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 Colloidally synthesized, 0D semiconductor nanocrystals, also referred to as Quantum Dots 

(QDs), are promising light-harvesting materials which have found increasing use in photovoltaic 

devices, LEDs and other optoelectronic devices. In the past two decades, they have been 

extensively studied in terms of their photophysical and photochemical properties. One of the most 

prominent features of this class of material is their size tunable optical properties, which can be 

explained by the quantum size effect, whereby the bandgap of a semiconductor is pushed to a larger 

value as the exciton experiences increased confinement. In the strong confinement regime, the 

degeneracy of the hole states gives rise to the fine structure of the band-edge exciton, which helps 

explain their unusually long radiative lifetimes (~1μs at 10 K) relative to the bulk exciton 

recombination time (1ns), detailed in Chapter 1. 

 In Chapter 2, the size dependence of the radiative lifetimes of CdSe quantum dots is 

illustrated and compared to the calculated results using the Einstein coefficients. The quantum yield 

of CdSe particles is strongly related to the ratio of radiative and nonradiative recombination 

processes. This affects the size dependence of radiative lifetimes, and is the reason for a large 

discrepancy in the literature. In this section, we compare the results obtained for particles 

synthesized using a standard method and those obtained from an optimized synthesis. To correctly 

calculate the radiative lifetime of CdSe particles, it is found that three factors need to be considered: 

size-dependent integrated extinction coefficient, the bandedge frequency and the Boltzmann 

fraction of population of dark versus bright states within the lowest energy exciton fine structure. 

 In Chapter 3, the mechanism of two-photon darkening is elucidated. When the CdSe 

particles are subjected to high power density irradiation, they demonstrate a prompt 

photoluminescence depletion, followed by a recovery in polar solvents, on the time scale of tens of 

minutes. The mechanism proposed is that a significant fraction of biexcitons is generated under 

intense irradiation, which can then undergo fast Auger recombination by transferring the 

recombination energy of the exciton to the remaining hole and excite it higher into the valence band. 

The excited hole can either relax back to the top of the valence band or tunnel out to the surface 

and ionize a ligand, specifically, trioctylphosphine. In the latter case, the ionization forms QD-

/TOP+, which has a certain probability to dissociate into QD- and TOP+. The resulting QD- is dark, 

because it is negatively charged and unligated, which is attributed to the prompt photoluminescence 

(PL) depletion. The depletion of PL is reversible, when certain passivating ligands are present in 

solution, and indeed it is the charge neutralization and ligand reattachment/reorganization that 

determines the time scale of the PL recovery. The details are given in Chapter 3. 

 In Chapter 4, we provide an examination of the excited hole photochemistry of surface 

charged CdSe/CdS particles, under a low power irradiation regime. Surface charging is a common 

phenomenon for particles having relatively high quantum yields, in which the electrons have an 

equilibrium between the valence band and thermally accessible surface empty orbitals. The surface 

charged particles, though being overall neutral, have an extra hole in the valence band and a positive 

trion will subsequently form once these particles are subjected to low power irradiation.  Similar 

as the Auger dynamics for the biexciton described in Chapter 3, the Auger recombination within 

the positive trion will also generate an excited hole, which again can ionize a surface-attached 

ligand, oleylamine in this case. As a result of this ionization, the resulting L+ can ligate with neutral 



 

x 

 

and bright QDs, causing delayed and reversible photodarkening of the particles. The role of the 

excited hole in trion and biexciton photochemistry is also discussed.  

 Finally, in Chapter 5 the correlation between the selenium – oxygen (Se-O) bond stretch 

infrared feature and the extent of surface charging is discussed. The Se-O bond is formed through 

oxidation of occupied P orbitals on the surface chalcogenide atoms, and as such shows a strong 

dependence on the surface stoichiometry and ligation. Surface charging, discussed in Chapter 4, 

involves the vacant surface P orbitals. Therefore, the extent of surface charging is affected by the 

density of surface unoccupied orbitals, which also has a strong surface stoichiometry and ligand 

dependence. The filled and empty surface P orbitals both depend on the surface stoichiometry and 

the extent of ligation and are therefore correlated. Specifically, we find a linear dependence between 

the fraction of surface charging and the intensity of the 800 cm-1 IR feature. 
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Chapter 1 GENERAL INTRODUCTION 
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1.1 QUANTUM SIZE EFFECT 

In solid-state physics, a semiconductor can be taken as a material with electrical resistivity 

lying in the range of 10-2 – 109 Ω cm. Alternatively, it can also be defined as a material with energy 

band gap lies between zero and about 4 electron volts (eV) for electronic excitation. 1 The material 

dependent band gap energy is a fixed parameter in bulk regime, however, this situation changes 

when the size of semiconductor material is smaller than its Bohr radius, which is determined by the 

strength of the electron – hole (e - h) Coulomb interaction, for example,  the Bohr radius for CdTe 

is 7.3 nm, for CdSe is 5.6 nm, for CdS is 3.0 nm.2 Within this size range, the movement of electrons 

is confined by the particles boundaries, which leads the continuous band structure becomes 

quantized and the gap between energy levels varies with dimensions of the system as it is known 

from the simple potential well treated in introductory quantum mechanics. This is called quantum 

size effect, and the transition of band structure from continuous to discrete is shown in Figure 1-1. 

Because of the discrete energy levels, they are also sometimes referred to as “artificial atoms”, 

which bridges the gap between individual atoms or molecules and bulk materials3. Based on the 

dimensions of confinement, a quantum confined structure can be classified into quantum wells, 

quantum wires and quantum dots (QDs), the change on the density of states are also indicated in 

the Figure 1-2. While all these quantum systems have their intrinsic and intriguing characteristics, 

however, in this thesis, we will focus on the studies on quantum dots. 

Quantum dots are nanometer-size crystalline particles, containing approximately 100 to 

1000 atoms, which are typically fabricated by chemical synthesis with precise control on the 

composition, size and shape. The ability of atomic precision synthesis, together with the fact that 

quantum dot exhibiting discrete structure in electrical and optical properties, enable engineering of 

wave function of quantum dots, which stimulates the fundamental study of its potential applications 

in various field, like solar energy conservation, bio-labeling, light-emitting diode (LED) and 

transistors. 

 

Figure 1-1  Continuous valence and conduction band structure for bulk metal and semiconductor with fixed 

energy gap, Eg(bulk) and a schematic discrete energy level of a semiconductor nanocrystals with a size 

dependent energy gap, Eg (QD) due to quantum size effect. 
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Figure 1-2  Illustration of density of states in one band of a semiconductor as a function of dimension 

 

1.2 EFFECTIVE MASS APPROXIMATION 

The most striking feature for QD is the size dependent quantum confinement effect and its 

size dependency on bandgap is qualitatively illustrated in the effective mass approximation on the 

basis of a particle-in-a-sphere model4. Generally, the carrier is treated as a particle of mass m0 

confined in an empty spherical potential well of radius a:  

0( ) r aV r
r a

 
 

                                                    equation 1-1 

Similar as the problem of particle-in-box, in this case, the energy of the particle can be obtained by 

solving the Schrodinger equation in spherical coordinate, 
2

2

0

( ) ( ) ( )
2

V r r E r
m

 
 
    
 

                                     equation 1-2 

and the energy of the particle can be expressed as following: 

        

2 2

,

, 2

02

n l

n lE
m a


                                                           equation 1-3 

where n (1, 2, 3…) and l (s, p, d…) are the quantum numbers for the quantized 

orbitals(eigenfunction) and αn,l a dimensionless series of discrete values, which is the nth zero of 

spherical Bessel function of order l. However, in a real case, the sphere of nanocrystals is filled 

with semiconductor atoms instead of empty space. To simply this problem, effective mass 

approximation (EMA) incorporates the complicated period potential felt by the carrier in the lattice 

into the reduced effective mass. By this approximation, the carrier (electron and hole) can be treated 

as free particles with a different mass of 
e

effm  and
h

effm , respectively. Thus, the size dependent 

bandgap for QD can be expressed as following: 
2 22

, ,

, 22

nh lh ne le

n l g h e

eff eff

E E
a m m

   
   

  

                                      equation 1-4 
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Up to now, the interaction between carriers within the QDs has not been considered, which 

is a reasonable approximation in the regime of strong confinement, where the nanocrystals radius 

is much smaller than the Bohr radius for electron, hole and exciton (a < ae, ah, aex). In the strong 

confinement regime, according to equation 1-4, the confinement energy scales as 1/a2 while 

Coulombic attraction between electron and hole scales as 1/a. Therefore, in sufficiently small 

nanocrystals, the quadratic term dominates and the carriers can be treated independently. However, 

to be more accurate, the linear Coulomb term can be treated as the first-order energy correction. 

Finally, the corrected exciton energy is given by: 
2 22 2

, ,

, 2

0

1.8

2 4

nh lh ne le

n l g h e

eff eff r

e
E E

a m m a

 

 

  
    

  

                             equation 1-5 

where ε0 is the permittivity of free space and εr is the semiconductor dielectric constant. 

 The largest contribution of effective mass approximation is to give a qualitative 

understanding about the size dependent quantum size effect. However, the predicted lowest exciton 

energy deviates significantly from the experimental results, especially for QDs with a radius 

smaller than 4 nm. One of main reasons is the model overlooks the complication of real band 

structure of semiconductors. Specifically, within the effective mass model, the bulk conduction and 

valence bands are approximated by simple parabolic bands, which gives a fairly well description 

for the conduction band, but not for valence band. In term of II-VI QDs, it is well established that 

its conduction band is comprised primarily of metal S orbitals and the valence band of chalcogenide 

P orbitals, which is therefore sixfold degenerate when spin is taken into account. 

 To incorporate the high degeneracy of the valence band and band non-parabolicity, 

different theoretical attempts have been made to make more accurate nanocrystals calculation, such 

as k∙p method, six-band model and the Kane model, which will not be discussed in detail here. 

 

1.3 BAND-EDGE EXCITON FINE STRUCTURE OF CADMIUM SELENIDE NANOCRYSTALS 

 In the frame work of effective mass approximation, the spherical and cubic-crystallized 

CdSe NCs have the first electron quantum size level 1Se which is doubly degenerated, with respect 

to the spin projection. While the first hole quantum size level 1S3/2h has a fourfold degeneracy with 

respect to the projection of total angular momentum, which is the sum of the orbital angular 

momentum( l=1) and spin angular momentum (s=1/2)5. Therefore, the band-edge exciton for CdSe 

NCs is eight-fold degenerate. However, this degeneracy is lifted by the anisotropy of shape and 

internal crystal structure and electron-hole exchange interaction, which is determined by the 

probability of finding the electron and hole at the same point. The influence of these effects can be 

discussed in two size regimes of NCs. Firstly, in the bulk regime, where the effect of electron-hole 

exchange interaction is almost negligible, the shape and structure anisotropy split the eight-fold 

degenerate band-edge exciton level into two fourfold degenerate levels, labeled by the angular 

momentum Mh of ±1/2 and ±3/2, indicated in Figure 1-3. Secondly, in the strong confinement 

regime, the effect of electron-hole exchange interaction dominates, due to the enhanced overlap of 

electron and hole wavefunction. When the effect of electron-hole exchange interaction is also 

considered, the lowest energy 1S electron and 1S3/2 hole states cannot be considered independently 

but rather be treated as a combined exchange-correlated exciton, characterized by the total exciton 

angular momentum projection Nm and the initially eight-fold band-edge exciton (1S3/2h1Se) is split 

into five levels6, shown in Figure 1-3. The low-energy, weak transition involving the lower-

manifold states with Nm= 2 and 1L is responsible for the photoluminescence while the position of 

the band-edge absorption peak is determined by the high-energy, strong transition attributed to the 

upper manifold states with Nm= 1U and 0U. 
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Figure 1-3  Energy-level diagram describing the exciton fine structure. In the spherical model, the band-edge 

exciton(1S3/2h1Se) is eightfold degenerate. This degeneracy is split by the nonspherical shape of the dots, their 

hexagonal (wurtzite) lattice, and the exchange interaction. 

 The fine structure of the band-edge exciton provides great assistance for a quantitative 

understanding in terms of band-edge emission behavior, such as the unusually long radiative 

lifetimes (~1μs at 10 K) relative to the bulk exciton recombination time (1ns) and small band-edge 

excitation Stokes shift. According to the electric dipole approximation, the lowest Nm=±2 is 

optically passive, since a photon cannot carry an angular momentum of two to make the transition 

momentum-conserved7. For band edge excitation, the lowest optically active ±1L state is 

predominated populated. This is followed by radiationless relaxation to the ±2 dark excitonic state. 

Emission from this weakly emitting state accounts for the long microsecond luminescence 

lifetime.8 Besides, the small Stokes shift of the band-edge excited luminescence can also be 

explained by the size dependent exchange splitting between the ±2 and ±1L states.6 More details 

about the effect of band-edge fine structure on the NCs emission results will be discussed in the 

following sections. 
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Chapter 2 EXTINCTION COEFFICIENT AND RADIATIVE 

LIFETIME OF CDSE NANOCRYSTALS 
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2.1 INTRODUCTION 
 

2.1.1 EINSTEIN COEFFICIENTS 

 For an electronic transition to occur, an oscillating dipole must be induced by the 

interaction of the molecules electric field with radiation, and the electronic transition is 

quantitatively characterized by the magnitude of oscillator strength, which is proportional to the 

square of the transition dipole moment produced by the action of radiation on an electric dipole. In 

an electronic transition, absorption intensity and radiative lifetime, the most basic optical properties, 

are of great importance in understanding any luminescent material, such as QDs. And both of these 

properties are closely related to the oscillator strength and thus related in a very straight way 

through the Einstein A and B coefficients.9 

 The rates for absorption and spontaneous emission can be calculated quantum 

mechanically from first-order perturbation theory using the corresponding form for the irradiation 

field. Alternatively, these rates can also be derived in a simpler and empirical way, by using the 

properties of a system at thermal equilibrium. Specifically, two energy levels (E1 and E2) are 

considered, having number densities N1 and N2 (molecules per unit volume). Under a radiation field 

having energy density ρ(ω), the two-level system is at thermal equilibrium with rates of upward 

and downward transitions W21 and W21, respectively, per unit volume. The upward transition can 

only be attributed to the absorption of radiation, while the downward transition can occur through 

either stimulated or spontaneous emission. Thus, these two rates can be expressed by 

12 1 12 radW N B                                                      equation 2-1 

21 2 21 2 21radW N B N A                                            equation 2-2 

where B12 is the rate constant for absorption, B21 and A21 are the rates constants for stimulated and 

spontaneous emission, respectively and these three rate constants are collectively known as the 

Einstein coefficients. Additionally, we assume that the ratio N2/N1 in thermal equilibrium is given 

by the Boltzmann factor 

2 1 2 1exp[ ( ) / ] exp( )B BN N E E k T k T                         equation 2-3 

where kB is Boltzmann’s constant, ħ is the reduced plank’s constant and ω (ħω= E2-E1) is the 

transition frequency. The upward and downward transition rates must be balanced to maintain the 

thermal equilibrium, thus we have: 

12 21W W                                                           equation 2-4 

and with all these, the energy density can be solved and expressed as: 

  21 12 21[ exp( ) ]rad BA B k T B                                  equation 2-5 

when we further assume that     is for a blackbody source, given by the Planck distribution: 

        
3 3

2 3

1

exp( ) 1
rad

B

n

c k T


 

 
  


                             equation 2-6 

where n is the refractive indices and c is the speed of light; we can establish the relationship between 

Einstein coefficients A21 and B21 (B12) by equalizing equation 2-5 and equation 2-6 and we will get: 

12 21B B                                                           equation 2-7 

3 3

21 21 2 3

n
A B

c




                                                   equation 2-8 

Since we also know the famous Golden Rule absorption rate for randomly oriented absorbers, 

derived from first-order time-dependent perturbation theory with the quantized radiation field, 

given by: 
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22

21( ) ( 3 ) ( )radR n     

                             equation 2-9 

where the ε0 is permittivity of the free space and μ12 is the dipole moment for transition and this 

rate multiplied by the density of the molecules should be equal to the Einstein rate of absorption 

defined above: 

 
22

1 21 1 12( 3 ) ( ) ( )rad radN n N B      

                 equation 2-10 

Finally, we can get the expressions for Einstein coefficients B21 and A21: 
2 2

21 21 3B n   

                                        equation 2-11 

23 3

21 21( 3 )A n c                                     equation 2-12 

when the dipole moment μ12 presented in the form of integrated extinction coefficient, the Einstein 

coefficient A or radiative rate for a single oscillator can be simplified to9-11:  
3

1
3 9 2 2

2

8 0.2303 ( )
2.88 10 ( )

f

f f

a a

n
A d x n d

N c n

  
     




           equation 2-13 

where Na is Avogadro’s number, c is the speed of light, ε(ν) is the molar extinction coefficient (L 

mol-1 cm-1) at frequency ν, νf is the fluorescence frequency (wavenumber), brackets denote an 

averaged quantity, and na and nf are the refractive indices of the surrounding solvent at the 

absorption and luminescence wavelengths, respectively.  In the case where the absorption and 

luminescence spectra are narrow and there is minimal Stokes shift, the left part of equation 2-13 

simplifies to the right part, with n = na = nf.  A closely related quantity is the oscillator strength, 

given by9   

0

22

0.23034 ( )a a

a LF

n cm
f d

e N f

   



                              equation 2-14 

where m is the electron mass, e is the electron charge, ε0 is the permittivity of free space, fLF is the 

local field factor, the correction for the magnitude of the electromagnetic field inside the dielectric 

material that is the quantum dot.  In equation 2-14, fLF is evaluated with the dielectric parameters 

at the absorption frequency.  Local field factors can be far from unity,12 and including them or not 

in the calculation of the oscillator strengths can therefore be very significant.  From equation 2-14 

it follows that 

  

   1 23 2 2 3 22 2

3 3

0 0

2 2f a a f LF
LF

n n e f ne f
A f f

mc mc

    

 

 

            equation 2-15 

where in this case fLF is evaluated with the dielectric parameters at the fluorescence frequency.  If 

the Stokes shift is small (a good approximation for QDs), then the dielectric parameters at the 

absorption and fluorescence frequencies are the same, giving equal local field factors for absorption 

and fluorescence.  In this case the local field factors cancel in the relationship between the 

integrated extinction coefficients and the radiative lifetime, equation 2-13.  The conclusion is that 

for the case of absorption and fluorescence from a single oscillator, equation 2-13 is easy to evaluate 

if the ε(ν) spectrum is available.  Because of the local field factors, evaluation of the oscillator 

strengths is more problematic.   

 

2.1.2 DIFFICULTIES IN CONNECTING ABSORPTION PROPERTY AND RADIATIVE RATES OF 

QDS 

 Although equation 2-13 provides us with a simple and straight way to calculate radiative 

rate in term of integrated extinction coefficient and both quantities can be readily obtained from 
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experiments, there have been relatively few attempts to quantitatively connect absorption spectra 

and radiative rates of QDs. This is because determining these rates and comparing measured values 

to those calculated from absorption spectra is not easy to do; accurate measurements of integrated 

extinction coefficients and radiative lifetimes are not easy to make. Furthermore, due to the 

complexity of Ⅱ-Ⅵ QDs band-edge exciton levels, the evaluation of equation 2-13 becomes 

complicated. These difficulties will be discussed in term of three aspects. 

 Firstly, it is of great importance that the molar extinction coefficient of QDs samples can 

be determined and the widely used method of doing so is by using the Beer-Lambert law,13 which 

requires that the concentration of the QDs be known. Although the size dependency of the band 

gap of QDs is well understood, the size dependency of the molar extinction coefficient is less well-

established. This is because the accurate determination of absolute nanocrystals concentration is 

somewhat problematic. One might argue that this should be easy to do: just measure the absorption 

spectrum and the mass of QDs precipitated from a known volume of solution. If the size of QD is 

measured from TEM imaging, then the extinction coefficient can be easily calculated.  However, 

it is not clear that the fraction of unreacted ligands in a QD sample and the exact mass of those 

ligands on the precipitated QDs surface.  Both of these problems complicate the determination of 

ε(ν) spectrum. 

 Secondly, accurate experimental measurement of the radiative lifetimes is perhaps more 

problematic. QD samples are typically quite inhomogeneous, showing strongly nonexponential 

photoluminescence (PL) decays. The nonexponential PL decays are primarily due to 

inhomogeneities in the nonradiative rates; different particles have different types of defects that can 

serve as nonradiative recombination centers. Thus, some particles have larger nonradiative decay 

rates than others. For any subset of the particles having the same nonradiative rate, the observed 

decay time is related to the sum of radiative and nonradiative rates. 

   
1 1

1 1

obs rad nr rad nrk k  
 

                                         equation 2-16 

Inhomogeneous values of the nonradiative rates, knr, result in a nonexponential PL decay from an 

ensemble of particles. Each value of knr gives a different decay time and thus a different component 

in the overall ensemble PL decay. For any particles in the inhomogeneous distribution, the PL 

quantum yield (Φ) is related to the radiative and nonradiative decay rates or times, 

rad nr

rad nr nr rad

k

k k



 
  

 
                                            equation 2-17 

Thus, the QDs samples having high quantum yields have small nonradiative rates and the ensemble 

gives close to a single exponential decay. As the quantum yield approaches unity, the time constant 

of this exponential gives the radiative lifetime. 

 Thirdly, equation 2-13 is only valid to nondegenerate oscillator and its evaluation is 

complicated by the fact that in the Ⅱ-Ⅵ QDs, there is a Boltzmann population of different exciton 

levels, some of which have allowed and some of which have forbidden transitions to the ground 

state. Thus, following photon absorption, relaxation occurs to different bright and dark states. Rapid 

equilibration with the population of the dark states effectively increases the radiative lifetimes. This 

is not a small effect; in the absence of crystal field mixing, five of the eight fine structure sublevels 

are dark, having zero oscillator strength.7, 14 These states are separated by energies on the order of 

several to several tens of meV, comparable to thermal energies. Their relative energies and hence 

their thermal populations depend strongly on particle size and shape. This analysis is further 

complicated by the fact that in wurtzite nanocrystals that crystals field mixes and shifts dark and 

bright states in a way that is also size and shape dependent. In addition to thermal populations of 

the 1Se-1S3/2 sublevels, the (dark) 1Se-1P3/2 exciton is also thermally accessible,15 with energies and 

hence relative populations that are also size dependent. Therefore, the effect of size-dependent 
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population and oscillator strengths of these states must be considered in a calculation of the 

radiative lifetime in these nanocrystals. 

 

2.1.3 SIZE DEPENDENCY OF EXTINCTION COEFFICIENT AND RADIATIVE LIFETIME OF CDSE 

NCS IN LITERATURE  

The first measurements of CdSe band-edge integrated extinction coefficient were reported 

more than a decade ago and show that these values increase linearly with particle radius.16 Shortly 

thereafter, measurements of the band edge energies and lowest exciton extinction coefficient 

covering a wide range of CdSe nanocrystals showed that the extinction coefficient increase 

superlinearily with increasing particle radius.13 The spectral width of the lowest exciton peak can 

also vary with particle size, making it difficult to compare these sets of measurements. More 

recently, very accurate measurements of the size-dependent extinction coefficients for wurtzite 

CdSe QDs have been made by Jasieniak et al.17 and for zincblende QDs by Capek et al.18 These 

measurements show the same trend of increasing extinction coefficients with particle size and are 

in good agreement for particles having diameter of about 5nm. However, the older results13 show 

significantly smaller extinction coefficients for the smaller particles. The increase of the extinction 

coefficients with particles size is a large effect.  For example, comparing 3.0 nm and 6.0 nm CdSe 

particles, the extinction coefficient of a 6.0 nm nanocrystals is a factor of 3.5 larger.17  This strongly 

increasing extinction coefficient indicates that the oscillator strength also increases with particle 

size, and to the extent that dark versus bright states population effects remain constant, the radiative 

lifetime should decrease with increasing particle size. The υ2 dependence in equation 2-13 goes the 

other way; larger particles emit further to the red, and the υ2 factor causes the radiative lifetime to 

increase with particle size. However, over this wavelength range, the υ2 dependence is relatively 

small effect and only partially offsets the trend predicted from the increasing extinction coefficient. 

In the above cases, no attempt to connect these measurements to radiative lifetime was made. 

de Mello Donega and Koole have measured luminescence decays and fit the kinetic curves 

to a single exponential.19 They suggest that the single exponential decay time reflects the radiative 

lifetime and find that these lifetimes increase with increasing particle size. The bandgap decreases 

with increasing particle size, and they find that there is linear increase in the radiative rate -1

rad with 

increasing band gap energy. It is argued that the decays are close to single exponentials, so that the 

role of nonradiative processes affecting these rates does not need to be considered. The theoretical 

treatment in ref 19 ignores the angular momentum fine structure and argues that this is valid because 

some of the states are dark and therefore do not contribute to the observed luminescence. However, 

this argument is not valid if the population equilibrates between the bright and dark sublevels, 

which is known to do on a time scale that is short compared to luminescence.20 The dark levels do 

not undergo radiative decay and therefore serve as reservoir of the exciton population, resulting in 

an increase of effective radiative lifetime. Reference 19 also reports that the results are in 

quantitative agreement with results reported by van Driel el al.21 It is important to note that an 

increase in radiative lifetime with particle size is opposite to what is expected, based on the reported 

size dependence of the extinction coefficient.17 Larger particles have larger extinction coefficients 

and, based solely on this consideration, would be expected to have shorter radiative lifetimes. In a 

later paper, the strong size dependence of the radiative lifetime is corrected by Leistikow et al.,22 

reporting that the radiative lifetimes are in the 15 – 20 ns range and almost size independent. This 

time scale is consistent with results reported by Crooker et al.,23 where the lifetime was determined 

from the long-time tail of the PL decay. Although the lack of a strong size dependence is closer to 

being consistent with the trend expected from the size-dependent extinction coefficients, the 

lifetimes reported are considerably shorter than the previously reported values.19, 21 
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2.2 EXPERIMENTAL SECTION 

 In this study, two types of CdSe syntheses were performed. First, we did a “standard” 

synthesis, producing particles with diameters ranging from 2.5 to 4.5 nm, depending upon reaction 

time. This synthesis has been previously described24 and is based on the high temperature reaction 

of cadmium stearate with excess tributylphosphine selenium in a mixture of octadecene, 

octadecylamine, and trioctylphosphine  oxide. Slight variation of this method are very commonly 

used to produce CdSe particles over a wide range of sizes. Second, we have also performed 

syntheses which are optimized to produced either smaller (< 3.5 nm) or larger (> 3.5 nm) particles, 

with higher PL quantum yield and greater monodispersity. Additionally, we have also synthesized 

core/shell CdSe/ZnSe nanocrystals with typeⅠ heterostructure, with higher PL quantum yield. 

Chemicals. 

 Cadmium oxide (CdO, 99.5%), trioctylphosphine oxide (TOPO, 90%), octadecylamine 

(ODA,90%), octadecene (ODE, 90%), tributylphosphine (TBP, 97%), trioctylphosphine (TOP, 

97%), stearic acid (SA 98.5%), hexane (99.8%), methanol (MeOH,98%), and toluene (99%) were 

obtained from Aldrich. Selenium (Se, 99%), oleic acid (OA, 90%) and chloroform (CHCl3, 99.8%) 

were obtained from Alfa Aesar.  ODA were recrystallized from toluene before use.  TOPO was 

purified by repeated recrystallization from acetonitrile. All other chemicals were used without 

further purification. 

 

Standard wurtzite CdSe particle synthesis. 

 0.4 mmol of CdO was mixed with 1.6 mmol(0.45 g) of stearic acid and 4 g (5 mL) 

octadecene (ODE) which was heated to 250°C to get a colorless solution under N2 flow. After 

cooling down to room temperature, 3g of octadecylamine (ODA) and 1g of trioctylphosphine oxide 

(TOPO) were added. The mixture was then heated to 280°C. At this temperature, a selenium 

solution containing 4mmol of Se, 0.944 g (4.7 mmol,1.15 mL) of tributylphosphine (TBP) and 2.74 

g (3.4 mL) ODE was quickly injected under N2. The reaction is run at 255°C. When CdSe 

nanoparticles reached to the desired size, the reaction mixture was cooled to room temperature. 

When the reaction mixture reached 100°C, 5 mL of toluene was added to prevent solidification. 

This synthesis results in monodisperse, high luminescent particles with quantum yields of about 

20%.  

 

Larger size wurtzite CdSe particle synthesis (>3.5nm diameter). 

 0.2 mmol of CdO was mixed with 1.2 mmol (0.34 g) of oleic acid (OA) and 4.8 g (6.0 mL) 

ODE which was heated to 250°C to get a colorless solution under N2 flow. After cooling down to 

room temperature, 1.0 g of octadecylamine (ODA) and 0.5 g of trioctylphosphine oxide (TOPO) 

were added. The mixture was then heated to 280°C. At this temperature, a selenium solution 

containing 1.0 mmol of Se, 0.30 g (1.5 mmol,0.37 mL) of tributylphosphine (TBP) and 1ml ODE 

was quickly injected under N2. The reaction is run at 255°C for 1-2 min. When CdSe nanoparticles 

reached to the desired size, the reaction mixture was cooled to room temperature. This synthesis 

results in monodisperse highly luminescent particles with quantum yields of about 40-50%. 

 

Smaller size wurtzite CdSe particle synthesis 

 0.4 mmol of CdO was mixed with 2.4 mmol (0.68 g) of stearic acid (SA) and 4.0 g (5.0 

mL) ODE which was heated to 250°C to get a colorless solution under N2 flow. After cooling down 

to room temperature, 2.0 g of ODA and 0.7 g of TOPO were added. The mixture was then heated 

to 285°C. At this temperature, a selenium solution containing 3.0 mmol of Se, 0.9 g (2.4 mmol, 1,1 

mL) of trioctylphosphine (TOP) and 1.0 mL of ODE was quickly injected under N2. The reaction 

is run at 255°C for about 1 min. When CdSe nanoparticles reached to the desired size, the reaction 
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mixture was cooled to room temperature. This synthesis results in monodisperse, highly 

luminescent particles with quantum yields of about 40-50%. The ideas underlying these 

optimizations are based on the relative rates of nucleation and growth, and are quite straightforward. 

Larger particles are obtained when nucleation occurs relatively slowly and ceases very early in the 

synthesis. These conditions result in relatively few nuclei, and therefore growth of larger particles. 

The low concentrations used in the large particle synthesis facilitate this type of growth. Conversely, 

the conditions used for the small particle synthesis results in very rapid nucleation and a high 

concentration of nuclei. In both cases, the reaction is terminated while still in the strongly focusing 

regime. We find that this also gives the highest quantum yields, in accord with previous literature 

reports.14 

 

Wurtzite CdSe/ZnSe core/shell particles synthesis. 

 This synthesis is similar to those described in the literature, which also provide extensive 

particle characterization. 25 The 0.1 M Se stock solution for ZnSe shell growth is made with 2 mmol 

(157.9 mg) Se, 0.48 mL (2.3 mmol) TBP and 19.5 mL ODE. The 0.1 M Zn stock solution contains 

2 mmol (162.74 mg) ZnO, 8 mmol (2.52 mL) oleic acid and 17.5 mL ODE. CdSe particles with 

various sizes are synthesized based on the standard method. The reaction is quenched by cooling 

to room temperature. The final reaction solution is extracted by hexane:methanol (1:1 v/v) two 

times. The organic layer is separated and heated to 75°C to remove the residual hexane and 

methanol. 

 In a typical ZnSe shell growth reaction, a mixture of 2.0 mL ODE, 10 mg ODA and 1.0 

mL oleylamine was heated to 60°C in a three-neck flask under nitrogen flow, and then about 1.0 

mL of purified CdSe core solution (containing about 110-7 mol of nanocrystals estimated by their 

extinction coefficients) was added to this flask. The amount of precursor solution for each injection 

was estimated using standard successive ionic layer adsorption and reaction (SILAR) procedure. 

The Zn and Se precursors were added dropwise into the reaction mixture at 230°C respectively to 

grow 2 or 3 monolayers of ZnSe. 

 

Characterization. 

 UV-vis spectra were taken using a Cary 50 SCAN UV-vis spectrophotometer.  Static 

photoluminescence measurements were performed using a Jobin-Yvon Fluorolog-3 spectrometer.  

The instrument consists of a xenon lamp/double monochromator excitation source and a 

spectrograph/CCD detector. In the time resolved photoluminescence studies, samples were excited 

with very low intensity 410 nm pulses at 1 MHz from a cavity-dumped frequency-doubled 

Coherent MIRA laser. The luminescence was imaged through a 1/4 m monochromator with 150 

groove/mm grating onto a Micro Photon Devices PDM 50CT SPAD detector. Time Correlated 

Single Photon Counting(TCSPC) decays are accumulated using a Becker-Hickle SPC-630 board. 

The overall temporal response function of the systems is about 400 ps.  

 

Measurement of luminescence quantum yields. 

 Quantum yields were determined by comparison of the nanoparticle spectra with the 

spectrum of dilute Rhodamine 6G in methanol, using the appropriate spectral calibration factors.  

This comparison involves collection of the luminescence spectra in face-on geometry.  The 

absorbance of the nanoparticles and Rhodamine 6G samples were small, typically about 0.1.  The 

quantum yields are determined by taking the ratio of areas under the luminescence spectra.  These 

spectra are corrected for monochromator throughput and detector efficiency.  The nanoparticles 

and Rhodamine 6G PL spectra are at close to the same wavelengths, so the relative correction 

factors are close to unity.  The quantum yield of nanoparticles is calculated by: 
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where AR6G and Aparticle are the absorbance of R6G and nanoparticles at excitation wavelength, 

respectively, SR6G and Sparticle are the corrected areas under the fluorescence curves of R6G and 

nanoparticles, respectively, and ΦR6G is the quantum yield of R6G in the dilute methanol solution, 

taken to be 95%. 

 

 

2.3 RESULTS AND DISCUSSIONS 

 As discussed above, different size dependences of radiative lifetimes have been reported 

in the literatures. To resolve these discrepancies, we have measured size dependent absorption 

spectra and PL kinetics of CdSe and CdSe/ZnSe QDs. The CdSe particles obtained from “standard” 

synthesis have diameters ranging from 2.5 to 4.5 nm, which is reasonably monodisperse and has 

moderate quantum yield of about 20%, and the absorption spectra of several different sized particles 

are shown in Figure 2-1. Besides, optimized method has also been performed to get smaller and 

larger CdSe particles with much narrower spectral width of the exciton peaks and higher quantum 

yield of about 40-50%, as shown in Figure 2-2. The detailed description of synthesis is discussed 

in the experimental section. Briefly, this synthesis involves the reaction of a cadmium alkyl 

carboxylate with excess trioctylphosphine selenium in the presence of excess alkylamine and 

trioctylphosphine oxide. The solvent is octadecene, and the reaction is run at about 260℃ and 

quenched when desire size of particles are obtained. 
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Figure 2-1 Absorption spectra of several diameters (nm) of CdSe nanocrystals, as indicated. 
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Figure 2-2 Absorption and PL spectra of smaller (2.95 nm) and larger (4.5 nm) CdSe particles from optimized 

syntheses, as indicated. The absorption spectra have been scaled to the absorption ratio at 355 nm matches 

the particles volume ratio. 

The PL decays of particles from standard and optimized syntheses have been obtained and 

fit to triexponentials. This is done at low concentration and at very low fluence, to eliminate the 

possibility of concentration- or fluence-dependent artifacts. The signal-to-noise ratio of the 

experimental decays is quite high, and the long components can be determined quite accurately, to 

within a few nanoseconds. Plots of the long component decay times as a function of particles size 

are shown in Figure 2-3. These measured values can be compared to radiative lifetimes calculated 

from the absorption spectra. The absorption spectra in Figure 2-1 have been scaled such that the 

355 nm absorbance is proportional to the particle volume. Absorption cross sections far from any 

strong resonances and far from the band edge, where the quantum dot density of states may be 

approximated as a continuum, are known to scale with particle volume,16, 18 and with this scaling, 

the relative absorbances of the lowest exciton closely match the relative extinction coefficients 

reported by Jasieniak et. al17 for all but the smallest particles. The extinction coefficients of the 

smallest particles are between the values reported by Jasieniak et. al17 and Yu et. al13, but much 

closer to the former reported value. Integrated extinction coefficients can be obtained from these 

absorption spectra by fitting each spectrum to several Gaussians and evaluating the area of the one 

corresponding to the lowest energy exciton. An example of this fitting is shown in the Figure 2-4. 

We find that the size dependence of the integrated extinction coefficients increases approximately 

linearly with particle radius, in agreement with previously reported integrated extinction 

coefficients.16 Similar results are obtained with the optimized particles. 
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Figure 2-3 Experimental long decay components and radiative lifetimes calculated from integrated extinction 

coefficients. Experimental values are shown for standard and optimized CdSe particles and CdSe/ZnSe 

particles, as indicated. (The diameter of the core/shell particles is “effective” particle size, as discussed in the 

text.) The radiative lifetime curve is calculated on the basis of a 300 K distribution in 1S3/2 hole fine structure 

and 1P3/2 hole levels of spherical wurtzite particles (black dotted curve). 

 Figure 2-3 shows that the longest decay components of the optimized particles are in good 

agreement with the radiative lifetimes calculated for spherical wurtzite particles. The calculation 

of the radiative lifetime curve is discussed below. It is worth noting here that the evolution of 

photoluminescence spectra reveals the relaxation dynamics of band-edge exciton, whose decay is 

typically multi-exponential because of the inhomogeneity of nonradiative decay rates. The decay 

traces can be evaluated with either separated multi-exponential functions or a distributed function 

(such as a stretched exponential). And the choice depends on how one interprets the decay 

components using existing physical models and data. We believe the short decay components can 

be attributed to the fast non-emissive recombination due to different traps and/or defects on 

particles surface. Therefore, we typically fit the PL decay dynamics with a triexponential and assign 

the longest decay component from an experimental PL decay to be radiative lifetime of the particles, 

which is under the assumption that subset of particles having a zero nonradiative rate. In cases 

where the longest component dominates the decay, its time constant can be accurately and uniquely 

determined. However, the central assumption that this corresponds to the radiative lifetime may not 

always hold and needs to be carefully considered. Two particular situations are relevant here. First, 

if all the QDs in the ensemble have significant nonradiative decay rates, then the longest component 

of the measured PL decay will be a lower limit on the radiative time. This may be expected when 

the density of surface traps is high and the ensemble quantum yield is low. Second, very slowly 

decaying delayed luminescence can occur following reversible population of low-lying surface or 

defect traps states. If population of these traps is reversible, then the trap states serve as a reservoir 

of excited states and can result in PL decay components that are longer than the nominal radiative 

lifetime. An analogous phenomenon involving triplet states is often referred to as “delayed 
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fluorescence” in the molecular spectroscopy literature. Because of both of these complexities, this 

assumption will have to be examined in the analysis of each of the experimental results. 
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Figure 2-4 An example of a four Gaussian fit to the absorption spectrum of 5.0 nm CdSe QDs. The width 

of the two lowest transitions have been constrained to be the same.   The extinction coefficient correction 

factor in this case is 0.823 (= .168/.204). 

 On the other hand, Figure 2-3 shows that these measured times are significantly longer than 

those obtained from the standard synthesis particles. We suggest that this difference arises because 

of the standard synthesis particles having finite nonradiative decay pathways, i.e., essentially all of 

the particles in any ensemble have a nonradiative decay component. This difference is not 

surprising; the standard synthesis particles have much lower PL quantum yields, indicating that the 

defects resulting in nonradiative decay are less effectively passivated. Because the radiative and 

nonradiative rates are additive, the long component of the measured PL decay curve actually gives 

a lower limit to the radiative decay time. 

 This conclusion is supported by results obtained from CdSe/ZnSe core/shell particles, 

which are better passivated than CdSe particles, and the purpose of comparing the PL kinetics in 

the core and core/shell particles is to assess the role of nonradiative recombination in the PL decay 

kinetics. Absorption and PL spectra and a typical decay curve for CdSe/ZnSe particles having a 3.0 

nm core and 0.6 nm thick shells are shown in Figure 2-5. 
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Figure 2-5 (A) Absorption spectra of CdSe core (3.0 nm) and CdSe/ZnSe core/shell (3.0 nm core with a 0.6 

nm shell) particles.  The PL spectrum of the CdSe/ZnSe particles is also shown.  (B)  PL decay kinetics for 

a CdSe/ZnSe core/shell particles (black curve).  Also shown are a fitted curve corresponding to 1.6 (15%), 

9.4 (33%) and 32 ns (52%) components (red curve), and a single exponential decay corresponding to 20 ns 

(blue curve). The residuals from these fits are shown in the inset. 

 Comparison of the size-dependent CdSe and CdSe/ZnSe lifetimes is complicated by the 

red shift of the absorption and PL spectra upon shell deposition. The red shift occurs because the 

electron and hole wave functions penetrated into the (energetically forbidden) ZnSe shell, slightly 

expanding the exciton. The “effective size” of these particles is therefore larger than that of the 

initial core. For the core/shell particles, we define the effective diameter as that of corresponding 

CdSe particles having the same lowest exciton energy. With this definition, deposition of the 0.6nm 

thick shell used here increases the effective diameter of the smallest particles by about 0.5 nm. This 

effective diameter is used in plotting the measured CdSe/ZnSe radiative lifetimes in Figure 2-3. 
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Plotting the data this way facilitates comparison with the CdSe experimental results and 

calculations. It correctly incorporates the υ2 factor in equation 2-13, and the calculated fine structure 

splittings (discussed below). Comparison of size-dependent results calculated for particles having 

the same effective size tacitly assumes that the two types of particles have the same exciton 

coefficients. That is, it assumes that to the extent that the exciton wave function is delocalized into 

the shell, that part of the wave function also contributes to the exciton oscillator strength. If the part 

of the wave function localized in ZnSe contributes less or more on a per volume basis than that in 

CdSe, then the calculated radiative lifetime would be increased or decreased, respectively. We are 

unaware of any literature data on integrated extinction coefficients of the lowest excitons in 

core/shell type-Ⅰ particles. We make the CdSe versus CdSe/ZnSe comparison on the basis of the 

core/shell effective sizes, nothing the above caveat. Although there is some scatter in the 

experimentally measured radiative rates, Figure 2-3 shows that the CdSe/ZnSe values are in 

agreement with the results of the optimized CdSe particles and the spherical wurtzite particle 300K 

calculation. 

 Calculation of the radiative lifetimes from the integrated extinction coefficients must take 

into account the Boltzmann populations and relative oscillator strengths of the thermally accessible 

states because following photon absorption, relaxation occurs to different bright and dark states, 

which results in the fact the luminescence comes from a temperature-dependent distribution of 

states, each having its own oscillator strength and radiative decay rate. Therefore, when there is a 

thermal equilibrium between more than a single absorbing and emitting state, equation 2-13 

becomes26, 27 
9 2 22.88 10 ( )f sA x C n d   

  , where Cfs is given by   

                                             
exp( / )
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                                     equation 2-18  

where kB is the Boltzmann constant, Ei and fi is the energy and fraction of the total absorption 

oscillator strength in the i’th transition, respectively. There are eight thermally accessible angular 

momentum sublevels in the 1Se-1S3/2 exciton and considering only these states in the high 

temperature limit, we have that Cfs=1/8. The energies and oscillator strengths of these sublevels 

vary with nanocrystal size.7, 14 In spherical particles, the lowest energy state is the doubly 

degenerate optically dark J=±2 level. The optically bright levels are a few to a few tens of meV 

higher in energy, with this splitting getting larger in smaller particles. This is comparable or 

somewhat smaller than kBT (=26 meV at 300 K), and the thermally equilibrated levels have 

significant but not equal populations. We note that the energies and oscillator strengths of these 

levels also depend on the nanocrystal shape. 7, 14 In even slightly prolate particles (aspect ratio of 

1.15) the ordering of these levels is changed, with the lowest energy level being the singly 

degenerate, optically dark 0L level and the doubly degenerate bright ±1Llevel at slightly higher 

energies. The result is that the calculated values of Cfs depend on the assumed particle shape. 

Accurate evaluation of Cfs also requires that thermal population of the 4-fold degenerate 1P3/2 hole 

level also be considered (the 1Se-1P3/2 exciton is therefore also 8-fold degenerate). The energy 

difference between the 1Se-1S3/2 and 1Se-1P3/2 excitons can be calculated as described by Efro and 

Rosen15 and increases approximately linearly with the inverse of the particle diameter. These 

energy splittings are somewhat larger than the splitting between the different angular momentum 

sublevels and vary from 57 to 21 meV over the range of 2.5 to 5.5 nm particles. These energies are 

also comparable with kBT and including the thermal population of these dark levels further 

decreases the calculated radiative rates. Realistic calculations involve 300 K Boltzmann population 

in all of the 1S3/2 and 1P3/2 hole sublevels. As a simplest approximation, we consider the fine 

structure energy splitting of 1Se-1P3/2 sublevels are dark, the calculation is insensitive to the exact 
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energetics of these sublevels; this only affects the electronic partition function. Inclusion of the 1Se-

1P3/2 is a significant effect and increases the electronic partition function on the order of 30%. Using 

the integrated extinction coefficient reported by Jasieniak et. al.,17 radiative lifetimes have been 

calculated for spherical particles having a wurtzite crystal structure at 300 K and are plotted in 

Figure 2-3. Prolate particles are calculated to have slightly shorter radiative lifetimes (a few 

nanoseconds), with the difference increasing with decreasing particle size. 

 Several trends are apparent in the experimental and calculated results. The experimental 

results from the optimized CdSe synthesis give longest decay components that are approximately 

45 ns for the smallest particles and decrease with particle size to about 25 ns for the largest particles. 

These results are at odds with most of what is in the literature. The present results come closer to 

agreeing with the trend reported by Leistikow et. al.,22 that are close to size independent, but reports 

considerably shorter times, about 15-20 ns. Part of the discrepancies may come from fitting 

procedure. Figure 2-5 shows that fitting the PL decay to single exponential can result in an apparent 

lifetime that is affected by nonradiative processes and is therefore too small. However, we suggest 

that the comparison of the results from the standard and optimized syntheses directly bears on the 

main source of the literature discrepancies. The lifetime obtained from the CdSe particles using the 

optimized synthesis and the core/shell particles are in agreement with the calculated values, while 

the CdSe particles obtained from the standard synthesis give shorter values. This comparison 

reveals that the main difference between these resutls and those in previous literature report is 

simply particle quality: the presence or absence of surface defects that results in nonradiative decay. 

Only the particles from the optimized synthesis and the core/shell particles have minimal 

nonradiative decays and therefore yield accurate radiative lifetimes. 

 

2.4 CONCLUSIONS 

In this Chapter, we have reviewed the relationship between the fundamental photophysics 

properties of luminescent material: Einstein coefficients, oscillator strength and extinction 

coefficients and further examined their size dependence on CdSe semiconductor nanocrystals. 

Consistent with reported data in the literatures, we found that the integrated extinction coefficients 

(oscillator strength) increase with increasing particles size. However, large discrepancy on the size 

dependence of radiative lifetimes of CdSe particles and the cause can be summarized as following 

aspects:  

a. the quality of particles varies in different studies 

The quantum yields of particles vary significantly when different synthesis methods were 

employed. For less effectively passivated particles, defects and surface trap states can serve as 

nonradiative recombination centers to give rise to inhomogeneous non-emissive decay rates. 

The determination of quantum yield involves both the radiative and nonradiative decay rates, 

therefore, less effective passivated particles tend to be less emissive. 

b. the band edge exciton fine structure further complicates the theoretical calculation of radiative 

decay rates; 

Due to the subtle energetic differences between the angular momentum fine structure of band 

edge exciton of CdSe nanocrystals, these states are thermally accessible and the emission 

comes from a Boltzmann distribution of these states, each having its own oscillator strength 

and radiative rate. 

c. the extraction of radiative lifetimes can also be problematic due to the fitting procedure 

Fitting the non-exponential PL decay kinetics with either separated multi-exponential functions 

or a single stretched exponential largely depends on the existing physical models and data. We 

believe that the non-exponential decays are caused by the inhomogeneous nonradiative decay 
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channels, therefore we typically evaluate the experimental decay kinetics with triexponentials 

and assign the longest decay component as the radiative decay time. 

 To solve the discrepancies, we have compared the size-dependent radiative lifetimes for 

CdSe nanocrystals synthesized using standard and “optimized” synthesis methods. The trends are 

obvious and strongly supportive to the point that particles with the lower quantum yield give faster 

radiative lifetime: the optimized CdSe synthesis give longest decay components that are about 45 

ns for the smallest particles and decrease with particle size to about 25 ns for the smallest particles 

while the standard synthesized CdSe particles have much smaller values for radiative lifetimes, 

especially for the smallest particles. To further testify this trend, synthesis of core/shell CdSe/ZnSe 

particles has also been performed and as expected the radiative lifetimes for CdSe/ZnSe particles 

are well consistent with values of CdSe obtained from optimized synthesis of similar “effective 

size” and both particles (high quantum yield) are more effective passivated than the standard-

synthesized CdSe particles. 

Furthermore, we have applied the elementary theory of Einstein coefficients to evaluate 

the theoretical value of size dependent radiative lifetime for CdSe nanocrystals and three factors 

need to be considered: 

a. the integrated extinction coefficient 

The strongly increasing integrated extinction coefficient with the increase of particles size, to 

the extent that dark versus bright states population remain constant, the radiative lifetime 

should decrease with increasing particle size. 

b. the band edge frequency 

Larger particles emit further to the red, and band edge frequency factor cause the radiative 

lifetime to increase with particle size, however, the effect of frequency factor is minor 

compared to the strong increase of integrate extinction coefficient within the wavelength range 

in our study. Thus, the relatively small effect of frequency factor only partially offset the 

radiative lifetime trend predicted from the increasing integrated extinction coefficient. 

c. Boltzmann fraction of population in the bright versus dark fine structure levels 

The calculation of the radiative lifetime requires knowing the energetics and spectroscopy of 

the angular momentum fine structure and the Boltzmann populations in these different angular 

momentum sublevels depend on the size and shape to the quantum dots. Specifically, we have 

considered the significant but not equal population in both bright and dark sublevels of the 1Se-

1S3/2 exciton and in the dark 1Se-1P3/2 exciton. 

Great consistency was achieved in the comparison between the calculated radiative 

lifetime and experimental data of optimized CdSe and core/shell CdSe/ZnSe particles, which 

have longer radiative lifetime than those from standard-synthesized CdSe particles. The 

understanding of fundamental optical properties of CdSe nanocrystals is of great significance, 

which will surely facilitate the further investigation of nanocrystals and the details will be 

discussed in the following chapters. 
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Chapter 3 TWO-PHOTON PHOTOCHEMISTRY OF CDSE 

QUANTUM DOTS  
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3.1 INTRODUCTION 

  With decades of efforts, different methods have been applied to synthesize quantum dots 

(QDs), including colloidal synthesis, plasma synthesis and mechanical fabrication. Among these, 

colloidal synthesis has great advantages over others, due to its low cost; ease of control; high quality 

of products and ability to large-scale fabrication. The easy accessibility of colloidal-synthesized 

QDs urges the vast potential applications of semiconductor nanocrystals (NCs) in various field; 

like light emitting diodes28, biological labels29, and solar energy conversion30. Compared to its 

counterpart, nanocrystals have a high surface to volume ratio and are covered with many dangling 

bond that serves as nonradiative recombination centers,31, 32 which compete with radiative decay, 

as a result, the quantum yield of nanocrystals are greatly diminished. To improve the emissive 

quantum yield and stability, QDs are typically modified by two ways: ligand exchange with 

appropriate ligand33 and shelling with larger band-gap inoraganic material34. In the former case, 

primary alkyl amine and trialkyl phosphine are used as organic surfactant molecules to clean up 

and passivate the surface of nanocrystals through Lewis acid-base interaction. On the other hand, 

epitaxial deposition of wide-bandgap shell material onto the narrow-bandgap core material can also 

greatly increase the photoluminescence quantum yield and stability of nanocrystals, since wide-

bandgap shells can ensure inertness of the QDs to the outer environment by complete isolation of 

the wavefunction of an exciton through photo- or electro-generation in a QD35. However, the 

emissive properties of QDs are also subjected to changed by many other factors, such as 

temperature, external environment and photo irradiation. Here, we will focus on the effect of 

intense and extended irradation on CdSe semiconductor nanocrystals.  

 

3.1.1 EFFECT OF PHOTO IRRADIATION ON OPTICAL PROPERTIES OF NANOCRYSTALS 

 There have been reports on the effect of intense or continuous irradiation on quantum dots. 

In some cases, continuous irradiation can result in photoenhancement, causing increase of 

photoluminescence quantum yield of quantum dots. In contrast, several other research groups have 

also reported that luminescence intensity diminution, “photo-darkening”, occurs on different types 

of semiconductor nanocrystals under irradiation. In what follows, a detail discussion on the 

phenomenon of photobrighting and photodarkening will be shown. 

1. Photoenhancement 

The effect of photoenhancement has been reported on quantum dots (both core and core/shell) 

suspended in a variety of organic, aqueous and substrate environment, but due to the variance of 

experimental conditions and magnitude of photoenhancement, a thorough and complete 

mechanism for photoenhancement has not been proposed. The most common case is apparent 

increase of quantum yield for nanocrystals upon irradiation of light, in the presence of water and 

oxygen.36, 37 In the proposed mechanism, adsorption of water and/or oxygen molecules may reduce 

probability of surface states recombination or surface photo oxidation, which can create an 

additional barrier for the carriers. In other cases, Jones and coworker has observed that for colloidal 

CdSe and core/shell CdSe/ZnS quantum dot, during periods of constant illumination, the exciton 

PL quantum yield was increased up to 60 times that of the as-prepared quantum dots in solution, 

which subsequently decreases because of photo oxidation. They also found that there are 

dependencies of the rate and magnitude of photoenhancement effect on the illumination wavelength, 

the presence of a ZnS shell, the solvent environment and the concentration of surfactant molecules, 

based on which they postulated that a light-activated rearrangement of surfactant molecules 

stabilizes the surface traps states, thus lengthening average lifetime of quantum dots.38 

Photoenhancement effect occurred on core/shell nanocrystals with great strain energy due to lattice 

mismatch has also been reported. Chon et.al. reported a two-photon absorption-induced 

photoenhancement effect on a densely packed CdSe/ZnSe/ZnS core/shell nanocrystal solid film, in 
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which the enhancement is found to be irreversible and without a noticeable change in emission 

spectra. In this case, they attributed the enhancement effect to the “photoannealing” of interface 

defects rather than the photo oxidation or passivation of surface defects.39 

2. Photodarkening 

Not as common as the phenomenon of photoenhancement, but the effect of photodarkening, 

reversible or irreversible, is also reported in the literatures.40, 41 The loss of luminescence is usually 

assigned to nonradiative processes associated with photo-induced particle charging and mostly 

occur under conditions of intense irradiation, where there is a significant probability of biexciton 

or multiexcitons formation. Biexciton Auger process can produce highly excited charge carriers 

that can be ejected from the particle, and it is believed that particle charging is the primary step in 

the loss of photoluminescence intensity and the subsequent photochemistry.42-46 This Auger-

assisted photoionization has been shown to occur in PbS and PbSe nanocrystals.47 The subsequent 

photochemistry has been a significant problem in time-resolved optical studies, which often employ 

intense photoexcitation, and this has been particularly true for transient absorption studies of 

multiexcitons.48-54 Charge ejection can also occur following photoexcitation with photons having 

energy that is much greater than the bandgap,55-57 in which photoexcitation directly produces hot 

carriers, and then interfacial charge transfer competes with carrier cooling.  

Therefore, both particle charging and ligand reactions can have a dramatic effect on the 

photoluminescence dynamics. Photoexcitation of a charged particle can produce a positive or 

negative trion – a species with two holes and one electron or two electrons and one hole, as depicted 

in Figure 3-1. Trions generally have low luminescence QYs due to radiationless decay through an 

Auger process.58-60 Ligand loss can also produce species with greatly reduced photoluminescence 

quantum yields. The ligand binding site can act as an electron or hole trap, which facilitates 

radiationless charge recombination. Thus, PL intensity kinetics can be used as a probe of reaction 

rates involving charging and/or ligand reactions, and as such, the kinetics can be analyzed to infer 

the nature of photochemistry induced by the intense irradiation. 

 

3.1.2 PHOTOPHYSICS OF TRIONS AND BIEXCITON 

 Auger recombination is a nonradiative multicarrier process, in which electron recombines 

with hole by releasing excess energy to remaining carrier (an electron or a hole), instead of emitting 

photon. This common physical process dominates the multiexciton decay dynamics of nanocrystals, 

irrespective of composition, core/shell geometry, or shape in the case of elongated quantum dots61. 

However, Auger process rate is strongly suppressed in the bulk counterpart of nanocrystals, due to 

the kinematic threshold, which originates from the requirement of energy and momentum 

conservation during the Auger recombination process in an effectively infinite bulk crystal.62 The 

role of Auger relaxation is much more efficient in nanocrystals, which can be understood in three 

aspects: firstly, the strong confinement of nanocrystals greatly increases the overlap between the 

electron and hole wavefunction; secondly, due to the spatial and dielectric confinement the 

electron-hole Coulomb interactions are significantly enhanced; thirdly, high and abrupt barriers in 

the carrier confinement potentials introduce high momentum into the electron and hole 

wavefunction which lifts the requirement of momentum conservation.63 The combined effect of 

these three factors renders Auger recombination an efficient thresholdless process in nanocrystals. 

 Biexciton and trion are the simplest multicarrier states to study Auger recombination within 

nanocrystals. The study of the Auger recombination dynamics of biexciton and trion allows us to 

establish the relationship between their Auger decay times, which will provide insight in 

eliminating this unfavorable process during application of nanocrystals. There are a variety of 

experimental ways to obtain biexciton and trion states within quantum dots. The biexciton state are 

usually formed under intense irradiation, when quantum dots absorb two photons forming two 
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electron – hole pairs (exciton) within the nanocrystals. Nevertheless, the creation of trion state is 

less straightforward and difficult to control, that is, quantum dots need to be charged. Quantum dots 

can be charged by different processes including Auger ionization,64-66 hot-electron transfer47, 67 to a 

surface trap and tunneling of photoexcited charges to a proximal metal or semiconductor.46, 68 

However, well-defined charged states can be created using electro-chemical charge injection69, 70 

or chemical treatments with reduction or oxidizing species.71-73  

 The Auger recombination rate of biexciton can be related to negative and positive trions 

Auger recombination rates, based on the “statistical” argument,74 which states that the 

recombination rate should be proportional to the “statistical factor”: the product of the number of 

all possible conduction-to-valence band transition and the number of carriers that can accept the 

energy released in each interband transition. Therefore, the biexciton Auger decay rate can be 

expressed as followed: 

                                                        
- +, , ,

1 2 2
= +

A XX A X A X
  

                                                 equation 3-1 

     

This relation follows the fact that biexciton can undergo Auger relaxation by excitation either of a 

hole (like a positive trion) or an electron (like a negative trion), as indicated in Figure 3-1. The 

factor of 2 originates from the Auger pathway degeneracy.  

 

 
Figure 3-1Schematic description of nonradiative Auger recombination of a negative trion (X-) with lifetime 

of 
,A X

  , a positive trion (X+) with lifetime 
,A X

   and a biexciton (XX) with lifetime ,A XX ; Eg is the band 

gap energy. 

In this chapter, we will investigate the initial step and subsequent mechanism of the two-

photon (biexciton) photochemistry of CdSe QDs. The QDs used in this study are obtained from a 

very standard synthesis. This synthesis (details given in the Experimental Section) involves the 

reaction of a cadmium alkyl carboxylate with excess trioctylphosphine selenium in the presence of 

excess alkylamine and trioctylphosphine oxide. The solvent is octadecene, and the reaction is run 

at about 260℃. We examine several sizes of particles and different surface chemistries. We focus 

on particles having diameter of about 3.4 nm and with somewhat selenium-rich surfaces. 

Purification is done by a standard polar/nonpolar solvent extraction, which is described in the 

Experimental Section. The particles quantum yields are typically 20 – 25%, making them extremely 

common. When these particles are dissolved in room-temperature chloroform and briefly subjected 

to pulses of intense near – UV light irradiation, their quantum yield is reduced. Depending upon 
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conditions, the quantum yield may or may not subsequently recover. When recovery does occur, it 

takes place on the tens of minutes time scale. It is the photochemical reactions associated with PL 

depletion and recovery that we elucidate in this chapter. The approach used here is that of classical 

chemical kinetics: reaction rates are measured as a function of concentrations of different species 

in solution. Following a brief (several seconds) exposure to intense photoexcitation, samples are 

exposed to very low intensity excitation, and the intensity of the PL is measured over the course of 

the next several tens of minutes. These kinetics are obtained with different concentration of the 

QDs as well as several other species in the solution, and the results are analyzed to infer the reaction 

mechanism.  

 

3.2 EXPERIMENTAL SECTION 

Chemicals.   

Cadmium oxide (CdO, 99.5%), trioctylphosphine oxide (TOPO, 90%), octadecylamine (ODA, 

90%), trioctylphosphine (TOP, 97%), octadecene (ODE, 90%) oleylamine (OAm, 70%) and 

hexane (99.8%) were obtained from Aldrich.  Selenium (Se, 99%), oleic acid (OA, 90%) and 

chloroform (CHCl3, 99.8%) were obtained from Alfa Aesar.  ODA were recrystallized from toluene 

before use.  TOPO was purified by repeated recrystallization from acetonitrile.  Chloroform and 

acetone were purified by distillation over P2O5.  Oleylamine was purified by vacuum distillation 

over calcium hydride.  All other chemicals were used without further purification. 

 

Synthesis of 2.8 nm CdSe particles.  

0.2 mmol (25.7 mg) of CdO was mixed with 300 mg of steric acid and 2.5 ml ODE and heated to 

250 °C to get a colorless solution under N2 flow.  After cooling to room temperature, 1.0 g of ODA 

and 0.4 g of TOPO were added.  The mixture was then heated to 275 °C.  At this temperature, a 

selenium solution containing 1 mmol (78 mg) of Se, 0.90 g (2.4 mmol, 1.1 mL) of trioctylphosphine 

(TOP) and 0.7 mL of ODE was quickly injected under N2.  The heating mantle was removed 

immediately after the injection and the reaction was quenched after 20-30 s. 

 

Synthesis of 3.4 nm CdSe particles.   

0.2 mmol (25.7 mg) of CdO was mixed with 0.4 mL of oleic acid and 2.5 mL ODE and was heated 

to 250 °C to get a colorless solution under N2 flow.  After cooling to room temperature, 1.0 g of 

ODA and 0.4 g of TOPO were added.  The mixture was then heated to 280 °C.  At this temperature, 

a selenium solution containing 1 mmol (78 mg) of Se, 0.90 g (2.4 mmol, 1.1 mL) of 

trioctylphosphine (TOP) and 0.7 mL of ODE was quickly injected under N2.  The reaction was kept 

at 255 - 260 °C for 1 – 2 min and then cooled to room temperature. 

 

Synthesis of 4.6 nm CdSe particles.   

0.2 mmol (25.7 mg) of CdO was mixed with 0.4 mL of oleic acid and 2.5 ml ODE which was 

heated to 250 °C to get a colorless solution under N2 flow.  Se-precursor was prepared by dissolving 

1 mmol (78 mg) of Se into a mixture of 1 mL TBP and 0.7 mL of ODE at 200 °C.  When the whole 

mixture was cooled down to room temperature, 0.5mL of Oleylamine was added. The Se-precursor 

was injected into the Cd-precursor at 285 °C, and the reaction was then maintained at 250 °C kept 

for 2.5 min. 

 

Purification Method.   

In a typical purification, 1 mL of as-synthesized CdSe solution was added to 2 mL of acetone and 

the mixture centrifuged followed by removal of the supernatant.  3 mL of hexane was then added 
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to dissolve the precipitated particles.  The solution was cooled in the ice bath and centrifuged for 

several minutes to remove undissolved solids.  The hexane supernatant was decanted along with 

the dissolved particles and acetone added to reprecipitate the particles from solution.  The 

supernatant was removed and the particles resuspended in chloroform-based solutions containing 

different amounts of TOP, OAm and Cd(OA)2 for spectroscopic measurements.  The amounts of 

TOP, OAm and Cd(OA)2 were measured using a 50 μL glass syringe to give the concentrations 

specified in the text.  

 

Characterization. 

Refer to Experimental Section in Chapter 2. 

 

Samples irradiation.   

Sample excitation is accomplished with 387.5 nm second harmonic of a Clark CPA 2001 light 

source, which produces 140 fs, 600 μJ, 775 nm pulses at a repetition of 1 kHz.  Sample excitation 

is with the second harmonic of this light, at 387 nm.  The excitation power at the sample was 

typically 8 mW, and focused to a beam diameter of about 1.3 mm for an irradiation time of 15 to 

60 s.  The power dependent experiments were done at somewhat higher powers (18.5 mW) for 

shorter times (10 s). 

 

3.3 RESULTS AND DISCUSSIONS 

3.3.1 POWER DENSITY DEPENDENT PHOTODARKENING – A TWO – PHOTON PROCESS. 

 CdSe QDs can undergo photochemistry caused by either one – or two – photon processes. 

It is therefore necessary to first establish that the PL depletion observed here is as result of 

absorption of two photons, producing a biexciton. The possibility of simultaneous two – photon 

absorption to produce a highly excited single exciton can also be considered. The cross sections for 

two – photon absorption in CdSe QDs have been measured and are on the order of 6 x 104 GM 

(1GM = 10-50 cm4 s photon-1). 75, 76 Using this value and the known extinction coefficients for 

CdSe,77-79 the extent of direct two-photon absorption compared to two photon production of 

biexciton can be calculated. This calculation assumes that the absorption cross section is 

independent of having absorbed one photon. This is a good assumption because of the high density 

of state at excitation energy, 3.2eV. This calculation reveals that the extent of direct two-photon 

absorption is 4 – 5 orders of magnitude lower than sequential two photon absorption to produce 

biexciton, which is consistent with the observation that direct two – photon absorption is typically 

observable only with sub-bandgap excitation. Direct two – photon absorption will not be further 

considered. 

 To establish that biexciton give rise to the observed photodarkening, several identical 

samples of CdSe QDs were purified by two acetone/hexane precipitations, followed by 

resuspension in pure chloroform. No other species were added to the solutions, each having a 

volume of 1.5 mL and a QD concentration of 1.7 x 10-6 M. The rapidly stirred samples are prepared 

in 1 cm cell and subjected to 10 seconds of irradiation with a focused beam of 1 kHz, 387 nm, 140 

fs pulses. The 1.0 cm diameter beam is focused down with a 50 cm lens with the total power held 

constant as 18.5 mW. The power density is varied by controlling the position of the samples with 

respect to the focus. The result is that the number of two – photon absorption is varied while the 

total number of photons absorbed remains constant. This is very similar to “z – scan” methods of 

determining nonlinear optical properties.80, 81 Immediately following exposure, the sample cells are 

transferred to take the emission spectra with very low excitation intensity. The resulting PL spectra 

are shown in Figure 3-2.  The PL intensity decreases with increasing power density of the 
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irradiation, indicative of a multi-photon process. Under these conditions, the final PL spectra and 

intensities are stable, i.e., the loss of PL intensity is essentially irreversible. 
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Figure 3-2 (a) Emission spectra of CdSe after irradiation with different power densities. (b) The filled dotted 

line is the fraction of unreacted particles plotted versus the diameter of the beam, calculated as described in 

the text; the open circles are experimental results obtained from (a).  Also shown are the average total power 

densities (open dotted line).   

The extent of reaction (PL loss) varies with sample position, and therefore with the 

probability of two – photon excitation. This dependence is shown in Figure 3-2, and can be modeled 

using a Poisson distribution to describe the number of photons absorbed by each particle during 

each laser pulse. The sample is not optically thin, so the beam intensity and hence the probability 

of two photon absorption varies with the position in the cell. The probability of a QD in the 

irradiated volume absorbing two or more photons in a single pulse is given by 
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 2 20
; ( )

L

n
P dx P n m x 

                                  equation 3-2 

where P(n;m) is a Poisson distribution in the integer variable n, having an average of m. The 

average number of photons absorbed per particle per pulse is given by

0 387( ) exp( 2.303 / )m x m A x L  , where A387 is the sample absorbance at 387 nm, m0 is the 

average at the front of the cell and x is the position in the cell of length L.  The value of m0 is given 

by 
 

387
0

2303 /1000

/

beam

A

P
m

N hc area




  where the laser repetition rate is 1000 (s-1), the area is the 

irradiation spot size (cm2),  Pbeam is the incident excitation power (0.0185 Watts), ε387 is the 387 nm 

extinction coefficient (taken to be 3.3 x 105 L mol-1cm-1 for these particles78) and NA is Avogadro’s 

number.  We note that  
 

/1000

/

beamP

hc area
 is the incident photon density (photons pulse-1 cm-2) at the 

front of the cell. In summing over n ≥ 2, equation 3-2 assumes that reaction occurs only following 

absorption of two or more photons. The integral in equation 3-2 is evaluated numerically to give 

the fraction of particles in the focal volume that absorb two or more photons. The beam diameter 

is typically a few millimeters at the sample cell, so the focal volume is a small fraction of the total 

sample volume. However, because the cell is rapidly stirred, the fraction of reacted particles is 

spatially homogeneous. With this assumption, the overall reaction probability per pulse, denoted 

as Ptot, is given by the product of P≥2 and the ratio of the irradiated and total volumes:  

2tot

area L
P P

total volume
 . This probability is multiplied by the total number of pulses in the irradiation 

experiment, 1000·time (sec), and the reaction quantum yield, Φrxn, to give the average number of 

reactive events per particle during irradiation.  The fraction of unreacted particles is evaluated from 

a Poisson distribution, with   0;1000 (sec)tot rxnfraction unreacted P P time  . This approach 

tacitly assumes that once a two – photon reaction event has occurred, subsequent two – photon 

absorption has no further effect. The validity of this model is assessed by how well the power 

density dependent results match the observed reaction probability. A plot of the unreacted fraction 

calculated as a function of beam diameter is shown in Figure 3-2b. This plot assumes a reaction 

quantum yield of 0.058, which is the only adjustable parameter in the calculation. Excellent 

agreement with the experimental measurements is obtained, showing that two or more photons are 

needed to cause photodarkening. We note that the reaction quantum yield depends on nature of the 

QD surface. Specifically, we find that the reaction probability is much lower (about a factor of 5) 

when the nanocrystals surface is cadmium rich.  This indicates that selenium bound ligands are 

involved in the photodarkening mechanism, as discussed below. 

 

3.3.2 SOLVENT AND LIGAND DEPENDENCE:HOLE-TRANSFER PHOTOIONIZATION . 

 Figure 3-3A shows that the extent of PL depletion after irradiation depends on the polarity 

of the solvent. Very little PL depletion occurs in pure octane or in octane with an excess of 

oleylamine (OAm) and trioctylphosphine (TOP). Thus, independent of the other species in solution, 

the two-photon photodarkening has a much lower reaction probability in a nonpolar solvent. This 

observation has a very simple and obvious interpretation: the depletion mechanism involves ionic 

intermediates and/or ion pair separation. 

 Figure 3-3B shows that the extent of PL recovery depends on the presence of other reagents 

in the chloroform solution. The PL depletion results shown in Figure 3-2 were obtained with the 

QDs suspended in pure chloroform and were irreversible; little or no recovery occurs on the minutes 

to hours timescale. Particles dispersed in chloroform/OAm also show essentially no PL recovery. 
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Very different kinetics are observed in the presence of an excess of an electron donor ligand, such 

as a trialkylphophine (TOP) or tributylphosphine (TBP) results in a slow (tens of minutes) recovery 

of the PL intensity. The presence of trimethylamine (TEA) in the solution results in a similar, but 

somewhat faster, recovery. It is of interest to note that in the presence of TEA the final PL intensity 

exceeds the initial value. We note that if these particles are ligand exchanged with TEA the effect 

is an increase in PL intensity. Taken together, these observations indicate that the 

depletion/recovery process has the effect of exchanging surface ligands with those in solution. Thus, 

Figure 3-3 underscores two observation that are central to assigning the mechanism of PL loss and 

recovery; first, that PL depletion occurs only in a polar solvent, and second, that PL recovery occurs 

only when excess of TOP or a similar Lewis base ligand is present in the solution. 
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Figure 3-3 (A) PL recovery kinetics for samples with same concentration of TOP and oleylamine, in 

chloroform and in octane. Also shown is a fit curve corresponding to 15 (30%) and 120 (70%) minute PL 

recovery components.  (B)   PL recovery kinetics for samples with different ligands in the chloroform solution.  

These observations suggest that both ionization and the loss and gain of surface ligands are 

involved in the overall photochemistry. It is therefore important to establish the time scale on which 

ligand reaction occur. Figure 3-4 shows the effect of adding excess ligands to a well-purified QD 

sample in chloroform with excess oleylamine. Repeated purification by polar/non-polar extraction 

and precipitation removes some fraction of the surface passivation ligands, so the quantum yield is 



30 

 

 

 

initially fairly low, typically about 10%. Addition of excess ligands (in this case TOP) results in an 

immediate decrease in the PL intensity, followed by a subsequent recovery. It is important to note 

that no irradiation is involved in the Figure 3-4 kinetics; this simply measures the ligation time 

scale as determined from the PL intensities.  This initial PL decrease is likely due to a slight etching 

of the surface, specifically removal of some of the least tightly bound surface atoms. We suggest 

that the subsequent recovery of the QY is due to passivation of the newly-formed recombination 

sites on the particle surface. Figure 3-4 shows that the PL intensity relaxes to a higher value rapidly 

at first and then more slowly. It also shows that the rate of PL recovery does not increase with 

increasing TOP concentration, which is a notable result. One would expect that if the passivation 

reaction were the simple addition of a TOP to a surface recombination site, then this rate would 

increase with solution TOP concentration. However, Figure 3-4 shows that only the fast component 

of the recovery is concentration dependent. The concentration independence of the dominant slower 

component indicates that this reaction corresponds to a process in which TOP addition is not a rate-

limiting step. This suggests that subsequent ligand – exchange reactions (presumably with an OAm 

ligand) are also involved in the PL recovery kinetics. The details of these ligands reactions are 

beyond the scope of this paper. However, the important point is that the room – temperature ligand 

addition and exchange reactions take place on the tens of minutes time scale. 
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Figure 3-4 PL increase kinetics following the addition of TOP at a concentration of 16.8 mM (solid circles) 

or 45 mM (open circles) to a purified sample of QDs dissolved in chloroform and excess (50 mM) oleylamine.  

Also shown are biexponential fits corresponding to 6.9 (30%) and 80 (70%) minute relaxation components 

(top curve), and 13.2 (25%) and 80 (75%) minute relaxation components (bottom curve). 

 The ligand kinetics in Figure 3-4 are quite similar to the PL recovery kinetics shown in 

Figure 3-3; both are dominated by long components of about 100 min. In the case of Figure 3-4, 

there was no irradiation, and the only processes that can occur are ligand addition and exchange 

reactions. The similar rate from these two very different types of experiments suggests that ligand 

reactions are also the rate-limiting step in the long component of the PL recovery kinetics following 

irradiation shown in Figure 3-3. 
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 The above observations along with the known ionization energetics and biexciton 

photophysics allow a plausible overall reaction mechanism to be proposed. The essence of the 

proposed mechanism is that two – photon excitation results in the TOP-ligated QD dissociating 

into a positively charged TOP ligand and a deligated, negatively charged QD, as indicated in 

reaction 1.  

 
Auger charge** * - +

TOP TOP transfer

ion - +

unligatedseparation

QD QD (h*) QD / TOP

QD +TOP (dark) reaction 1

 


 

 The product QD has a greatly reduced luminescence QY for two different reasons. First, 

the loss of the TOP ligand leaves a surface trap state that acts as an electron – hole recombination 

center, and second, charged particles are typically only weakly luminescent. This is because when 

a negatively charged particle absorbs a photon it has two electrons and one hole. This negative 

“trion” undergoes comparatively fast nonradiative Auger decay, making the particles less 

luminescent than a neutral QD. This negatively charged state is often referred to as a “gray” state.82-

88  The PL recovers only when the TOP ligand is replaced and the charge neutralized. The difference 

in reaction probabilities for cadmium- versus selenium – rich particle surfaces can be understood 

in terms of reaction 1. Cadmium – rich surface will bind fewer TOP ligands33 and therefore be less 

likely to undergo this reaction. 

 The separation of TOP+ and QD- ions occurring in chloroform, but not in octane, can be 

understood in terms of the energetics of charged separation. It is therefore useful to examine the 

biexciton photophysics which define the initial processes following two-photon excitation. 

Absorption of two photons produces a state at close to twice the (560 nm) bandgap energy, or 4.43 

eV, as indicated in Scheme 3-1. Biexcitons (indicated as QD** in reaction 1) are known to undergo 

a fast Auger process in which the energy of one electron – hole pair is predominantly given to the 

other hole, exciting it deep into the valence band.89 The energetics of this excited hole state 

(indicated as QD*(h*) in reaction 1) are crucial to subsequent steps of the overall reaction and most 

easily considered in terms of ionization energies. The relevant energetics are shown in Scheme 3-

1 and are obtained as follows: CdSe has a bulk valence band edge at about 5.8 eV below the vacuum 

level.90  The quantum confinement energy for an exciton at 560 nm is about 0.47 eV, about 20% of 

which is in the hole. This puts the relaxed hole energy at about 5.9 eV. The energy of the lowest 

exciton is 2.21 eV, which can be put into either carrier by an Auger process. Auger transfer into 

the hole is the dominant process and puts the hot hole at twice the bandgap energy, as depicted in 

Scheme 3-1. Thus, the hot hole at about 8.1 eV below the vacuum level. A realistic estimate of the 

errors involved in this determination is that it is likely correct to within 0.1 or 0.2 eV. 
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Scheme 3-1 State energetics for 3.4 nm CdSe QDs. 
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 The TBP or TOP ionization energy do not appear to have been measured. However, the 

gas – phase triethylphosphine ionization energy has been determined by several different methods. 

It is reported to be anywhere between 7.6 and 8.52 eV by photoelectron spectroscopy,91, 92 and 8.18 

± .05 by electron impact.93  Vertical ionization energies are more relevant to an extremely fast 

charge transfer and are slightly higher, 8.3 – 8.4 eV.94, 95  The longer alkyl chains of TBP or TOP 

should lower the ionization energy very slightly. Using the vertical ionization energies, we 

conclude that two – photon hole ejection to form a separated QD-/TOP+ ion pair is approximately 

0.2 – 0.3 eV energetically uphill (in vacuum) from the hot hole formed by the biexciton Auger 

process. Based on these energetics, one would conclude that the formation of gas phase separated 

ions should not occur. However, solvent stabilization plays a major role in the energetics of ion 

separation and can be estimated from electrostatic considerations, analogous to what is done in 

Marcus theory. An estimate for stabilization energy can be obtained by using a model in which 

reactants are treated as spheres of radii a1 and a2 and the solvent is treated as dielectric continuum. 

The solvent stabilization energy is given by9  

0 1 2

q 1 1 1 1
1

4 2 2
V

a a r 

  
     

  
                                  equation 3-3 

where ε is its static dielectric constant, r is the distance between the centers of two reactants spheres 

and q is the electron charge.  Evaluated for radii of 1.7 nm and 0.8 nm, for QD and a TOP molecule, 

respectively, solvent stabilization energies for (infinitely) separated QD- and TOP+ ions of 1.04 and 

0.65 eV in chloroform (ε = 4.8) and octane (ε = 2.0), respectively, are obtained. Scheme 3-1 shows 

that separated ion – pair formation is energetically favorable in both solvents. However, formation 

of separated ions must occur through the contact pair, which is initially formed by hot hole transfer.  

The dissociation energies for a QD-/TOP+ contact ion pair is given by equation 3-4.   

0 1 2

q 1 1

4
sepV

a a 

 
   

 
                                       equation 3-4  
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If we take the contact ion pair separation to be the sum of the ionic radii (0.8 and 1.7 nm), this 

simple calculation indicates that ion separation is energetically uphill by 0.12 eV in chloroform and 

0.29 eV in octane, as shown in Scheme 3-1. The contact ion pair can either separate or undergo 

charge recombination to return to the ground state. Charge recombination results in the luminescent 

particle being returned to its ground state – it has not lost ligands and is still bright. Thus, once the 

contact ion pair is formed, it is the competition between dissociation and charge recombination that 

determines the probability of photodarkening. These energetic considerations indicate that 

dissociation of the contact ion pair has a much higher Coulombic barrier in octane (0.29 eV) than 

in chloroform (0.12 eV), and this barrier causes the process of ion separation to not effectively 

compete with charge recombination in octane. The net result is a much lower photodarkening 

reaction probability in octane. 

 We have measured the reaction probabilities for several sizes of CdSe QDs varying from 

2.8 to 4.6 nm in diameter. The results show little or no size dependence in the reaction probability 

over this range. For example, results on 4.6 nm particles show a slightly lower reaction probability, 

compared to the 3.4 nm particles. In this case, the observed reaction probability is about 0.04, which 

is about 30% lower than the 3.4 nm particles. The reaction probabilities are a sensitive function of 

the extent to which the particle surfaces are cadmium versus selenium rich, and the observed size 

dependent differences are probably within the batch-to-batch variability for each size. The lack of 

a strong size dependence can be understood in terms of two size dependent effect which change the 

reaction probability in opposite ways. First, the energetic driving force for charge transfer to form 

the contact ion pair decreases with increasing particle size. Since charge transfer competes with hot 

hole cooling, increasing particle size will tend to decrease the probability of forming the contact 

ion pair. Second, although dissociation of the contact ion pair is energetically unfavorable, it 

becomes less so as the particle size increases. Thus, once the contact ion pair is formed, the 

probability of forming the separated ion pair will increase with increasing particle size. The 

energetics associated with the formation and separation of the contact ion pair are shown in Scheme 

3-1. Some quantitative aspects of the size dependent energetics of both processes can be considered. 

Scheme 3-1 shows that formation of the contact ion pair is very energetically favorable, about 0.91 

eV for 3.4 nm CdSe particles. Hole cooling results in loss of 2.2 eV (the band gap energy) and 

charge transfer is energetically favorable only prior to the loss of 0.91 eV of this energy. Larger 

particles have less hole quantum confinement and a smaller bandgap energy and therefore produce 

a less energetic hot – hole state. Comparing 3.4 nm and 4.6 nm particles, the energetic difference 

between the hot – hole state and contact ion pair state decreases from 0.91 to 0.59 eV. This smaller 

driving force would be expected to significantly decrease the probability of contact ion pair 

formation. The size – dependent energetics of contact ion pair separation go the other way. The 

separated ion pair is slightly energetically uphill, and the extent of this energetic barrier is given by 

equation 3-4. In the case of 4.6 nm particles in chloroform, the contact ion pair dissociation energy 

is calculated to be 23 meV less than for 3.4 nm particles, increasing the dissociation probability. 

We conclude that over this range of sizes these two effects approximately cancel each other and 

little size dependence of the photodarkening reaction probability is observed.  

 

3.3.3 PHOTOLUMINESCENCE RECOVERY KINETICS. 

 Recovery of the PL intensity requires that the negative charge on the QD be neutralized 

and that the newly – formed vacant surface site be passivated. The most obvious and simple 

mechanism for these two things to occur is through a concerted, second – order process in which a 

TOP+ reattaches to a vacant surface site produced by TOP+ dissociation. However, the PL recovery 

results in Figure 3-3 do not follow simple second – order kinetics. Furthermore, such a simple 

mechanism does not explain why the slow component closely matches the ligand addition and 
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exchange kinetics in Figure 3-4. These observations suggest that the PL recovery mechanism is 

more complicated than a single, concerted reaction. We propose a mechanism in which charge 

recombination with TOP+ is relatively fast and followed by ligation with either OAm, TOP, or 

Cd(OA)2. This assignment makes sense in terms of the ion concentrations and the lack of charge 

transfer steric considerations. Charge neutralization can occur whenever the TOP+ comes in contact 

with a negatively charged QD, with little or no steric restriction.  It seems reasonable that this 

reaction could occur at close to a diffusion limited rate.  A simple calculation96 shows that with this 

assumption and at the present concentration charge neutralization should be very fast. The QD 

concentrations are typically 1 – 2 μM, and typically 25% of particles undergo photodarkening. Thus, 

the initial QD- and TOP+ concentrations are on the order of 0.5 μM. If the TOP+ hydrodynamic 

radius is taken to be 0.8 nm, then calculation of the diffusion limited second order charge 

recombination rate constant for singly charged ions in chloroform gives a value of about 4.6 x 1010 

L mol-1 s-1. The overall time scale for charge recombination can be taken to be the initial half-life, 

and with the present concentrations, this is on the order of 20 μs. This is much faster than the 

observed tens of minutes time scale for PL recovery, and it follows that the rate of PL recovery is 

limited by subsequent ligand reactions. Religation could occur with either the TOP or OAm ligands 

in solution and could be followed ligand rearrangement or exchange. Although these ligand 

reactions could be fairly complicated the basic idea is that it is ligand reactions, rather than charge 

recombination that limits the PL recovery. A very simple version of this mechanism is indicated in 

Scheme 3-2. 

Scheme 3-2 Proposed two-photon reaction mechanism.  Numbers in parentheses indicate the reaction 

numbers, below.   
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The proposed mechanism starts with the charged, unligated QD (QD-
x) and postulate two 

potential intermediates: the neutral, unligated QD (QDx) and the neutral QD, ligated with OAm 

(QDA). The proposed mechanism also postulates four reaction rates: charge neutralization (kN), 

ligation with TOP or OAm (kP or kA, respectively), and OAm to TOP ligand exchange (kx). 

Reaction 2 – 5 correspond to the reactions indicated in Scheme 3-2. The relatively fast charge 

recombination in this mechanism results in a significant simplification: the charged QD, ligated 

with OAm or TOP are not considered. These species correspond to the “grey state” in blinking 

studies and are discussed later.  

 Passivation by Cd(OA)2 can also be considered, and Figure 3-5 shows that the PL recovery 

kinetics depend on the concentration of cadmium oleate in solution. Without the addition of 
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Cd(OA)2, the PL recovery kinetics are dominated by a 120 minute component. This is assigned to 

TOP and OAm passivation of the vacant site on the QD. Addition of Cd(OA)2 results in a large 8.5 

minute recovery component, reaction 6. In Figure 3-5, TOP and OAm are present at concentration 

of 15 and 20 mM, respectively. The concentration of added Cd(OA)2 is about 0.65 mM, more than 

an order of magnitude lower than the TOP and OAm concentrations.  These results indicate that 

Cd(OA)2 more rapidly passivates the surface site vacated by the TOP+ dissociation than does a 

solution phase TOP ligand and that kCd is much larger than kP or the smaller of kA and kX. 

 Although the relative rates in reaction 2 – 6 are qualitatively consistent with the observed 

the reaction times, the biexponential recovery in Figure 3-5 indicates that this mechanism is 

somewhat oversimplified. Specifically, a fast reaction with excess Cd(OA)2 should result in a single 

exponential decay, with the rate dominated by reaction 6. The presence of the slower decay 

component indicates that not all the TOP ligation sites are equally reactive with cadmium ions. The 

presence of the 120 minute component indicates that some of the sites are reactive with TOP, but 

essentially unreactive with Cd(OA)2. This type of surface inhomogeneity is common and is why 

QD ensembles rarely gives exponential PL kinetics. 
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Figure 3-5 Plots of relative PL intensity as a function of recovery time for identical samples with (open circles) 

and without (solid circles) added cadmium oleate.  Also shown are fit curves corresponding to a 120 min 

slow component and an 8.5 minute (with Cd(OA)2) and 14 minute (without Cd(OA)2) component.   

 Reactions 3 – 6 are pseudo – first – order processes, and as such the mechanism in Scheme 

3-2 predicts that quantum dot concentration should have little effect of the PL recovery kinetics. 

Figure 3-6 shows that this is the case. 

 In this experiment, the irradiated sample was diluted by a factor of 1.8 immediately 

following irradiation. The diluent is a chloroform solution containing the same concentrations of 

TOP and OAm (60 and 40 mM, respectively) as the reaction solution. Thus, only the QD- and TOP+ 

concentrations are reduced. The resulting PL recovery curve is scaled by a factor of 1.8 for 

comparison to the undiluted sample; see Figure 3-6. The diluted and undiluted samples show 

comparable amounts of PL recovery, and both recover on the same time scale, with both samples 

showing 8.5 and 120 min recovery components. This is consistent with the reaction in Scheme 3-

2. Figure 3-6 also shows that the relative amplitude of the 8.5 min component in the undiluted 

sample is a factor of 1.8 larger than in the diluted sample. We assign this component to the initial 
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solution having a small but significant concentration of residual Cd(OA)2 that comes through the 

purification process with particles; see Figure 3-5. In the case of Figure 3-6, no Cd(OA)2 has been 

added to either solution but the residual Cd(OA)2 is sufficient to cause a factor of 1.8 drops in the 

concentration of residual Cd(OA)2, resulting in the correspondingly smaller fast component for the 

diluted solution. 
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Figure 3-6 PL recovery kinetics as a function of QD concentration.  The low concentrations results have been 

scaled by the dilution factor for comparison with the high concentration results.  Also shown are fit curves 

having 8.5 and 120 minute decay components.  The 8.5 minute components are 23% and 42% of the 

recoveries for the low and high concentrations, respectively. 

 

3.3.4 CHARGED QUANTUM DOTS. 

 One can also consider the possibility that ligand recombination (reactions 3 – 6) occurs on 

the same or faster timescale than charge neutralization (reaction 2).  If this occurs, then a ligated, 

negatively charged QD would be formed.  The extra electron could be in either the conduction band 

or localized in a surface trap state.  If the electron were in the conduction band then photoexcitation 

of this species would produce a negative “trion”, a species having two conduction band electrons 

and a valence band hole.  As mentioned above, such species have been postulated in the literature 

on quantum dot blinking.  It has been suggested that Auger recombination competes with radiation, 

making the luminescence quantum yield of these species lower than that of the uncharged particles; 

they are assigned as being the “gray state” in blinking studies.82-88  The presence of two conduction 

band electrons results in a radiative rate that is twice that of the single exciton. Thus, in the present 

experiments, the spectral signature of these charged particles should be a comparatively intense 

short – lived component in PL decays. The magnitude of such a component would be expected to 

vary as PL recovery occurs. Literature reports indicate that negative trions have a lifetime on the 

order of 100 – 400 ps.  Cohn et. al.58  report a negative trion lifetime of about 150 ps for this size 

of CdSe QDs. Our studies of the positive trions and biexcitons suggest a negative trion time of 

about 350 ps for this size particle.97 These times are comparable to or somewhat longer than the 

temporal response function of our Time Correlated Single Photon Counting (TCSPC) apparatus 
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(about 150 ps) and we infer that if a high concentration of negative trions were being produced, we 

should be able to detect them.  PL decays are shown in Figure 3-7 and show no evidence of a fast 

component that could be assigned to charged QDs.   
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Figure 3-7 Time resolved PL decay curves taken before irradiation and at increasing times after irradiation 

(1 to 81 minutes), as indicated.  The insert shows normalized 1 and 81 minute decays. 

The primary difference in these decays is the amplitude, with little change in the kinetics. 

We have looked for the trions with several different sizes of particles with different types of surface 

ligands, but in all cases of these single component CdSe QDs, no indication of the trion is detected. 

The most obvious reason is that charge neutralization occurs very rapidly and a significant 

concentration of charged QDs does not build up in the solution (Scheme 3-2). This explanation is 

consistent with reported rates of QD charge neutralization.67, 98 It is also consistent with calculated 

diffusion limited charge recombination rates discussed above and all of the other results presented 

here.  All of this suggests that the charge recombination occurs much faster than ligand 

reattachment in these particles, as indicated in the mechanism in Scheme 3-2.  We cannot, however 

completely rule out the possibility that charged QDs are present and the excess electron is in a 

surface trap.  A surface trapped electron could undergo rapid radiationless recombination with a 

hole produced by photoexcitation, rendering the particle dark.  However, this seems unlikely 

because the PL quantum yield of these particles is moderately high (typically 20 – 30%) and one 

would expect a significant fraction of the charged particles to have the excess electron in the 

conduction band.   

 

3.4 CONCLUSIONS 

In this chapter, we have systematically studied the two-photon chemistry of CdSe QDs, 

which were synthesized using standard method making them extremely common. These studies 

can be summarized as follows. 

 (1) Upon intense irradiation, CdSe quantum dots undergo two-photon excitation to produce 

a biexciton, which causes the diminution of photoluminescence quantum yield, photodarkening. 
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Based on modeling, we concluded that upon absorption of two or more photons the quantum yield 

for this process is on the order of 3 – 6% in chloroform and much smaller in nonpolar solvent, such 

as octane. 

 (2) An analysis of the energetics and solvent dependence of the photodarkening reaction 

indicates that following two-photon excitation the biexciton undergoes an Auger process that 

produces a hot hole. The hot hole may relax or tunnel out to ionize a surface-bound TOP ligand, 

forming a QD-/TOP+ contact ion pair. The ion pair dissociates to separated ions in chloroform, but 

not in octane. 

 (3) The photodarkening reaction may or may not be reversible, depending on whether an 

excess of surface ligands is present in the solution. Concentration-dependent studies indicate that 

charge recombination occurs rapidly, followed by ligand reattachment and reorganization on a 

longer (tens of minutes) time scale. 

 (4) The negatively charged quantum dot is not observed in the spectroscopic measurements. 

This is presumably because of the fast charge recombination mechanism. 

 The studies in this chapter provide useful insights on the effect of intense and extended 

photoexcitation on photoluminescence property of nanocrystals and time scale of the interactions 

between ligands and nanocrystals surface. Although, the photodarkening mechanism elucidated 

here is investigated in the context of two-photon excitation, it is probably much more general. The 

photochemistry mechanism is based on the production of a hot hole through a nonradiative Auger 

process. This is strongly related to the thermally induced surface charging phenomena we observed 

for neutral CdSe/CdS and CdSe/ZnSe core/shell quantum dots. Basically, the photoexcitation of 

surface charged particles having a surface-bound electron and a hole in the valence band will result 

in two valence band holes and a conduction band electron, which is essentially a positive trion. 

This species can also undergo an Auger process, generating a hot hole which could do exactly the 

same photochemistry as is described here. Therefore, the mechanism proposed here could be of 

great significance to much more common one-photon photo-degradation for CdSe-based QDs. A 

thorough investigation on the photochemistry of surface charged CdSe-based QDs under low 

intensity irradiation will be described in Chapter 4. 
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Chapter 4 EXCITED HOLE PHOTOCHEMISTRY OF 

CDSE/CDS QUANTUM DOTS  
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4.1 INTRODUCTION 

4.1.1 SURFACE CHARGING 

 Compared to its bulk counterpart, nanocrystals have a high surface-to-volume ratio, i.e., a 

particle having nanometer dimensions has a significant fraction of surface atoms, for example, in a 

spherical Wurtzite CdSe nanocrystal with a radius of 2 nm more than half of the unit cells are on 

the surface. Magnetic resonance spectroscopy99-104 has been used to explore the interactions 

between nanocrystals and ligands and found that the surface of nanocrystals is ususally not 

completely covered by ligands. In the absence of complete passivation by the surface bound ligands, 

the surface states can play a major role in the photophysical and photochemical properties of 

semiconductor quantum dots. The surface states of a II-VI semiconductor can be composed of 

primarily metal or chalcogenide orbitals. It is well established that the conduction band of II-VI 

QDs is comprised primarily of metal S orbitals and the valence band of chalcogenide P orbitals.4 

Unfilled metal S-orbitals on the surface are of comparable energies to the conduction band and can 

act as electron traps. Similarly, filled chalcogenide P-orbitals just above the valence band act as 

hole traps. The photophysical and photochemical properties of empty chalcogenide P-orbitals just 

above the valence band have, until recently, received less attention and are most relevant to the 

chemical processes discussed here. For example, the CdSe valence band is composed of selenium 

4P orbitals and an unligated surface selenium atom can have an empty 4P orbital at an energy that 

is within a few kT of the valence band edge. Thermal promotion of a valence band electron to one 

of these surface orbitals leaves the core of the particle positively charged. We will refer to a “surface 

charged” particle as an overall neutral particle having an electron in a surface state and a hole in 

the valence band,97, 105 as depicted in Figure 4-1. 

 

valence
band

surface states

valence
band

conduction
band

h+

conduction
band

     Auger 
recombination

h+h+
h

h+ hot hole
equilibrium

surface states

 
Figure 4-1 Surface charging and Auger production of hot holes in QDs.  Surface charging results from the 

presence of low-lying empty surface orbitals and subsequent Auger electron-hole recombination provides a 

mechanism of single-photon hot hole generation.   

Surface charging can be understood in terms of the non-stoichiometry of the QD, which 

controls the nature of the surface states and the Fermi level. Selenium vacancies result in the Fermi 

level being just below the conduction band the semiconductor being n-type. Most CdSe syntheses 

give QDs having surfaces that are cadmium rich, and these cadmium rich surfaces could be thought 

of as having selenium vacancies.106 These QDs have unpaired spins that are assigned to selenium 

vacancies, and have been measured by EPR in CdSe QDs.107, 108 In this case, the Fermi level is far 

above the top of the valence band, and any surface states that are just above the valence band are 

filled. In contrast, if the QD surfaces are chalcogenide rich, then the surface can thought of as 

having cadmium vacancies and the Fermi level just above the top of the valence band. In this case 

the semiconductor p-type, i.e., the surface cadmium vacancies put holes in the valence band, which 
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is equivalent to saying that valence band electrons are promoted to the empty surface orbitals. This 

has been shown to occur in CdTe where the density of trap states was measured by electrochemical 

measurements and was fit to Gaussian about 420 meV above the valence band. 109 The important 

point is that an empty surface selenium orbital is essentially a surface cadmium vacancy, which 

results in a p-type QD having valence band holes. 

 The presence of valence band hole, i.e., surface charged states, has profound spectroscopic 

and dynamical implications. Photoexcitation of a QD in a surface charged state produces what is 

essentially a trion – a species having a conduction band electron and two valence band holes. The 

trion can undergo a relatively fast (compared to radiative decay) Auger process in which the 

electron combines with one of the holes and gives the bandgap energy to the other hole. As a result, 

surface charged states have very low luminescence quantum yields – they are dark. The formation 

of an equilibrium between surface neutral and surface charged semiconductor quantum dots was 

first demonstrated in temperature dependent photoluminescence (PL) studies.105 The fraction of 

particles having a valence band electron thermally excited to a surface state is temperature 

dependent and results in a mechanism of reversible thermal luminescence quenching. 

 The Auger rates of surface charged CdSe/CdS and CdSe/ZnSe core/shell particles have 

recently been measured and compared to the biexciton Auger rates in the same particles.97  The 

trion dynamics showed that the surface charged trion Auger times are scale with particle volume 

and are a factor of about 2.2 longer than the biexciton Auger times. This is consistent with what is 

observed in fully positively charged particles, and is expected on the basis of simple theoretical 

arguments.59 These dynamics provide the definitive assignment of surface charging. An additional 

conclusion is that the Auger dynamics following photoexcitation of surface charged neutral 

particles are essentially the same as what is obtained from positively charged particles. The 

presence of surface charging depends on the density of empty surface chalcogenide orbitals, and 

therefore depends on the surface composition (metal or chalcogenide) and on the ligands. As 

expected, the magnitudes of the transients assigned to surface charged QDs show that surface 

charging occurs only when there is a high density of unligated chalcogenide surface atoms.97 It is 

important to note that the charging of empty surface orbitals is thermally driven, equilibrium 

process and the subsequent trion dynamics occur following one-photon excitation. 

 

4.1.2 HOT HOLE RELATED PHOTOCHEMISTRY 

 Hot carriers are produced by photoexcitation with photons having energy that is much 

greater than the bandgap55-57 or Auger process of multi-carriers. After the generation of these hot 

charge carriers, a number of processes such as carrier multiplication, energy relaxation and Auger 

recombination are active with each process characterized by its own time constant.110 Thus, the 

dynamics of hot carriers have a great implication in QDs-related surface photochemistry. This 

photochemistry is initiated by charge transfer from the excited QD to an absorbed or adjacent 

electron or hole acceptor. In the case of band-edge carrier, an acceptor (either electron or hole) must 

have a redox potential lying within the bandgap of the QD. The QD exciton is quenched by 

interfacial charge transfer and subsequent charge separation. The bulk CdSe valence and 

conduction bands are at +1.5 and -0.3 V, vs. SHE (standard hydrogen electrode), respectively.90 

Quantum confinement primarily moves the conduction band to more negative potentials and moves 

the valence band to slightly more positive potentials. For example, a CdSe QD having a bandgap 

of 2.25 eV (550 nm) has its respective valence and conduction band potentials at about +1.6 and -

0.8 V, respectively, vs. SHE. Thus, an important point is that photoinduced charge transfer reactions 

of band-edge carriers are limited to electron acceptor or donors in this potential range. Redox 

potentials of most common surface ligands (trioctylphosphine, alkyl amines and alkyl carboxylates) 
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used to passivate II-VI QDs fall outside this range, making them stable with respect to band edge 

carriers. 

 The generation of hot carriers expands the potential range for electron acceptor and donors, 

while the behavior of unrelaxed hole is of our interest here. We have recently examined the 

photochemistry of unrelaxed holes created through a biexciton Auger process.111 In the case of the 

biexciton, Auger recombination can result in the production of either a hot electron or hole. Due to 

the greater density of states in the valence band, hole excitation is the dominant process. The “hot” 

hole is at a far more positive potential than a band edge hole, with the potential difference 

corresponding to the QD bandgap energy. For the case of a CdSe QD having a 2.25 eV exciton, 

this potential is about +3.85 V vs. SHE. The hot hole can undergo charge transfer to an adsorbed 

hole acceptor in competition with relaxation to the band edge. These studies have shown that charge 

transfer to one of the attached surface ligands occurs with a significant probability, resulting in a 

contact QD-/L+ ion pair.111 This occurs even though the ion pair state is energetically inaccessible 

from a band edge hole. The contact ion pair has a small but significant dissociation probability in 

polar solvent, such as chloroform. In the previous studies, the charged, dissociated ligand was a 

trioctylphosphine. We have speculated that it is ion pair dissociation that limits the quantum yield 

of dissociated ion pair formation. Because of this charge transfer and subsequent dissociation 

reaction, two-photon excitation results in the reversible loss of photoluminescence intensity. Ion 

pair dissociation leaves the QD negatively charged and unligated, and therefore dark.58-60 Charge 

recombination and ligand reattachment results in subsequent recovery of the luminescence. The net 

result is that two-photon irradiation causes a prompt decrease of photoluminescence quantum yield 

that recovers on the tens of minutes timescale.  

 The efficiency of hot hole photochemistry depends on the competition between relaxation 

and transfer of the hot hole to an absorbed species. Hot hole relaxation times have been reported in 

several different studies. Using a combination of transient absorption and time-resolved PL 

measurements, the hole relaxation time in CdSe QDs has been measured to be the order of 100’s 

of fs.112 This is at odds with transient absorption measurements on CdSe which give a 7 ps transient 

that is assigned to  2S3/2 → 1S3/2 hole relaxation.113 The interpretation of these results may be 

complicated by the spectral interference with 1P-1P transition and/or hole trapping processes. Hot 

hole transfer from CdSe QDs has recently been shown to occur to adsorbed catechol acceptors. The 

results show a hot hole transfer component that occurs on the 250 fs timescale.114 Hole transfer also 

occurs to adsorbed thiol.115 These results show hot hole transfer on the order of 300-500 fs. In both 

cases, the hot hole transfer time is determined by the hole cooling time, which is consistent with 

the earlier time resolved measurements.112 

 

 

4.2 EXPERIMENTAL SECTION 

 The CdSe/CdS core/shell particles involved here are synthesized using methods similar to 

those recently reported by Nan et al.116 The method uses a standard synthesis of zinc blende CdSe 

cores and cadmium diethyldithocarbamate Cd(DDTC)2 as a single cadmium sulfide source for 

subsequent shell deposition at a relatively low temperature (140°C). The CdSe/CdS particles 

obtained from this method have a great stability and high photoluminescence quantum yield. This 

synthetic method is quite different and have several advantages compared to the usual SILAR 

(Successive Ionic Layer Adsorption and Reaction) method of growing core/shell particles117. The 

SILAR method uses a relatively high shell deposition temperature, and as such, the core/shell 

particles adopt equilibrium morphologies.118-120  At high levels of lattice strain, irregular shell 

growth (akin to Stranski-Krastanov growth of thin films) is typically obtained.121, 122 The present 

low temperature shell growth method permits the growth of much more uniform, metastable 
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shells.120 In this study, we focus on CdSe/CdS with a 2.7 nm core and having a 1 to 3 monolayer 

(ML) CdS shell. 

 

Chemicals  

Cadmium oxide (CdO, 99.5%), tributylphosphine (TBP, 97%), trioctylphosphine (TOP, 97%), 

sodium diethyldithiocarbamate trihydrate (NaDDTC∙3H2O), cadmium acetate dihydrate 

(Cd(Ac)2∙2 H2O), octadecene (ODE, 90%), oleylamine (OAm, 70%) and hexane (99.8%) were 

obtained from Aldrich.  Selenium (Se, 99%), oleic acid (OA, 90%), octane (98%) and chloroform 

(CHCl3, 99.8%) were obtained from Alfa Aesar.  Chloroform and acetone were purified by 

distillation over P2O5, as per reference 123.  In some cases, chloroform was also degassed by several 

cycles of freeze-pump-thaw.  Oleylamine was purified by vacuum distillation over calcium 

hydride.122, 123  All other chemicals were used without further purification. 

 

Synthesis and Purification of Zinc Blende CdSe Nanocrystals  

Zinc-blende CdSe nanocrystals were synthesized using a modification of a recently 

reported procedure.124  In a typical synthesis, 0.2 mmol (25.7 mg) of CdO was mixed with 0.4 mL 

of oleic acid and 3 mL of ODE, and heated to 250 °C under N2 flow to get a transparent solution.  

The temperature was then lower to 247 °C, at and a selenium suspension solution containing 0.1 

mmol (7.8 mg) of Se and 1 mL of ODE was swiftly injected into the cadmium precursor solution.  

The reaction was run at 240 - 245 °C for 10 min and then cooled to 50 °C.  Zincblende CdSe 

nanocrystals with sizes between 2.6 and 2.8 nm were typically obtained.  An in-situ purification 

procedure was employed to extract the nanocrystals for subsequent shell deposition.125  In a typical 

purification, the reaction mixture was cooled to 50 °C, 0.2 mL of trioctylphosphine, 0.2 mL of 

oleylamine, 3 mL of hexane and 6 mL of methanol were added and the mixture was stirred for 2 

min.  Phase separation occurs when the mixture was left to stand without stirring for a few minutes.  

The colorless polar (methanol) layer is then removed by syringe.  This extraction procedure was 

repeated three times with addition of TOP only at the first extraction and the remaining hexane in 

the ODE layer is finally removed by degassing at about 60 °C.    

 

Synthesis of CdSe/CdS Nanocrystals  

A single cadmium and sulfur precursor Cd(DDTC)2 was synthesized and used as the 

growth material of CdS shell.125  Specifically, the 60 mL of sodium diethyldithiocarbamate aqueous 

solution, containing 20 mmol NaDDTC∙3H2O, was added dropwise, under vigorous stirring, to a 

solution containing 10 mmol Cd(Ac)2∙2H2O and 100 mL of distilled water in a 400 mL beaker.  A 

white precipitate of Cd(DDTC)2 was quickly formed during the addition of the NaDDTC solution.  

To ensure the reaction was completed, the mixture was stirred for another 20 min after mixing.  The 

reaction product was separated from the solution phase by filtration and washed three times with 

distilled water.  After drying under vacuum overnight, the final white powder product Cd(DDTC)2 

was obtained.  

For the CdS shell deposition reaction, a 3 mL Cd(DDTC)2–oleylamine-ODE precursor 

solution, containing 0.1227 g of Cd(DDTC)2, 1.5 mL of ODE and 1.5 mL of oleylamine, was 

prepared.  In a typical reaction, 1 ml of purified CdSe nanocrystal core solution (containing about 

1×10-7 mol of nanocrystals, estimated by their extinction coefficient78) was added to a mixture of 

ODE (2mL) and oleylamine (0.5mL) at 60 °C under nitrogen flow.  The temperature was raised to 

80 °C and a calculated amount (estimated using standard SILAR procedure117) of Cd(DDTC)2 

precursor solution was injected into the mixture.  After the injection of Cd(DDTC)2 precursor 

solution, the temperature of the reaction mixture was slowly increased to 140 °C and maintained at 

this temperature for 10 min to ensure complete reaction.  For deposition of consecutive shells, the 

reaction mixture was cooled to 80 °C and similar procedure was again applied. This reaction cycle 
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was continued until desired number of CdS monolayer shell was obtained.  The number of 

monolayers of CdS on the CdSe core nanocrystals is confirmed through exciton wavelength shell 

thickness sizing maps, recently reported by Gong et al.119, 120, 126  A very similar shell thickness 

sizing has also been published by van Embden et al.127  A monolayer is taken to be the average 

between metal or chalcogenide planes for (111) and (100) facets, which is 0.31 nm.90  The final 

core/shell particles consist of 2.7 nm diameter zinc-blende CdSe cores having typically between 

0.9 and 1.1 monolayers of a CdS shell.   

The core/shell particles were purified by precipitation.  Typically, 1 mL of as-synthesized 

CdSe/CdS solution was added into 2 mL of dried acetone, followed by centrifugation. The 

supernatant was decanted and 3 mL of hexane was added to redissolve the precipitated particles.  

Two of these precipitation cycles were typically used in the purification process.  The final 

nanocrystals were dispersed in octane or chloroform for photochemical reactions and optical 

measurements.  The chloroform used in most experiments was ACS, 99.8% (not stabilized) and 

purified by distillation over P2O5, which removes essentially all of the water and most of the 

dissolved oxygen.  Some experiments were also performed using distilled and subsequently 

degassed chloroform.  Degassing resulted in no significant differences in the results.   

 

Samples irradiation and fluorescence kinetics.   

Sample excitation is accomplished with the 387.5 nm second harmonic of a Clark CPA 

2001 light source, which produces 140 fs, 775 nm pulses at a repetition of 1 kHz.  The excitation 

power at the sample was typically 18.5 mW, and focused to a beam diameter of about 10 mm for 

an irradiation time of 30 s.  Other power densities were obtained by putting the sample at closer 

(variable) distances from the focal point (a z-scan technique80, 81).  In a typical experiment, each 

QD absorbs a total of about 800 photons during a 30 second irradiation.  The laser repetition rate 

is 1 kHz, so this corresponds to about 0.027 photons per pulse.   

 The PL kinetics were measured using a Jobin-Yvon Fluorolog-3 spectrometer. The 

instrument consists of a xenon lamp/double monochromator excitation source and a 

spectrograph/CCD detector.  Some discussion of the uncertainties in these kinetics is needed.  

When the experimental decay curves are fit to exponentials using a Levenberg-Marquardt 

algorithm, statistical uncertainties in the decay times are small, typically about ± 5%.  Consistent 

with this, we find that for a specific batch of QDs, these values are reproducible to about the same 

uncertainty.  All comparisons of the PL kinetics are therefore made within the same batch of 

particles.  However, as discussed below, the kinetics are quite sensitive to the exact thickness of 

the CdS shell and to the presence of surface adsorbed ligands.  Although the exact shell thickness 

is readily determined from the sizing curves, but both shell thickness and ligand density are difficult 

to accurately control.  As a result, the batch-to-batch variability can be understood in terms of these 

parameters, but is considerably larger, typically about 30%. 

 

 

4.3 RESULTS AND DISCUSSIONS 

 In the introduction section of this chapter, we have described that the surface charging 

mechanism was first proposed to explain the temperature dependent photoluminescence 

phenomenon105 and then supported by the measured Auger rate of surface charged CdSe/CdS and 

CdSe/ZnSe core shell particles, with comparison to the biexciton Auger rates in the same 

particles.97 This section examines another manifestation of the surface charging: the 

photochemistry of the hot hole produced by the Auger process on surface charged CdSe/CdS 

core/shell QDs. In the present studies, low power (single photon) irradiation results in 

photochemical reactions that tracked using the time evolution of the c-w photoluminescence 
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intensity as a probe. The experimental results show that under some circumstances, extended one-

photon irradiation of these QDs results in a delayed, reversible decrease in luminescence quantum 

yield. Immediately following irradiation there is no depletion of the luminescence; depletion then 

occurs on the tens of minutes timescale. Subsequent recovery occurs on a much longer (several 

hours) timescale. Both depletion and recovery of the luminescence intensity occur with little or no 

change in the absorption or luminescence spectra. We show that the mechanism by which this 

occurs is related to the surface charging and Auger relaxation to yield a hot hole, which is 

responsible for the subsequent photochemistry. The extent and kinetics of PL depletion depend on 

the surface ligand, the solvent, and shell thickness. Based on the analysis of the kinetics, a detailed 

mechanism is proposed, which is similar to the recently reported two-photon fluorescence depletion 

mechanism.111 

 The central observation of this study is that one-photon irradiation of CdSe/CdS QDs can 

result in a delayed decrease in PL intensity that is largely reversible on a longer timescale. Figure 

4-2A shows that following irradiation in chloroform, the PL intensity shows little or no immediate 

drop, but then drops by about 25% on the tens of minutes timescale. The PL intensity then largely 

recovers on a longer (10-20 hours) timescale.  
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Figure 4-2 (A) Photoluminescence (PL) spectra for CdSe/CdS (1.1 ML) particles dissolved in chloroform 

before and at various times after low-intensity irradiation.  Also shown is the absorption spectrum.  (B) PL 

kinetics for the same particles suspended in octane and chloroform solvents.  Also shown is a decay curve 

calculated from the mechanism in Scheme 4-2.  

The primary focus of these studies is the mechanism of the delayed darkening. How these kinetics 

vary with the solvent, ligands, concentration and power density are examined below. From these 

dependencies a photodarkening and recovery mechanism is proposed. 

 

4.3.1 SOLVENT, LIGAND AND CONCENTRATION EFFECTS. 

 The time evolution of PL intensities of particles dissolved in chloroform and in octane are 

plotted in the Figure 4-2B. In contrast to what is seen in chloroform, when these particles are 

dissolved in a nonpolar solvent (octane) there is essentially no PL decrease following the same 

amount of irradiation. The dependence of the amount of decrease with solvent polarity strongly 

suggests that the darkening effect is caused by ionic processes in the solution after irradiation. 

 The effects of different types of ligands on the PL kinetics is shown in the Figure 4-3. In 

order to characterize the effect of ligands, the particles are purified by multiple acetone/hexane 

extractions and resuspended in chloroform containing a specific type and concentration of ligands. 

The solutions are stirred for several hours to allow attachment of the ligands and the particle 

surfaces to reach equilibrium. The as-synthesized particles are ligated primarily with oleylamine. 

The purification and resuspension process removes most of these ligands and replaces them with 

those added to the solution. 
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Figure 4-3 PL kinetics of CdSe/CdS (1.1 ML) particles having different ligands in the chloroform solution.  

Figure 4-3 shows that the addition of trioctylphosphine (TOP) essentially eliminates the 

photodarkening. Cadmium oleate almost eliminates it, and oleylamine (OAm) reduces the amount 

of PL decrease by about a factor of about 2 and considerably slows the photodarkening, compared 

to the sample without any additional ligands. The effect of ligands present in solution (and hence 

adsorbed to the particle surface) on the decay time is discussed later. The effect of the type of 

surface adsorbates on extent of PL reduction can be understood in terms of surface charging, as 

depicted in Scheme 4-1. 

 
Scheme 4-1 The effect of surface ligands. 

valence
band

S or Se P-orbital
surface states

Ligated

conduction
band

Unligated

PR3

 
 

Surface charging occurs upon thermal excitation of a valence band electron to an 

unoccupied chalcogenide P orbital on the particle surface. Since the valence band is also composed 
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of chalcogenide P orbitals, the surface orbitals are in energetic proximity to the valence band.  The 

lone pair of a Lewis base surface ligand can interact with surface chalcogenide orbitals, removing 

them from the energetic proximity of the valence band edge. This interaction creates a filling 

bonding orbital below the valence band and an empty antibonding orbital that is no thermally 

accessible and thereby effectively shuts off the surface charging. These simple considerations allow 

the understanding of the ligand dependence in Figure 4-3. Trioctylphosphine (TOP) very 

effectively passivates the sulfur 3P orbitals and essentially shuts off surface charging.33 Oleylamine 

interacts less strongly with empty 3P orbitals and therefore less effectively inhibits surface charging. 

The difference between chalcogenide interaction with TOP compared to oleylamine can be 

understood in terms of hard and soft Lewis bases. TOP is much softer Lewis base than oleylamine 

and therefore interacts more strongly with selenium, which is a soft Lewis acid.128 The addition of 

cadmium oleate makes the particle surfaces cadmium-rich and thereby also passivates the sulfur 

atoms.129 Thus, the addition of either TOP or Cd(OA)2 results in a decrease of the density of empty 

surface chalcogenide orbitals and hence a decrease in the fraction of surfaced charged particles. 

The ligand dependent results indicate that the delayed photodarkening is caused by surface charging 

through a mechanism that will be discussed below in the following section. 

 The effect of particle concentration on the PL kinetics after irradiation is elucidated through 

a dilution experiment. In this experiment the reaction solution (solvent + ligands + QDs) is 

irradiated and then immediately diluted with an approximately equal volume of the solution lacking 

the QDs (solvent + ligands). In the present case, the reaction mixture consists of 1 monolayer 

CdSe/CdS QDs ([QD]= 1 x 10-6 M) in 1.5 mL of chloroform and 10 μL oleylamine, which 

following irradiation, is diluted with 1.5 mL of the chloroform/oleylamine mixture. By diluting the 

sample in this way, the concentration of oleylamine remains constant; only the QD and reactive 

intermediate concentration are varied. The PL kinetics of undiluted samples are plotted in Figure 

4-4. Also shown are the PL kinetics of the diluted sample following being scaled up by the same 

(x 2) dilution factor. Comparison of the undiluted and scaled diluted kinetics curves indicates that 

lowering the concentration slows the rate of PL decrease, but does not change its relative magnitude. 

This is consistent with a second order reaction mechanism. 
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Figure 4-4 PL kinetics of CdSe/CdS (1.0 ML) samples having different particle concentrations. The lower 

concentration sample (open circles) has been diluted by a factor of 2.0 and the PL intensities scaled by a 

factor of 2.0 for comparison with the undiluted sample (solid circles).  Also shown are the first-order 

exponential fits with 5.2 and 9.6 minute decay times.   
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4.3.2 PROPOSED REACTION MECHANISM. 

 Scheme 4-2 presents a proposed overall reaction mechanism that is based on above 

observations along with the known ionization energies and the trion photophysics. 

Scheme 4-2 Proposed reaction mechanism. 
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Photoexcitation of surface charged particles (indicated as QDL
sc) produces what is essentially a 

positive trion (indicated as QDL
*sc). The particle core has two holes at the top of valence band and 

an electron at the bottom of conduction band. In reaction 1, an Auger recombination of the electron 

and one of the holes, conserves energy by exciting remaining hole, as depicted in Figure 4-1. The 

particle containing this hot hole is indicted as QDL(h*). The excited hole can either relax back to 

the top of valence band or undergo a charge transfer reaction by tunneling through the CdS shell 

and ionizing a surface bond ligand. In the latter case, the nascent QD-/L+ contact ion pair either 

undergoes charge recombination or can dissociate to separated QD- and L+ ion as indicated in 

reaction 1. This sequence of processes is the initiating and essential step of the proposed mechanism. 

It is important to note that in this case, the ligand (L) is an alkyl amine, and formation of QD-/L+ 

ion pair is energetically inaccessible from the band edge state. This follows from the fact that alkyl 

amine do not quench the excitons by hole trapping. It also follows from a consideration of the 

ionization energies. The bulk CdSe valence band edge is about 6.0 eV below the vacuum level90. 

Quantum confinement puts the hole at about 6.1 – 6.2 eV. Alkyl amines have ionization energies 

of 8.6 - 8.7 eV130. Thus, transfer of a valence band edge hole to an alkyl amine is about 2.5 eV 

energetically uphill. Consideration of solvation and electrostatic attraction effects lowers this value 

somewhat, but the conclusion remains that band edge holes cannot be transferred to adsorbed alkyl 

amines; the ion pair state is accessible only from a hot hole. Only surface charged particles undergo 

an Auger process to form the hot (reactive) holes and because the surface charged particles undergo 

a fast Auger process, they are dark. This is why the PL intensity has no prompt decrease 

immediately after irradiation – only the dark particles undergo reaction. In solution phase, 

positively charged ligands can diffuse through the solution and recombine with a negatively 

charged QD- (reaction 2) or undergo a subsequent charge transfer reaction with a neutral QD 

(reaction 3). The QD+ generated from reaction 3 is dark, due to fast Auger recombination of the 

positive trion. In the present studies, only a relatively small fraction of the particles undergo 

darkening, so the concentration of neutral QDs is typically considerably higher than negatively 

charged ones. Thus, reaction 3 is expected to be the dominant intermolecular charge transfer 

reaction. Reactions 3 is bimolecular processes and therefore generates a positively charged 

quantum dot with second order kinetics. It is this solution phase that is responsible for the delay of 

the darkening seen in Figure 4-2 – Figure 4-4. In the limit where the QD- and L+ concentrations are 

low, reaction 3 yields pseudo-first-order PL depletion kinetics. The relatively large QDs diffuse 

through the solution only very slowly, and the final charge recombination which restores the PL 

intensity (reaction 4) takes place on a much longer timescale, as shown in Figure 4-5. 
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Figure 4-5 PL kinetics of CdSe/CdS (1.0 ML) after irradiation up to 15 hour. 

The kinetics of the mechanism in Scheme 4-2 can be described by a set of differential 

equations: 

  1 2

d L
k QD k QD L

dt



 



                 equation 4-1 

 
 2 32

d QD
k QD L k QD QD

dt

                   equation 4-2 

 2 3

d QD
k QD L k QD QD

dt



  
                    equation 4-3 

with the initial conditions that L QD        and 0QD     at t = 0.  

A decay curve calculated from numerical integration of these equations is also shown in 

Figure 4-2B.  These calculations take  
0

1.0μMQD  ,  k-1 = k2 = 0.16 min-1 μM-1 and k3 ≈ 0.  In 

the case where k3 ≈ 0 and  QD QD    , equations 4-1 – 4-3 reduce to: 

'

2

d L
k L

dt




        , 

  '

2

d QD
k L

dt

      and 
'

2

d QD
k L

dt




       , where k2’ (= k2 [QD]) is the 

pseudo-first-order rate constant.  Integration gives   

      '

20 0
1 expQD QD L k t             equation 4-4 

where the zero subscript denote the concentration immediately after irradiation. 

The calculated curve in Figure 4-2B is almost indistinguishable from a first-order decay of equation 

4-4 have a time constant, (k2’)
-1, of 5.4 min. The results shown in Figure 4-4 can also be fit directly 

with this mechanism or fit to first-order decays. Dilution by a factor of 2.0 changes the first-order 

rate constants by a factor of 1.85, which is close to the dilution factor, as expected. As shown in 

Figure 4-2B and 4-4, the match between experimental data and calculated curve is very good and 

therefore supports the proposed reaction mechanism. The extremely slow recovery component 
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caused by the neutralization between the oppositely charged species, QD+ and QD- is manifested 

by the small value of k3 in the fitting. The PL of the sample largely (about 70%) recovers on the 

timescale of tens of hours. The lack of complete recovery is assigned to other reactions, possibly 

involving the cell walls, and will not be consider further. 

 The effect of the shell thickness on the one-photon darkening reaction probability has also 

been investigated. Figure 4-6 shows the spectra and PL decrease kinetics for QDs having the same 

CdSe core size and 1 to 3 monolayer. 
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Figure 4-6 (A) Absorption spectra for CdSe/CdS particles having CdS shells of 0.9, 1.9, and 3.0 monolayers 

(indicated as 1ML, 2ML and 3ML, respectively).  (B) Time evolution of the PL kinetics following irradiation 

of CdSe/CdS particles with different shell thickness as indicated.  Also shown are first-order decays with the 

indicated decay times. 

Reaction 1 indicates that photoexcitation of surface charged QDs results in an Auger-generated hot 

hole, which has a finite probability of tunneling through the shell material and ionizing a surface 



57 

 

 

 

bound ligand. Figure 4-6 shows that increasing shell thickness results in a smaller amount of PL 

decrease at long times (> 30min). The PL decrease of the 2 monolayer QDs is about 61% of that 

seen for the 1 monolayer QDs. This trend can be understood in terms of two different factors which 

are implicit in reaction 1: the extent of surface charging and the charge tunneling probabilities. 

Surface charging requires separation of positive (hole localized in the core) and negative (surface 

trapped electron) charges, and therefore has an energetically unfavorable coulombic term, which 

can be expressed as followed: 

0

q 1 1

4
sc

core

V
r d 

 
    

 
                                            equation 4-5          

 
where q is the elemental charge; ε0 and ε are the permittivity of free space and dielectric constant 

of medium, in this case it is taken as 9 in calculation; rcore (1.35 nm)
 
is the radius of CdSe core and 

d indicates the shell thickness. Taken this into consideration, a simple calculation gives that the 

surface charging energies of QDs having 2 and 3 CdS monolayer are 15.2 and 26.2 meV greater 

than for the 1 monolayer case. With the assumption that everything else remains constant and 

according to the Boltzmann distribution (the probability of population: exp( )P E kt  ), thus, 

the thermal factor associated with these energies would lower the surface charging probabilities of 

the 2 and 3 monolayer QDs by factors of 44% and 63% compared to the 1 monolayer case. In 

addition, the presence of a thicker shell will increase the width of the energy barrier for the hot hole 

transfer to the surface ligands. This is expected to decrease the hot hole tunneling rate and thereby 

also decrease the overall probability of charge separation. We suggest that the combination of these 

factors is responsible for the shell thickness dependence observed in Figure 4-6. 

 We also note that the pseudo-first-order rate of PL decrease (reaction 3) is shell thickness 

dependent, with thicker shell resulting in a slower reaction. The same effect is observed upon 

increasing the amount of oleylamine adsorbed on the QD surface in Figure 4-3. Reaction 3 

corresponds a two-step process: the positively charged ligand first diffuses to the neutral QD and 

this is followed by charge transfer. The kinetics were obtained at a constant particles concentration 

of about 1 μM for each type of ligand (Figure 4-3) or each shell thickness (Figure 4-6), so the 

diffusion rates are all close to the same. The different pseudo-first-order rate constants therefore 

reflect differences in the charge transfer probabilities, and hence the overall value of k2 in reaction 

3 and equation 4-1 – equation 4-3. Charge transfer involves hole tunneling from the positively 

charged ligand, through the ligands and (more importantly) the CdS shell, to the CdSe valence band. 

Figure 4-6 shows that the shells that are 3 monolayers or thicker greatly inhibit charge transfer and 

therefore slow down the overall reaction. 

 

4.3.3 COMPARISON WITH TWO-PHOTON PHOTOCHEMISTRY. 

 The mechanism proposed in Scheme 4-2 along with the results in Figure 4-2 and 4-4 permit 

evaluation of a crucial quantity, the one-photon reaction (darkening) probability. It is of interest to 

evaluate this quantity and compare it to the probability of charge separation following two-photon 

excitation and hot hole generation by a biexciton Auger process. This comparison is facilitated by 

a set of power density dependent irradiation experiments, the results of which are shown in Figure 

4-7.  
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Figure 4-7 (A) PL intensity kinetics of CdSe/CdS (1.06 ML) samples following irradiation at different photon 

flux densities.  The irradiation spot size is varied and the total beam intensity and irradiation time are held 

constant. (B) Relative PL intensities at t = 0 and t = 25 min (open circles) along with calculated z-distance 

dependent curves. 

In these experiments, several identical samples are prepared and subjected to irradiation by 

a beam focused by a 50 cm lens (18.5 mW, 30 seconds, 1 kHz, 387 nm, 140 fs). The power density 

at the front face of the cell is controlled by varying the sample position with respect to the focus. 

As the cell position is varied, the fraction of one- versus two-photon absorption is varied while the 

total number of input photons is held constant – this is a z-scan method.80, 131 Immediately after the 

irradiation, the samples are transferred to the static fluorescence spectrometer to assess the time 
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dependent PL depletion kinetics. Figure 4-7A shows the following irradiation there are power 

dependent prompt and delayed drops in the PL intensity. The delayed drop is present at the lowest 

powers and is assigned to a one-photon process, as described above. The total (prompt plus delayed) 

PL decrease is approximately power independent over the range of power independent over the 

range of power densities studied, < 1.5W/cm2. 

These power density dependent results can be analyzed using the simple calculations 

proposed in a previous paper, which permits the evaluation of the absolute reaction probabilities 

for the one- and two-photon processes111. These calculations account for the fact that the samples 

contained in a 1 cm cell are not “optically thin”, and calculates the average number of photons 

absorbed per particle per pulse as the product of the photon cross section at the excitation 

wavelength and the power density (photons cm-2 pulse-1).  The position dependent average is given 

by 
0 387( ) exp( 2.303 / )m x m A x L  , where A387 is the sample absorbance at 387 nm, m0 is the average 

at the front of the cell and x is the position in the cell of length L. The value of m0 is given by 

 
387

0

2303 /1000

/

beam

A

P
m

N hc area




  where the laser repetition rate is 1000 Hz, the area is the irradiation spot 

size (cm2), Pbeam is the incident excitation power (0.0185 W), ε387 is the 387 nm extinction 

coefficient (taken to be 5.0 x 105 L mol-1cm-1 for these particles126) and NA is Avogadro’s number.  

The probability of a QD within the irradiated volume being surface charged and absorbing one 

photon in a single pulse is given by 

 1
0

1; ( )
L

scP P m x dx        equation 4-6          

where Φsc is the probability of the particle being surface charged and P(n;m) is a Poisson 

distribution of n events, given an average of m.  The probability of any particle (surface charged or 

not) absorbing two or more photons is given by 

 2 20
; ( )

L

n
P P n m x dx 

       equation 4-7        

The focal volume is a fraction of the total sample volume and the sample can be seen as 

homogeneous under rapid stirring. Thus, darkening probabilities appropriate to the entire sample 

volume need to take the volume ratio into consideration. The probability per pulse of absorbing n 

photons integrated over the entire sample, denoted as Ptot,n, can be expressed by the product of Pn  

in equations 4-6 or 4-7 and the volume ratio between focal and total volume: 
,tot n n

area L
P P

total volume
 . 

This value can be used to calculate the average number of reactive photon absorption event obtained 

over the entire irradiation period. This is given by the product of the reaction probability, Φrxn,n, the 

probability of an n photon absorption event per pulse, Ptot,n, and the number of pulses during 

irradiation experiment, 1000·time (sec). Because darkening is caused by a single charge separation 

event, the fraction of unreacted particles following irradiation is evaluated from a Poisson 

distribution of the number of reaction events. Specifically, for prompt darkening due to a two or 

more photon reaction,  2 ,2 ,2(  ) 0;1000 (sec)tot rxnfraction unreacted P P time    . Darkening caused by 

a one-photon process is a delayed reaction and will therefore only affect those particles remaining 

bright after the two-photon process (characterized by the t=0 relative PL intensity). Thus, those 

particles which are bright at the end of one-photon process (taken at t=25min) should be a sub-

population of the bright particles immediately following the irradiation. Thus this fraction is given 

by,  1 ,1 ,1 2(  ) 0;1000 (sec) (  )tot rxnfraction unreacted P P time fraction unreacted    .  

After irradiation at different photon flux densities, the relative PL intensity at t = 0 and t = 25 min 

are plotted along with values calculated on the basis of this model. The model has three adjustable 

parameters: the one- and two-photon reaction probabilities and the fraction of particles that are 
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surface charged. Results are calculated taking these parameters to be Φrxn,1=Φrxn,2=0.15% and Φsc = 

55% and are shown in Figure 4-7B. The fitting is not completely unique, and these parameters are 

probably accurate to within about 15%. Not surprisingly, a good fit to the power dependent results 

is obtained taking the one- and two-photon reaction probabilities to be the same. This makes sense 

since both processes involves a hot hole generated through Auger dynamics, regardless of whether 

the Auger process involves a trion or biexciton. We note that the two-photon reaction probability 

determined here (0.15%) is much less than the reaction probability previously for TOP ligated CdSe 

QDs (about 6%). This difference may be at least in part due to the difference in the ligand being 

ionized. In the two-photon case, the ligand is trioctylphosphine, while in this case it is oleylamine, 

which is about 1.0 eV harder to ionize130. The presence of the CdS shell may also play a role in the 

difference of reaction probabilities. 

 

4.4 CONCLUSIONS 

As mentioned in the conclusion section of Chapter 3, the excited hole photochemistry can 

be of great significance to surface charged nanocrystals under low intensity photoirradiation. The 

unpassivated chalcogenide surface atoms in Ⅱ-Ⅵ semiconductor QDs can trap valence band 

electron excited by thermal fluctuation (leaving a hole on the top of valence band), forming a p-

type or surface charged QD. Photoexcitation of a surface-charged QD produces a positive trion, 

which can undergo Auger recombination to generate an excited hole. There is a finite probability 

for the excited hole to tunnel out and ionize a surface-bound ligand, ultimately producing a solvent 

separated QD-/L+ ion pair. The reaction between dissociated L+ ions and neutral QDs in the solution 

is ascribed to the delay photoluminescence depletion on tens of minutes timescale. 

 The proposed reaction mechanism is supported by the good match between experimental 

and calculated PL depletion kinetics in particles concentration dependent experiment. The reaction 

between dissociated L+ ions and neutral QDs follows bimolecular reaction mechanism and the 

lowering of particles concentration after irradiation, while everything else remains constant, slows 

the PL diminishing rate down by about the dilution factor. Moreover, in the limit of low 

concentration of L+ and QD-, the PL depletion kinetics can be assumed to be pseudo-first-order and 

the first-order exponential fit for the PL depletion kinetics is indistinguishable from the calculated 

curve based on the bimolecular reaction mechanism. The PL of particles eventually recover on the 

tens of hours scale, due to the extremely slow diffusion process of relatively large QDs. 

 Another important insight from this chapter is that the hot hole reaction probabilities is 

independent of whether they are generated by a trion or biexciton Auger process, which is verified 

by the modeling of the power dependent kinetics for PL depletion. The hot hole reaction probability 

is limited by the dissociation probability of QD-/L+ ion pair instead of hole transfer process. 

 Finally, the delay PL depletion can be largely reduced and even eliminated by the surface 

modification of QDs, which essentially removes the surface chalcogenide empty orbitals through 

organic ligands and inorganic shell material passivation. The density of empty surface chalcogenide 

is related to the extent of surface charging of QD, which will be discussed quantitatively in Chapter 

5.
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Chapter 5 SURFACE CHARGING IN CDSE QDS: FTIR AND 

TRANSIENT ABSORPTION SPECTROSCOPY
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5.1 INTRODUCTION 

As disscussed in the Charpter 4, surface charging is a general phenomenon within Ⅱ-Ⅵ 

semiconductor nanocrystals, in which the population of thermally excited electron has an 

equilibrium between valence band and the surface chalcogenide empty orbitals. The surface 

charging mechanism involves the density of surface empty chalcogenide orbitals; therefore, the 

extent of surface charging is largely affected by surface stoichiometry and ligation of NCs. 

Photoexcitation of surface charged particles generates two holes in the valence band and one 

electron in the conduction band, which is essentially a positive trion. The positive trion can undergo 

nonradiative Auger recombination, on the time scale of a few tens of picosecond, which can be 

resolved in the transient absorption (TA) spectroscopy. A transient absorption bleach recovery 

measurement on a II-VI nanocrystal basically measures the time-dependent conduction band 

population.132 Thus, the TA kinetics directly give the Auger time for the positive trion (one electron 

and two holes) and the amplitude of this kinetic component is proportional to the number of surface 

charged nanocrystals. 

In this chapter, we examine the relationship between several methods of surface treatment, 

characterization by IR spectroscopy and the fraction of surface charged particles within the CdSe 

nanocrystal ensemble. FTIR has been used to characterize the surface stoichiometry and ligation of 

particles and ultrafast transient spectroscopy is used to measure lowest exciton bleach recovery 

kinetics and obtain the fraction of surface charged particles. Based on its surface stoichiometry, 

ligation and chemical environment dependence, we find that an 800 cm-1 IR feature can be assigned 

to Se-O stretch vibration and is indicative of the extent to which the nanocrystals have unligated 

surface seleniums. For different surface-treated particles, a plot of the surface charging fraction 

versus the intensity of the 800 cm-1 feature shows an approximate linear dependence. By elucidating 

the nature of the surface states involved in the surface charging phenomenon, these results shed 

light on this phenomenon at a microscopic level. 

 

 

5.2 EXPERIMENTAL SECTION 

Chemicals  

 Details are seen in the Experimental Section of Chapter 4. 

 

Zinc Blende CdSe Nanocrystals Synthesis. 

Zincblende CdSe nanocrystals with a diameter of 2.7 nm (± 0.1 nm) were synthesized using 

excess cadmium carboxylate reacted with elemental selenium powder in ODE at elevated 

temperature by a recently reported procedure.133  As an example, a transparent solution of cadmium 

oleate was obtained by dissolving 0.2 mmol (25.7 mg) of CdO in a mixture of 0.4 mL of oleic acid 

and 3 mL of ODE at 250 °C under N2 flow. At this temperature, a selenium suspension solution 

(Se-SUS) containing 0.1 mmol (7.8 mg) of Se powder and 1 mL of ODE was swiftly injected into 

the cadmium precursor solution.  The reaction was run at 240 - 245 °C for 10 min and then cooled 

to 50 °C. 

 

Purification Method. 

 CdSe particles were purified using hexane/acetone as a nonpolar/polar solvent combination. 

In a typical purification cycle, 2 mL as-synthesized reaction mixture was added into 3 mL/3 mL 

hexane/acetone and the nanoparticles were precipitated and isolated by centrifugation. After 

centrifugation, the supernatant solution was decanted and the particles were resuspended in hexane 
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for later surface modification and/or optical measurement. The same purification method was also 

applied to all surface-modified particles. 

 

Surface Treatment of CdSe Nanocrystals 

 The ratio of Cd to Se surface atoms was controlled by an adaptation of the method reported 

by Peng and coworkers.134 Specifically, about the 1x10-7 mol of purified CdSe in hexane was added 

into a mixture of 2.5 mL ODE and 1 mL of oleylamine, which was then degassed at 100 °C for 30 

min. After degassing, 10 μL of Se-SUS (0.1 M) solution was injected into the mixture, and the 

temperature raised to 140 °C under N2 flow. The reaction was quenched after 10 min and an aliquot 

was taken when the mixture was cooled to 50 °C. The same procedures were repeated for another 

injection of Se-SUS solution and multiple injections were needed to have an increasing Se 

enrichment on the particles surface. The surface of particles can also be tuned to being more Cd-

rich through the reaction of cadmium oleate with purified CdSe QDs at elevated temperature using 

the same experimental protocol. The surface-modified particles have undergone the same 

purification as stated above before any optical measurements. 

 In some cases, particles with very Se-rich surfaces are subjected to ligand exchange with 

different concentrations of tributylphosphine with the presence of oleylamine at 100°C under N2 

atmosphere. Although the original Se-rich particles are nonemissive, TBP/oleylamine ligand 

exchange increases the quantum yield up to about 60%.  

 

CdSe/CdS synthesis 

 Details are seen in the Experimental Section of Chapter 4. In this investigation, about 1 

monolayer of CdS shell was deposited, which matches the calculation. The resulting core/shell 

CdSe/CdS was purified using the methods stated above. 

 

Vibrational Spectroscopy Measurements 

 All IR spectra were obtained in attenuated total reflectance (ATR) mode on a Vertex 70 

(Bruker) FTIR spectrometer, operating with diamond ATR accessory. The ATR mode allows 

measurements vibrational signal from evanescence field and minimizes noise from water 

background. The OPUS 7.5 software for Windows of Bruker Instrument was used for instrument 

management and spectra acquisition. Purified nanocrystals sample redissolved in hexane was drop 

cast onto the window for spectra acquisition.  

 

Transient Absorption Measurement 

 Transient absorption experiments were performed using an instrument based on a Clark 

CPA 2001 light source and a Princeton Instruments liquid nitrogen cooled charge-coupled device 

(CCD) with a low dispersion spectrograph. The light source produces 140 fs, 775 nm pulses at a 

repetition of 1 kHz, which are attenuated and frequency doubled for sample excitation. Sample 

were held in well-stirred 1 cm cuvettes, with a typical concentration of 1 μM and the pump pulses 

(385 nm, 1 kHz) are focused to a 1.5 mm beam spot on the front face of sample. The average photon 

absorbed per pulse per particle, <N>, is less than 0.1 to avoid multi-photon process. The sample is 

probed with a delayed white light continuum which is imaged through a spectrograph and recorded 

by CCD. 
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5.3 RESULTS AND DISCUSSIONS 

5.3.1 UV-VIS AND IR SPECTROSCOPY.  

The extent of surface passivation plays a critical role in determining the photophysics and 

photochemistry of colloidal semiconductor nanocrystals and the surface stoichiometry determines 

the number and type of ligands needed to passivate these surfaces. In most cases, as-synthesized 

CdSe nanocrystals have metal rich surfaces, but the extent of metal enrichment is often not well 

controlled. To have a well-defined surface stoichiometry, various surface treatment strategies have 

been used, including binding134, 135 or displacement136 of metal surfactant ions to and from the 

particles surface. In this paper, we have employed a modified method reported by Gao and 

coworkers,134 using highly reactive selenium suspension solution (Se-SUS) in the presence of 

oleylamine at elevated temperature to control surface stoichiometry. Figure 5-1 shows the effects 

of addition of Se-SUS on the visible and IR spectra.   Incremental addition of Se-SUS tunes the 

surface stoichiometry from Cd-rich to highly Se-rich; the particles obtained following n additions 

of Se-SUS are denoted as CdSe-Se-n. 
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Figure 5-1(a) Absorption spectra (normalized at lowest exciton transition) of CdSe nanoctrystals following 

several different surface treatments. (b) IR spectra (normalized at 195 cm-1) of CdSe nanocrystals with 

different extents of Se-enrichment in the absence of ligand exchange. 800 cm-1 is indicated by the dotted red 

line, and the 800 cm-1 absorbances in mOD (corrected for the baseline) are also indicated. (c) IR spectra 

(normalized at 195cm-1) of Se-rich CdSe before and after progressive addition of TBP and following the 

deposition of a 1 monolayer thick CdS shell. 

The assignment that this treatment progressively increases the surface Se-enrichment is supported 

by several aspects of the spectroscopy. Figure 5-1a shows that the absorption maximum of the 

lowest exciton shifts as much as 24 nm to the red upon additions of Se-SUS. This can be attributed 

to the growth of particles size and a decrease in quantum confinement of exciton. The exciton 

wavelength map reported for zincblende CdSe78 indicates that a 24 nm redshift for 530 nm core 

CdSe particle corresponds to a 0.40 nm (2.9 nm to 3.3 nm) increase in the diameter. Some of this 

increase is due to reaction of small amounts of cadmium precursors that come through the 

purification process and some is due to the addition of selenium to the surface. The lack of any 

change in the sharpness of the absorption onset indicates the narrow size dispersion of particles is 

maintained during the process of surface treatment. We also note that the quantum yield of particles 

decreases with incremental addition of Se-SUS and was lowered to essentially zero for highly Se-

rich particles, which is expected due to high densities of selenide-derived hole traps.129, 137, 138 A 

similar method was used to make surface Cd-rich (denoted as CdSe Cd-treated), in which purified 

CdSe nanocrystals were mixed with excess cadmium oleate in ODE and the mixture degassed and 

stirred at elevated temperature under N2 flow. A small blue shift occurred upon Cd treatment, which 

is due to slight surface etching (removal of pendant selenium atoms). The Cd-rich CdSe particles 

have a photoluminescence quantum yield of about 40%, which is much higher than their Se-rich 

counterparts. 

 The IR spectra of particles with different extents of Se-enrichment are shown in Figure 5-

1b. Samples for IR measurements are purified with repeated hexane/acetone precipitation to 

remove excess ligands and solvent, after which the precipitated particles are resuspended in hexane 

and drop cast for measurements. The CdSe longitudinal optical phonon is seen at 195 cm-1 in the 

IR spectra, which is consistent with literature reported value.139 The intensity of this peak is 

proportional to particle concentration and all IR spectra have normalized the absorption intensity 

at 195 cm-1. There are many other IR absorption features in the spectra, most of which are assigned 

to residual solvent and the nanocrystal ligands. The assignments for these IR features are 
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summarized in the Table 5-1. The hydrocarbon vibrations (methyl, methylene and vinyl) are due 

to the presence of the alkyl chains on the oleic acid ligands and any residual ODE solvent. We note 

that the carbonyl stretch peak at 1536 cm-1 (associated with oleic acid) is absent in the CdSe-Se-3 

spectrum. Oleic acid binds to surface cadmiums, and this observation indicated exposure to Se-

SUS results in a surface that is almost completely selenium terminated.  Figure 5-1 also shows a 

fairly weak peak at 800 cm-1 which correlates with the surface stoichiometry, specifically, the 

intensity at 800 cm-1 increases with Se-enrichment, for particles denoted as CdSe-Se-n (n = 1, 2, 3). 

In contrast, no feature at 800 cm-1 is observed for purified and Cd-treated CdSe particles. To the 

best of our knowledge, this IR feature has not been previously reported or assigned in the IR spectra 

of CdSe nanocrystals. The intensities at 800 cm-1 for these samples are indicated in Figure 5-1b. 

This peak is weak and obtaining accurate intensities requires careful background subtraction. The 

details of obtaining the intensities are described in the Supporting Information, which is shown in 

Figure SI-2. 

 
Table 5-1 Infrared Peaks Wavenumbers and Assignments 

vibrational modes frequency(cm-1) vibrational modes frequency(cm-1) 

CdSe LO phonon 195 CH2 and CH3 

deformation 

1415 

C-C bending 721 1441 

Se-O stretch 800 
CH3 bending or 

CH2 bending 
1465 

ODE vinyl group 
909 Carbonyl group 1536 

992 C=C stretch 1642 

O-C (2 bands) 

1087 
C-H symmetric 

stretching 
2852 

1304 
C-H asymmetric 

stretching 
2921 

CH2 and CH3 

deformation 
1352 

CH2 stretching 

(sp3) 
2956 

CH3 bending  1378 C-H stretch 3078 

 

We assign the 800 cm-1 peak to a surface Se-O stretch vibration. This assignment is based 

on the observation that its intensity increases with increasing selenium enrichment and on the IR 

spectroscopy of several related selenium-oxygen compounds. SeO2 forms polymeric chains consist 

of alternating (-Se(O)-O)n units, in which each of the seleniums is bonded to two adjacent oxygens 

in the chains and has a nominally double bond to another, lateral oxygen.  The (lateral) Se=O stretch 

exhibits a very strong IR line140 with a frequency of 901 cm-1. Similarly, matrix isolated SeO3
2- has 

a Se=O stretching vibration141 at 790 cm-1. Based on these known Se-O stretch frequencies, it is 

reasonable to assign the 800 cm-1 feature seen in these spectra to an Se-O bond formed between a 

surface selenium and an oxygen atom. There are several possible sources of oxygen atoms. The 

most obvious is that it comes from the synthesis reaction.142 The standard synthesis reaction is 

between a trialkyl phosphine selenium and a cadmium dialkylcarboxylate.  In this reaction, Cd2+ is 

nominally reduced to Cd0 to react with the Se0 present as elemental selenium or bonded to the 

phosphine.  (Alternatively, Se is reduced to Se2- to react with the Cd2+. However, the former has a 

reduction potential of -0.402 V, the latter a reduction potential of -0.67 V. Based on these reduction 
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potentials, it is the former that is expected to occur.) The other half of the redox reaction involves 

two carboxylates forming the anhydride and an oxygen atom that can then associate with the 

phosphine, forming TOPO. In the cadmium reduction case, the reaction is:  Cd2+ + 2R'COO- + R3P 

→ Cd0 + R3PO + anhydride.  Instead of associating with the phosphine, the oxygen atom could 

bond to a surface selenium at the end of particle growth. However, the current synthesis uses 

elemental selenium rather than TOP-Se as the selenium precursor.  In this case the oxygen atom 

can attach to the particles surface (either a cadmium or a selenium) or it oxidizes ODE.  The vinyl 

group in ODE is known to act as a reducing agent in CdSe syntheses involving SeO2.
143 Although 

the oxygen can come from the synthesis, we note that the IR spectra are taken on nanocrystals that 

have been drop-cast from a hexane solution in air.  It is therefore likely that at least some fraction 

of the surface oxygen atoms come from exposure to atmospheric oxygen and/or water.  

Tributylphosphine binds to surface seleniums and can be used to passivate CdSe 

nanocrystal surfaces. In a typical TBP ligand exchange, purified CdSe particles were added into a 

mixture of TBP and ODE at about 100 °C. Selenium is a relatively soft Lewis acid and 

tributylphosphine is a very soft Lewis base and most evidence indicates that the phosphine bonds 

directly to the chalcogenide.33 As a result of the relatively strong TBP-Se bond, TBP will remove 

the loosely-bound Se atoms and ligate many of the remaining Se atoms on the surface. The extent 

to which this occurs is expected to be TBP concentration dependent. The IR spectra in Figure 5-1c 

show decreasing intensity of the 800 cm-1 feature when the amount of TBP in the ligand exchange 

reaction mixture is increased. To obtain these results, the TBP concentration was varied from a 

[TBP]/[total Se] ratio of about 1.5:1 in the medium concentration case to 15:1 in the high 

concentration case. These results are consistent with the idea that only unligated surface seleniums 

can be involved in Se-O bond formation. 

The assignment of the 800 cm-1 peak to a surface Se-O stretch is also consistent with the 

IR spectra of CdSe particles following the deposition of a thin CdS shell. This IR spectra is also 

shown in Figure 5-1c. For CdS shell growth, we have used a similar method reported by Nan et 

al.125 The method uses a standard synthesis of zincblende CdSe cores and cadmium 

diethyldithocarbamate as a single cadmium sulfide source for subsequent shell deposition at a 

relatively low temperature (140 °C). As shown in the Figure 5-1a, the deposition of CdS shifts the 

first exciton peak from 554 nm to 571 nm, indicating that the electron delocalizes into the shell, 

forming “quasi-type-II” heterostructures. Based on the CdSe/CdS wavelength maps,120, 127 about 

0.4 nm (about 1 monolayer) of CdS has been deposited. A new and broad peak emerges in the IR 

spectrum of the CdSe/CdS particles, centered at 272 cm-1. This matches the LO phonon frequency 

for CdS nanocrystals and is indicative for the deposition of CdS shell on the CdSe core particles.144 

The important observation is the 800 cm-1 feature is completely absent after the deposition of the 

CdS shell, as shown in the Figure 5-1c. 

To further examine the role of surface ligation as well as the oxygen source, we have taken 

the IR spectra of particles exposed to TOPO at the end of the purification process and when TOPO 

is used in the synthesis. The presence of added TOPO following purification diminishes the 

intensity of the 800 cm-1 peak and broadens the 721 cm-1 peak, causing it to have a small tail out to 

about 800 cm-1. The IR of particles synthesized with TOPO in the reaction mixture show a similar 

tail on the 721 cm-1 peak and an additional peak at 1157 cm-1 that is assigned to adsorbed TOPO.145, 

146 The particles synthesized with TOPO in the reaction mixture also shows much less of a peak at 

800 cm-1. These results indicate that TOPO acts a surface ligand, but does not give up its oxygen 

to form the surface Se-O bond.  

The assignment of 800 cm-1 IR feature facilitates the understanding of IR spectra in Figure 

5-1b and Figure 5-1c. The number of surface selenium atoms is increased when the surface 

stoichiometry is tuned to Se-rich. Some of surface selenium P orbitals are filled, in which the lone 

pair electron can interact with oxygen in the solution. Therefore, the probability of forming a Se-O 
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bond is higher and a more intense 800 cm-1 peak is observed when the surface Se-enrichment is 

large, as seen in Figure 5-1b. In contrast, the deposition of thin layer of CdS shell and ligand 

exchange with TBP can incorporate surface Se atoms into the crystal lattice and passivate or remove 

many of surface Se atoms, respectively. In both cases, the density of surface Se atoms is reduced, 

which is consistent with the decrease in 800 cm-1 IR absorption. 

  

5.3.2 TRANSIENT ABSORPTION KINETICS 

A surface charged particle has a pre-existing valence band hole and a surface-bound 

electron. Photoexcitation of a surface charged particle produces a conduction band electron and an 

additional valence band hole. Thus, this excited state can decay by an Auger process in which an 

electron and hole recombine, giving the energy to the other hole. A transient absorption (TA) bleach 

recovery measurement on a II-VI nanocrystal basically measures the time-dependent conduction 

band population.132 Thus, the TA kinetics directly give the Auger time for the positive trion (one 

electron and two holes) and the amplitude of this kinetic component is proportional to the number 

of surface charged nanocrystals.  Biexciton (two electrons and two holes) decay times depend on 

particle size and are often found to exhibit approximate volume scaling.147-149 A biexciton can 

undergo Auger processes in which either the electron or the hole is excited by the recombination 

energy. It is known that in II-VI semiconductors biexciton Auger dynamics are dominated by 

energy transfer to the hole.89 Because of the statistical factor (two conduction band electrons in the 

biexciton and only one in the trion) the positive trion Auger time is expected to be about a factor 

of two slower than that of the biexciton. For this size of CdSe nanocrystal, trion Auger times are 

expected to be on the order of 30 ps.149 Importantly, the fraction of the decay that occurs with this 

decay time is the fraction of nanocrystals in the surface charged state.  

The extent of surface charging varies with the density of empty surface chalcogenide 

orbitals and is therefore controlled by the surface stoichiometry and ligation. This consideration 

suggests that the extent of surface charging is related to the density of unligated surface selenium 

atoms, specifically, surface selenium atoms having relatively low energy, empty P orbitals. Figure 

5-2 shows the bleach recovery kinetics of the lowest exciton peak for particles with different extents 

of surface selenium enrichment. These kinetics are obtained in low power region and based on the 

irradiation intensity, particles concentration (1x10-6 M) and extinction coefficient of CdSe particles 

at 387 nm (5 x 105 M-1cm-1), the number of the photons absorbed per particle per pulse is calculated 

to be less than 0.1. As such, the possibility of significant multiphoton processes and biexciton 

formation are precluded. Figure 5-2 shows that the amplitude of approximately 30 ps bleach 

recovery component increases with increasing Se-enrichment. In the case of CdSe particles with 

highly Se-rich surface, the bleach has almost fully decayed within about 100 ps.  
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Figure 5-2 Normalized lowest exciton bleach recovery kinetics of CdSe with different extent of surface Se-

enrichment following 387 nm excitation, also shown are fits having 16%, 30% and 53%, positive trion decay 

components for CdSe-Se-n (n = 1, 2, 3), respectively. 

The bleach recovery kinetics are fit with a biexponential decay plus a constant (long lived) 

component: 1 1 2 2exp ( / ) exp ( / )A A t A t const          . For example, the kinetics of CdSe-Se-2 

particles have 2.7 ps (15%), 30 ps (30%) and very long (55%) decay components.  The parameters 

of all fits are collected in the Table 5-2.  Selenium treatment slightly changes the particle size (the 

absorption spectrum is observed to red shift) and the Auger times (τ2 in Table 5-2) used in the fits 

are constrained to follow volume scaling.  Hence, the CdSe-Se-3 particles are fit with a 40 ps Auger 

time.149  

The magnitudes of the positive trion lifetime components (A2 in Table 5-2) indicate that 

the fraction of surface charged particles increases with the Se-enrichment. This is consistent with 

the surface charging mechanism, since the increase of density of surface unoccupied orbitals will 

shift equilibrium of electron population towards the surface state, resulting in larger fraction of 

surface charged particle. Some of the bleach kinetics also show a much faster decay component (2 

- 3 ps) that also increases with the Se-enrichment.  This decay time is too fast to be assigned to an 

Auger process and is assigned to a carrier trapping process. The constant component corresponds 

to particles lacking any fast nonradiative mechanism, and therefore decay on a timescale much 

longer than the 200 ps range of these scans. 
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Table 5-2 Trion Decay Times and Amplitudes 

Sample τ1/ps 𝐴1 τ2/ps 𝐴2 τ3/ps 𝐴3 

CdSe-Se-1 2.7 0.04 28 0.16 
long 

component 
0.80 

CdSe-Se-2 2.7 0.15 30 0.30 
long 

component 
0.55 

CdSe-Se-3 2.9 0.38 40 0.53 
long 

component 
.09 

CdSe-Se-3 

TBP-High 
n/a n/a 40 0.15 

long 

component 
0.85 

CdSe-Se-3 

TBP-Medium 
7.5 0.05 40 0.32 

long 

component 
0.63 

CdSe Cd-rich n/a n/a 28 0.11 
long 

component 
0.89 

 

The effect of different surface modifications on the bleach recovery kinetics is shown in 

Figure 5-3. The surface modifications include ligating CdSe particles with a medium or high 

concentration of TBP and with cadmium oleate make the particles Cd-rich, the detail of which have 

been discussed above. The bleach decay fitting parameters for these cases are also listed in the 

Table 5-2.  

0 50 100 150 200
0.0

0.2

0.4

0.6

0.8

1.0

-
A

time / ps

 CdSe Cd-rich

 CdSe-Se-3 - High TBP

 CdSe-Se-3 - Medium TBP

 CdSe-Se-3 

 

Figure 5-3 Normalized lowest exciton bleach recovery kinetics of CdSe with different surface modifications 

following 387 nm excitation, also shown are biexponential fittings with parameters given in Table 5-2. 

The results show that the amplitude of the trion decay component, indicating the fraction of surface 

charged particles, depends on the above surface modifications and can be understood in terms of 

the density of unpassivated surface chalcogenide orbitals. Passivation with TBP or cadmium oleate 
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results in a decrease in the density of surface empty orbitals and thus lowers the fraction of QDs 

with surface charging.  

 

5.3.3 SELENIUM SURFACE STATES 

The above results indicate that both the intensity of the 800 cm-1 absorption peak and the 

extent of surface charging both depend on the presence of unligated surface seleniums. This 

correlation is established in Figure 5-4, which shows a linear dependence between the extent of 

surface charging in the CdSe ensembles and the corresponding 800 cm-1 IR absorbance.  
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Figure 5-4 Plot of fraction of surface charging of different surface-treated CdSe particles versus the corrected 

intensity of 800 cm-1 feature in the corresponding IR spectra, also shown is a linear fit.   

However, this correlation does not imply that the oxidized seleniums giving rise to the 800 

cm-1 feature are involved in the surface charging. Formation of the Se-O bond requires electrons 

that come from a filled selenium P orbitals – it is a “dative” bond. Thus, the magnitude of the 800 

cm-1 peak is indicative of surface seleniums having filled P orbitals – those below the Fermi level. 

Surface charging involves surface seleniums having empty P orbitals – those above the Fermi level. 

We suggest that the correlation in Figure 5-4 occurs because the density of both empty and filled P 

orbitals varies with the surface stoichiometry and the extent of ligation. 

5.4 CONCLUSIONS 

The IR spectrum of selenium-rich CdSe nanocrystals shows a feature at 800 cm-1 that is 

assigned to a Se-O stretch. This bond is formed by the reaction of surface seleniums having 

occupied P orbitals with oxygen and shows strong dependence on the surface stoichiometry and 

ligands. We have also reexamined the surface charging phenomenon in CdSe particles, which 

occurs when a valence band electron is thermally excited to an empty surface P orbitals, leaving a 

hole on the valence band. The surface charging takes place without photoexcitation and is due to 

valence band electrons being in thermal equilibrium between the valence band and empty orbitals. 

Photoexcitation of a surface charged particle generates a positive trion, having two valence band 
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holes and a conduction band electron.  This positive trion can undergo a rapid nonradiative Auger 

relaxation. Since the surface charging primarily involves the empty P orbitals on the surface, 

therefore, the extent of surface charging is affected by the density of surface unoccupied orbitals, 

which also has a strong surface stoichiometry and ligand dependence. 

 The phenomenon of surface charging and 800 cm-1 IR feature are attributed to the 

unoccupied and occupied P orbitals of surface chalcogenide atoms, respectively. The filled and 

empty surface P orbitals both depend on the surface stoichiometry and ligation and are therefore 

correlated.  Specifically, we find a linear dependence between the fraction of surface charging and 

the intensity of 800 cm-1 IR feature. 
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APPENDIX: SUPPORTING INFORMATION 
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Figure SI-1 PL intensity kinetics of CdSe/CdS (1.06 ML) samples w/wo degas following irradiation 

Determination of corrected intensity of 800 cm-1 IR peak 

 To get intensity of the 800 cm-1 feature correctly in the IR spectra (normalized at 195cm-1, 

CdSe LO phonon) for different particles, the peak caused by C-C bending at 721.3 cm-1 was first 

fitted with Lorentzian. Then the intensity of 800 cm-1 can be determined through the difference 

spectrum between the raw IR spectra and calculated Lorentzian fit for the peak at 721.3 cm-1. One 

example of the processing method is shown in the Figure SI-2. 
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Figure SI-2 A representative example of a Lorentzian fit to the peak at 721.3 cm-1 and the difference spectrum 

(green) for the raw (black) and fitting spectra (red). 

 

 

 




