from the hot electron transfer and ultrafast electron transfer from the 1S(e) state. 

 

6.4.2  Electron transfer processes from CdSe NRs to Au NPs 

Previously, in our group, Sagarzazu et al. examined the electron transfer dynamics 

from CdSe NRs (4.0 nm × 14.0 nm) to Au NPs.27,28 Figure 6.14a shows absorption spectra of 

CdSe NRs and CdSe NR-Au HNs. According to the electronic structure of CdSe NRs (Figure 

6.14b)29, Absorption bands of CdSe NRs at 590 nm, 550 nm, and 480 nm were due to 

transitions of 1e-1h (1 band), 2e-2h (2 band), and 1e-1h (1 band) respectively. In 

our study, the wavelength of 1 absorption peak of CdSe NRs and CdSe NR-Au HNs were 

similar to those of CdSe QDs and CdSe QD-Au HNs. The average diameter of Au NPs were 

1.5 nm, 1.6 nm, and 2.2 nm in CdSe NR-Au HNs A, B, and C, respectively. Transient 

absorption spectra of CdSe NRs and CdSe NR-Au HNs C excited at 400 nm were shown in 

Figure 6.15, where spectral features of CdSe NR-Au HNs were similar to those of CdSe NRs. 
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The 1 bleach dynamics of all samples were illustrated in Figure 6.16. In CdSe NR-Au HNs, 

the relaxation of 1 bleach band became faster with increasing the diameter of Au NPs, and 

lifetimes of these decay components were summarized in Table 6.3. Ps-scale fast relaxations 

in the 1 bleach band was probably originated from the electron transfer from 1e state to Au 

NPs. The electron transfer dynamics from conduction band-edge state detected in CdSe 

NR-Au HNs were slower as compared to that in CdSe QD-Au HNs. In CdSe NR-Au HNs, Au 

NPs attached to the tip of CdSe NRs. Since the long axis of CdSe NRs (14.0 nm) are much 

larger than the diameter of CdSe QDs (4.2 nm) and exciton Bohr radius in CdSe (~5.6 nm), 

the electronic coupling in CdSe NR-Au HNs is much weaker than that in CdSe QD-Au HNs. 

Therefore, the weak electronic coupling between long axis of CdSe NRs and Au NPs 

probably induces the slower electron transfer from 1e state in CdSe NR-Au HNs. Moreover, 

growth kinetics and initial bleach amplitude of 1 bleach band excited at 400 nm in all 

samples were illustrated in Figure 6.17. As clearly shown in Table 6.4, the rise time of 1 

bleach became faster as the diameter of Au NPs increased, indicating the hot electron transfer 

from CdSe NRs to Au NPs. By comparing the rise time of CdSe NR-Au HNs with that of 

CdSe NRs, hot electron transfer time was estimated to be ~2.7 ps, ~2.0 ps, and ~1.0 ps in 

CdSe NR-Au HNs A, B, and C, respectively. The hot of CdSe NR-Au HNs estimated from 

rise time analyses were 0.10, 0.14, and 0.23 in CdSe NR-Au HNs A, B, and C, respectively. 

As with the experimental data of CdSe QD-Au HNs, the initial bleach amplitude of 1 band 

in CdSe NR-Au HNs became lower with increasing the diameter of Au NPs. The initial 

bleach amplitude in CdSe NR-Au HNs A, B, and C (Figure 6.17b) decreased by 10%, 19%, 

and 23% as compared to that in CdSe NRs, respectively. In contrast with CdSe QD-Au HNs, 

these decrease of initial bleach amplitude of CdSe NR-Au HNs are in good agreement with 

the hot. 
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The growth kinetics and initial bleach amplitude of 1 bleach band excited at 1 

absorption band for CdSe NRs and CdSe NR-Au HNs were illustrated in Figure 6.18. Since 

the hot carrier was not generated under the 1 excitation, the rise components of all samples 

were comparable to the instrumental response function, and initial bleach amplitudes of all 

CdSe NR-Au HNs were similar to that of CdSe NRs. The latter revealed that the ultrafast 

electron transfer much faster than the instrumental response function from 1e state of CdSe 

NRs does not exist in CdSe NR-Au HNs. Non-existence of ultrafast electron transfer in CdSe 

NR-Au HNs is in contrast with CdSe QD-Au HNs, which is likely due to the relatively weak 

electronic coupling between CdSe NRs and Au NPs.  

In addition, the growth kinetics of 1 bleach band and initial 1 bleach amplitude in 

CdSe NRs and CdSe NR-Au HNs under 2 (550 nm) and 1 (488 nm) excitation were 

shown in Figure 6.19.28 According to the previous study on the theoretical calculation of 

electronic structure in CdSe NRs, 2 and 1absorption bands were assigned to transitions of 

2h-2e and 1h-1e, respectively.29 Since the hot electron generated in these experiments, the 

fast rise component corresponding to the hot electron relaxation with the lifetime of ~140 fs 

was observed in 1 bleach band of CdSe NRs. In CdSe NR-Au HNs, rise times became faster 

(Table 6.4) and initial bleach amplitudes of 1 bleach band became lower with increasing the 

diameter of Au NPs, indicating the hot electron transfer from CdSe NRs to Au NPs. The rate 

of hot electron transfer (khot) in each sample were estimated by comparing the rise time of 

CdSe NR-Au HNs with that of CdSe NRs, and plotted against the excitation wavelength in 

Figure 6.20. Hot electron transfer from CdSe NRs to Au NPs became faster as the diameter of 

Au NPs increased and the excitation wavelength became longer. The excitation wavelength 

dependence of hot electron transfer time observed in CdSe NR-Au HNs indicates that the 

larger excess energy of electron leads to the slower hot electron transfer.  
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The excitation wavelength dependence of the hot in CdSe NR-Au HNs estimated 

from rise time analyses (solid line) and initial 1 bleach amplitude (dashed line) were 

illustrated in Figure 6.21.28 As clearly shown, the hot of each CdSe NR-Au HNs estimated 

from rise time analyses are in good agreement with those from initial 1 bleach amplitude. 

These results strongly suggest that lower initial bleach amplitude of CdSe NR-Au HNs can be 

interpreted only by the hot electron transfer process. This is in contrast with CdSe QD-Au 

HNs where both hot and ultrafast electron transfer exist. Furthermore, the hot of each CdSe 

NR-Au HNs were independent of excitation wavelengths from 400 to 550 nm, indicating that 

the hot electron transfer occurred from 2e state of CdSe NRs to Au NPs after the intraband 

relaxation from initial excited state (higher than the 2e state) to 2e state. The hot and the 

rate of hot electron transfer in CdSe NR-Au HNs increased as the diameter of Au NPs 

increased, and the hot and rate of hot electron transfer reached to ~23% and ~(0.5-1.0 ps)-1 in 

CdSe NR-Au HNs C (the diameter of Au NPs: ~2.2 nm), respectively. The slower rate of hot 

electron transfer and lower hot in CdSe NR-Au HNs as compared to CdSe QD-Au HNs are 

likely due to the difference of electronic coupling constant, because the wavefunction 

penetration of CdSe NRs is smaller than that of CdSe QDs. The origin of the Au NPs size 

independence of hot electron transfer process in CdSe QD-Au HNs are still unclear. 

 

6.5 Conclusion 

 In summary, we synthesized and characterized CdSe QD-Au HNs with different 

diameter of Au NPs. The electron transfer from band-edge state and higher excited states of 

CdSe QDs to Au NPs were analyzed using the femtosecond pump-probe spectroscopy with 

the state-selective excitation technique. In the transient absorption measurements of CdSe 

QD-Au HNs excited at 400 nm, sub ps-scale fast relaxation components of 1S bleach band 

dynamics were observed, which is probably attributed to the electron transfer from the 1S(e) 
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state of CdSe QDs to Au NPs. The observed sub ps-scale electron transfer process became 

faster as the diameter of Au NPs increased, resulting from the change of density of states of 

Au NPs. In addition, the growth kinetics of CdSe QD-Au HNs under 400 nm excitation 

became faster than that of CdSe QDs. By analyzing the rise time of 1S bleach band, the rate 

and yields of hot electron transfer in both CdSe QD-Au HNs were estimated to be ~(300 fs)-1 

and ~50%, respectively. Under the 400 nm excitation, the initial 1S bleach amplitudes of 

CdSe QD-Au HNs became much lower compared with that of CdSe QDs, however, these 

lower bleach amplitudes of CdSe QD-Au HNs could not be explained by the hot electron 

transfer. In the 1S excitation experiments, the decrease of 1S bleach yields in CdSe QD-Au 

HNs were clearly observed, revealing the existence of ultrafast electron transfer with a 

lifetime much faster than the instrumental response function from 1S(e) state of CdSe QDs to 

Au NPs. In CdSe QD-Au HNs B (diameter of Au NPs: ~2.0 nm), the yield of ultrafast 

electron transfer was estimated to be ~72%. Moreover, 1P excitation experiments revealed 

that the hot electron transfer occurred from 1P(e) state of CdSe QDs, which was confirmed by 

the similar initial bleach amplitudes at 400 nm and 1P excitation. The observed decrease of 

initial 1S bleach amplitudes in CdSe QD-Au HNs was originated from not only the hot 

electron transfer but also the ultrafast electron transfer. The rate and yield of hot electron 

transfer in CdSe NR-Au HNs C (diameter of Au NPs: ~2.2 nm) were estimated to be 

~(0.5-1.0 ps)-1 and ~23%, respectively. In addition, the ultrafast electron transfer from 1e 

state of CdSe NRs to Au NPs could not be observed. These difference of hot and ultrafast 

electron transfer dynamics for CdSe QD-Au HNs and NR-Au HNs is probably due to the 

difference of electronic coupling constant between CdSe nanocrystals and Au NPs. For these 

results, the electron transfer from band-edge state and higher excited states in CdSe QD-Au 

HNs is more efficient than those in CdSe NR-Au HNs.    
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Figure 6.1 STEM images of (a) CdSe QDs, (b) CdSe QD-Au HNs A, and (c) CdSe QD-Au 

HNs B. 
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Figure 6.2 (a) STEM image of CdSe QD-Au HNs A and (b) the EDX data at the red square 

region in (a). 

 

 

 

 

 

 

 

 

 

 

 

 



188 

 

 

Figure 6.3 Steady-state (a) absorption and (b) luminescence spectra of CdSe QDs and CdSe 

QD-Au HNs. 

 

 

 

 

 

 

 

 

 

 

 



189 

 

 

Figure 6.4 Transient absorption spectra of (a) CdSe QDs, (b) CdSe QD-Au HNs A, and (c) 

CdSe QD-Au HNs B excited at 400 nm. 
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Figure 6.5 The excitation intensity dependence of 1S bleach dynamics for CdSe QDs. 
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Figure 6.6 Transient absorption dynamics at 1S bleach band of CdSe QDs and CdSe QD-Au 

HNs excited at 400 nm.  

 

Table 6.1 Fitting results of 1S bleach dynamics for each sample 

Sample 1 / ps 2 / ps 3 / ns 

CdSe QDs  670 (11%) 10 (89%) 

CdSe QD-Au HNs A 0.75 (60%) 20 (14%) 1.8 (26%) 

CdSe QD-Au HNs B 0.45 (78%) 10 (8%) 1.5 (14%) 
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Figure 6.7 (a) The growth kinetics of 1S bleach band and (b) excitation intensity dependence 

of initial 1S bleach amplitudes for each sample excited at 400 nm.  
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Figure 6.8 The scheme of a hot electron transfer process. 
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Figure 6.9 Transient absorption spectra of (a) CdSe QDs, (b) CdSe QD-Au HNs A, and (c) 

CdSe QD-Au HNs B excited at 1S absorption band. 
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Figure 6.10 (a) 1S bleach dynamics in initial time region and (b) initial 1S bleach amplitude 

for each sample excited at 1S absorption band. 
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Figure 6.11 Transient absorption spectra excited at (a-c) 2S absorption band and (d-f) 1P 

absorption band for (a, d) CdSe QDs, (b, e) CdSe QD-Au HNs A, and (c, f) CdSe QD-Au 

HNs B. 
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Figure 6.12 (a, c) Growth kinetics and (b, d) initial 1S bleach amplitude for CdSe QDs and 

CdSe QD-Au HNs excited at (a, b) 2S and (c, d) 1P absorption band. 
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Figure 6.13 1S bleach yields of CdSe QD-Au HNs and schemes of the electronic transition in 

(a) 400 nm, (b) 1P, (c) 2S, and (d) 1S excitation experiments.    

 

Table 6.2 Observed and calculated bleach yields of CdSe QD-Au HNs excited at 400 nm.  

Sample Bleach yield hot ult (1-hot)×(1-ult) 

CdSe QD-Au HNs A (DAu: 1.3 nm) 0.31 0.50 0.29 0.36 

CdSe QD-Au HNs B (DAu: 2.0 nm) 0.13 0.50 0.72 0.14 
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Figure 6.14 (a) Absorption spectra of CdSe NRs (4.0 nm × 14.0 nm) and CdSe NR-Au HNs, 

and (b) electronic structures and transitions of CdSe NRs.29  
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Figure 6.15 Transient absorption spectra of (a) CdSe NRs and (b) CdSe NR-Au HNs (the 

diameter of Au NPs: ~2.2 nm).27   
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Figure 6.16 Transient absorption dynamics at 1 bleach band of each sample.27 

 

Table 6.3 Fitting results of 1 bleach dynamics for each sample.27 

Sample 1 / ps 2 / ps 3 / ns 

CdSe NRs 4.2 (5%) 76 (18%) 4.5 (76%) 

CdSe NR-Au HNs A 3.8 (10%) 65 (21%) 3.4 (69%) 

CdSe NR-Au HNs B 1.8 (15%) 44 (26%) 3.0 (60%) 

CdSe NR-Au HNs C 2.0 (15%) 56 (32%) 2.3 (52%) 
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Figure 6.17 (a) The growth kinetics and (b) initial bleach amplitude at the 1 bleach band for 

CdSe NRs and CdSe NR-Au HNs excited at 400 nm.27,28 

 

Table 6.4 Excitation wavelength dependence of Rise times at 1S bleach band for CdSe NRs 

and CdSe NR-Au HNs.28 

Sample 
2 excitation 

rise / ps 

1 excitation 

rise / ps 

400 nm excitation 

rise / ps 

CdSe NRs 0.14 0.14 0.30 

CdSe NR-Au HNs A 0.12 0.13 0.27 

CdSe NR-Au HNs B 0.11 0.11 0.26 

CdSe NR-Au HNs C 0.11 0.10 0.23 
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Figure 6.18 (a) 1 bleach dynamics in initial time region and (b) initial 1 bleach amplitude 

for each sample excited at 1 absorption band.28 
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Figure 6.19 (a, c) Growth kinetics and (b, d) initial 1S bleach amplitude for CdSe NRs and 

CdSe NR-Au HNs excited at (a, b) 2 and (c, d) 1 absorption band.28 
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Figure 6.20 Excitation wavelength dependence of hot electron transfer times for each CdSe 

NR-Au HNs.28 
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Figure 6.21 hot estimated from rise time analyses (solid) and initial 1 bleach amplitudes 

(dashed) of CdSe NR-Au HNs A (blue), B (green), and C (red).28  
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Chapter 7 

Electron Transfer Processes from CdSe NPLs to 

Au NPs 
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7.1  Abstract 

 Recently, quantum confinement dimensionality of semiconductor nanocrystals could 

be controlled by colloidal synthetic method. This control leads to the variation of electronic 

states and carrier relaxation processes. For the application of light-energy conversion devices, 

charge separation in semiconductor nanocrystals is very important process. Much attention 

has been paid for semiconductor-metal hybrid nanostructures (HNs) in terms of efficient 

charge extraction from semiconductor to metal. Therefore, semiconductor-metal HNs are one 

of the best candidate materials for photovoltaics and photocatlysis. However, the analyses of 

electron transfer processes in semiconductor-metal HNs have focused on the electron transfer 

from bend-edge state in semiconductor nanorods attached with metal nanoparticles. Here, we 

synthesized and characterized CdSe nanoplatelets (NPLs)-Au HNs. In our sample, Au 

nanoparticles (NPs) with the diameter of ~1.1 nm attached to the corner of CdSe NPLs. We 

analyzed electron transfer from band-edge and higher excited states of CdSe NPLs to Au NPs 

using femtosecond pump-probe spectroscopy. In transient absorption measurements of CdSe 

NPL-Au HNs, the electron transfer from the band-edge state of CdSe NPLs to Au NPs takes 

place with a time constant of a few ps. By analyzing the rise time and initial bleach amplitude 

of band-edge bleach band, hot electron transfer and ultrafast electron transfer faster than the 

instrumental response function does not exist in CdSe NPL-Au HNs. 

       

7.2  Introduction 

     Recently, the progress in colloidal synthesis of semiconductor nanocrystals allow us 

to control the quantum confinement dimensionality, such as quantum dots (QDs, three 

dimensional confinement),1 nanorods (NRs, two dimensional confinement),2,3 and 

nanoplatelets (NPLs, one dimensional confinement).4,5 The control of quantum confinement 

dimensionality induces the variation of electronic structures and carrier relaxation processes. 
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The primary synthetic method of colloidal CdSe NPLs, in which the exciton is confined only 

in the thickness direction, have been reported in 2008 by Dubertret’s group.4 After this report, 

several kinds of semiconductor NPLs have been synthesized, for example, CdS and CdTe 

NPLs,5 core/shell and core/crown heterostructure-NPLs.6-8 Semiconductor NPLs shows the 

thickness-dependent absorption and luminescence spectra with the narrow band width,4,5 and 

the large absorption cross section.9,10 Carrier dynamics of colloidal semiconductor NPLs were 

examined using luminescence decay measurements and transient absorption measurements. 

Ithurria et al. examined the single exciton dynamics of CdSe NPLs with different temperature 

(6-300 K) using luminescence decay measurements.5 They showed an increase of 

luminescence intensity and decrease of luminescence lifetime with decreasing the temperature, 

which were interpreted in terms of the coherent motion of the exciton leading to the giant 

oscillation strength (GOST). Kunneman et al. analyzed the dynamics of multiple exciton 

annihilation for CdSe NPLs and CdSe/CdZnS core/shell NPLs, and showed the very slow 

bimolecular Auger recombination process with the lifetime of ~14 ns and ~8.3 ns, 

respectively.11  

 The slow Auger recombination of semiconductor NPLs potentially allow the efficient 

carrier extraction. In our previous study on the electron transfer from CdSe NPLs to methyl 

viologen (MV2+), we found that the rate of electron transfer depended on the NPL face where 

MV2+ adsorbed and hot electron transfer from CdSe NPLs to MV2+ did not occur (Chapter 4). 

On the other hand, metal NPs such as Au and Pt NPs can become the electron acceptor and 

the charge transfer dynamics in semiconductor-metal hybrid nanostructures (HNs) have been 

studied by several groups.12-17 In Chapter 6, we analyzed the elementary electron transfer 

processes in CdSe QD-Au HNs by transient absorption measurements with state-selective 

excitation techniques. By analyzing rise times and initial bleach amplitudes of the 1S bleach 

with different excitation wavelength, we found that the hot electron transfer and ultrafast 
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electron transfer faster than the instrumental response function took place from 1P(e) and 

1S(e) state of CdSe QDs, respectively. Furthermore, in our previous studies, electron transfer 

dynamics in CdSe NR-Au HNs with the different size of Au NPs (~1.5-2.2 nm) were 

examined.17 In these studies, the hot electron transfer from CdSe NRs to Au NPs was revealed 

by analyses of rise times and initial bleach amplitudes. Moreover, the excitation wavelength 

dependence of the yields of hot electron transfer strongly suggested that hot electron transfer 

in CdSe NR-Au HNs took place from 2e state. Mongin et al. reported the sub-20 fs electron 

transfer from the band-edge state of CdS NRs to Au NPs with the diameter of ~6 nm.13 

Furthermore, Wu et al. synthesized CdSe NPL-Pt HNs and examined their carrier dynamics 

using femtosecond pump-probe spectroscopy.15 In CdSe NPL-Pt HNs, ultrafast energy 

transfer (< 150 fs) and picosecond electron transfer (~9.4 ps) from the band-edge state of 

CdSe NPLs were reported. However, the hot electron transfer in semiconductor NPL-metal 

HNs and the carrier dynamics of CdSe NPL-Au HNs have not been examined yet.   

 In the present study, we synthesized and characterized CdSe NPL-Au HNs. The 

electron transfer processes from CdSe NPL-Au HNs were examined using the femtosecond 

pump-probe spectroscopy. Furthermore, we discussed the effect of quantum confinement 

dimensionality on the electron transfer processes in Au NPs attached CdSe nanocrystals. 

 

7.3  Experimental section 

 Synthetic methods of CdSe NPLs and CdSe NPL-Au HNs were described in Chapter 

2. The structures of CdSe NPLs and CdSe NPL-Au HNs were characterized by scanning 

transmission electron microscopy (STEM, TECNAI 20, 200 keV, FEI). UV-vis absorption 

and luminescence spectra of CdSe NPLs and CdSe NPL-Au HNs were recorded using an 

U-4100 (Hitachi) and a Fluorolog-3 (Jobinyvon-Spex), respectively. The transient absorption 

spectra were measured using femtosecond pump−probe techniques. CdSe NPLs and CdSe 
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NPL-Au HNs were excited at 400 nm with an amplified mode-locked Ti:sapphire laser 

(Spitfire and Tsunami, Spectra-Physics, repetition rate: 1 kHz). A repetition rate of 0.5 kHz 

was achieved by an optical chopper (Model 3501, New Focus, Inc.). Absorption transients 

were probed by delayed pulses of a femtosecond white-light continuum generated by focusing 

a fundamental laser pulse into a D2O cell and were detected by a polychromator-CCD 

combination (Spectra Pro-275, Acton Research Co., and Spec-10, Princeton Instruments). The 

temporal resolution was ~100 fs. 

 

7.4  Results and discussion 

       STEM images of CdSe NPLs and CdSe NPL-Au HNs were shown in Figure 7.1. The 

average length of short and long axes of CdSe NPLs were estimated to be ~5.8 nm and ~21.3 

nm from STEM images, respectively. From the STEM images of CdSe NPL-Au HNs, the 

average diameter of Au NPs (bright spherical part in Figure 7.1b) and lateral size of CdSe 

NPLs were estimated to be 1.1 ± 0.3 nm and 5.8 nm×20.8 nm, respectively. Steady-state 

absorption and luminescence spectra of CdSe NPLs and CdSe NPL-Au HNs were illustrated 

in Figure 7.2. In the absorption spectrum of CdSe NPLs, two narrow absorption band at 507 

nm and 478 nm corresponding to electronic transitions from heavy-hole and light-hole 

valence band-edge states to the conduction band edge (heavy-hole band and light-hole band), 

respectively. Absorption peaks of CdSe NPL-Au HNs have similar wavelengths to those of 

CdSe NPLs, however, an absorption tail in the longer wavelength region (≧ 510 nm) was 

slightly observed in CdSe NPL-Au HNs. The absorption tail in CdSe NPL-Au HNs was likely 

due to the absorption of small Au NPs or the light scattering. In the luminescence spectrum of 

CdSe NPL-Au HNs, the band-edge luminescence of CdSe NPLs centered at 511 nm was 

strongly quenched, indicating the carrier transfer from CdSe NPLs to Au NPs (Figure 7.2c). 
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       Transient absorption spectra of CdSe NPLs and CdSe NPL-Au HNs excited at 400 

nm were shown in Figure 7.3. Because of the low excitation intensity (0.5 J/cm2), 

multiexcitons did not contribute in these measurements. Although two bleach bands 

corresponding to the heavy-hole and light-hole bands were clearly observed in both spectra, 

the relaxation of transient absorption signal in CdSe NPL-Au HNs was much faster than that 

in CdSe NPLs. The transient absorption dynamics at the heavy-hole bleach band of CdSe 

NPLs and CdSe NPL-Au HNs were shown in Figure 7.4, and fitted with the bi-exponential 

function and the sum of a stretched exponential function and an exponential function, 

respectively. These fitting results are summarized in Table 7.1. The heavy-hole band 

dynamics of CdSe NPL-Au HNs could be also fitted by the sum of four exponential functions 

with the lifetime of 0.86 ps (44.7%), 3.6 ps (30.4%), 41.2 ps (13.6%), and 1.7 ns (11.3%). 

These lifetimes were slower than the lifetime of electron transfer from 1S(e) state in CdSe 

QD-Au HNs (Table 6.1 in Chapter 6). However, since the interpretation of fitting with four 

exponential functions were very complex, we fitted the heavy-hole band dynamics of CdSe 

NPL-Au HNs by using a sum of a stretched exponential function and an exponential function. 

The average lifetime of a stretched exponential component, defined as ave = (1/)(1/), was 

estimated to be ~3.2 ps, which was likely attributed to the average lifetime of electron transfer 

from the band-edge state of CdSe NPLs to Au NPs. The slower electron transfer from 

band-edge state in CdSe NPL-Au HNs as compared to that in CdSe QD-Au HNs was likely 

due to the difference of electronic coupling constant. CdSe NPLs have much larger lateral size 

as compared to the diameter of CdSe QDs (~4.2 nm), leading to the weak electronic coupling 

in CdSe NPL-Au HNs. 

       The growth kinetics at the heavy-hole band of CdSe NPLs and CdSe NPL-Au HNs 

were shown in Figure 7.5a. Furthermore, the initial bleach amplitude of the heavy-hole band 

divided by the ground state absorption at the excitation wavelength (OD / OD400 nm) were 
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plotted against the excitation intensity (Figure 7.5b). As clearly shown, the growth kinetics 

and initial bleach amplitude of CdSe NPL-Au HNs were very similar to those of CdSe NPLs. 

In contrast with CdSe QD-Au HNs and NR-Au HNs (Chapter 6), these results indicates that 

the hot electron transfer from CdSe NPLs to Au NPs and ultrafast electron transfer from 

band-edge state did not occur. CdSe NPLs have relatively continuous electronic structures 

resulting from the lateral extension in CdSe NPLs, leading to the hot electron relaxation via 

phonon emission.18 Previous studies reported that the hot electron relaxation process in CdSe 

QDs and CdSe NRs are mainly interpreted in terms of Auger cooling and not due to the 

phonon emission, respectively.19-22 Therefore, the suppression of hot electron transfer from 

CdSe NPLs to Au NPs could originate from the difference of the electronic structures and hot 

electron relaxation process. Moreover, the average diameter of Au NPs in CdSe NPL-Au HNs 

(~1.1 nm) were smaller than those in CdSe QD-Au HNs (~1.3-2.0 nm) and NR-Au HNs 

(~1.5-2.2 nm) in Chapter 6. The size difference of Au NPs likely affects to the difference of 

rate of hot electron transfer. Therefore, in CdSe NPL-Au HNs with small Au NPs (~1.1 nm), 

hot electron transfer could not be observed because of the very small rate of hot electron 

transfer from CdSe NPLs to Au NPs.  

In addition, the ultrafast electron transfer process from a conduction band-edge state 

much faster than the instrumental response function was suppressed in CdSe NPL-Au HNs as 

well as CdSe NR-Au HNs in Chapter 6. In CdSe NPL-Au HNs, CdSe NPLs have relatively 

large lateral size (short axis: ~5.8 nm, long axis: ~20.8 nm) and Au NPs attached to the edge 

of CdSe NPLs. Therefore, as mentioned above, the electronic coupling between CdSe NPLs 

and Au NPs is likely weaker as compared with CdSe QD-Au HNs and CdSe NR-Au HNs. 

According to previous studies,23,24 the strong electronic coupling between donor and acceptor 

leads to the ultrafast electron transfer in an adiabatic process. Therefore, the ultrafast electron 

transfer from a band-edge state of CdSe nanocrystals with different quantum confinement 
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dimensionality probably depended on the difference of electronic coupling constant in each 

HNs. 

 

7.5 Conclusion 

 In conclusion, we synthesized and characterized CdSe NPL-Au HNs. The electron 

transfer dynamics from CdSe NPLs to Au NPs with the diameter of ~1.1 nm were examined 

using the femtosecond transient absorption spectroscopy. In the transient absorption 

measurements under 400 nm excitation, the fast relaxation of the band-edge bleach band was 

clearly observed in CdSe NPL-Au HNs, indicating the electron transfer from the conduction 

band-edge state of CdSe NPL to Au NPs. The growth kinetics of band-edge bleach band of 

CdSe NPL-Au HNs was similar to that of CdSe NPLs. In addition, the initial band-edge 

bleach amplitude were nearly identical with each other. In contrast with CdSe QD-Au HNs 

and NR-Au HNs, these results indicate that the hot electron transfer from CdSe NPLs to Au 

NPs did not take place. In CdSe NPLs, the density of states in conduction band were much 

larger than that in CdSe QDs and NRs because of the large lateral size of CdSe NPLs. 

Therefore, in contrast with CdSe QDs and NRs, the hot electron in CdSe NPLs relaxed to the 

band-edge state via a phonon emission process. Consequently, the hot electron transfer did 

not occur in CdSe NPL-Au HNs because of relatively continuous band structures and hot 

electron relaxation by a phonon emission. Furthermore, the comparison of initial bleach 

amplitudes at the band-edge bleach band revealed that the ultrafast electron transfer did not 

occur in CdSe NPL-Au HNs in contrast with CdSe QD-Au HNs. The suppression of the 

ultrafast electron transfer much faster than the instrumental response function in CdSe 

NPL-Au HNs likely resulted from the weak electronic coupling between CdSe NPLs and Au 

NPs.  
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Figure 7.1 STEM images of (a) CdSe NPLs and (b) CdSe NPL-Au HNs with the Au NPs size 

of ~1.1 nm. 
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Figure 7.2 Steady-state (a) absorption and (b) luminescence spectra of CdSe NPLs and CdSe 

NPL-Au HNs. (c) The energy diagram and scheme of carrier transfer from CdSe NPLs to Au 

NPs. 
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Figure 7.3 Transient absorption spectra of (a) CdSe NPLs and (b) CdSe NPL-Au HNs excited 

at 400 nm. 
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Figure 7.4 Transient absorption dynamics at the heavy-hole band of CdSe NPLs (blue circles) 

and CdSe NPL-Au HNs (green circles) and simulation curve (red line). The inset shows the 

heavy-hole bleach dynamics of each sample in the long time region. 

 

Table 7.1 Fitting results of heavy-hole band dynamics for each sample with the F(t) = 

A2exp(-t/2) + A3exp(-t/3) for CdSe NPLs, and G(t) = A1exp(-(t/1)) + A3exp(-t/3) for CdSe 

NPL-Au HNs. 

Sample 1 / ps  2 / ps 3 / ns 

CdSe NPLs   230 (17.3%) 4.8 (82.7%) 

CdSe NPL-Au HNs 0.21 (94.0%) 0.27  1.4 (6.0%) 

 



223 

 

 

Figure 7.5 (a) Growth kinetics and (b) initial bleach amplitude at heavy-hole band of CdSe 

NPLs and CdSe NPL-Au HNs excited at 400 nm. 
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Summary 
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In summary, we analyzed the hot electron transfer and ultrafast electron transfer from 

the band-edge state of colloidal semiconductor nanocrystals to acceptor molecules and metal 

nanoparticles by femtosecond pump-probe spectroscopy. We examined elementary electron 

transfer processes from CdSe/CdS core/shell QDs (CSQDs) and CdSe NPLs to methyl 

viologen (MV2+) in Chapter 3 and 4, respectively. In CdSe/CdS CSQD-MV2+ complexes, the 

hot electron transfer from CdSe/CdS CSQDs to MV2+ was clearly observed and the shell 

thickness dependence of hot electron transfer rate was different from that of electron transfer 

rate from 1S(e) state. The yield of hot electron transfer from CdSe/CdS CSQDs with thicker 

shell can be estimated to be ~82%. In CdSe NPL-MV2+ complexes, the face-dependent 

electron transfer from CdSe NPLs to MV2+ was revealed. Moreover, in contrast with 

CdSe/CdS CSQD-MV2+ complexes, the hot electron transfer from CdSe NPLs to MV2+ was 

not observed. The hot electron in CdSe NPLs relaxes to the band-edge state by the phonon 

emission because of the relatively continuous electronic structure of NPLs, although the 

dominant hot electron relaxation process in discrete electronic states of CdSe QDs is the 

Auger cooling process. Therefore, the difference of the electronic structure and hot electron 

relaxation processes result in the suppression of hot electron transfer in CdSe NPL-MV2+ 

complexes.  

We examined the carrier transfer dynamics in PbS QD-Au HNs using femtosecond 

pump-prove spectroscopy with the state-selective excitation technique in Chapter 5. The 

ps-scale carrier transfer from PbS QDs to Au NPs was detected in 1S bleach dynamics and 

became faster with increasing the diameter of Au NPs. However, the hot carrier transfer from 

PbS QDs to Au NPs did not observe from rise time analyses of 1S bleach band. In addition to 

ps-scale carrier transfer, ultrafast carrier transfer from band-edge states much faster than the 

instrumental response function were suggested from analyses of initial 1S bleach amplitude 

excited at 1S transition. The difference between ps-scale and ultrafast carrier transfer from 
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band-edge states is probably attributed to the hole and electron transfer from PbS QDs to Au 

NPs, respectively.  

In Chapter 6 and 7, we discussed the electron transfer dynamics from the band-edge 

state and higher excited states of CdSe QDs, NRs, and NPLs to Au NPs. In CdSe QD-Au HNs, 

rise time analyses of 1S bleach band revealed the hot electron transfer from CdSe QDs to Au 

NPs, whose lifetime and yields are estimated to be ~300 fs and ~50%. Moreover, the ultrafast 

electron transfer from 1S(e) state of CdSe QDs to Au NPs was detected from the comparisons 

of initial 1S bleach amplitudes under 1S excitation. In addition, the excitation wavelength 

dependence of the initial 1S bleach amplitude suggested that the hot electron transfer occurred 

from 1P(e) state of CdSe QDs to Au NPs. In our previous studies, the electron transfer 

dynamics from CdSe NRs to Au NPs was examined. Hot electron transfer from CdSe NRs to 

Au NPs were clearly observed, and the fastest lifetime and maximum yield of hot electron 

transfer in CdSe NR-Au HNs were estimated to be ~0.5 ps and ~23%. However, the ultrafast 

electron transfer from the band-edge state of CdSe NRs to Au NPs did not observed. In 

addition, we examined the electron transfer dynamics from CdSe NPLs to Au NPs in Chapter 

7. Both hot electron transfer and ultrafast electron transfer from band-edge state did not occur 

in CdSe NPL-Au HNs. The hot electron transfer from CdSe nanocrystals to Au NPs was 

observed in CdSe QD-Au HNs and NR-Au HNs. As mentioned above, in contrast with CdSe 

QDs and NRs, CdSe NPLs have the relatively continuous electronic structure, leading the fast 

hot electron relaxation via phonon emission. Therefore, the suppression of hot electron 

transfer from CdSe NPLs to Au NPs was probably originated from the difference of the 

continuous electronic states and hot electron relaxation mechanism. Furthermore, the ultrafast 

electron transfer from band-edge state faster than the instrumental response function was 

observed in only CdSe QD-Au HNs. CdSe NRs and NPLs have large long axis (~14.0 nm) 

and lateral size (~5.8 nm × ~21.3 nm), which induces the weak electronic coupling between 
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CdSe nanocrystals and Au NPs. Therefore, the difference of ultrafast electron transfer from 

CdSe nanocrystals with different quantum confinement dimensionality was likely due to 

difference of electronic coupling strength.  

In this study, we found that the yield of hot electron transfer from QDs (three 

dimensional quantum confinement systems) is higher than those from NRs and NPLs. 

Furthermore, CdSe/CdS CSQDs-MV2+ complexes with the shell thickness of ~0.6 nm shows 

the highest yield of hot electron transfer (~82%), which is likely due to the modification of 

electronic structure in core/shell nanostructures. However, the detailed shell thickness 

dependence of hot electron transfer is not clarified. In the future works, analyses of hot 

electron transfer from CdSe/CdS CSQDs with various shell thickness is necessary for 

understanding the shell thickness dependence of the rate and yield of hot electron transfer. 

Moreover, the selection of core and shell materials modify the electronic structure and carrier 

relaxation processes in semiconductor nanocrystals. Therefore, the interfacial potential 

engineering of semiconductor nanocrystals by utilizing the hetero nanointerface probably 

allows to achieve the higher efficiency of hot carrier extraction and optimization of the 

structure of semiconductor nanocrystals. 
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