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As it is well known, semiconductor nanocrystals (also called quantum dots, QDs) are 
being actively pursued for use in many different types of luminescent optical materials.  
These materials include the active media for luminescence downconversion in artificial 
lighting, lasers, luminescent solar concentrators and many other applications. Chapter 1 gives 
general introduction of QDs, which describe the basic physical properties and optical 
properties. Based on the experimental spectroscopic study, a semiquantitative method-
effective mass model is employed to give theoretical prediction and guide. The following 
chapters will talks about several topics respectively. A predictive understanding of the 
radiative lifetimes is therefore a starting point for the understanding of the use of QDs for 
these applications.  Absorption intensities and radiative lifetimes are fundamental properties 
of any luminescent material.  Meantime, achievement of high efficiency with high working 
temperature and heterostructure fabrication with manipulation of lattice strain are not easy 
and need systematic investigation. 

To make accurate connections between extinction coefficients and radiative 
recombination rates, chapter 2 will consider three closely related aspects of the size 
dependent spectroscopy of II-VI QDs.  First, it will consider the existing literature on 
cadmium selenide (CdSe) QD absorption spectra and extinction coefficients.  From these 
results and fine structure considerations Boltzmann weighted radiative lifetimes are 
calculated.  These lifetimes are compared to values measured on very high quality CdSe and 
CdSe coated with zinc selenide (ZnSe) shells.  Second, analogous literature data are analyzed 
for cadmium telluride (CdTe) nanocrystals and compared to lifetimes measured for very high 
quality QDs.  Furthermore, studies of the absorption and excitation spectra and measured 
radiative lifetimes for CdTe/CdSe Type-II core/shell QDs are reported.  These results are also 
analyzed in terms of a Boltzmann population of exciton sublevels and calculated electron and 
hole wave functions.  Much of the absorption data and fine structure calculations are already 
in the literature.  These results are combined with new measurements of radiative lifetimes 
and electron-hole overlap calculations to produce an integrated picture of the II-VI QD 
spectroscopic fundamentals. Finally, we adopt recent synthetic advances to make very 
monodisperse zincblende CdSe/CdS quantum dots having near-unity photoluminescence 
quantum yields (PLQYs).  Due the absence of nonradiative decay pathways, accurate values 
of the radiative lifetimes can be obtained from time resolved PL measurements.  Radiative 
lifetimes can also be obtained from the Einstein relations, using the static absorption spectra 
and the relative thermal populations in the angular momentum sublevels.  One of the inputs 
into these calculations is the shell thickness, and it is useful to be able to determine shell 
thickness from spectroscopic measurements.  We use an empirically corrected effective mass 
model to produce a “map” of exciton wavelength as a function of core size and shell 
thickness.  These calculations use an elastic continuum model and the known lattice and 
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elastic constants to include the effect of lattice strain on the band gap energy.  Radiative 
lifetimes calculated both experimentally and theoretically are checked and the size 
dependence is compared to previous studied Type-I, II and single component particles.   

However, it is not enough to just understanding these basic photophysics of 
absorption and emission. The emission intensities (related to QYs) also change with changes 
of the temperature. The temperature dependent PLs of II-VI QDs is extensively studied, but 
most of this work is at low temperatures.  Temperatures well above ambient are of interest to 
lighting applications and in this regime both the reversible and irreversible loss of quantum 
yield (thermal quenching) are serious impediments to the implementation of QDs in 
commercial devices. Chapter 3 will elucidate the mechanism of static thermal quenching, in 
which the reduction of QYs does not affect the PL decay kinetics, on CdSe, CdTe and 
CdSe/ZnSe QDs as a function of particle sizes/shapes, surface composition and surface 
ligands. Through systematic experiments, this part of the dissertation discusses several 
possible mechanisms (e.g. structural, activated excited state, and electronic charging) and 
examines which the dominant cause for loss of QY at high temperature is. The more practical 
step is to develop the synthetic method of highly luminescent and stable core/shell QDs with 
minimum thermal quenching, which greatly enhance the energy efficiency of light emitting 
and photovoltaic devices.  

As the nonradiative Auger processed are induced by surface charging described in 
chapter 3, static and time-resolved fluorescence and high and low power transient absorption 
results on CdSe/CdS and CdSe/ZnSe core/shell particles are presented in chapter 4.  Two 
CdS shell thicknesses were examined and all of the particles had either octadecylamine 
(ODA) and tributylphosphine (TBP) or just ODA ligands.  The results can be understood in 
terms of a mechanism in which there is a thermal equilibrium between electrons being in the 
valence band or in chalcogenide localized surface states.  Thermal promotion of a valence 
band electron to a surface state leaves the particle core positively charged.  Photon absorption 
when the particle is in this state results in a positive trion, which undergoes a fast Auger 
recombination, making the particle nonluminescent.  A lack of TBP ligands results in more 
empty surface orbitals and therefore shifts the equilibrium toward surface trapped electrons 
and hence trion formation.  Low- and high-power transient absorption measurements give the 
trion and biexciton lifetimes and the ratio of the trion to biexciton Auger lifetimes are 
examined and compared to the degeneracies of Auger pathways.  We also study the shell 
thickness and composition dependence of Auger times, which is compared to the scaling 
factors of effective volume and electron-hole overlap considerations.   

Core/shell QDs often exhibit much higher luminescence quantum yields (QYs), more 
stability, and are depicted as having a nearly spherical core and a shell of very nearly uniform 
thickness, which results in a very simple picture of surface passivation.  The uniformity of 
the shell is crucial in obtaining QDs with well passivated surfaces.  However, transmission 
electron microscope (TEM) images disprove the ideal situation.  Defects and thickness 
inhomogeneity in shell materials are treated qualitatively as an analog to film thickness 
inhomogeneity in epitaxially grown thin films. More quantitatively, the extent to which the 
shell thickness of core/shell particles is constant can be determined by time-resolved PL 
studies that measure the dynamics of hole tunneling to acceptors that are adsorbed on the 
shell surface due that tunneling rates varies strongly with core-acceptor separation. Careful 
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analysis of the hole transfer kinetics reveals the extent of shell thickness inhomogeneity, 
however, it may be complicated by the distribution of numbers of adsorbed acceptors. All the 
considerations can be incorporated into a model we establish in Chapter 5for the distribution 
of measured hole tunneling rates.  From this analysis the distribution of shell thicknesses can 
be extracted from the luminescence kinetic results.  This approach is therefore a sensitive 
measure of the distribution of tunneling distances. Thus, any defects or structural 
irregularities that allow the hole acceptors to adsorb closer to the particle core increases the 
hole tunneling rate and can be detected and quantified. 

A quantitative treatment of the lattice strain energy in determining the shell 
morphology of CdSe/CdS core/shell nanoparticles is presented in chapter 5.  We use the 
inhomogeneity in hole tunneling rates through the shell to adsorbed hole acceptors to 
quantify the extent of shell thickness inhomogeneity.  The results can be understood in terms 
of a model based on elastic continuum calculations, which indicate that the lattice strain 
energy depends on both core size and shell thickness.  This model assumes thermodynamic 
equilibrium, i.e., that the shell morphology corresponds to a minimum total (lattice strain 
plus surface) energy.  Comparison with the experimental results indicates that CdSe/CdS 
nanoparticles undergo an abrupt transition from smooth to rough shells when the total lattice 
strain energy exceeds about 27eV or the strain energy density exceeds 0.59 eV/nm2.   

The predictions of this model are not followed for CdSe/CdS nanoparticles when the 
shell is deposited at very low temperature and therefore equilibrium is not established.  The 
effects of lattice strain on the spectroscopy and photoluminescence quantum yields of 
zincblende CdSe/CdS core/shell quantum dots are examined.  The quantum yields are 
measured as a function of core size and shell thickness. High quantum yields are achieved as 
long as the lattice strain energy density is below ~0.85 eV/nm2, which is considerably greater 
than the limiting value of 0.59 eV/nm2for thermodynamicstability of a smooth, defect free 
shell, as previously reported in chapter 5.  Thus, core/shell quantum dots having strain energy 
densities between 0.59 and 0.85 eV/nm2 can have very high PL QYs, but are metastable with 
respect to surface defect formation.  Such metastable core/shell QDs can be produced by 
shell deposition at comparatively low temperatures (< 140 °C).Annealing of these particles 
causes partial loss of core pressure, and a red shift of the spectrum. 
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1.1Basic properties 
Semiconductor nanocrystals are small nanocrystals with the size range from a few 

nanometers (nm,10-9 m) to tens, even hundreds of nanometers. In bulk materials, physical, 
chemical and optical properties are not affected by the size and have been well studied in the 
past decades. However, these nanocrystals exhibit properties that are strongly dependent on 
their size, shape and morphology. When the size of a spherical nanocrystal is smaller than the 
corresponding bulk Bohr radius, the free charge carriers experience "quantum confinement" 
in all three spatial dimensions. As a result, the electronic properties of quantum dots are 
intermediate between those of bulk semiconductors and molecules, and the electronic energy 
levels are "quantized". That is why these semiconductor nanocrystals are also called quantum 
dots (QDs). 

The QDs we studied here involve transition metal element (Group 12, 2B) and 
chalcogen group element (Group 16, 6A). The synthesized II-VI metal chalcogenide QDs in 
this dissertation contains cadmium selenide (CdSe), cadmium telluride (CdTe), cadmium 
sulfide (CdS) and zinc selenide (ZnSe). 

The first physical property everyone wants to know is the crystalline structure. 
Similar to their bulk counterparts, the II-VI QDs usually have wurtzite and (or) zincblende 
(ZB) structures. The compounds that crystallize with ZB arrangement include zinc sulfide 
(ZnS), gallium arsenide (GaAs), zinc telluride (ZnTe) and CdTe. It is same as the diamond 
structure seen in the case of single-element crystals in which it has a face-center-cubic (FCC) 
unit cell. However, the wurtzite structure has a version of the single-element hexagonal 
close-packed structure like the diamond and the materials with this structure include CdS and 
CdSe. In some cases, some materials could have either or both crystalline structures, which 
depends on the synthetic conditions used to synthesize the particle, particle ligand/solvent 
interaction and impurities.  

The second is the lattice mismatch between seeded core material and deposited shell 
material during epitaxial growth. To fabricate the so-called core/shell heterostructures, the 
mismatch will play a great role and will greatly affect the shell condition and optical 
properties. 

The third is the shape and morphology, which will be well illustrated by the 
transmission electron microscopy (TEM). The shapes are well correlated with synthetic 
conditions. Usually, the high temperature with strong coordinating ligands will generate rod-
like QDs and medium temperature with weak/medium coordinating ligands will yield 
spherical QDs. Low-dimensional nanomaterials, like nanodisks and nanoplates can be 
synthesized with quite low temperatures. With the assistance of strong-binding ligands, like 
phosphonic acid, the shell on the wurtzite and zinc blende cores will tend to form dot-rod and 
dot-tetrapod morphologies respectively. In Chapter 5 the effect of lattice strain arising from 
the lattice mismatch on shell morphology and related topics is systematically studied. 

1.2Optical properties 
When quantum dots are photoexcited, the incident photon excites an electron from 

the valence band (VB) into the conduction band (CB), leaving behind a hole in the VB. The 
bound state of an electron-hole pair is called an “exciton”. The energy difference between the 
bottom of the CB and the top of VB is called “band gap”. The band gaps of bulk II-VI 
semiconductor materials are listed in figure 1.1. On top of figure 1.1, the percentage number 
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indicates the lattice mismatch between that specific material and CdSe and the row below 
gives the values of bulk band gap.  

 
ZnS ZnSe ZnTe CdS CdSe CdTe

3

4

5

6

7

2.52 1.74 1.53.9 2.58 2.24
-4%-6.3%-11% +2.6% 0.00 +7.6%

 
 

Figure 1.1. Band alignments of bulk II-VI semiconductor materials. The energy has units of 
electron volts (eV). 

Based on the band energy offsets, there are three types of core/shell heterostructures. 
The first and most common is Type-I structures, in which the energy of CB and VB of the 
core material are lower and higher than those of the shell, respectively. Therefore, the photo-
generated exciton (both electron and hole) will be confined in the core. This kind of material 
includes CdSe/ZnSe, CdSe/ZnS, and CdS/ZnS. As the exciton is relatively separated from 
surface states which may act as hole or electron traps, the emission quantum yields of Type-I 
are usually better than bare core. 

The second is Type-II structure, in which the energies of CB and VB of the core 
particle are both higher than those of CB and VB of the shell material and vice versa, such as 
CdTe/CdSe and ZnTe/CdSe. In the former case, the electron is delocalized into shell, but the 
hole is still confined in the core. The electron-hole overlap decreases with the increasing 
shell thickness. Surprisingly, the common Type-II structures significantly enhance the 
quantum yield. 
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The last is “Type-1½” or “quasi-type-II” structures, like CdSe/CdS QDs. The CB is 
almost degenerate with tiny band offset but large VB offset confines the hole in CdSe. In this 
dissertation, we will investigate CdSe/ZnSe, CdTe/CdSe and CdSe/CdS QDs. 

Relating optical properties, absorption and emission processed are most concerned 
and connected through Einstein coefficients. These quantities will be detailed in chapter 2, 
including integrated extinction coefficients, radiative lifetimes and oscillator strength. In 
most expressions, there is a refractive index factor. It arises from the relationship between 
energy density and electric field in a dielectric medium. This quantity is more generally a 
complex quantity given by n + iκ, and it depends on frequency. Far from any resonances, 
where the material is essentially nonabsorbing, the refractive index is essentially purely real 
and varies only slowly with frequency. Typical refractive indices for the visible and near-
infrared region are around 1.3 to 1.7 for most liquids, and often larger for crystals. As the 
integrated absorption cross-section scales as 1/n, absorption strengths can also differ in 
different environments because of local field effect. The specific case related to CdSe/CdS 
will be explained in chapter 2. 

 

1.3A theoretical tool 
To understand the spectroscopic properties of QDs, effective mass models (EMM) are 

employed to give semiquantitative guide.  The quantitative description of size-dependent 
electronic properties, the particle-in-a-sphere model is introduced. Generally, this model 
assumes an arbitrary particle with effective masses in a spherical potential well of certain 
radius. The corresponding wavefunction is a product expression of spherical harmonic and 
spherical Bessel function over the radius. The wavevector is the n-th zero of a specific Bessel 
function divided by the radius of the sphere, which allows the energy of the particles to be 
solved. The particle described here is confined to an empty sphere, but the nanoparticle 
consists of semiconductor atoms. With these approximations, the nanocrystal problem now is 
reduced to the particle-in-a-sphere form and the photogenerated electron and hole can be 
treated as particles moving in a sphere of constant potential. 

Within the effective mass approximation (EMA), the bulk conduction and valence 
bands are treated as simple isotropic bands. According to Bloch's theorem, the electronic 
wavefunction is in a bulk crystal is a product of a function with periodicity of the crystal 
lattice and an envelope function, called Bloch functions. The energy of these wavefunctions 
is typically depicted in a band diagram, a plot of energy (E) versus wavevector (k).  From the 
diagram, the effective mass (m*) accounts for the curvature of the CB and VB at k=0. (see 
figure 1.2)  and the energy of the CB (Ec) and VB (Ev) are described as equations 1.1 and 1.2 

Ec=ћ2k2/(2me*)+Eg       equation. 1.1 
Eb=-ћ2k2/(2mh*)        equation. 1.2 
 

where Eg is the bulk band gap,  me* and mh*are the effective mass of electron and hole. With 
the help of EMA, the semiconductor atoms in the lattice are ignored and the electron and 
hole are treated just as free moving particles, but with smaller mass compared to stationary 
mass (m0). For instance of CdSe QDs, me*=0.11 m0 and mh*=0.44 m0. 
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Figure 1.2. Band diagram for a simple two band model for quantum dots. Eg is the bulk band 
gap. 

To use EMA in the case of nanocrystals, we have to assume the crystallites can be 
treated as a bulk sample. Then, the wavefunction in a single particle is written as a linear 
combination of Bloch functions, in which the expansion coefficients ensure that the sum of 
the wavefunction satisfies the spherical boundary condition of the nanocrystal. If the periodic 
function has a weak dependence on k, then the wavefunction is approximated as the periodic 
function (at k=0) multiplied by the single particle envelope function. The former component 
can be estimated with approximation of linear combination of atomic orbitals, and the left 
part is addressed by the particle-in-a sphere model mentioned previously.  For spherical 
nanocrystals with a potential barrier that is approximated as infinitely high, the envelope 
functions of the carriers are given by the particle-in-a-sphere solutions.  

 For II-VI QDs, the CB is well described with EMA because it arises only from s 
orbital of the cation with J=1/2 (double degeneracy) at k=0. However, the VB comes from p 
atomic orbitals and 6-fold degenerate at k=0, including the spin. The simple VB diagram 
shown in figure 1.2 is not a good approximation any more, and this 6-fold degeneracy gives 
rise to VB substructures. 

While the bands are still treated to be parabolic, due to strong spin-orbit coupling, the 
VB degeneracy at k=0 is split into J3/2 and J1/2 subbands, where the subscript stands for the 
total angular momentum J=l+s., where l and s are the orbital and spin contribution to the total 
angular momentum. Away from k=0, the J3/2 band is further split into Jm=±3/2 and Jm=±1/2 
subbands, where Jm is the projection of J.  The former and latter one stands for heavy hole 
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(hh) and light hole (lh), respectively. However, the J1/2 band is well separated from J3/2 bands, 
and referred to as the split-off-hole (soh) subbands.  The arrangement of these subbands is 
shown in figure 1.3.  

 
Figure 1.3. Band diagram for valence band model of II-VI QDs (e.g. CdSe). 

The fine structure of lowest energy exciton (band-edge exciton) arises from the shape 
anisotropy and electron-hole exchange interaction. In figure 1.4, the band-edge exciton of 
wurtzite CdSe is split into two 4-fold degenerate states due to the reduction from spherical 
shape to uniaxial symmetry.  As the exchange interaction is proportional to the overlap 
between the electron and hole, in small nanocrystal the exchange interaction will further split 
the states. In this case, the important quantum number is the total angular momentum, J. 
Because of angular momentum of hole and electron is 3/2 and 1/2, the band-edge exciton has 
a 5-fold degenerate J=2 states and a 3-fold degenerate J=1 states. If both effects are included, 
the good quantum number is the projection of J along the unique crystal axis, Jm. 
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Figure 1.4. Energy-level diagram of fine structures of the band-edge exciton. In the sphere, 
the band-edge exciton is 8-fold degenerate. This degeneracy is split by the shape anisotropy, 
wurtzite c-axis and the exchange interaction. 

The Jm=±2 sublevels are optically forbidden in the electric dipole approximation, therefore 
no emission is observed from this state.  Relaxation of the exciton into this state is referred to 
the dark exciton, which will cause longer radiative lifetime. Because two units of angular 
momentum are required to relax to the ground state from Jm=±2 sublevels, and this process is 
forbidden by the approximation of electric dipole transition. The energy levels and 
absorption strengths of these sublevels are shape and size dependent and the overall fine 
structure effect is detailed in chapter 2. 



 

8 

CHAPTER 2. EXTINCTION 
COEFFICIENTS, OSCILLATOR 
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2.1 Introduction of fundamental spectroscopy 
Semiconductor quantum dots (QDs) are small particles with size range from several 

nanometers to tens of nanometers, which confines the motion of conduction band electrons 
and valence band holes, or excitons (bound pairs of conduction band electrons and valence 
band holes) in all three spatial directions. The unique size-dependent optical properties are 
actively investigated for use in various luminescent optical materials, such as the active 
media for luminescence downconversion artificial lighting, lasers, luminescent solar 
concentrators and so on.  To accurately predict the radiative lifetimes is a starting point for 
the design of QDs based applications.   

Absorption intensities and radiative lifetimes are two basic quantities for luminescent 
materials. Both are related to the oscillator strength in a very straight forward way through 
the Einstein A and B coefficients.  The radiative rate can be calculated for a single oscillator 
from the integrated extinction coefficient.1 

3
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where Na is Avogadro’s number, c is the speed of light, ( )ε ν is the molar extinction 
coefficient (Lmol-1cm-1) at frequency ν, 

fν (
fν� ) is the fluorescence frequency (wavenumber), 

brackets denote an averaged quantity, and na and nf and the refractive indices of the 
surrounding solvent at the absorption and luminescence frequency, respectively.  In a good 
assumption that the absorption and luminescence spectra are narrow (full with at half 
maxima, FWHM ~ 27 nm) and the Stokes shift is less than 10 nm, the left part of equation 
2.1 will equal to the right side with n = na = nf.  A closely related quantity is the oscillator 
strength, given by1c 
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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.  In equation 2.2, fLF is evaluated with the dielectric parameters at the 
absorption frequency.  Local field factors can be far from unity with large deviation2 and the 
calculation of the oscillator strengths will give various values based on variation of local field 
factors..  From equation 2.2, the equation will be converted to 
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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 spherical nanoparticles), 
then the dielectric parameters at the absorption and fluorescence frequencies are the same, 
giving equal local field factors for absorption and fluorescence.  Therefore, the local field 
factors cancel in the relationship between the integrated extinction coefficients and the 
radiative lifetime, equation 2.1.  Now it gives a very simple conclusion for the case of 
absorption and fluorescence from a single oscillator, equation 2.1 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.  But most importantly, since the quantities that are most 
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frequently obtained from and used in experiments are the spectra and radiative lifetimes, 
these are the quantities with which we will be most concerned in chapter 2. 

In spite that the equation 2.1 is quite simple with two quantities to solve, there have 
been few attempts to quantitatively connect absorption spectra and radiative rates of QDs.  
This is mainly because determination of these rates and comparing measured values to those 
calculated from the absorption spectra is not easy to do; reliable and accurate measurements 
of integrated extinction coefficients and radiative lifetimes are not easy to make.  
Furthermore, evaluation of equation 2.1 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.  Therefore, luminescence 
comes from a temperature-dependent distribution of states, each having its own oscillator 
strength and radiative rate.  The Boltzmann populations in these different angular momentum 
sublevels depend on the sizes and shapes of the QDs.  Generally, the Boltzmann-weighted 
average of these relaxation rates is referred as the radiative rate for the exciton.3  In the 
absence of carrier trapping and non-radiative processes, this is the intrinsic luminescence 
decay rate.   

On one hand, it is not trivial to determine size-dependent extinction coefficients, 
which accompanies with several underlying problems.  The straightforward way to do is: just 
measure the absorption spectrum and the mass of the QDs precipitated from a known volume 
of solution.  If the QD size is known from TEM imaging, then the extinction coefficient can 
be easily calculated.  However, there are definitely some unreacted precursors in a QD 
sample and an unknown mass of organic ligands on the precipitated particles.  Both of these 
problems complicate determination of the ε(ν) spectrum.  Subsequent evaluation of equation 
2.1 requires knowing the energetics and spectroscopy of the angular momentum fine 
structure.  The lowest energy exciton in II-VI semiconductor nanocrystals has thermally 
accessible sublevels that that have large oscillator strengths as well as sublevels that are 
“dark”, having zero oscillator strength.4 The expression of thermal populations in the angular 
momentum fine structure, Cfs is given by5 

exp( / )
exp( / )
i i Bi

fs
i Bi

f E k T
C

E k T
−

=
−

∑
∑

       equation.2.4  

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. Rapid equilibration with the 
population of the dark states effectively increases the radiative lifetime.  This is not a small 
effect; in the absence of crystal field mixing, five of the eight fine structure sublevels are 
dark.  These states are separated by energies on the order of several to several tens of meV.  
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 the 
crystal 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 lowest energy exciton (1Se-
1S3/2)sublevels, the (dark) 1Se-1P3/2 exciton is also thermally accessible,6 with energies and 
hence relative populations that are also size dependent.  The effect of size-dependent 
populations and oscillator strengths of these states must be considered in a calculation of the 
radiative lifetime in these nanocrystals.   
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On the other hand, it is more problematic of accurate measurement of the radiative 
lifetimes.  QD ensembles are typically quite inhomogeneous, showing strongly 
nonexponential photoluminescence (PL) decays.  The nonexponential PL decays are mainly 
due to inhomogeneities in the nonradiative rates, which means that different particles have 
different types of defects that can serve as nonradiative recombination centers.  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 11 1
obs rad nr rad nrk kτ τ τ

− −− −= + = +       equation. 2.5 
Inhomogeneous values of the nonradiative rate, 

nrk , result in a nonexponential PL decay from 
an ensemble of particles.  Each value of 

nrk  gives a different decay time and thus a different 
component in the overall ensemble PL decay.  For any particle 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

τ
τ τ

Φ = =
+ +

       equation. 2.6 

Thus, the QDs samples having higher quantum yields have smaller nonradiative rates and the 
ensemble gives the PL decay kinetics more close to a single exponential decay.  As the 
quantum yield approaches unity, the time constant of this exponential gives the radiative 
lifetime.  In chapter 2 and the dissertation, we will assume that a subset of the particles has a 
zero nonradiative rate.  It follows that these particles give rise to the longest decay 
component and that this component corresponds the radiative lifetime.  Evaluating this decay 
time from an experimental PL decay can be done in several different ways.  In chapter 2, we 
will take it to be the longest component obtained by fitting the decay to a triexponential.  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 described 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 lifetime.  This may be expected when the density of surface or 
interfacial defects 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 trap 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.  Because of both complexities, this assumption will have 
to be examined in the analysis of each of the experimental results.   

Differing from the low-QY single component CdSe or CdTe QDs, core/shell QDs 
often exhibit much higher QYs and are much more stable than their bare-core analogs.  The 
reason is that coating with a shell material can effectively isolate the electron and/or hole 
wavefunctions from the surface, which contains dangling bonds and defects. These surface 
defects act as electron-hole recombination centers, causing nonradiative decay of 
photogenerated excitons.  This results in exciton lifetimes that are less than the radiative 
lifetime, and photoluminescence (PL) QYs that are less than unity.  Increasing shell thickness 
reduces the electron and/or hole densities at the particle surface and thereby reduces the 
effect of surface defects on the QYs as well as enhances photostability and chemical 
resistance. One typical core/shell QDs is the heterostructures with Type-I band alignment, in 
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which both electron and hole are confined in the core materials, such as CdSe/ZnSe. The 
large and small band offset in the conduction and valence band will confine the electron 
more in the core materials than the hole, thus, the hole still have a little tunneling in to the 
shell materials and are close to the surface or defect states , which usually limits the 
enhancement of QY. 
 Type-II nanocrystals consist of two different materials in which the band offsets are 
such that the lowest exciton has the electron spatially separated from the hole.  The most 
extensively studied type-II system is CdTe/CdSe core/shell particles.  In this case the hole is 
localized in the CdTe core and the electron in the CdSe shell.  This results in greatly reduced 
electron-hole overlap and hence very long radiative lifetimes of the lowest exciton.  The 
extent of electron-hole overlap depends on the core size and shell thickness.  In the case of 
CdTe/CdSe there is a significant lattice mismatch, causing core compression.7  Lattice strain 
can dramatically affect the band offset and hence the electron-hole overlap.  The extent of 
electron-hole overlap in these core/shell particles can be understood in terms of electron and 
hole wavefunctions, calculated from an effective mass model.7  In addition to all of the 
difficulties in comparing measured and calculated radiative lifetimes in single component 
QDs, type-II particles also have electron-hole overlap and lattice mismatch considerations.  

The conduction and valence band offsets are such that CdSe/CdS is a “type-1½” or 
“quasi-type-II” core/shell QD.  CdSe and CdS have nearly the same conduction band 
energies, so the electron is delocalized throughout the QD.  The valence band has a 
considerable offset, localizing the hole in the CdSe core.  Photoexcitation produces holes that 
are well isolated from surface trapping processes, and this result in highly photostable 
particles having high QYs. Recently Nan et al reported a low temperature synthesis of very 
high quality zincblende CdSe/CdS core/shell QDs.8 The PL QYs of these QDs are very high 
and remains high for relatively thick shells. Part of the reason of obtaining high quantum 
yield is due to small lattice mismatch between CdSe and CdS (4%).  

 In this chapter, we consider four closely related aspects of the size dependent 
spectroscopies of II-VI QDs.  First, we consider existing literature on CdSe QD absorption 
spectra and extinction coefficients.  From these results and fine structure considerations we 
calculate Boltzmann weighted radiative lifetimes.  These lifetimes are compared to values we 
have measured on very high quality CdSe and CdSe/ZnSe core/shell nanocrystals.  Second, 
analogous literature data are analyzed for CdTe nanocrystals and compared to lifetimes 
measured for very high quality QDs.  Furthermore, studies of the absorption and excitation 
spectra and measured radiative lifetimes for CdTe/CdSe core/shell QDs are reported.  These 
results are also analyzed in terms of a Boltzmann population of exciton sublevels and 
calculated electron and hole wave functions.  Much of the absorption data and fine structure 
calculations are already in the literature.  These results are combined with new measurements 
of radiative lifetimes and electron-hole overlap calculations to produce an integrated picture 
of the II-VI QD spectroscopic fundamentals. Finally, radiative lifetimes of a series of 
zincblende CdSe/CdS core/shell particles having different shell thicknesses.  These values 
are obtained directly from time-resolved measurements and compared to values obtained 
from static spectra and the evaluation of equation 2.1.  Agreement between values obtained 
from these completely different approaches is checked. 
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2.2 Experimental Section 
Optical measurements.  

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 ¼ m monochromator with a 150 groove/mm 
grating onto a Micro Photon Devices PDM 50CT SPAD detector.  TCPC decays are 
accumulated using a Becker-Hickle SPC-630 board.  The overall temporal response function 
of the system is about 400 ps.  

Quantum yield measurements were made using the same samples as the time resolved 
luminescence measurements.  The static luminescence spectra were measured on a Jobin-
Yvon Fluorolog 3 with a CCD detector.  Sample spectra were compared with spectra of R6G 
(assumed to have a 95% QY) taken with the same excitation wavelength and the same 
absorbance at that wavelength.  The wavelength dependence of the CCD detector was taken 
into account in calculating the nanoparticle quantum yield.  This was done by measuring the 
spectrum of a calibrated tungsten lamp and constructing a detector sensitivity curve. The 
excitation wavelength is 510 nm. 

Photoluminescence excitation (PLE) measurements were obtained from the intensities 
of PL maxima with respective excitation at various wavelengths, corrected by the intensities 
of lamp efficiencies at corresponding wavelength. The PLE spectra were normalized with 
lowest energy exciton intensity and compared to raw absorption spectra directly. 
 
Chemicals. 

Cadmium oxide (CdO, 99.5%), trioctylphosphine oxide (TOPO, 90%), 
octadecylamine (ODA, 90%), tellurium (Te, 99.8%), oleylamine (technical grade, 70%), 
octylamine (99%), sodium diethyldithiocarbamate trihydrate (NaDDTC·3H2O),cadmium 
acetate dihydrate (Cd(Ac)2·2H2O),trioctylphosphine (TOP, 97%), tributylphosphine (TBP, 
97%), octadecene (ODE, 90%), hexane (99.8%), methanol (MeOH, 98%), and toluene (99%) 
were obtained from Aldrich.  Zinc oxide (ZnO, 99.9%), selenium (Se, 99%), oleic acid (OA, 
90%), n-octane (98+%) and chloroform (CHCl3, 99.8%) were obtained from Alfa Aesar.  
Octadecylphosphonic acid (ODPA, 99%) was obtained from PCI synthesis.  ODPA and 
ODA were recrystallized from toluene before use. TOP, TBP, and ODE were purified by 
vacuum distillation.  TOPO was purified by repeated recrystallization from acetonitrile.  
Methanol, toluene, and chloroform were purified by distillation from appropriate drying 
agents.  All other chemicals were used as received. 
 
Standard wurtzite CdSe particle synthesis. 

0.4 mmol of CdO was mixed with 1.6 mmol (0.45 g) of stearic acid and 4g (5.0 ml) 
octadecene (ODE) which was heated to 250°C to get a colorless solution under N2 flow. 
After cooling to room temperature, 3g of octadecyl amine (ODA) and 1g of trioctylphosphine 
oxide (TOPO) were added. The mixture was then heated to 280 °C. At this temperature, a 
selenium solution containing 4 mmol 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, 5mL of toluene was added to 
prevent solidification. This synthesis results in monodisperse, highly luminescent particles 
with quantum yields of about 20%. 
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Larger size wurtzite CdSe particle synthesis (> 3.5 nm diameter). 

0.2 mmol of CdO was mixed with 1.2 mmol (0.34 g) of oleic acid and 4.8g (6.0 ml) 
ODE which was heated to 250°C to get a colorless solution under N2 flow.  After cooling to 
room temperature, 1.0 g of ODA and 0.5 g of 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, 0.37ml) of TBP and 1.0 ml of 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 and 4.0 g (5.0 ml) 
ODE which was heated to 250°C to get a colorless solution under N2 flow. After cooling 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, 0.90 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 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 on 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 result 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.9 
 
Wurtzite CdSe/ZnSe core/shell particles synthesis.  

This synthesis is similar to those described in the literature, which also provide 
extensive particle characterization.10 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 is made with 2 mmol (162.74 mg) ZnO, OA: 8 mmol (2.52 ml), 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 ODE (2.0 mL), ODA (10 mg), 
and oleylamine (1.0 mL) was heated to 60 °C in a three-neck flask under argon flow, and 
then about 1.0 mL of purified CdSe core solution (containing about 1 × 10−7mol 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. 
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Zincblende CdTe particles and CdTe/CdSe core/shell particles.  

The Te precursor solution is made by dissolving 0.1mmol (12.8 mg)Te in the mixture 
of 0.15 ml TOP, 0.15 mmol (50.17 mg) ODPA and 1 ml ODE.  10  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. 

In a typical reaction, 0.2 mmol (25.7 mg) of CdO was mixed with 0.8 mmol (0.25 g) 
of oleic acid and 3.0 ml ODE and heated to 250°C to get a colorless solution under N2 flow. 
Then the tellurium precursor (at ~100 °C) is loaded in a 3 ml syringe and quickly injected at 
280 °C.  The temperature is kept at 260°C for 2~3 min for the growth of the CdTe particles. 
Larger particles are obtained by increasing the volume of the cadmium precursor by dilution 
with ODE.  After the core growth, the solution is cooled to230°C, and 2 ml Se precursor is 
added drop-wise for the growth of the CdSe layers. The reaction is quenched by cooling to 
room temperature. The CdTe and CdTe/CdS raw reaction solution is extracted by 
hexane:chloroform:methanol (1:1:1 v/v) twice.  The polar layer is removed and the 
remaining particles are heated to 75 °C to remove the residual hexane, chloroform and 
methanol.  
 
Zincblende (ZB) CdSe/CdS core/shell particles.  

The zincblende CdSe core nanocrystals are synthesized and purified using the slightly 
modified procedures reported by Nan et al.8  Zincblende shell deposition occurs from a 
cadmium-sulfur single precursor, cadmium diethyldithiocarbamate (Cd(DDTC)2), at low 
temperature (140 - 145 °C).  

In a typical synthesis, CdO (0.256 g, 0.2 mmol), oleic acid (1 mL) and 4 mL ODE 
were loaded into a 25 mL three-neck flask.  After N2 bubbling for 2 min, the flask was heated 
to 250 °C to form a transparent solution and then cooled to 40 °C.  Se powder (0.0079 g, 0.1 
mmol) was loaded into the flask. The flask was heated to 240 °C under N2 flow at a heating 
rate of 40 °C/min. Needle tip aliquots were taken for UV−vis and PL measurements to 
monitor the size of zincblende CdSe QDs.  The particles are then purified by repeated 
extraction.  In these extractions, tributylphosphine (0.2 mL), octylamine (0.2 mL), hexane (3 
mL), and methanol (6 mL) were added to the reaction solution at 50 °C and stirred for 2 min. 
After stirring was turned off, the colorless methanol layer was separated from the top 
ODE/hexane layer by syringe. This extraction procedure was repeated three times, but TBP 
was only added for the first time. The hexane left in the ODE layer was removed by argon 
bubbling at about 60 °C.   

Subsequent CdS shell growth requires the synthesis of (Cd(DDTC)2) for use as the 
single cadmium and sulfur precursor.  In this synthesis, Cd(Ac)2·2H2O (10 mmol) was 
dissolved with 100 mL of distilled water in a 400 mL beaker.  Into this solution, 
NaDDTC·3H2O (20 mmol) dissolved in 60 mL of distilled water was added dropwise under 
vigorous stirring.  A white precipitate of Cd(DDTC)2 quickly forms.  The mixture was stirred 
for another 20 min after mixing to ensure the reaction was complete.  The white precipitate 
was separated from the solution phase by filtration and washed three times with distilled 
water.  The final product in white powder form was obtained by drying under vacuum 
overnight.  For each shell growth reaction, a 3 mL Cd(DDTC)2-amine-octane solution (0.1 
mmol/mL) was prepared by dissolving 0.1227 g of Cd(DDTC)2 in a mixture of octane (1.5 
mL), oleylamine (0.45 mL), and octylamine (1.05 mL).   
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In a typical CdS shell growth reaction, a mixture of ODE (2.0 mL), ODA (20 mg), 
and oleylamine (1.0 mL) was heated to 60 °C in a three-neck flask under argon flow, and 
then about 1.0 mL of purified CdSe core solution (containing about 1 × 10−7mol of 
nanocrystals estimated by their extinction coefficients) was added to this flask.  The amount 
of precursor solution for each injection was estimated using standard SILAR procedure.  In 
this reaction cycle, addition of the precursor solution is done at 80 °C and growth occurs by 
heating the solution at a targeted temperature (140 °C for typical synthesis) for about 10 min, 
was continued until the desired number of CdS monolayers are obtained. The final reaction 
solution is purified, ligand exchanged with TBP/ODA, then dispersed in toluene or 
chloroform for the spectroscopic measurements. 
 
Ligand exchange of purified particles. 

The extracted sample is dissolved in 2 ml of ODE and added to a vial containing 1.0 g 
ODA (or 1.0 g ODA + 0.5 ml TBP, or 0.5 ml TBP, or 1 ml ODE), under nitrogen.  The vial 
is heated to about 65 °C, and stirred continually for 12 hours, then cooled to room 
temperature.  The ligand exchanged particles are extracted by chloroform: methanol (1:1 v/v) 
two times. In the case of ODA and ODA/TBP, the particles are precipitated and centrifuged.  
In the case of TBP and ODE, a phase separation occurs and the nonpolar phase is kept.  The 
solid particles or ODE solution are dried under vacuum and kept under N2. 

 

2.3 Results and Discussion 

2.3.1 CDSE NANOCRYSTAL SPECTROSCOPY 
The original measurements of CdSe band edge integrated extinction coefficients were 

published more than a decade ago and show that these values increase linearly with particle 
radius.11  Shortly thereafter, measurements of the band edge energies and lowest exciton 
extinction coefficients covering a wide range of CdSe and CdTe nanocrystals sizes showed 
that the extinction coefficient increases supra-linearly with increasing particle radius.12  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,13 and for zincblende QDs by Capek et al.14  These measurements show the same trend of 
increasing extinction coefficients with particle size, and are in good agreement for particles 
having diameters of about 5 nm.  However, the older results12 show significantly smaller 
extinction coefficients for the smaller particles.  The increase of the extinction coefficient 
with particle size is a large effect.  For example, comparing 3.0 and 6.0 nm CdSe particles, 
the extinction coefficient of a 6 nm nanocrystal is a factor of 3.5 larger.13  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 (to be discussed below), the radiative lifetime should decrease with increasing 
particle size.  The ν2 dependence in equation 2.1 goes the other way: larger particles emit 
further to the red and the ν2 factor causes the radiative lifetime to increase with particle size.  
However, over this wavelength range the ν2 dependence is a relatively small effect and only 
partially offsets the trend predicted from the increasing extinction coefficient.  The measured 
extinction coefficients are quite large.  For example reference 13 gives an extinction 
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coefficient of 2.7 x 105 L mol-1 cm-1 for 4.0 nm CdSe particles.  The corresponding 
calculated oscillator strength is also quite large, about 1.6 (excluding the local field factor).  
In comparison, fully allowed transitions in organic dye molecules typically have oscillator 
strengths of about unity. In above cases, no attempt to connect these measurements to 
radiative lifetimes was made.   

de Mello Donega and Koole have measured luminescence decays and fit the kinetic 
curves to a single exponential.15  They suggest that the single exponential decay time reflects 
the radiative lifetime and find that these lifetimes increase with increasing particle size.  The 
band gap decreases with increasing particle size and they find that there is a linear increase of 
the radiative rate ( 1

r a dτ − ) with increasing band gap energy.  It is argued that the decays are 
close to single exponentials, so that role of nonradiative processes affecting these rates does 
not need to be considered.  The theoretical treatment in ref15 ignores the angular momentum 
fine structure, and argues that this is valid because some of the states are dark, and therefore 
don’t contribute to the observed luminescence.  However, this argument is not valid if the 
population equilibrates between the bright and dark sublevels, which it is known to do on a 
time scalethat is short compared to luminescence.16  The dark levels do not undergo radiative 
decay and therefore serve as a reservoir of the exciton population, resulting in an increased 
effective radiative lifetime.  Reference 15also reports that the results are in quantitative 
agreement with results reported by van Driel et al.17  It is important to note that an increase in 
radiative lifetime with particle size is the opposite trend from what is expected, based on the 
reported size dependence of the extinction coefficients.13  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,18 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,19 where the lifetime was determined from 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 by 
considerably shorter than the previously reported values.15, 17 

To resolve these discrepancies, we have measured size-dependent absorption spectra 
and PL kinetics of CdSe and CdSe/ZnSe QDs.  Two types of CdSe syntheses were done.  
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 described with 
detailed list in the Experimental Section, 20 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 variations of this method are very 
commonly used to produce CdSe particles over a wide range of sizes.  This synthesis 
produces reasonably monodisperse, high quality particles having PL quantum yields of about 
20%.  Different particle sizes are obtained by pulling aliquots of the reaction mixture as the 
reaction proceeds.  Absorption spectra of several different sized particles are shown in figure 
2.1.We have also performed syntheses which are optimized to produce either smaller (< 3.5 
nm) or larger (> 3.5 nm) particles, as shown in figure 2.2.  The narrow spectral width of the 
exciton peaks indicates that these particles are very monodisperse.  They also have 
considerably higher PL quantum yields, typically 40 – 50%.  By varying the reaction time, 
smaller or larger particle sizes can be obtained which maintain these optical properties.  A 
detailed comparison of the standard, larger and smaller particle syntheses is given in the 
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Experimental Section. 
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Figure2.1.Absorption spectra of several diameters of CdSe nanocrystals, as indicated. 
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Figure 2.2. Absorption and PL spectra of smaller (3.10 nm) and larger (4.5 nm) CdSe 
particles from optimized syntheses, as indicated.  The absorption spectra have been scaled so 
the absorption ratio at 355 nm matches the particle 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 
quire accurately, to within a few nanoseconds.  Plots of the long component decay times as a 
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function of particle size as shown in figure 2.3.  These measured values can be compared to 
radiative lifetimes calculated from the absorption spectra.  The absorption spectra in figures 
2.1 have been scaled such that the 355 nm absorbance is proportional to the particle volume.  
Absorption cross sections far to the blue of the absorption onset are known to scale with 
particle volume,11, 14 and with this scaling, the relative absorbances of the lowest excitons 
closely match the relative extinction coefficients given in reference 13 for all but the smallest 
particles.  The extinction coefficients of the smallest particles are between the values given in 
references 12 and 13, but much closer to reference 13.  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 figure SI-1 of appendix.  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.11  Similar results are 
obtained with the optimized particles. 

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.  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 all 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.  Since 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.  
The CdSe/ZnSe particles are better passivated than the 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 PL decay curve for CdSe/ZnSe particles having a 3.0 nm core and 0.6 nm thick shells 
are shown in figure 2.4.    
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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 the 1S3/2 hole fine structure and 1P3/2 hole 
levels of spherical wurtzite particles (black dotted curve). 
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Figure2.4. (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. 
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Comparison with 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 penetrate into the (energetically forbidden) 
ZnSe shell, slightly expanding the exciton volume.  The “effective size” of these particles is 
therefore larger than that of the starting 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 0.6 nm 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.  Plotting the data in this 
fashion facilitates comparison with the CdSe experimental results and calculations.  It 
correctly incorporates the ν2 factor in equation 2.1, and the calculated fine structure splittings 
(discussed below).  Comparison of size-dependent results calculated for CdSe core particles 
with the CdSe/ZnSe experimental results for particles having the same effective size tacitly 
assumes that the two types of particles have the same exciton extinction coefficients.  That is, 
it assumes that to the extent that the exciton wavefunction is delocalized into the shell, that 
part of the wavefunction also contributes to the exciton oscillator strength.  If the part of the 
wavefunction localized 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 type-I particles.  We make the CdSe versus CdSe/ZnSe comparison on the basis 
of the core/shell effective sizes, noting 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 300 K calculations. 

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.  When there is a thermal equilibrium between more than a single absorbing 
and emitting state, equation 2.1 becomes3 

9 2 22.88 10 ( )fsA x C n dν ε ν ν−= ∫� � � , 
exp( / )

exp( / )
i i Bi

fs
i Bi

f E k T
C

E k T
−

=
−

∑
∑    

equation. 2.7 

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.4  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.4  In even slightly prolate particles (aspect ratio of 1.15) the ordering of 
these levelsis changed, with the lowest energy level being the singly degenerate, optically 
dark 0L level and the doubly degenerate bright ±1L level 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 four-fold degenerate 1P3/2 hole 
level also be considered (the 1Se-1P3/2 exciton is therefore also eight-fold degenerate).  The 
energy difference between the 1Se-1S3/2 and 1Se-1P3/2 excitons can be calculated as described 
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by Efros and Rosen,6 and increases approximately linearly with the inverse of the particle 
diameter.  These energy splittings are somewhat larger than the splittings 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 thermal 
population of these dark levels further decreases the calculated radiative rates.  Realistic 
calculations involve 300 K Boltzmann populations in all of the 1S3/2 and 1P3/2 hole sublevels.  
As a simplest approximation, we consider the fine structure energy splitting of the 1Se-1P3/2 
exciton to be the same as in the 1Se-1S3/2 exciton.  Since all of the 1Se-1P3/2 sublevels are 
dark, the calculation is insensitive to the exact energetics of these sublevels; this only affects 
the electronic partition function.  Inclusion of the 1Se-1P3/2 exciton is a significant effect and 
increases the electronic partition function on the order of 30%.  Using the integrated 
extinction coefficients in reference 13, radiative lifetimes have been calculated for spherical 
particles having a wurtzite crystal structure at 300 K, and are plotted in figure 2.2.  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 and 
opposite to the trend reported in references 15 and 17.  The present results come closer to 
agreeing with the trend reported in reference 18, that are close to size independent, but 
reports considerably shorter times, about 15 – 20 ns.  Part of the discrepancies may come 
from fitting procedures.  Figure 2.4B shows that fitting the PL decay to a single exponential 
can result in an apparent lifetime that affected by nonradiative processes and 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 
lifetimes 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 results and those in previous literature reports is simply particle quality – the 
presence or absence of surface defects that result 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. 

 

2.3.2 CDTE  NANOCRYSTAL SPECTROSCOPY 
The size dependence of the CdTe exciton energy has been reported by Yu et al,12 and 

more recently by de Mello Donega and Koole15 and by Kamal et al.21  The results in 
references 15 and 21 are in excellent agreement with each other and the results in reference 
12are only slightly different.  The size dependent exciton extinction coefficients of CdTe 
nanocrystals have also been originally analyzed in reference 12 and more recently in 
reference 21 and by Groeneveldet.al.22 These later studies report larger extinction 
coefficients than reference 12 for all particle sizes, but especially for the smaller particles.  
The small particle extinction coefficients reported in reference 22 are only slightly smaller 
than those in reference 21.  From the integrated extinction coefficients, size-dependent 
oscillator strengths and radiative lifetimes can be calculated.  As in the case of CdSe 
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particles, the corresponding total absorption oscillator strengths in the 1Se-1S3/2 transition is 
very large, for example, we calculate f = 1.75 for a 5.0 nm particle (ignoring local field 
effects).  Reference 21 reports considerably larger oscillator strengths, presumably because 
of the inclusion of local field effects.  Reference 21  reports that the calculated radiative 
lifetimes are in the 10 – 13 ns range, increasing slightly with increasing particle size.  This 
calculation assumes that the 1Se-1S3/2 fine structure levels are equally populated; it applies a 
high temperature approximation.  The 10 – 13 ns calculation ignores the 1P3/2 levels and 
concludes that calculated radiative are a factor of two larger if these levels are also included 
in the high temperature approximation.  Measured radiative lifetimes have been reported in 
reference 15and by van Driel et al,17 which give values increasing with particle size from 17 
to 27 ns and 18 to 29, respectively, over the range of approximately 2.5 to 6.0 nm particles.  
We have synthesized high quality CdTe (and CdTe/CdSe) particles using the previously 
reported methods7 and find experimental radiative lifetimes that are somewhat longer, but 
follow the same trend, varying from about 24 to 35 ns over the same range of particle sizes, 
as shown in figure 2.5. 

The discrepancy between our measured radiative rates and those reported in 
references 15 and 17 may be due to differences in how the PL decays are analyzed.  In the 
previous studies, the decay curves were fit to single or stretched exponentials, which ignores 
the inhomogeneous distribution of nonradiative decay rates.  We fit the decay curves to a 
triexponential, and assign the dominant (longest) component to the radiative lifetime.  As 
discussed above, this is correct because it allows for the possibility that some fraction of the 
particles have defects that result in a finite nonradiative decay rate.  As also discussed above, 
if all of the particles exhibit some nonradiative decay, then the radiative lifetimes derived 
from this procedure are a lower limit to the actual radiative values.   

Experimental results can be compared to those calculated from the integrated 
extinction coefficients in references 12, 15 and 21.  The spectra and fine structure of CdSe 
and CdTe QDs are very similar, and as in the case of CdSe QDs, this calculation requires 
inclusion of Boltzmann populations in these levels.  In both cases, the lowest two transitions 
in the absorption spectrum (1Se-1S3/2 and 1Se-2S3/2) are somewhat overlapping.  
Deconvolution of these absorption features facilitates getting accurate estimates of the actual 
integrated extinction coefficients.  The energies and oscillator strengths of the different fine 
structure levels depends on the particle size and we have calculated Boltzmann populations 
and oscillator strengths of these levels as a function of particle size.  In the case of the 
zincblende CdTe, we calculate that small changes in the particle aspect ratio make very little 
difference in the calculated radiative lifetimes, so we only consider the case of spherical 
particles.  With the correction for spectral overlap and the inclusion of the Boltzmann 
population of the angular momentum fine structure levels, calculated radiative lifetimes using 
the integrated extinction coefficients in references 12, 15 and 21 are shown in figure2.5.  The 
experimental results are bracketed by these calculations.  Based on the experimental 
methods, we expect that the extinction coefficients reported in reference 21 are probably the 
most reliable. These values lead to a significant underestimate of the radiative rates, 
particularly for the smallest particles.  Although we have no definitive assignment for this 
discrepancy, we speculate that the splitting of the fine structure levels is slightly more than 
the calculations in reference 4a indicate.  The increased splitting could be caused by 
perturbations such as surface charges.   
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Figure 2.5. (Measured and calculated radiative lifetimes of different sizes of CdTe QDs.  The 
calculated values correspond to using extinction coefficients from different literature sources 
and the fine structure levels populated equally (high temperature limit, HT), or populated at 
300 K.  The absorption intensities are corrected for the overlap of the lowest two exciton 
transitions. 

2.3.3 CDTE/CDSE NANOCRYSTAL SPECTROSCOPY 
CdTe has valence and conduction bands that are at higher energy (closer to the 

vacuum level) than CdSe.  As such, CdTe/CdSe core/shell nanoparticles have type-II band 
offsets.23  Following photoexcitation, the hole localizes in the core and the electron localizes 
in the shell.  The small electron-hole overlap results in the lowest exciton having a small 
integrated extinction coefficient and a long radiative lifetime.  CdTe-CdSe lattice mismatch 
causes strain that raises the CdTe conduction band energy, further decreasing the extent of 
electron-hole overlap.7, 24  Thus, the lowest exciton shifts to the red and loses oscillator 
strength with increasing shell thickness.  The extent of this decrease depends on the shell 
morphology, specifically, core/shell particles show greater electron-hole separation than 
core/tetrapods for a given exciton energy.7  Similarly, Groeneveld et al22 and de Mello 
Donega25 report core/tetrapod particles with a decreasing amount of oscillator strength in the 
lowest transition as the tetrapod arms get longer.  Absorption and luminescence spectra of 3.4 
nm CdTe cores with 0 – 1.35 nm thick CdSe shells are shown in figure 2.6.  In agreement 
with previously reported results, these spectra show that the 1S3/2-1Se transition shifts to the 
red and loses intensity with increasing shell thickness.7, 22, 25-26 
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Figure 2.6. (A)   UV-Vis spectra of CdTe/CdSe core-shell nanoparticles at constant 
concentration.  (B) Corresponding luminescence spectra of the particles in panel A. 

The absorption intensity at the higher energies has contributions from the core/shell 
particles and from homogeneously nucleated CdSe particles that are formed during shell 
growth.  The contribution from the latter can be minimized by varying the synthetic 
procedures, but is extremely difficult to completely eliminate.  Its relative contribution 
typically increases as shell growth proceeds.  This can be seen in the comparison of the 
photons absorbed and excitation spectra, see figure 2.7.  The CdSe particles do not give 
luminescence at the same wavelength as the core/shell particles, so excitation spectra with 
wavelength-selective detection gives only the contribution of the core/shell particles.  Figure 
2.7 shows that the CdTe core and the first core/shell particles have essentially identical 
photons absorbed and excitation spectra.  The additional CdSe absorption appears at the third 
shell injection and its contribution to the blue absorbance progressively increases. 
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Figure 2.7. Comparison of photons absorbed (1-10-absorbance) (black lines) and luminescence 
excitation (red points) spectra of CdTe core and CdTe/CdSe core/shell particles. Excitation 
spectra are normalized to the photons absorbed spectra at the lowest energy exciton 
transition. 
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The absorption and excitation spectra also show a partially resolved transition at an 
energy about 0.25 eV above the lowest 1Se-1S3/2 transition, independent of shell thickness.  
The relative intensity of this peak increases with increasing shell thickness and it is assigned 
to the 1Se-2S3/2 transition.  The observation that the 0.25 eV energy difference between the 
lowest two transitions is essentially independent of shell thickness is crucial to this 
assignment.  The 1Se-1S3/2 and 1Se-2S3/2 transitions correspond to two different hole levels 
and the same final electron level.  Thus, in these type-II core/shell particles, the extent of 
hole quantum confinement is essentially constant with increasing shell thickness.  This 
assignment is further confirmed from the relative intensities of these transitions.  The relative 
intensities are easily deconvoluted from the experimental spectra and can be compared to 
calculated values of the wavefunction overlap, 2

3 / 21 1eS S and 2

3/ 21 2eS S .  These 
calculations are described in detail in reference7, and the comparison is shown in figure 2.8.  
As the shell gets thicker, the electron becomes more delocalized throughout the core and the 
shell, while the hole remains essentially localized in the core.  Thus, the orthogonality of the 
electron and hole wavefunctions is lost as the particle becomes type-II, and there is 
considerable overlap between the electron wavefunction and both of the two lowest energy 
hole functions.  The calculations reflect this aspect of the wavefunctions and we find that 
semiquantitative agreement over the entire range of shell thicknesses.  We also note that the 
calculations quantitatively reproduce the observed relative intensities only for thicknesses 
over about 1.0 nm.  This model includes the effects of a realistic amount of selenium-
tellurium interdiffusion upon shell deposition, the effects of lattice strain and band-bowing in 
the alloyed interface.  It assumes a perfectly uniform spherical continuum shell and uses bulk 
semiconductor parameters.  However, the assumption of a uniform shell cannot be valid for 
very thin or sub-monolayer shell coverage and this may explain why better agreement is 
obtained for the thicker shells.  We note that the 1Se-2S3/2transition in CdTe/CdSe type-II 
particles has been previously observed and is often assigned to a “CdSe transition”.27 
However, the above considerations establish the correct assignment. 
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Figure 2.8.   Comparison of calculated overlap integrals, S2, (lines) with experimental values 
of energy-integrated absorption of first (1Se-1S3/2) and second (1Se-2S3/2) exciton transitions 
divided by their transition energy (equivalent of oscillator strength) as a function of shell 
thickness. 

The CdTe and CdSe extinction coefficients at higher energies are typically taken to 
be proportional to the particle volume,11, 13 and our results on CdSe and CdTe nanocrystals 
are also consistent with this.   To the extent that the electron-hole pair formed by high energy 
excitation is highly localized and much smaller than the particle, this should be a good 
approximation.  However, this may not be a good approximation in the case of a CdTe core 
having a very thin CdSe shell for excitation in the 375  - 450 nm region.7  The reason for this 
can be understood in terms of the comparison of the valence and conduction band energetics 
to the photon energy.  In the simplest approximation, the relative amounts of energy that 
photoexcitation puts in the electron and hole scale like the inverse of each particle’s effective 
mass.28  The CdTe electron and hole effective masses are 0.10 and 0.40 in units of the 
electron mass, respectively.29  CdTe has a 1.5 eV bandgap and 3.3 eV (375 nm) excitation 
puts about 1.44 and 0.36 eV in the electron and hole, respectively.  However, the CdSe 
valence band is at a potential 0.54 eV further positive than that of CdTe, which is greater 
than the 0.36 eV hole energy following 3.3 eV excitation.  As a result, the hole is 
energetically excluded from the CdSe region of the particle.  Further red excitation produces 
a hole that is less energetically able to be in the CdSe shell.  We conclude that the initially 
produced hole is largely confined to the CdTe core.  Furthermore, if the shell is sufficiently 
thin, then excitons localized entirely in the CdSe region also cannot be formed.  The 
conclusion is that 3.3 eV photons are not absorbed throughout the entire particle.  Thus, 
deposition of a thin CdSe shell results in essentially no increase in the high energy extinction 
coefficient.  Figure 2.9 shows the ratio of the core/shell and core extinction coefficients at 
different wavelengths, as a function of the total particle volume.  The volumes of core/shell 
nanoparticles are calculated from spectral calculations described in earlier studies,7and 
because of the problem of CdSe homogeneous nucleation contaminating the shorter 
wavelength region of the absorption spectra, the absorbance ratios are based on the excitation 
spectra. 
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Figure 2.9.  Short wavelength absorbances as determined from the excitation spectra for core 
to 7th injection of CdSe.  The relative volume is the ratio of core/shell nanoparticle volume 
to CdTe core volume (d = 3.42 nm). 

Deposition of the first approximately 1.0 nm of CdSe shell (volume ratio of about 4.0) has 
little effect on the shorter wavelength extinction coefficients.  After having reached this 
thickness, further shell deposition causes the extinction coefficients to increase linearly with 
total shell volume.  This behavior is in qualitative agreement with the energetics described 
above.   
 The lowest exciton extinction coefficients and radiative lifetimes of these type-II 
particles can be analyzed in much the same way as the single component CdSe and CdTe 
particles, above.  The main difference is that the electron-hole overlap and hence the 
integrated extinction coefficient decrease with increasing shell thickness, as shown in figures 
2.6 and 2.8.  This factor and the shift of the luminescence to longer wavelengths cause the 
radiative lifetime to increase with increasing shell thickness.  As in the single component 
QDs, the radiative lifetimes may be obtained from the PL decays, shown in figure 2.10. 
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Figure 2.10. Normalized PL decay curves of CdTe/CdSe core/shell nanoparticles. The 
different decay curves correspond to the spectra shown in figure 2.6. 

The luminescence characteristics of the particles and therefore the analysis of the PL decay 
kinetics is a function of shell thickness.  Tri-exponential fitting results and quantum yield 
data are collected in table 2.1.  Analysis of the CdTe core PL kinetics is straightforward; the 
decays are nonexponential and the quantum yield is considerably below unity, indicating the 
presence of particles having defects that result in nonradiative decay pathways.  In this case, 
the longest lived component dominates the PL decay and is assigned to the radiative lifetime.  
An apparent quantum yield of the “bright” particles (those that are observed in a time-
resolved PL experiment) can be calculated from the measured PL decay kinetics using the 
fact that the static luminescence intensity is proportional to the area under the corresponding 
decay curve.  Specifically, Φbright is given by the ratio of the area under the decay curve to 
that of a purely radiative, single exponential decay having the same initial (t = 0) amplitude.  

00 0
( ) exp( / )bright radI t dt I t dtτ

∞ ∞
Φ = −∫ ∫      equation. 2.8 

where I0 is the initial amplitude of the decay curve and matches I(t=0) of the observed PL 
decay.  The PL decay can be expressed in terms of the triexponential fitting parameters, 

1,3
( ) exp( / )i ii

I t A t τ
=

= −∑ , where Ai and τi are the decay time and fractional amplitude of the 

i’th component, respectively.  Integration of equation 2.8 gives an equivalent expression for 
this quantum yield in terms of these fitting parameters,

1,3
/bright i i radi

A τ τ
=

Φ = ∑ .  For the 

CdTe core particles, this gives Φbright = 69%, which is considerably greater than the observed 
quantum yield of 41%.  This difference indicates that only 59% (= 0.41/0.69) of the particles 
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are bright, and the other 41% are not observed in the PL decay experiment; they are “dark”.  
The mechanisms that result in dark II-VI QDs have recently been studied and discussed.30  A 
similar analysis can be applied to the particles with the thinnest CdSe shell (thickness of 0.25 
nm, less than a complete unit cell monolayer).  The shell injection 2 – 4 particles exhibit QYs 
of greater than 90%, and decays that are very close to single exponentials.  In this case the 
interpretation is unambiguous: nearly all of the particles are bright and the measured decay 
times are close to the radiative lifetimes. 
 

Table 2.1. PL decay analysis of CdTe/CdSe core/shell particles. 

PL decay curves are fit to a tri-exponential decay where τi and Ai, i = 1 – 3  are component 
time and amplitude.  Fast components that are too small to accurately measure (<1.5% of the 
total) are ignored.  Φ is the sample quantum yield, and τrad is taken to be τ3/Φ.  (τrad for core 
and shell 1 is taken to be τ3.)   
 
Samples  τ1   ଵܣ τ2  ଶܣ τ3  ଷܣ Φ  τrad  τnr 
Core  1.5  8.9%  10.5  26.8%  26.5  64.3%  0.41  26.5   
Shell 1  1.2  4.4%  6.9  10.6%  28.1  85%  0.66  28.1   
Shell 2  ‐  ‐  38.4  98.0%  152  2.0%  0.97  39.6  1280 
Shell 3  ‐  ‐  39.7  96.9%  124  3.1%  0.96  41.3  990 
Shell 4  ‐  ‐  44.8  99.0%  240  1.0%  0.91  49.2  497 
Shell 5  12.0  9.1%  37.7  88.0%  114  2.3%  0.77  49.0  164 
Shell 6  12.7  9.2%  40.4  84.8%  155  2.1%  0.73  52.3  141 
Shell 7  15.3  6.5%  50.3  88.3%  136  5.0%  0.74  66.3  188 

 
Subsequent thicker shells show an interesting phenomenon. The QYs of the shell 5 – 

7 particles (shell thicknesses of greater than about 0.9 nm) drop to 70 – 80% and the PL 
decay kinetics are more complicated.  The dominant kinetic component has a decay time that 
is comparable to, or somewhat shorter than the longest decay times of the 2 – 4 shell 
particles.  This is quite remarkable; although the electron-hole overlap continues to decrease 
and the spectrum shifts further to the red, the dominant decay component gets slightly 
shorter.  The PL kinetics of these thick-shell particles also exhibit small amplitude shorter 
and much longer lived components.  The amplitude of the long-lived component is too small 
for it to be assigned the radiative lifetime with the measured QYs.  This is easily seen from 
the following simple QY calculation, taking the shell 7 as an example (see table 2.1).  From 
equation 2.5, if the radiative lifetime is taken to be 136 ns and the measured decay for most 
of the particles (89%) is 50.3 ns, then the corresponding quantum yield for that subset of 
particles is about 37%.  Following this (incorrect) logic, from table 2.1 we get 5% of the 
ensemble has a QY of 100% and 6.5% has a QY of 11%.  The overall sample QY is then 
about 39%, which is inconsistent with a measured quantum yield of 74%.  We conclude that 
such an assignment cannot be correct.   
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Figure 2.11.  Experimental PL decay of the Shell 7 particles and a decay curve calculated on 
the basis of the proposed mechanism for the relaxation of CdTe particles with thicker CdSe 
shells, equation 2.7. Also shown is the kinetic scheme of the proposed relaxation mechanism. 

We suggest that the QY and PL decay results can be understood in terms of a mechanism 
involving a small fraction (11%) of the particles having low lying trap states that can be 
reversibly populated, as depicted in figure 2.11.  This mechanism leads to PL kinetics that are 
described by equation 9. 

[ ] ( )2 2( ) ( )exp( ) ( )exp( ) exp ( )
( )

t
nt r nr

AI t k k k t k k k t A k k t
k k + + − −

+ −

= − − + − − + − +
−

equation. 2.9 

where ( )1/ 221 1
2 21 2 1 2 2( ) ( ) 4( )rad nr rad nr rad nrk k k k k k k k k k k k± = + + + ± + + + − + , and At and Ant 

are the fractions of particles with and without shallow traps, respectively.  For the S7 
particles we have At= 0.11 and Ant = 0.87.  The quantum yield, Φ, and measured decay time, 

1( )d rad nrk kτ −= + , define the radiative and nonradiative rates through equation 2.6, 

specifically,  /rad dk τ=Φ  and (1 )/nr dk τ= −Φ .  We note that this mechanism assumes that 
none of the particles are dark.  Figure 2.11 shows that this mechanism gives an excellent fit 
to the experimental kinetics with k1 and k2 values of 0.027 and 0.023 ns-1, respectively and a 
radiative lifetime of 67 ns.  Table 2.1 also shows that the nonradiative rates increase 
dramatically with deposition of the fourth and fifth shells.  There is a significant lattice 
mismatch between CdTe and CdSe and we suspect that this increase in radiative rates is due 
defects caused by lattice strain. We have recently shown that the lattice strain energy 
increases dramatically with shell thickness and it seems that in this case it is causing defect 
formation at this shell thickness.31  Another possible interpretation of these results is that the 
radiative lifetime is given by the dominant decay component and knr is essentially zero.  In 
this case the quantum yield being less than unity can be understood only in terms of a 
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significant fraction of the particles (1- Φ) being dark.  The existing data cannot eliminate this 
possibility.  However, recent results on the mechanisms which render particles 
nonluminescent suggest that a relatively small fraction of CdTe/CdSe particles are dark at 
room temperature, and makes this possibility seem unlikely.30  Independent of these 
considerations, the radiative lifetime is bracketed by /d rad dτ τ τ< < Φ, as shown in figure 
2.12.    
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Figure 2.12.  Radiative lifetimes determined from the PL decays using equation 2.8 are 
plotted with the open red symbols and the dominant decay times are plotted with solid red 
symbols.  Radiative lifetimes calculated from equation 2.7, using measured integrated 
extinction coefficients and calculated Boltzmann populations in the fine structure levels are 
shown in solid black symbols and those calculated from the core radiative rate and scaled by 
calculated electron-hole overlaps, a ν2 factor and Boltzmann populations in the fine structure 
levels are shown in open black symbols. 

Radiative lifetimes determined from equation 2.7 gives a monotonic increase with shell 
thickness, as expected.  In contrast, the taking the radiative lifetimes to be the dominant PL 
decay components result in values that are significantly lower than those determined for 
thinner shells.  As shell thickness increases, the spectrum shifts to the red and the electron-
hole overlap decreases.  Both factors give longer radiative lifetimes.  These considerations 
therefore strongly support the above assignment that the PL decays are accurately described 
by equation2.9.   

These radiative lifetimes can be compared with those calculated from the integrated 
extinction coefficients.  In addition to the relative integrated extinction coefficients and 
bandgap energies, the value of Cfs also varies with shell thickness.  This is because as the 
electron and hole become further separated, the exchange splitting in the fine structure 
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become smaller and the Boltzmann population factors approach the high temperature limit.  
The fine structure energy splittings can be calculated for the CdTe core particles (above) and 
are taken to scale with the calculated spherical particle electron-hole coulombic energy.  This 
interaction energy is calculated using the effective mass electron and hole wave functions, as 
detailed in reference7.  With these energetics, Cfs values and subsequent radiative lifetimes 
can then be calculated.  Alternatively, relative values of the core and core/shell radiative 
lifetimes can be taken to simply scale as the product of the electron-hole overlaps, the ν2 
factor and relative Cfs values.  The two approaches give very similar results, as shown in 
figure 2.12.  Figure 2.12 also shows that these results are in good agreement with the 
measured radiative lifetimes. 
 

2.3.4 CDSE/CDS NANOCRYSTALS PECTROSCOPY 
To minimize the lattice strain effect and keep high QY, small ZB CdSe core particles 

are chosen to grow consequent CdS shells. Normalized absorption and PL spectra of the ZB 
CdSe core and CdSe/CdS core/shell QDs are shown in figures 2.13 and 2.14.     
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Figure 2.13.  Normalized absorption spectra of 2.64 nm zincblende CdSe QDs and 
corresponding core/shell particles having shell thicknesses of 0.39, 1.10, 1.52, and 2.00 nm.  
The normalization is to the same particle concentration. 
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Figure 2.14.  Photoluminescence spectra of the same QDs as in figure 2.13. 

The size-dependent spectroscopy of wurtzite versus zincblende CdSe particles has not 
been extensively studied, but indications are that the crystal structure makes little difference 
in the effects of quantum confinement.  This is not surprising, the energetic difference 
between the two forms is very small, 1.4 meV per CdSe.  We shall therefore assume that size 
calibration curves obtained for wurtzite may also be applied to ZB particles.  The cores have 
an absorption maximum at 516.6 nm, corresponding to 2.64 nm diameter particles, see figure 
2.13.  A TEM image of the core/shell particles having an absorption maximum at 592.4 nm 
(indicated as CdSe/CdS 4 in figures 2.13 and 2.14) is shown in figure 2.15. 
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Figure 2.15.  TEM image of the core/shell particles having an absorption maximum at 592.4 
nm. 

The particles are somewhat non-spherical, having dimensions varying from about 6.2 
to 9.0 nm.  The ensemble average dimension is obtained from the measurement of many 
particles and is found to be 6.6 nm.  With the known core diameter of 2.64 nm, these images 
indicate that for these particles, the average shell thickness is 2.0 nm.  The radiative lifetimes 
of these and several other core/shell particles having the same CdSe cores and different CdS 
shell thicknesses have been obtained from time-resolved PL measurements.  The PL quantum 
yields of the core/shell particles are very high (> 80%, and usually about 95%) and the PL 
decays are dominated by a slow component that is taken to be the radiative lifetime.  These 
lifetimes decrease with increasing shell thickness and exciton wavelength, as shown in figure 
2.16.  The longest decay component for the core particles is also shown.  However, the 
quantum yield of the core particles is low and the radiationless decay may shorten this decay, 
compared to the actual radiative lifetime.  As such, the measured value of 44.5 ns must be 
viewed as a lower limit on the actual radiative lifetime.   We note that the radiative lifetime 
decreases with shell thickness and exciton wavelength.  This is the same trend that is 
observed in bare CdSe core particles, and the opposite of what is observed in type-II QDs, 
such as CdTe/CdSe.5 
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Figure 2.16.  Radiative lifetime as a function of the wavelength of the lowest energy exciton 
in CdSe/CdS particles.  The open circles correspond to radiative lifetimes calculated as 
described in the text.  The 2.64 nm zincblende cores (the 516.6 nm point) have a low QY and 
the measured lifetime is unreliable. 



37 
 

 

It is of interest to compare the measured radiative lifetimes to values calculated from 
the adsorption spectra, using equation 2.7.  Although the PL energies are trivially obtained 
from the static spectra, obtaining oscillator strengths and Cfs values is more complicated, and 
is discussed below.  The approach taken here is the following:  First, we determine exciton 
energy as a function of core size and shell thickness.  This is a “map” of exciton wavelength 
for CdSe/CdS core/shell particles and allows spectroscopic determination of shell thickness.  
Second, these result are used to normalize the absorption spectra at 350 nm to the particle 
concentration.  This normalization uses the known CdSe and CdS absorption coefficients and 
refractive indices, the appropriate local field factors and core and core/shell particle sizes 
(volumes).  Normalized this way, the spectra give absolute absorption oscillator strengths for 
the lowest energy exciton.  Finally, following evaluation of the Cfs factors, radiative lifetimes 
are calculated using equation 2.7.  These values are then compared to those obtained from the 
time-resolved measurements.  This set of calculations is discussed below.   

 
In this set of calculations, the programs based on elastic continuum model and 

effective mass approximation coded in FORTRAN were written and modified for CdSe/CdS 
QDs by Professor Dave F Kelley.  

 
1.  Exciton energy as a function of core size and shell thickness. 

Plots of spectral position for wurtzite CdSe/ CdS particles have been reported.32  In 
these studies, the CdS shells were grown at relatively high temperature and subsequently 
annealed at 200 °C.  This annealing can results in radial interdiffusion, broadening the core-
shell interface.  In contrast, the particles used here are zincblende and with the shells grown 
at much lower temperatures, <160 °C.  Previous studies have shown that in addition to 
affecting in the radial composition profile, the shell growth temperature is crucial in 
determining the shell morphology when there is significant core-shell lattice mismatch.  The 
core-shell lattice strain energy becomes large in the case of large cores and thick shells and 
can be relaxed by the shell taking on a very inhomogeneous local thicknesses – lattice strain 
causes the shells to become irregular.  Core/shell particles grown at very low temperature do 
not as easily undergo surface reconstruction.  They have uniform shell thicknesses and are 
metastable with respect to release of the lattice strains and shell roughening.  The present 
zincblende core/shell particles may therefore be expected to have somewhat different 
spectroscopic properties than the particles studied in reference 32.  We conclude that reliable, 
accurate plots of lowest exciton energy versus shell thickness for the present case of thick 
shells on zincblende CdSe/CdS particles have not been reported.  Below we develop an 
accurate empirical method to determine the shell thickness for any combination of core and 
core/shell absorption maxima.  We also modify these calculations to model other types of 
shell growth conditions.   
 The approach used here is based on the known CdSe sizing curve and calculation of 
the exciton energies using effective mass approximation (EMA) wavefunctions.  Wurtzite 
and zincblende CdSe have very similar spectroscopic energetic and properties and we make 
the assumption that the wurtzite CdSe sizing curve can also be used for zincblende particles.  
EMA calculations are known to predict larger quantum confinement effects than what is 
observed.  These errors are minimized by considering the electron and hole moving in 
potentials having finite barriers at the particle surface.  However, even with these 
considerations, EMA calculations typically over-predict the extent of quantum confinement, 
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and the extent of these errors increase with increasing quantum confinement energy.  The 

fundamental problem is that the effective mass is defined as 
12

2
2* Em

k

−
⎛ ⎞∂

= ⎜ ⎟∂⎝ ⎠
= , and the plot of 

E versus k is not quadratic at the larger quantum confinement energies of the smaller 
particles.33  The obvious solution to this problem is, in addition to including finite surface 
barriers, to empirically correct the effective masses as a function of quantum confinement 
energy, and that is the approach taken here.  Since most of the quantum confinement is in the 
conduction band electron, this empirical correction is applied only to the electron effective 
mass.  Applying a correction to the electron effective mass means that the total quantum 
confinement energy depends on the electron effective mass and vice-versa.  It follows that 
the correction factor to the electron effective mass must be calculated in a way that is self-
consistent with the calculated quantum confinement energies.  Throughout these calculations, 
the electron-hole coulombic interaction is treated as a perturbation.  We find that the 
corrected electron effective mass may be given by, 

( ) ( )( )* * 4 9 20.36773 2.75634 10 8.3105 10e e QC QCm corrected m bulk x E x E− −= + −  where EQC is the 
electron plus hole quantum confinement energy.  The way this is implemented is to start out 
assuming the low energy (bulk) electron effective mass, calculate electron and hole quantum 
confinement energies, use these quantum confinement energies to get a corrected electron 
effective mass, and so on.  This procedure converges to self-consistent values in a few 
iterations.  With this correction, the EMA calculations very accurately reproduce the known 
CdSe sizing curve for particles having exciton wavelengths of 500 – 650 nm.13 

These calculations are also applied to CdSe/CdS core/shell particles.  This extension 
is non-trivial for two reasons.  First, the presence of core/shell lattice mismatch, and second, 
the possibility of selenium and sulfur interdiffusion.  Diffusion is a strongly activated process 
and appropriate to the low-temperature shell deposition conditions used here, we will initially 
ignore radial diffusion.  The lattice parameter of CdSe is about 4% larger than for CdS, and 
the core-shell lattice mismatch results in the core being under isotropic pressure and the shell 
being under radial pressure and tangential tension.34  These strains affect the respective 
conduction band energies, which is taken into account through an elastic continuum 
calculation using the known elastic parameters of each material.35  The calculation gives the 
volumetric strain as a function of radial position.  This result along with the volume 
dependent conduction band energy shifts allows calculation of an accurate conduction band 
radial potential, as was done in reference 7.  The valence band potential is much less affected 
by strain, and is taken to be bulk values.  Electron and hole wavefunctions are calculated 
using these potentials.  A crucial parameter in the electron wavefunction calculation is the 
zero-strain CdSe-CdS conduction band offset, which is estimated to be between 0 and 0.3 
eV.36  If this is taken to be 0.047eV and the same electron effective mass correction factor is 
applied to the CdS conduction band electron, then this EMA calculation also accurately gives 
the exciton energy of the 6.6 nm core/shell particles, see figures 2.13 and 2.15.  This 
approach has been used to calculate the exciton energies of a wide range of cores sizes and 
shell thicknesses.  A map of the exciton energy as a function of core size and shell thickness 
is given in the appendix.  The elastic continuum model is not a good approximation for very 
thin shells, (less than a full monolayer) and calculations for those particles are omitted.   

The above map assumes a coherent core-shell interface, and a uniform shell 
thickness, which are good approximations for the zincblende particles.  However, much of 
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the lattice strain energy is released upon forming a rough shell, and this occurs when thick 
wurtzite shells are grown at high temperatures and/or subsequently annealed.  Furthermore, 
high-temperature shell deposition and subsequent annealing results in significant radial 
diffusion of the selenium and sulfur.  This has the effect of changing both the conduction and 
especially valence band radial potentials.  The conduction band potential is altered by the 
graded composition and the loss of volumetric strain.  The valence band potential is not 
greatly affected by volumetric strain, but is affected by the change in composition profile.  
Valence band energies change nonlinearly with composition, a phenomenon referred to as 
“optical band-bowing” and this effect is included in the calculation of the valence band radial 
potential.37  Having these potentials, we have also calculated core/shell exciton wavelengths 
maps for the case of no core compression, with and without radial interdiffusion.  These 
diffusion dependent conduction and valence band potentials are obtained by solving the 
radial diffusion equation, as explained in reference 7.  The resulting maps are significantly 
different that the low temperature zincblende map and are also given in the figure SI-2 and 
figure SI-3 of appendix.  The map which includes the effects of radial diffusion is most 
appropriate to high temperature synthesized wurtzite core/shell particles.  We find that if the 
product of the diffusion coefficient and time is set to 0.03, then the resulting map is very 
similar to that in reference 32, differing in exciton wavelength by at most a few nanometers. 
Assuming a 1 hour annealing time,32 this corresponds to a Se-S interdiffusion coefficient of 5 
x 10-4 nm2 min-1, which is the same order magnitude as reported for Te-Se interdiffusion 
reported in reference 7. 

 
2.  Exciton oscillator strengths.   
 Size-dependent extinction coefficients of the lowest energy exciton may be 
determined by normalizing the absorption spectra by the particle concentration.  This is done 
by normalizing the absorbance to the particle volume at a wavelength sufficiently blue that 
quantum confinement effects are unimportant.  In the present case, the 350 nm absorbances 
are normalized to the particle volumes, using the known 350 nm absorption coefficients for 
CdSe and CdS.  (In the case of core/shell particles, the absorption at 350 nm may have a 
contribution from small, homogeneously nucleated CdS particles.  Using the present 
synthesis, this is typically a small contribution (< 10%) and is corrected for by the 
comparison of the absorption and luminescence excitation spectra.)  The 350 nm complex 
refractive index for CdSe11, 38 and CdS38 are nCdSe= 2.772, kCdSe= 0.7726, and nCdS= 2.58, 
kCdS= 0.70.  The absorption spectra are normalized at 350 nm by the products of the 
absorption coefficients and particle volumes.  The extinction coefficients at λ = 350 nm are 
taken as13 
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3 3
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 equation 2.10. 

where rc is the core radius, h is the shell thickness, λ = 350 nm and fLF is the local field factor.  
(Equation 2.10 uses SI units.)  The local field factor is given by13, 39 
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, where the subscripts p and s refer to the particle and solvent, 

respectively.  Evaluation with the CdSe refractive index and chloroform solvent gives a value 
of |fLF|2 = 0.285 at 350 nm.  Equation 2.10 gives a 350 nm extinction coefficient of 3.57 x 105 
M-1cm-1 for the 2.62 nm CdSe core particles.  If the 1S exciton extinction coefficient is taken 
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to be 1.63 x 105 M-1cm-1(reference 32), then the ratio of these extinction coefficients is in 
quantitative agreement with the core spectrum in figure 2.13.  Using the literature ratio of 
350 nm absorbance coefficients,  / 0.84C dS CdS CdSe C dSen k n k = , equation 2.10 can also be applied 
to the core/shell spectra.  Integrated extinction coefficients are then obtained from fitting the 
low energy part of these spectra to a series of Gaussians and taking the area of the one 
corresponding to the 1S3/2-1Se transition. This normalization has been applied to the spectra 
in figure 2.13.    
 
3.  Radiative lifetime calculation. 

Radiative lifetimes are given by equation 2.7, with Cfs given by equation 2.4.  
Calculation of Cfs amounts to calculating the dark-bright splittings and thermal populations as 
a function of shell thickness.4a  This calculation also considers population in the 1P3/2 hole 
level, which has only a slight effect.5-6  We take the dark-bright splitting to be dominated by 
the electron-hole exchange interaction, which scales as the reciprocal of the electron-hole 
separation.  The electron and hole wavefunctions are calculated to obtain the exciton energy 
map described above and can be used to calculate expectation values of 1/r.  These are used 
to obtain relative values of Ei compared to those in the core, which are taken from Efros et 
al.4a  Using values of Cfs obtained from equation 2.4, the integrated extinctions coefficients 
and the exciton energies, equation 2.7 is readily evaluated.  A plot of these radiative lifetimes 
is also shown in figure 2.16.  Very good agreement with the measured decays is obtained for 
all but the bare CdSe core particles.  This may be understood in term of the fact that the core 
particles exhibit a low QY and the long decay component therefore does not reliably give the 
radiative lifetime.  We note that core radiative lifetime is calculated to be 49 ns, in 
quantitative agreement with the previously reported value for wurtzite QDs.5 

It should be noted that this calculational approach uses only the observed spectra and 
literature data; the calculation of the radiative lifetime has no adjustable parameters.  The 
integrated extinction coefficients of the core/shell particles are obtained directly from the 
static absorption spectra and the known 350 nm absorption coefficients.  The values of Cfs for 
the appropriate sized core particles are from results reported by Efros et al.,4a and values for 
the core/shell particles are calculated using calculated expectation values of 1/r.  All of the 
calculated results are in good agreement with radiative lifetimes obtained from time-
correlated photon-counting measurements.  The Einstein relations (of course) very accurately 
predict radiative lifetimes.  One of the conclusions of this study is very simple: these 
equations are useful only when careful measurements are made and all of the appropriate 
quantities are accurately evaluated.   

These results also show that the radiative lifetimes decrease with shell thickness, 
similar to the size dependence of one-component CdSe quantum dots.5  This is in sharp 
contrast to what is reported in type-II core/shell QDs, such as CdTe/CdSe.7  The difference is 
primarily a result of how the electron-hole overlap varies with shell thickness.  In the present 
case of CdSe/CdS, the band offsets are referred to as type-1½, where the hole is localized in 
the core and the electron is delocalized throughout the core and shell. In type-II QDs such as 
CdTe/CdSe, the band offsets are such that the hole is localized in the core and the electron is 
localized in the shell.  The result is that increasing shell thickness causes the electron-hole 
overlap decreases much more rapidly in the type-II, compared to type-1½ QDs.  This puts 
less of the oscillator strength in the 1Sh-1Se transition for the type-II QDs, resulting in longer 
radiative lifetimes. 
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2.4 Conclusions 
The conclusions drawn from the results and analyses on the four types of QDs studied here 
can be summarized as follows.  
 
CdSe.  PL decay measurements on very high quantum yield CdSe QDs indicate that the 
radiative lifetimes decrease from about 40 to 25 ns as the core diameter increases from 2.5 to 
5.0 nm with a constant shell thickness.  Three factors control the size dependent radiative 
lifetimes: the integrated extinction coefficient, the bandedge energy and the Boltzmann 
fraction of the population in the bright versus dark fine structure levels.  The observed values 
for the high quality CdSe and CdSe/ZnSe QDs can be quantitatively understood through 
calculation of these parameters and application of elementary theory.  Lower quality CdSe 
QDs give slightly shorter decay times, particularly for the smaller particles. This difference is 
assigned to nonradiative process that are absent in the high quality and core/shell particles.  
 
CdTe.  PL decay measurements on CdTe QDs indicate that the radiative lifetimes increase 
from about 25 to 35 ns as the particle diameter increases from 3.0 to 5.0 nm.  The radiative 
lifetime size dependence in CdTe and CdSe QDs are determined by the same factors: 
integrated extinction coefficient, bandedge energy and fine structure populations.  However, 
the radiative lifetimes of CdTe and CdSe QDs show opposite size dependencies.  This is 
primarily because the CdTe extinction coefficients are almost size independent and the CdSe 
extinction coefficients increase with increasing size.  
 
CdTe/CdSe.  These are type-II QDs, and as such, the electron and hole are localized in the 
shell and core, respectively.  Calculated electron wavefunction overlaps with the 1S3/2 and 
2S3/2 hole functions decrease and increase, respectively, with increasing shell thickness.  This 
factor, along with the decrease of the exciton energy are the primary reasons that the 
radiative lifetime gets longer with increasing shell thickness.  As the electron becomes more 
delocalized, the magnitude of the electron-hole exchange interaction decreases, changing the 
energies of the fine structure levels.  Quantitative agreement between measured radiative 
lifetimes and values calculated from integrated extinction coefficients requires assessment of 
the Boltzmann populations of the fine structure levels. 
 
CdSe/CdS. Recent synthetic advances made available very monodisperse zincblende 
CdSe/CdS quantum dots having near-unity photoluminescence quantum yields.  Because of 
the absence of nonradiative decay pathways, accurate values of the radiative lifetimes can be 
obtained from time resolved PL measurements.  Radiative lifetimes are also obtained from 
the Einstein relations, using the static absorption spectra and the relative thermal populations 
in the angular momentum sublevels.  One of the inputs into these calculations is the shell 
thickness, and it is useful to be able to determine shell thickness from spectroscopic 
measurements. we use an empirically corrected effective mass model to produce a “map” of 
exciton wavelength as a function of core size and shell thickness.  These calculations use an 
elastic continuum model and the known lattice and elastic constants to include the effect of 
lattice strain on the band gap energy.  The map is in agreement with the known CdSe sizing 
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curve and with the shell thicknesses of zincblende core/shell particles obtained from TEM 
images.  If selenium-sulfur diffusion is included and lattice strain is omitted then the 
resulting map is appropriate wurtzite CdSe/CdS quantum dots synthesized at high 
temperatures, and this map is very similar to a previously reported one.  Radiative lifetimes 
determined from time resolved measurements are compared to values obtained from the 
Einstein relations, and found to be in excellent agreement.  Radiative lifetimes are found to 
decrease with shell thickness, similar to the size dependence of one-component CdSe 
quantum dots and in contrast to the size dependence in type-II quantum dots.
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CHAPTER 3. THERMAL QUENCHING 
MECHANISMS IN II-VI 

SEMICONDUCTOR NANOCRYSTALS. 
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3.1 introduction 
The temperature dependence of the photoluminescence (PL) of II-VI semiconductor 

quantum dots (QDs) has been extensively studied.  Most of these studies involve very low 
temperatures.  Temperatures well above ambient are of interest to lighting applications and in 
this regime both the reversible and irreversible loss of quantum yield are serious 
impediments to the implementation of QDs in commercial devices.   

At the lowest temperatures the change in QY is due to a thermal equilibrium between 
excited states that have significantly different probabilities for radiative decay. These excited 
states are due to the angular momentum fine structure of the lowest exciton transition and 
have different oscillator strengths for luminescent decay to the ground state.  These states are 
characterized by their total angular momentum, and at the lowest temperatures most of the 
population is in the lowest energy, F = 2, state.  Because PL from this state is forbidden, it is 
called the “dark exciton”.4a  The allowed states are at slightly higher energies, so elevating 
the temperature increases the relative population of these states and thus increases the overall 
radiative rate.40  At room temperature the relative populations of these closely spaced angular 
momentum states is very insensitive to temperature, so this mechanisms is of minimal 
importance for photoluminescence intensity changes in this regime. 

Above room temperature it is generally found that there are reversible and irreversible 
losses in the PL intensity.41  Chemical processes such as ligand loss and oxidative 
degradation can lead to an irreversible loss of PL intensity, and although these processes can 
be of great importance for many different applications, they are not the focus of this paper.  
Instead, we seek to understand the mechanisms of the reversible loss of luminescence 
intensity, thermal quenching.  Thermal quenching is often sufficiently large that it has been 
exploited41a as an optical method for thermometry that is compatible with remote sensing 
platforms. Walker et al. report41a thermal quenching of about 1.3% per °C for CdSe/ZnS 
nanoparticles from below room temperature up to 315 K.  Such thermal quenching has been 
reported for both CdSe and for CdSe/ZnS core/shell particles, with the extent of thermal 
quenching decreasing with increasing ZnS shell thickness.41b  The quenching mechanism has 
been generally assigned to thermally-activated carrier trapping and subsequent nonradiative 
recombination.23b, 41b, 42 

“Static” and “dynamic” thermal quenching are mechanisms that have distinct 
phenomenologies.  Dynamic thermal quenching is characterized by a temperature-dependent 
exciton lifetime that gives rise to a temperature-dependent PL decay.  In this case the extent 
of quenching can be simply related to the change in luminescence lifetime.  In static 
quenching the reduction in quantum yield does not affect the PL decay.  These two types of 
processes can occur simultaneously:  A QY decrease that is larger than the lifetime decrease 
indicates both static and dynamic quenching.   

Dynamic thermal quenching is the result of a thermally-activated nonradiative 
recombination of conduction band electrons with valence band holes.  In general, 
nonradiative decay channels occur in parallel with radiative decay.  As the temperature 
increases, the nonradiative recombination rate becomes larger, which causes the PL decay 
rate to increase and the luminescence quantum yield to decrease. Temperature-dependent 
quenching processes could involve thermally-activated trapping of either electrons or holes, 
followed by nonradiative recombination.  For dynamic thermal quenching to be significant, 
the thermally-activated process must occur on the same timescale as radiative decay, which is 
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about 20–30 ns for typical CdSe QDs.  A recent paper concludes that dynamic quenching is 
due to thermally activated carrier trapping and/or thermally activated trap creation.43 

The work in chapter 3 focuses on static thermal quenching, where some fraction of 
the particles are “dark” and therefore contribute to light absorption but not emission.44 Static 
thermal quenching occurs because the fraction of dark particles increases with temperature.  
The dark particles undergo nonradiative decay on a timescale which is short compared to that 
of the time resolution of a time-correlated photon-counting experiment, typically 50 ps, and 
so do not affect the observed luminescence decay kinetics.  Static quenching nonradiative 
processes are therefore orders of magnitude faster than the thermally-activated processes that 
cause dynamic quenching.  Processes on intermediate timescales are typically not observed, 
so PL decay dynamics clearly distinguish between these mechanisms.  

In this study, we investigate static thermal quenching in both CdSe and CdSe/ZnSe 
core/shell QDs as a function of surface composition and surface ligands.  We also report 
results for CdTe and CdTe/CdSe QDs and find significantly less static thermal quenching 
than in most types of CdSe-based particles.  Several possible mechanisms are considered and 
we conclude that the dominant mechanism is thermally-induced particle charging. 
 

3.2 Experimental Section 
Optical measurements. 

In time resolved photoluminescence kinetics measurement, 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 ¼ m monochromator with a 
150 groove/mm grating onto a Micro Photon Devices PDM 50CT SPAD detector.  The 
overall temporal response function of the system is about 400 ps.  A small portion of the 
excitation beam was split off and imaged onto a UDT PIN 13DI photodiode.  The voltage 
from the diode is measured across 1 kΩ, and varies linearly with the incident light intensity.   
When temperature-dependent results are collected, this voltage was used to normalize for 
laser intensity fluctuations.  Samples were held in sealed 2 mm path-length silica cuvettes.  
The sample temperature was maintained by a home-made heated cell holder with a 
thermocouple and a digital temperature controller. Details of QY measurements are seen in 
Experimental Section of chapter 2. 

 
Chemicals, particles synthesis, purification and ligand exchange. 

Details are seen in Experimental Section of chapter 2. 
 
Surface modification (Cd or Zn rich). 

Usually all core and core/shell particles are made with excess of chalcogenide (e.g. 
Te/Se/S) and this is the general method to make surface with more cations (e.g. Cd/Zn). The 
following procedures is illustrating the modification of CdSe surface: The extracted CdSe 
sampleis put under vacuum at 100 °C for half a hour and dissolved in 4 ml of ODE.  The 
vessel is heated to about 200 °C under nitrogen flow and an equal amount of cadmium oleate 
(Cd(OA)2)/ODE precursor solution is added dropwise, while keeping stirring continually for 
several minutes, then cooled to room temperature.  The aliquots of surface modified particles 
are extracted by chloroform:methanol (1:1 v/v) two times.  Phase separation occurs and the 
nonpolar phase is kept.  ODA/TBP ligand exchange is then accomplished as described above. 
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3.3 Results and Discussion 
In this part, the initial thermal quenching was firstly done by Xichen Cai and the 

following major part was done by the strong collaboration with Professor Dave F Kelley, 
James E. Martin and Lauren E. Shea-Rohwer.  

3.3.1 THERMAL QUENCHING IN II-VI NANOPARTICLES 
CdSe cores and CdSe/ZnSe core/shell particles were synthesized using variations on 

standard methods.45 The synthetic procedure used here yields CdSe/ZnSe particles having 3.2 
nm diameter cores and a 1.08 nm thick shell.  The synthesis reaction mixture contains excess 
octadecylamine (ODA), tributylphosphine (TBP) and TBPSe.  Due to the excess TBPSe, the 
as-synthesized particle surfaces are known to be selenium rich.46 The type of surface 
(selenium or cadmium rich) and the surface ligands are critical factors that determines the 
quantum yield and extent of thermal quenching.  The original selenium rich surfaces can be 
made cadmium rich by further reaction of the purified particles with the cadmium 
precursor.46  The ligands are exchanged by precipitation, followed by resuspended in an 
octadecene (ODE) solution containing a high concentration of TBP, ODA or TBP/ODA 
ligands at 110 °C for 1~2 hours.  In all cases the particles are then precipitated, washed with 
methanol, and resuspended in toluene or chloroform and place in sealed cuvettes for 
spectroscopic measurements. CdTe and CdTe/CdSe particles were also synthesized using 
standard methods7.  These particles are approximately 3.5 – 4.9 nm diameters and are ligated 
primarily with ligands present in the reaction mixture, octadecylphosphonic acid (ODPA) 
and oleic acid (OA) or its anhydride.  In some cases, the ligands were exchanged for TBP 
and ODA. The details of all of the other experimental procedures are well described in the 
Experimental Section of chapter 2and chapter 3. 

Typical temperature-dependent PL decay curves of CdSe/ZnSe particles (3.5 nm 
diameter cores with 1.0 nm thick shells) ligated with TBP/ODA ligands are shown in figure 
3.1. 
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Figure 3.1. Decay curves obtained at different temperatures for CdSe/ZnSe nanoparticles 
having TBP/ODA ligands.  Also shown are the fractions of bright particles at each 
temperature.  The decay data extends past 120 ns (see figure SI-4 of appendix), but only the 
first 30 ns of data are shown here to clearly show the initial amplitudes. 

These decay curves were collected under identical conditions and the intensities were 
normalized for variations in laser intensity so their relative intensities can be meaningfully 
compared.  Increasing the temperature causes a significant decrease in the initial amplitudes, 
which are proportional to the fraction of bright (luminescent) particles.  This decrease with 
increasing temperature therefore indicates static thermal quenching.  Fitting of the decay 
curves shows that there is also a slight increase in the decay rates with increasing 
temperature, corresponding to dynamic quenching.  Thus, both static and dynamic quenching 
with less extent, are occurring.  The following work will focus on the differences in initial 
amplitudes, the static quenching.    

The absolute fraction of bright particles at any temperature can be determined from a 
combination of the temperature-dependent decay curves and room temperature decay kinetics 
and QY measurements.  This determination is first done at room temperature, where the 
overall QY is easily measured.  The total QY is determined from the absorption and emission 
integrated intensity, relative to a standard dye (Rhodamine6G).  The fraction of bright 
particles is given by the ratio of the total quantum yield to the quantum yield of the bright 
particles, /b b rig h tf Q Y Q Y= .  The QY of the bright particles is measured using the fact that the 
static luminescence intensity is proportional to the area under the corresponding decay curve.  
Specifically, QYbright is given by the ratio of the area under the decay curve to that of a purely 
radiative, single exponential decay having the same initial (t = 0) amplitude with this 
expression 

QYbright = I (t) dt
0

∞

∫ I0 exp(−t /
0

∞

∫ τ rad )dt , where I0 is the initial amplitude of the decay curve.  

The experimental decay results extend past 120 ns, by which the PL has decayed more than 
99% of the way to zero.  As a result, these areas can be determined very accurately.  We find 
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that if the decay curves are fit to a triexponential, the dominant component is the slowest 
decaying component, and is about 26.9 ns.  This is taken to be the radiative lifetime.  This is 
the main reason we initially focus on CdSe/ZnSe core/shell particles – these particles have 
much higher quantum yields and the PL decay is closer to single exponential than in the case 
of bare CdSe particles.  Having close to a single exponential decay reduces the uncertainty in 
the determination of the radiative lifetime.  In conjunction with the bright fraction determined 
at room temperature, these amplitudes are used to calculate the temperature-dependent 
absolute bright fractions, also shown in figure 3.1. 

Several of the assumptions in the above analysis require justification.  We take the 
radiative lifetime to be equal to the longest decay time (26.9 ns at room temperature for the 
particles in figure 3.1).  The PL decays rates are due to the sum of radiative and nonradiative 
processes, so the room temperature radiative lifetime can be longer, but cannot be shorter 
than the longest decay component.  We note that this component is slightly longer than the 
reported room temperature radiative lifetime(22.7 ns14 or 21.4 ns15) for CdSe particles having 
the same size as the cores in these CdSe/ZnSe core/shell particles, and shorter than the 
radiative lifetime (~ 33.0 ns) reported in figure 3.3 with optimized synthesis.  Nevertheless, 
there is always some uncertainty in the radiative lifetimes that go into these calculations.  
Consideration of these relatively small uncertainties indicates that they have little or no effect 
on the final results.  For example, if the radiative lifetime is actually longer than that obtained 
from the decay curve, then all of the bright fractions are proportionately larger, and nothing 
about the thermal quenching is affected.  This analysis also assumes that the oscillator 
strength is temperature independent; the fractions of bright particles at elevated temperatures 
are determined from the relative initial amplitudes of the decay curves.  The oscillator 
strength varies with temperature only through the changes in the Boltzmann population of the 
angular momentum fine structure levels.  Using the known energy and oscillator strength 
differences of the fine structure levels, the extent to which the oscillator strength varies over 
this temperature range can be calculated.4a, 47 

The angular momentum fine structure of spherical CdSe quantum dots has been 
calculated by Efros et al.48  Relative energies and oscillator strengths of the eight transitions 
involved in the lowest exciton are calculated. The overall thermally weighted PL oscillator 

strength is given by exp( / )
exp( / )
i ii

fs
ii

f E kT
A

E kT
−

=
−

∑
∑  

where fiare the oscillator strengths of the angular momentum sublevels.  In the high 

temperature limit, 0.375
8

ii
fs i

f
A f= =∑ , which is independent of particle size or crystal 

structure.  In the simplest calculation with an assumed zincblende structure, the bright states 
are degenerate and at energies above the dark states.  (Recent experimental studies have 
shown that the optical properties of zincblende and wurtzite CdSe nanocrystals are close to 
identical.4b)   We get that at 300 K, the energy separation Ei = 7 meV, kT = 26 meV and Afs = 
0.314 fi.  The important thing to note is the effective oscillator strength is greater at higher 
temperatures.  If non-radiative rates are constant, this would result in an increased PL 
intensity at high temperature, the opposite of the observed thermal quenching phenomena.  
We conclude that thermal changes in the angular momentum sublevels is a very small effect, 
corresponding to less than a 8% change in the effective PL oscillator strength, and can 
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therefore be ignored.  As a result, the relative initial amplitudes of the temperature-dependent 
decay curves directly give the relative fractions of bright particles. 

Plots of the ratio of dark to bright fractions of 4.0 nm CdSe cores with a 1.0 nm thick 
ZnSe shell are shown for particles with ODA, TBP and ODA+TBP ligands in figure 3.2.  
The TBP- and ODA-ligated particles give roughly similar fractions of bright particles at 
room temperature, but the latter give considerably more static thermal quenching.  Particles 
ligated with both TBP and ODA give a considerably larger bright fraction.  We can define 
the extent of static thermal quenching in terms of the fraction of bright particles, fb, as 1-
fb(80°C)/fb(24°C).  Values of 35% and 40% are obtained for TBP and TBP/ODA ligated 
particles, respectively.  ODA ligated particles give a larger value of 48%. 
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Figure 3.2.  Plots of the fraction of dark versus bright CdSe/ZnSe particles with different 
surface ligands.  Also shown are linear fits (red lines).  The enthalpy change of the transition 
from bright to dark fractions corresponding to the straight lines are 122 meV (ODA), 100 
meV (TBP) and 224 meV (TBP/ODA). 

Qualitatively similar results are obtained with as-synthesized (selenium rich) 3.5 nm CdSe 
particles (no ZnSe shell), ligated with these combinations of ligands, as shown in figure 3.3.  
Smaller fractions of bright particles are generally observed in the particles lacking the ZnSe 
shell, but the same trends are observed with different ligands.  Particles with TBP/ODA 
ligands have a higher fraction of bright particles and less static thermal quenching than those 
with just ODA ligands.  The CdSe particles ligated with only TBP give very low PL QYs 
(<5%) and thermal quenching results for these particles were not obtained.  We find that for 
both the CdSe/ZnSe and selenium rich CdSe particles, the extent of thermal quenching is 
almost independent of particle sizes. (see figure SI-5 of appendix) 
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Figure 3.3. Plots of the fraction of dark versus bright 3.5 nm CdSe particles with different 
surface ligands.  Also shown are linear fits (red lines) with the enthalpy change of the 
transition from bright to dark fractions corresponding 290 meV (TBP/ODA) and 180 meV 
(ODA). 

A big change in the thermal quenching dynamics comes from surface modification.  The 
selenium rich surface can be made cadmium rich by reacting these particles with a solution 
of the cadmium precursor.46  This is followed by ligand exchange with TBP/ODA to give 
well-passivated, dominantly cadmium surfaces.  Temperature dependent PL decays for 
particles having both selenium- and cadmium-rich surfaces are shown in figure 3.4.  The 
initial intensities in figure3.4A correspond to the data in figure 3.3A. 

The selenium-rich particles exhibit decays with rates that change little with 
temperature, but undergo extensive static thermal quenching.  In contrast, qualitatively 
opposite behavior is observed with the cadmium-rich particles.   Particles having cadmium-
rich surfaces exhibit very little static thermal quenching, less than 10% from room 
temperature to 80 °C.  However, figure 3.4 also shows that the cadmium-rich particles 
exhibit much faster PL decays than the selenium-rich particles, and that the decay times 
decrease with increasing temperature.  Thus, the cadmium-rich particles undergo 
considerable dynamic thermal quenching over the same 25 – 80 ºC temperature range. 
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Figure 3.4.  Decay curves obtained at different temperatures for A) selenium rich and B) 
cadmium-rich CdSe nanoparticles having TBP/ODA ligands.  Also shown are the fractions 
of bright particles at (A) each temperature and (B) at 25 and 80 °C. 

Somewhat different thermal quenching dynamics are observed for CdTe 
nanoparticles, as shown in figure 3.5.In contrast with the CdSe particles, the amount of static 
thermal quenching decreases with increasing nanocrystal size.  The smaller (3.5 nm) particles 
exhibit about 30% static thermal quenching from 40 to 80 ºC.  The larger (4.8 nm) particles 
exhibit about 12% quenching over the same temperature range.  The corresponding plots of 
the fraction of dark versus bright fractions are shown in figure 3.5C. 
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Figure3.5. Decay curves obtained at 40 °C to 80 °C for CdTe nanoparticles having sizes of 
A) 3.5 nm and B) 4.8 nm, and luminescence maxima at 595 and 670 nm, respectively.  The 
surface ligands are primarily oleic acid and its anhydride and TOP from the reaction mixture.  
The temperature dependent initial amplitudes indicate about 31% and 12% static thermal 
quenching between 40 °C and 80 °C for the different sizes of nanocrystals.  C) The 
corresponding plots of dark versus bright fractions for the 3.5 nm (solid circles) and 4.8 nm 
(open circles) particles. The enthalpy change of the transition from bright to dark fractions is 
205 meV (4.8 nm particles) and 250 meV (3.5 nm particles) respectively. 

The above results show that the fraction of bright CdTe particles changes only about 0.32% – 
0.89 % per Kelvin, depending on the particle size. This can be compared to 2.5% or 0.96% 
per Kelvin obtained for the selenium-rich CdSe or CdSe/ZnSe particles (with TBP/ODA 
ligands)in figures 3.2 – 3.4. The extent of thermal quenching reported for CdSe/ZnS particles 
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is 1.3% per Kelvin,41a which is intermediate between these values. The data for CdTe/CdSe 
core/shell particles are given in the figure SI-6 of appendix.  These particles show high room 
temperature QYs and somewhat less thermal quenching than the CdSe or CdSe/ZnSe 
particles.  These results are also consistent with literature reports that CdTe/CdSe core/shell 
nanoparticles show very high room temperature quantum yields (> 80%) and very little 
thermal quenching up to 100 °C.23b  More recent reports on CdTe/CdSe particles show a 
slight increase in PL lifetime and about 25% thermal quenching between room temperature 
and 100 °C.43 The important points are that the extent of thermal quenching in CdTe 
nanocrystals is less than in CdSe or CdSe/ZnSe particles and decreases with increasing 
particle size. 

Understanding the mechanism or mechanisms of static thermal quenching should 
explain why the extent of static quenching changes dramatically with surface composition, 
why it varies with the type of ligands, and why the quenching is less in the CdTe compared 
to the selenium-rich CdSe particles.  Several different mechanisms for static thermal 
quenching are considered below.  They can be broken down into three categories: structural, 
activated excited state, and electronic.  The structural and electronic mechanisms involve an 
inhomogeneous distribution of ground state particles, with some fraction of the ground state 
particles being dark, i.e., some fraction of the unexcited particles are in a state that makes 
them non-luminescent following photoexcitation.  This inhomogeneity is due to an 
equilibrium in the population of ground state particles and the observed static thermal 
quenching is thus due to the dark fraction being temperature dependent.  In contrast, 
thermally activated excited state mechanisms that give rise to static quenching must involve 
processes that take place in competition with electron and hole relaxation to the band edge 
state.  (Quenching processes that follow electron and hole relaxation affect the observed 
decay dynamics and thus give dynamic quenching.)  In the following we argue that the 
structural and activated excited state mechanisms are not tenable, leading to the conclusion 
that static thermal quenching is largely due to an electronic mechanism in which valence 
band electrons are thermally promoted to unoccupied surface states. This leaves the core of 
the particle positively charged and hence dark. 

 

3.3.2 POSSIBLE QUENCHING MECHANISMS 
Structural mechanisms. 

The most obvious structural mechanism is reversible ligation.  This would involve an 
equilibrium, P•L(bright) ↔ P(dark) + L where P is an unligated particle and P•L is the 
particle with the bound ligand. The unligated particle is taken to have a dangling surface 
bond that acts as a recombination center, making the particle dark.  Incomplete ligand 
coverage is known to occur, and affect the particle QY, in ambient dilute solutions.49  The 
extent to which this type of mechanism is operative can be assessed by measuring the 
temperature-dependent timescale needed for the ligands to equilibrate and comparing this 
timescale to the tens of minutes timescale of the experiment.   

We have compared the initial amplitudes of the temperature-dependent luminescence 
decays for the same CdSe/ZnSe particles in a solution of concentrated ODA/TBP ligands 
andin a solution having no excess ligands.  We find that the particles in both types of 
solutions undergo almost entirely reversible quenching up to about 80 ºC, independent of the 
length of time that they are held at that temperature.  The same is true for particles in a 
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solution of relatively concentrated ligands up to about 100 °C.  However, when the particles 
in the pure solvent are held at 80 – 100 °C for more than a few minutes, they undergo 
extensive irreversible quenching.  These results are summarized in figure 3.6. 
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Figure 3.6.  PL intensity as a function of temperature cycling for CdSe/ZnSe particles in pure 
toluene (left panel) and in a toluene solution of ODA and TBP ligands (right panel).  
Particles in toluene undergo irreversible ligand loss over about 80 ºC, resulting in an 
irreversible loss of PL intensity.  These ligands are replaced and no irreversible loss is 
observed in the ODA/TBP solution. 

The interpretation of this experiment is simple: the ligands exchange with the solution occurs 
on a timescale of tens of minutes at 80 – 100 ºC and much more slowly at lower 
temperatures.  Thus, reversible ligation cannot account for the observed static or dynamic 
thermal quenching at the lower temperatures, as seen in figures 3.2 – 3.5.  This type of 
mechanism also cannot account for the observed thermal quenching when the temperature is 
raised and the measurements are made very quickly, or when the QDs are in a medium with a 
high concentration of ligands.  A reversible ligation mechanism also has difficulty explaining 
why CdTe and CdTe/CdSe particles show less thermal quenching than CdSe/ZnSe particles 
and the size dependence observed in the CdTe particles. 

Other structural mechanisms can be considered, but seem very unlikely.  For 
example, formation of structural defects in the particle itself would require the reversible 
scission of CdSe bonds.  Formation of structural defects is somewhat analogous to solid state 
diffusion which also involves the scission of bonds within the crystal, and is known to have a 
high activation energy.50 As such, structural changes are expected to be extremely slow at 
temperatures below 100 ºC.  We conclude that most of the observed thermal quenching 
cannot therefore be explained by structural mechanisms. 

 
Activated excited state mechanisms 

Photoexcitation with light to the blue of the bandgap transition produces a state with 
the photogenerated electrons and holes having energies above the respective conduction and 
valence band edges.  Relaxation from the initially excited state to the band edge state occurs 
relatively quickly, in time scale of several ps.51  Quenching processes that take place in 
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competition with this relaxation are potential mechanisms for the observed static thermal 
quenching.  Specifically, one can consider possible static quenching mechanisms involving 
trap states that are energetically inaccessible from the band edge, but can be rapidly 
populated from an unrelaxed state.  In such a mechanism, electron (probably) or hole 
(possibly) trapping processes would compete with carrier relaxation to the band edge. These 
charge transfer processes are known to be quite fast.27b, 51a  While both mechanisms can be 
considered, the electron would be the more likely carrier to be trapped because it has a much 
smaller effective mass with larger quantum confinement energy and therefore 
photoexcitation above the band edge results in the electron having most of the excess energy.  
Since carrier relaxation is very fast, the competition between trapping and relaxation would 
not be seen in either time-resolved PL or low temporal resolution transient absorption (TA) 
(> a few to tens of ps) experiments.  This mechanism would be consistent with some fraction 
of absorbed photons giving essentially no PL, without any change in PL lifetime, and is thus 
a form of static thermal quenching.  However, several types of evidence indicate that this is 
not significant part of the observed static thermal quenching.  If this mechanism is operative, 
the extent of thermal quenching should depend on the excitation wavelength.  Excitation near 
the band edge would result in little excess electron or hole energy and hence no static 
quenching. In contrast, we find that the extent of thermal quenching is almost completely 
independent of excitation wavelength (see figure SI-7 of appendix).  The small excitation 
wavelength effects can be understood in terms of thermal shifts in the absorption spectrum.52 

This fast trapping mechanism also seems to be inconsistent with the CdTe/CdSe 
results if the electron is the carrier being trapped.  The CdTe conduction band is at 
considerably higher energy than that of CdSe.  As a result, photoexcitation produces 
electrons that are much higher energy than in the CdSe case.  According to this mechanism, 
CdTe or CdTe/CdSe particles should show a greater extent of thermal quenching than CdSe 
particles, contrary to what is observed.  Other contradictions arise if the hole is considered to 
be the trapped particle.  The hole is produced with very little excess energy and hole 
relaxation is very fast.  CdSe/ZnSe core/shell particles are type-I with the electron and hole 
isolated in the particle core.  Thus, surface hole trapping occurs only by tunneling through 
the shell.  This tunneling would be expected to be comparatively slow and one would not 
expect to see extensive thermal quenching in these particles, contrary to observations.  For 
the above reasons, we conclude that the fast trapping mechanism is at most a minor 
contributor to the static thermal quenching. 
 
Electronic (charging) mechanisms. 

 Two types of thermal charging processes can potentially occur: the promotion of 
surface state electrons to the conduction band (negative core charging) and the promotion of 
valence band electrons to surface states (positive core charging).  Each of these would result 
in the core of the particle being charged, with the counter charge remaining on the particle 
surface.  Thus, the core of the particle has a delocalized charge, even though the entire 
particle remains neutral.  Subsequent photoexcitation results in either two conduction band 
electrons and one valence band hole (an exciton in a negatively charged core, or a negative 
“trion”) or two valence band holes and one conduction band electron (a positive trion).  In 
either case, the trion could rapidly relax by an Auger process, so the charged particle would 
be dark.   
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Thermal production of negatively or positively charged particles have different 
spectroscopic manifestations because the spin states of the conduction and valence bands are 
two- and four-fold degenerate, respectively.48  Negative charging results in significant 
conduction band state filling, but because of the valence band degeneracy, positive charging 
does not result in significant valence band state filling.  Negative charging would therefore 
result in a significant reduction in the absorbance of the lowest exciton (1Se-1Sh)transition 
and no change in the intensities of transitions involving higher conduction band levels (e.g. 
the 1Pe – 1Ph transition).  A negative charging mechanism therefore predicts that increased 
temperature will diminish the intensity of the lowest energy transition, with little effect on 
the absorbance at shorter wavelengths.  In contrast, positive charging has little effect on any 
part of the absorption spectrum. Absorption spectra of particles prior to ligand exchange 
taken at 10 °C and 100 °C are shown in figure 3.7.  Higher temperature results in the well-
known redshift of the spectrum52 and a slight broadening, but the overall intensities of the 
different transitions remains close to constant.  Specifically, these spectra show that the 
intensity of the lowest exciton transition (1Se-1Sh) drops only very slightly, compared to the 
higher lying 1Pe – 1Ph transition.  The temperature independence of the absorption intensities 
rules out negative charging as a significant thermal quenching mechanism.  Figure 3.7 also 
shows that the particle absorbance changes very little (< 5%) at the 410 nm excitation 
wavelength.  This rules out the possibility that a significant part of the observed static 
thermal quenching is an artifact of changes in the number of excited particles.  
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Figure 3.7.  Absorption spectra of CdSe/ZnSe nanocrystals in ODE taken at 10 °C (blue dots) 
and 100 °C (red dots).  Also shown are four-Gaussian fits to the experimental spectra (black 
curves). The relative areas of the 1Se-1Sh to 1Pe-1Ph peaks are taken from the Gaussian fits 
and are 0.810 (10 °C) and 0.804 (100 °C). 

Studies of thermal quenching as a function of particle size also rule out negative 
charging as a significant quenching mechanism. Quantum confinement results in a large, 
size-dependent shift in the conduction band energy.  Because of the higher conduction band 
energy, smaller particles are predicted to be brighter and have a larger energy for becoming 
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dark than larger particles.  Thus, a negative charging mechanism predicts a strong 
dependence of the bright/dark fraction on particle size, with smaller particles having less 
thermal quenching.  However, figure 3.5 shows that the smaller CdTe particles exhibit more 
thermal quenching, contrary to what is predicted by a negative charging mechanism. 

The above experimental evidence suggests that positive particle charging is 
responsible for most of the observed static thermal quenching and this mechanism is depicted 
in scheme 3.1.  Such a mechanism is not unprecedented; it is essentially a thermal version of 
the photolytic mechanism that is commonly believed to be responsible for blinking.53  This 
mechanism correctly predicts the lack of significant changes in the absorption spectrum with 
temperature.  It is also consistent with the observed size dependence observed in the CdTe 
particles.  Small particles have more quantum confinement and hence higher energy hole 
states.  The higher energy holes states are above more of the Te 5P surface states and 
therefore exhibit more thermal quenching.  This model effectively explains why the extent of 
thermal quenching depends on the nature of the surface (selenium or cadmium rich) and the 
surface ligands, as discussed below.  
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Scheme 3.1. The static thermal equilibrium involved in the positive charging mechanism in 
CdSe particles. 

3.3.3 POSITIVE CHARGING MECHANISM: SURFACE EFFECTS 
The selenium-terminated facets of a CdSe nanocrystal can have dangling (or weakly 

ligated) selenium 4P (or SP3) orbitals.  The top of the valence band is almost entirely 
composed of selenium P orbitals and the energies of these orbitals are expected to be 
comparable to the top of the valence band.  We suggest that some of these surface states are 
just above the valence band and can act as electron acceptors.  The energies of these surface 
states and the extent to which they are filled depend on the electron donation properties of the 
ligands and the Fermi level of the system.   

This model predicts that the extent of thermal quenching should vary with the density 
of unoccupied surface selenium orbitals, and hence the fraction of the particle surface that is 
selenium (rather than cadmium) terminated.  Changing a selenium-rich to a cadmium-rich 
surface eliminates most of the unoccupied (Se 4P) surface orbitals.  Comparison of figures 
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3.4A and 3.4B provides compelling evidence for the involvement of the surface selenium 
atoms in the static thermal quenching mechanism.  As predicted by this model, removal of 
the surface Se-4P orbitals drastically reduces extent of static thermal quenching.  We note 
that making the surface cadmium rich also reduces the PL lifetime and overall quantum 
yield, due to the increased density of electron traps associated with surface cadmium atoms. 

Ligand effects on the luminescence properties of CdSe nanoparticles have been 
extensively discussed by Kim et al.54 and by Jasieniak and Mulvaney.46  Kim et al. have 
synthesized particles in octadecene (ODE) and oleic acid (OA) without the usual amine and 
phosphine ligands.  (The particles are synthesized from the reaction of Cd(OA)2 and 
elemental selenium in ODE.)  These core particles are initially ligated with only the weakly 
binding oleic acid or its anhydride.  These ligands were then exchanged with propylamine, 
TBP or a combination of both.  The addition of either TBP or propylamine resulted in a slight 
blue shift of the absorption spectrum, indicating that both types of ligands slightly etch the 
particles.  Ligand exchange with propylamine resulted in a slight increase in the PL lifetime 
and an increase in the fraction of bright particles from 14% to 29%.  Ligand exchange with 
TBP similarly lengthened the lifetime, but the fraction of bright particles decreased by a 
factor of three to 4.5%.  The effects of a combination of TBP and propylamine ligands were 
very striking: The lifetime increased by a factor of 3 and the QY increased by more than an 
order of magnitude, with the bright fraction increasing to about 70%.  Clearly, only the 
combination of propylamine and TBP passivates the particle surfaces, which implies that 
there are different surface binding sites with differing affinities for these ligands. 

In the present studies, we exchanged the ligands on both the selenium-rich CdSe QDs 
and CdSe/ZnSe core/shell QDs with ODA, TBP or TBP/ODA and observe results that are 
qualitatively similar to those reported by Kim.54(see figure SI-8 of appendix) These results 
can be understood in terms of how each of the ligands interacts with the particle surface: 
trialkyl phosphines bind very strongly with selenium and alkyl amines bind very strongly to 
cadmium or zinc. Through this binding, TBP removes the more weakly bound surface 
seleniums and passivates the more strongly bound ones.  Removal of some of the surface 
seleniums leaves pendant cadmium or zinc atoms which can act as electron traps or electron 
donors if they are not removed or ligated.  Similarly, ODA removes the pendant cadmium or 
zinc atoms and passivates the more strongly bound ones.  How these interactions affect the 
surface orbital energies in particles with cadmium and selenium terminated surfaces is 
summarized in figure 3.8.  
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Figure 3.8. Schematic of the surface/ligand energetics. The vertical scale is approximate 
energies (in eV) with respect to vacuum.  The CdSe valence and conduction band energies 
are indicated with thick lines and the surface Se 4P and Cd 5S energies are indicated with 
thin lines.  Bonds are formed with a trialkyl phosphine (TBP) or a primary amine (ODA) 
with surface selenium 4P or cadmium 5S orbitals.  The amine effectively passivates the 
electrons traps due to empty cadmium 5S orbitals (A), but has little interaction with the 
selenium 4P orbitals (B).  The trialkyl phosphine is considerably higher in energy than the 
amine, (based on ionization energies and electronegativities) and therefore interacts more 
strongly with the selenium 4P orbitals (C). 

The observed trends for how the presence of different ligands affects the exciton 
dynamics can be understood in terms of the energies of different orbitals and the Fermi level.  
The trapping and charging dynamics depend on the energies of the surface states and whether 
these orbitals are full or empty.  An important general consideration is that the conduction 
band is primarily comprised of cadmium 5S orbitals and the valence band of selenium 4P 
orbitals.18, 55  Thus, the surface cadmium 5P orbitals are at energies comparable to the 
conduction band and the surface selenium 4P orbitals are at energies comparable to the 
valence band.  Charge neutrality requires that a stoichiometric, uncharged and unligated 
particle will have the selenium orbitals filled and the surface cadmium orbitals empty.  
Deviations from stoichiometry and ligation results in surface selenium orbitals that are empty 
or full depending on the redox potential (Fermi level) of the solution.  The redox potential is 
determined by the redox equilibrium established in the synthesis reaction,56 

( )3 32
'R PSe R COO Cd CdSe R PO anhydride+ → + +  

Because of the complexity of this reaction, it is difficult to calculate the exact value of the 
Fermi level.  However, one expects that there could be both filled and empty 4P orbitals on 
the surface seleniums and we conclude that the extent to which the selenium 4P orbitals are 
filled depends on the specific ligands and their concentrations.   

The ODA and TBP ligands interact with the cadmium 5S and selenium 4P orbitals 
differently. ODA ligates and interacts strongly with only the cadmium 5S orbitals.  This 
interaction raises these orbitals above the conduction band, thereby removing the electron 
traps (figure 3.8A).  The presence of ODA ligands therefore effectively passivates the 
cadmium- or zinc-rich nanocrystal facets, and ODA is commonly included as a ligand when 
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high QYs are desired.  When ODA is the only ligand present, the selenium 4P orbitals are 
only weakly ligated (figure 3.8B).  To the extent that these orbitals are filled, they can act as 
hole traps, resulting in a short PL lifetime and a low QY.  The presence of unfilled orbitals 
above the valence band can result in thermal charging, and hence a large fraction of dark 
particles.  We suggest that this is why the ODA ligated particles also show a small fraction of 
bright particles (see figure 3.2). 

Due to the closer energetic proximity and greater polarizability, TBP more strongly 
ligates the selenium 4P orbitals, moving the empty orbitals to higher energy, as depicted in 
figure 3.8C.  The 4P/TBP bonding orbitals are below the valence band and most of the 4P 
antibonding orbitals are too high to be thermally accessible.  This interaction therefore 
removes most of these orbitals from being thermally accessible for valence band electrons, 
resulting in fewer charged particles and hence minimizes the extent of static thermal 
quenching.  However, particles ligated with only TBP have a high density of electron traps.  
Some of these traps cause very rapid quenching, and a relative small fraction of these 
particles are bright.  Ligation with TBP/ODA removes both the cadmium 5S and selenium 4P 
orbitals from the band gap.  The conclusion from the above discussion of energetics is that a 
high QY is obtained only when both the surface cadmiums and the surface seleniums are 
passivated, which is consistent with the results in figures 3.2 and 3.3. 

This model also explains the relatively small extents of thermal quenching in CdTe 
and CdTe/CdSe particles reported here and elsewhere.23b  There are two important 
considerations regarding the differences between the CdTe and selenium-rich CdSe (and 
CdSe/ZnSe) particles.  One is the extent of ligation to the trialkyl phosphines, TOP or TBP.  
There is certain equilibrium between the surface chalcogenide binding to the trialkyl 
phosphine and more weakly interacting species (amines or carboxylic acids).  Only ligation 
with the trialkyl phosphine effectively removes the empty orbitals from being thermally 
accessible.  Based upon relative bond strengths, this equilibrium should favor the trialkyl 
phosphine more in the case of a tellurium-, rather than selenium-terminated, surface.  (This is 
easy to understand in terms of hard and soft Lewis acid-base arguments: tellurium is a softer 
Lewis acid than selenium, and R3P is a very soft Lewis base.)  The CdTe particles are 
therefore more likely to have surface chalcogenide atoms ligated to a phosphine, as opposed 
to a weakly interacting species. The other important consideration is the energy of the 
valence band electrons.  The CdTe valence band is about 0.3 eV above that of CdSe.  As a 
result, electrons in the CdTe valence band are at an energy above most of the surface 
chalcogenide orbitals, effectively filling those orbitals and removing them from the charging 
thermal equilibrium.  The combination of these considerations is the reason that CdTe and 
CdTe/CdSe particles exhibit less thermal quenching than CdSe or CdSe/ZnSe core/shell 
particles.  These considerations explain a very general observation: synthesizing CdSe 
particles (bare or core/shell) with quantum yields approaching unity requires precise control 
of the synthesis conditions and the ligand environment.  However, synthesis of highly 
luminescent CdTe or CdTe/CdSe particles is extremely easy and much more forgiving of the 
exact synthetic conditions. 

The effects of particle size can also be understood in terms of this mechanism.  
Particle size affects the surface area and the valence band energetics, which affect the extent 
of thermal quenching in opposite ways.  All other things being equal, an increase in surface 
area will increase the number of unligated surface atoms and therefore the number of electron 
accepting surface states.  However, larger particles have less quantum confinement and hence 
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the valence band electrons are at higher energy.  In the case of CdTe particles, most of the 
surface tellurium orbitals are ligated and the surface area effect is minimized.  The result is 
that energetic effect dominates and thermal quenching decreases with increasing size.  Little 
effect of particle size is observed in 3.5 – 4.8 nm selenium-rich CdSe particles (see figure SI-
5 of appendix).  This suggests that in this case, both energetic and surface area effects are 
operative. 

Changing the nature of the chalcogenide at the surface also results in competing 
effects.  The selenium 4P orbital is at a lower energy than the tellurium 5P orbital.  Thus, 
comparing CdTe and CdTe/CdSe core/shell particles, this factor would favor fewer thermally 
accessible surface states in the core/shell particles.  However, selenium atoms are less 
effectively ligated by phosphines, favoring more surface states.  The net effect is that with 
the smaller CdTe cores, the presence of the CdSe shells results in a slight increase in the 
extent of thermal quenching.  We note that when smaller core CdTe/CdSe particles are have 
their ligands exchanged with just ODA (no TBP), then there is a very high density of 
unligated surface states and these particle give almost as much thermal quenching as do 
CdSe/ZnSe particles following similar ligand exchange.  In the case of the larger CdTe 
cores,the valence band is at such high energy that very little thermal quenching is observed 
with or without a CdSe shell. 

This thermal charging mechanism permits a simple interpretation of the apparent energies 
to make the particles from bright to dark states. The slope of the plot from figure 3.2 and 3.3 
gives the average energy barrier of the empty surface orbitals that are thermally populated.  
There are two caveats from these approximations that must be kept in mind.  First, there are 
many different environments for the surface chalcogenides due different crystal facets, step 
edges and so on, and correspondingly many different types of chalcogenide to ligand 
bonding.  This results in a distribution of orbital energies that can be involved in charging.  
Thus, in the absence of other particle darkening mechanisms that are not thermally activated, 
the enthalpy obtained from the plot of the dark to bright ratio represent an average of the 
energies barrier of the orbitals that are thermally populated.  Second, there are usually other 
mechanisms that can result in a particle being dark.  The most common example is the 
occurrence of rapid trapping of conduction band electrons at surface states, followed by 
radiationless decay.  This gives particles that are dark, independent of the temperature.  The 
presence of other darkening mechanisms complicates this simple analysis.  The conclusion is 
that the apparent energy is easily interpreted only when there is little electron trapping.  As 
indicated in figure 3.8, ODA ligates the surface cadmium or zinc atoms and thereby 
effectively passivates the electron traps. In the case of CdSe particles ligated with only TBP 
(no ODA), there is such extensive electron trapping that these particles are essentially 
nonluminescent.  In all cases where ODA ligates the surface cadmium atoms and the electron 
traps are effective passivated, similar enthalpy in the 180 to 290 meV range are obtained.  
The differing extents of thermal quenching reflect different densities of thermally accessible 
unpassivated orbitals. 

 

3.4 Conclusions 
The central conclusion from these results is that static thermal quenching results 

primarily from valence band electrons being thermally promoted to empty surface orbitals.  
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This results in a positively charged particle core, which upon photoexcitation gives a trion.  
The trions undergo relatively rapid Auger decay, rendering the particle dark.  Since the 
charging occurs by electron transfer from the valence band to surface states, this mechanism 
depends on the nature of the surface, the surface ligands and the energy of the valence band.  
These considerations explain the diminished thermal quenching observed in CdTe, compared 
to CdSe particles and the effects of ligands that effectively bind the surface chalcogenide 
orbitals.  
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4.1 introduction 
The usual picture of the ground state electronic structure of CdSe quantum dots 

(QDs) is that the valence band has a somewhat complicated structure but under normal 
circumstances is completely filled and the conduction band is empty.  The valence band is 
formed primarily from the selenium 4p orbitals and the conduction band from the cadmium 
5s orbitals.  The degeneracy of the selenium 4p orbitals results in the more complicated 
valence band fine structure, but does not affect the overall picture in which the valence band 
is completely filled.4a This simple picture does not consider the role of surface states.  A 
particle having nanometer dimensions has a significant fraction of the atoms on the surface 
and in the absence of complete passivation by the surface bound ligands, these surface states 
can play a major role in the overall particle electronic structure.  In the case of CdSe 
nanoparticles, surface orbitals can be associated with either cadmium or selenium atoms.  As 
such, surface orbitals in the energetic vicinity of the valence band are predominantly of 
selenium 4p character.  CdSe and related II-VI semiconductor quantum dots are typically 
synthesized in the presence of trialkyl phosphines and primary alkyl amines and these 
molecules are typically the dominant surface ligands.  Trialkylphosphine ligands are known 
to passivate the surface chalcogenides.46  Most of the evidence indicates that the phosphine 
bonds directly to the chalcogenide,46, 54, 57although there is some debate about passivation 
mechanism.58 The presence of phosphine-selenium bonds is consistent with simple ideas of 
hard/soft interactions and is why trioctylphosphine selenium is used as a selenium precursor 
in particle synthesis precursor.   

In considering thermal processes, we are most concerned with the bonding of orbitals 
that are energetically close to the top of the valence band.  In the case where the surfaces are 
perfectly passivated, all of the surface seleniums are bonded to phosphines and the resulting 
molecular orbitals are below the energy of the top of the valence band.  Ligation of the 
selenium atoms results in these orbitals being filled by the lone pair electrons of the 
phosphorous; the selenium-ligand interaction is a ‘dative’ or Lewis acid-base bond.  In the 
absence of a phosphine ligand, a surface selenium is coordinately unsaturated.  The selenium 
orbital corresponding to the ‘dangling bond’ has an energy that depends on its location on the 
crystal surface and may be slightly above the valence band edge.  If this orbital is filled or 
partially filled, then it can donate an electron to a photoinduced vacancy in the valence band.  
In this case, the hole of the photogenerated exciton can be filled by transfer of the surface 
electron and luminescence from the exciton is quenched – the surface orbital is a hole trap.59  
The phenomenon of carrier trapping in surface states is well known and trapped carrier 
radiative recombination often results in broad, red shifted luminescence.60  However, 
unpassivated surface selenium orbitals may also be partially or completely empty and accept 
charge from the delocalized valence band – a situation that has been far less studied. The 
presence of unfilled selenium surface orbitals is easy to understand.  QD synthesis using a 
source of neutral selenium atoms such as trioctylphosphine selenium results in roughly 
stoichiometric particles having surface selenium atoms lacking a full 4p shell and thus being 
able to accept electrons.  If the energies of the unligated orbitals are sufficiently close to the 
valence band edge, then valence band electrons may be thermally promoted to these surface 
states. The charging and discharging of the surface orbitals results in a ground electronic 
state equilibrium between the electron being in the valence band and in the surface state, as 
depicted in Scheme 3.1. 
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It is important to note that it is the presence of unligated surface seleniums that gives 
rise to the surface charging.  If an electron is in the surface state, then although the particle as 
a whole is neutral, the particle core is positively charged.  It follows that the density of empty 
orbitals just above the valence band controls the extent of surface charging.  This can be 
varied by controlling the presence of selenium binding ligands, such as trioctylphosphine 
(TOP) or tributylphosphine (TBP).  These considerations apply not only to surface seleniums 
in CdSe and CdSe/ZnSe particles, but also to surface sulfur atoms in CdSe/CdS core/shell 
particles. 

The presence of a surface charging equilibrium has profound implications for the 
photophysics of the quantum dot.30  If a particle in the charge separated state absorbs a 
photon, then the particle core has two valence band holes and one conduction band electron.  
The surface electron is a spectator to the interior charges, commonly referred to as a positive 
“trion”.61 The trion may undergo a relatively rapid Auger process in which the conduction 
band electron recombines with one of the valence band holes, giving the energy to the other 
hole.  This results in radiationless recombination of the exciton, making the particle dark.  
We recently invoked this mechanism to understand static thermal quenching in CdSe and 
CdSe/ZnSe QDs in chapter 2 and 3.30 In those studies we found a reversible decrease of the 
photoluminescence (PL) quantum yield with increasing temperature, with essentially no 
change in the PL decay kinetics.  This was assigned to a temperature dependent shift in the 
surface charging equilibrium, and hence the fraction of the particles that are dark.   

Although there have been some studies trion lifetimes, most of the reported 
measurements have been on negative trions, and far less has been done on positive trions.  
Negative trions are often reported to be fairly long lived.  For example, in a CdSe/CdS dot in 
rod, a negative trion lifetime of 11.6 ns is obtained, compared to the exciton lifetime of 65 
ns.62 The CdTe/CdSe negative trion has a shell thickness dependent lifetime of several 
nanoseconds.63 Another report puts the CdSe negative trion lifetime at about 1 ns, about a 
factor of 7.5 longer than the biexciton.64 Other studies give much shorter negative trion 
lifetimes.  Electrochemically produced negative trions give a lifetime of 150 ps.65 The rates 
for negative trions are reported to be very strongly size dependent66 and part of the variability 
of reported Auger rates may be due to particle size and shape variations.  The other variable 
which may not be well controlled is the density of surface electron traps, which could affect 
the extent to which the electron is in the conduction band versus a surface state.  Because of 
the two conduction band electrons, the negative trion radiative rate is twice that of the neutral 
exciton (ignoring fine structure effects).  Thus, significant radiative recombination can occur 
within the longer reported lifetimes.  The negative trion states are thus not completely dark 
and are often referred to as “gray” states.  These negative trion states can give a third, 
intermediate state in addition to the usual on-off dynamics seen in blinking studies.47, 67  The 
positive trion shows considerably shorter lifetimes,61 and is assigned to the off state in 
blinking studies. Because of the Auger processes involved in determining their lifetimes, the 
lifetimes of the negative and positive trions are related to the biexciton lifetimes,61 
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ቁ       equation 4.1.  

where τxx,, τx-, and τx+ are the biexciton, negative trion and positive trion Auger times, 
respectively.  This relation follows from the fact that the biexciton can undergo Auger 
recombination by excitation of an electron (like a negative trion) or by excitation of a hole 
(like a positive trion). The factor of 2 results from the Auger pathway degeneracy.  If the 



65 

 

negative trion recombination is much slower than that of the positive trion, then to a first 
approximation, the positive trion time is simply twice that of the biexciton.  

In this chapter we measure ligand dependent positive trion and biexciton Auger rates 
for zincblende (ZB) CdSe/CdS and CdSe/ZnSe QDs.  The results show that positive particle 
cores, and hence positive trions are readily formed through a room temperature equilibrium 
between electrons in the valence band and in normally empty surface states.  We show that 
the solution chemistry controls the extent of unligated surface chalcogenides and therefore 
the extent of surface charging with keeping all other conditions same.  This is done through 
the analysis of ligand dependent PL quantum yield and decay kinetics, along with the 
comparison of biexciton and trion Auger dynamics.  These results show that the trion and 
biexciton Auger dynamics are in accord with equation 4.1, and with trion and biexciton 
dynamics in literature reports.68 
 

4.2 Experimental Section 
Chemicals. 
 Details are seen in Experimental Section of chapter 2. 
 
Particle synthesis and sample preparation. 
 The zincblende CdSe core and following CdSe/CdS nanocrystals were synthesized 
and purified using slightly modified procedures reported by Nan et al.8 The details can be 
seen in Experimental Section of chapter 2.  In all cases, the core diameters and shell 
thicknesses were determined from the absorption spectra and published sizing curves13, 69 and 
figure SI-2 of appendix. 
 CdSe/ZnSe core/shell particles were synthesized following slightly modified 
procedures reported by Pu et al.70  A selenium suspension was prepared by dispersing Se 
powder (0.0237 g, 0.3 mmol) in ODE (3 mL). The zinc acetate-octylamine suspension was 
prepared by sonication of zinc acetate dihydrate (0.0465 g, 0.3 mmol) and octylamine (0.5 
mL) in ODE (2.5 mL).  In a typical ZnSe shell growth reaction, a mixture of ODE (2.0 mL), 
ODA (10 mg), and oleylamine (1.0 mL) was heated to 60 °C in a three-neck flask under 
argon flow, and then about 1.0 mL of purified CdSe core solution (containing about 1 × 
10−7mol of nanocrystals estimated by their extinction coefficients) was added to this flask.  
The amount of precursor solution for each injection was estimated using standard SILAR 
procedure. The Zn and Se precursors were added dropwise into the reaction mixture at 130 
°C and 180 °C respectively. The reaction mixture was kept at 180 °C for 15 to 20 minutes 
then cooled to 130 °C. Another cycle of ZnSe shell precursors were added and those 
procedures were continued to reach the desired number of ZnSe monolayers. 
 The final reaction solution was extracted by hexane/methanol (volume ratio of ~1:1) 
twice. The non-polar phase containing the particles was separated and heated under vacuum 
to remove the residual hexane and methanol. The dried sample was then dissolved in 
octadecene and ligand exchanged with excess TBP or TBP/ODA at 100 °C for about half an 
hour.  It is well established that ligand exchange often occurs at room temperature and is 
complete within a few minutes under these conditions.30, 58, 71After ligand exchange, the 
sample was centrifuged and liquid layer is kept.  The particles were precipitated by the 
addition of anhydrous methanol, dried under vacuum, and then dispersed in chloroform for 
the spectroscopic measurements. 
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Optical measurements.  
 Transient absorption spectroscopy experiments were carried out using an apparatus 
that has been previously described.72  Briefly, the instrument is based on a Clark CPA 2001 
light source and a Princeton Instruments LN2 cooled CCD.  The light source produces 150 
fs, 600 μJ, 775 nm at a repetition rate of 1 kHz, which are attenuated and frequency doubled 
for sample excitation (387.5 nm at an excitation power of 0.4 – 15 mW and a spot size of 
15.8 mm2). CdSe/CdS samples were held in rapidly stirring 1 cm cuvettes having an 
absorbance at the excitation wavelength of about 1.2 to 1.5 which, for CdSe/CdS is about a 
factor of 5 or 6 larger than at the lowest exciton.  This gives an average photon absorbed per 
pulse <N> about 0.06 and 0.65 at low and high power densities.  CdSe/ZnSe samples have 
absorption at the excitation wavelength of about 0.6 to 0.8 and a correspondingly smaller 
excitation spot size of about 5.1 nm2 was used.   
 Time resolved photoluminescence studies and quantum yield measurements were 
performed by the same procedures described in Experimental Section of chapter 2. 
 

4.3 Results and Discussion 

4.3.1 LUMINESCENCE SPECTROSCOPY OF CDSE/CDS CORE/SHELL PARTICLES. 
Figures 4.1 and 4.2 show the absorption and photoluminescence (PL) spectra of 

zincblende CdSe/CdS core/shell particles having the nearly identical cores and two different 
thicknesses of shells. The core diameters are 2.64 and 2.61 nm and the shell thicknesses are 
1.0 (figure 4.1) and 1.48 nm (figure 4.2).  The lowest energy exciton peak shifts from 516 nm 
to 573 nm(figure 4.1) or 584 nm(figure 4.2) upon shell deposition, indicating that the 
electron delocalized into the shell, forming “type-1½” or “quasi-type-II” heterostructures. 
The figures show that particles with both shell thicknesses have PL quantum yields that 
depend on the nature of the surface ligands.  In this study, we focus on two types of ligands, 
octadecylamine (ODA) and tributylphosphine (TBP).  The surface densities of each type of 
ligand are controlled by subjecting newly synthesized particles to different ligand exchange 
environments, either excess ODA or excess TBP and ODA at 100 °C.  Figures 4.1 and figure 
4.2 show that higher quantum yields are obtained with particles that are exchanged with 
TBP/ODA compared to ODA.  The TBP/ODA and ODA quantum yields are78% and63%, 
respectively, for the 1.0 nm thick shells (figure 4.1) and 76% and 62%, respectively, for the 
1.48 nm thick shells (figure 4.2). We also note that we consistently find that particles having 
1.2 – 2.0 nm thick shells are more photostable than the ones with thinner shells, ≤ 1.0 nm, 
and will come back to this point later. 
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Figure 4.1. Absorption spectra of the 2.64 nm diameter zincblende CdSe core and CdSe/CdS 
core/shell particles having a shell thickness of 1.0 nm, with ODA and TBP/ODA ligands.  
Also shown are the corresponding PL spectra of the core/shell particles.  The PL intensities 
are normalized such that the maximum intensity corresponds to the quantum yield. 
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Figure 4.2.Same as figure 4.1, except the core diameter was 2.61 nm and the shell thickness 
is 1.48 nm. 

The particles with ODA and TBP/ODA ligands exhibit very similar normalized PL 
decay curves, as shown in figure 4.3.  The TBP/ODA kinetics are accurately fit to a 
biexponential decay having a 24.3 ns(66%) and 7.7 ns (34%) decay components.  The long 
component is the same as the previously reported radiative lifetime for particles having the 
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same core size and shell thickness in chapter 2.69The presence of the shorter decay 
component implies that the quantum yield of the particles observed in the time-resolved PL 
experiment is about 77%, in approximate agreement with the overall static measured 
quantum yield of 76%.  The conclusion is that the time-resolved PL experiment sees 
essentially all of the particles.  This is not the case for the ODA ligated particles, for which a 
similar analysis gives a 72% PL QY for the particles observed in the time-resolved 
experiment and an overall static measured quantum yield of62%.  The conclusion is simple: 
some of the particles ligated with only ODA are “dark”; they have lifetimes that are 
sufficiently short that they are not detected in a time-correlated photon-counting experiment 
having a time resolution on the order of 100 ps. In this case the fraction of dark particles is 
about 14%.   
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Figure 4.3. PL decay kinetics of the 1.48 nm shell CdSe/CdS core/shell particles having 
ODA (red) and TBP/ODA (black) ligands.  Also shown is a fit curve corresponding to a 24.3 
ns(66%) and 7.7 ns (34%) decay (green curve).  Insert: log-scale plot of the TBP/ODA and 
ODA kinetics and a straight line corresponding to a 24.3 ns decay. 

We have done ligand exchange, followed by this analysis on several different batches 
of CdSe/CdS particles, and obtained consistent results.  We find that for particles ligated with 
TBP/ODA, the fraction of bright particles is typically over 80% and often over 90%.  In 
contrast, for particles ligated with only ODA, typically 15% to40% of the particles are dark.  
This comparison shows that the fraction of dark particles depends on the surface ligands and 
is larger for particles lacking trialkylphosphine ligands.  Trialkylphosphine ligands are 
known to passivate the surface chalcogenides, and the increased dark fraction being 
associated with the lack of TBP indicates that the fast quenching process is due to a process 
that involves states that are near the top of valence band.  There are two possibilities: hole 
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trapping to surface states or thermal promotion of a valence band electron to a chalcogenide 
surface state.   

We suggest that the dominant mechanism by which particles are dark involves 
surface charging, rather than a fast hole trapping process.  We note that if the ligand 
dependent fraction of dark particles were due to either electron or hole trapping, one would 
expect there to be many different types of traps resulting in a broad distribution of trapping 
times.  Figure 4.3 shows an approximately 7 ns component in the PL decay kinetics which 
may reasonably be assigned to electron or hole trapping.  However, figure 4.3 shows that no 
evidence of decay components on the300 ps to 5 ns timescale in the PL kinetics.  The lack of 
intermediate decay components suggests that trapping in this type of QD is relatively slow 
and cannot explain the presence of dark particles.  This consideration is suggestive, but not 
definitive.  In addition, there are two compelling reasons for this assignment.  First, as 
explained in chapter 3, only this assignment can explain the previously reported thermal 
quenching results.  The second, and most compelling reason is the comparison of the trion 
and biexciton lifetimes presented in the following sections. 

 

4.3.2 TRANSIENT ABSORPTION SPECTROSCOPY OF CDSE/CDS CORE/SHELL 
PARTICLES. 

Figure 4.4 shows the low power, lowest exciton bleach recovery kinetics for 1.0 nm 
shell particles with ODA and TBP/ODA ligands following 387 nm.  Under these conditions, 
the number of photons absorbed per particle per pulse can be calculated from the 387 nm 
extinction coefficient, pulse energy and beam spot size.  This value can also be estimated 
from the static lowest exciton absorbance and the magnitude of the observed bleach.  Both 
estimates give about 0.06 photons/pulse and we observe that further reduction of the power 
has no effect on the decays.  The figure shows that in the low power regime, the ODA ligated 
particles have a 136 ± 13 ps decay component, which is 30% of the initial bleach.  The 
TBP/ODA capped particles have a similar, smaller amplitude decay component, which is 
10% of the initial bleach.  The amplitudes of these fast decay components are consistent with 
the dark fractions assessed from the PL quantum yields and decays, discussed above.  The 
136 ps decay is assigned to the lifetime of the trion, τx+. 
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Figure 4.4.  Low power transient absorption kinetics of lowest exciton from the thin shell 
(1.0 nm) CdSe/CdS core/shell particles. The 136 ps components are 30% and 10% of total 
bleach for ODA and TBP/ODA, respectively. 

Higher power kinetics for the1.0 nm thick shell TBP/ODA ligated particles are shown 
in figure 4.5.  In this case, the power is sufficiently high that there is a significant probability 
of two photon processes.  From the magnitude of the bleach signal, the average number of 
absorbed photons per pulse is calculated to be about 0.65, which is somewhat lower than the 
value calculated from the 387 nm extinction coefficient, pulse energy and beam spot size.  
The difference is presumably because of some saturation of the 387 nm absorption during the 
120 fs excitation pulse.  This power level is sufficient to observe two-photon processes, but 
minimizes the effects of three and greater photon absorption.  At this power the ratio of 
probability of three-photon absorption is down by a factor of 2.8 from that of two-photon 
absorption.  (This ratio deviates from simple Poisson statistics, because the excitation beam 
is attenuated as it passes through the sample.)  In the high power regime, the decay kinetics 
become multiexponential.  To extract the biexciton decay time, the fit to the low power 
kinetics is scaled to match the high power data at long times(>700 ps) and the difference 
between the two is plotted.  This difference is also shown in figure 4.5 and is a measure of 
the absorption changes brought about by absorption of two or more photons.  The difference 
kinetics show two components: a larger amplitude fast component which is fit to 60 ± 8 ps 
and a smaller amplitude 350 ps component.  The 60 ps component is assigned to the lifetime 
of the biexciton, τxx.  The magnitude of the slow component depends on the total number of 
photons per pulse that the entire sample absorbs.  Specifically, if the excitation beam spot 
size and power are decreased to keep the power density constant, the magnitude of the 60 ps 
component is unchanged, but the magnitude of the 350 ps component decreases.  Thus, the 
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amplitude of this component can be minimized by decreasing the excitation volume in the 
rapidly stirred sample.  From this observation, the slow component is assigned to a 
photoproduct that builds up as the experiment proceeds. 
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Figure 4.5. Higher power transient absorption kinetics of the lowest exciton from the thin 
shell (1.0 nm) CdSe/CdS core/shell particles. Also shown are kinetics that are corrected by 
subtracting the scaled fit to the low power kinetics. The red curve is the corresponding fit to 
60 ps and smaller amplitude 350 ps components. 

Similar experiments have been performed on the thicker (1.48 and 1.60 nm) shell 
CdSe/CdS particles, and the results are summarized in figure 4.6.  Figure 4.6A shows in the 
low power regime for the particles having 1.48 nm thick shells.  The TBP/ODA ligated 
particles have 16% decay of initial bleach compared to the ODA ligated particles with 21% 
decay.  The amplitude of initial decay is less in TBP/ODA ligated particles, consistent with 
the higher quantum yield and smaller fraction dark fraction obtained from the PL 
measurements.  The lifetime of this component is 218 ± 30 ps, and this is assigned to the 
Auger recombination time of the positive trion. Figure 4.6B shows a faster decay at higher 
power.  The corresponding subtracted kinetics is well fit by a single exponential, giving a 
biexciton decay timeof83±4 ps.  No longer lived components are seen in these higher power 
kinetics, consistent with the general observation that the thicker shell particles are more 
stable than thinner shell ones.  Analogous plots for the 1.60 nm thick shell particles are 
shown in figures 4.6C and 4.6D.  The thicker shell particles show somewhat longer Auger 
time for both trion and biexciton, 117 ps and 263 ps, respectively.   
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Figure 4.6. Transient absorption kinetics of lowest exciton for CdSe/CdS particles having a 
1.48 nm (A and B) and 1.60 nm (C and D) thick shells.  Low power kinetics with TBP/ODA 
and ODA ligands are shown as indicated in A and C. High power kinetics with TBP/ODA 
ligands and the kinetics which are corrected by subtracting the scaled fit to the low power 
kinetics are shown in B and D.  The red curves are corresponding fits, which directly give the 
time constants. 

4.3.3 CDSE/ZNSE CORE/SHELL PARTICLES 
In addition to CdSe/CdS heterostructures, we also performed transient absorption 

measurements on type-I CdSe/ZnSe core/shell particles.  These particles are synthesized 
using zincblende 2.64 nm diameter cores and are overcoated with three layers of ZnSe, for a 
shell thickness of about 1.0 nm.  Figure 4.7 shows absorption spectra of the core and 
core/shell particles. Type-I heterostructures localize both electron and hole in the core, and in 
the case of CdSe/ZnSe, the hole confining potential is far less than that of the electron, so the 
extents to which the electron and hole wavefunctions spill out into the shell turn out to be 
about the same.  This causes the electron-hole overlap to be close to unity, independent of the 
shell thickness.  Shell deposition shifts the lowest energy exciton peak from 518 nm to 558 
nm, which is considerably less than their CdSe/CdS, counterparts. The type of ligands, 
TBP/ODA or ODA, has little effect on the absorption spectra, or the wavelength maximum 
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of the PL spectrum.  Just as with the CdSe/CdS particles, the PL intensities shown in figure 
4.7 are sensitive to the type of ligands, with the particles having TBP exhibiting a higher 
quantum yield than the particle ligated with only ODA. 
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Figure 4.7.  Normalized absorption spectrum of ZB CdSe core and absorption and PL spectra 
of CdSe/ZnSe core/shell particles.  The core diameter is 2.64 nm and the shell thickness is 
1.0 nm.  The PL intensities are normalized such that the maximum intensity corresponds to 
the quantum yield. 

Transient absorption kinetics of these particles are summarized in figure 4.8, and are 
qualitatively similar to those obtained with the CdSe/CdS particles.  Figure 4.8A shows in the 
low power regime, particles having both types of ligands show a fast decay component, with 
the amplitude of this component is about twice as large in the case of the particles lacking the 
TBP ligands.  This component is assigned to be the surface charged trion lifetime and is fit to 
a 48 ± 3 ps time constant.  Figure 4.8B shows in the higher power kinetics, and as above, 
these kinetics are most accurately analyzed by subtracting off the scaled fit to the low power 
(one photon) decay component.  The difference kinetics is fit to a biphasic decay having 22.5 
ps and approximately 250 ps components. The longer component has a comparatively small 
amplitude, and when measured on this time scale the time constant has a large uncertainty.  
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Figure 4.8. Transient absorption kinetics of lowest exciton in zincblende CdSe/ZnSe 
core/shell particles.  (A) Low power kinetics with particles having TBP/ODA and ODA 
ligands.  The red curve corresponds to a fit with a 48 ps single exponential decay.  (B)  High 
power kinetics obtained with particles having TBP/ODA ligands.  Also shown are kinetics 
corrected by subtracting the scaled fit to the low power kinetics.  The red curve corresponds 
to a biphasic decay with 22.5 and 250 ps components. 

The 22.5 ps decay is assigned to the Auger recombination of the biexciton.  We note 
that this relaxation time is slightly less than half the value obtained for the positive trion, 48 
ps.  As in the case of the thinner shell CdSe/CdS particles, we suspect that the slower decay 
component is due to buildup of negatively charged particles, consistent with equation 4.1.  
However, these kinetics do not allow accurate estimate of its Auger recombination time.   
 

4.3.4 COMPARISON OF TRION AND BIEXCITON TIMES. 
It is of interest to compare the trion and biexciton decay times for the particles having 

different CdS shell thicknesses, and to compare these values to those obtained for the 
CdSe/ZnSe particles.  These comparisons are summarized in figure 4.9. 

The figure plots the Auger times as a function of the particle “effective volume”, 
defined as the volume of a CdSe core particle having the same lowest exciton energy as the 
core/shell particle.  The effective volumes are derived from the absorption spectra and the 
same sizing curves used to determine the core sizes.13 Garcia-Santamaria et al. have reported 
that the Auger recombination times scale as the product of effective volume and the inverse 
of electron-hole overlap, Veff/S2, where S is the electron-hole overlap integral.68 Values of S2 
can be calculated for these particles using the methods described in chapter 2 and 
reference69, and range from 1.0 for the CdSe/ZnSe particles to 0.42for the CdSe/CdS 
particles with the thickest shells.  Plots using this scaling, relations are also shown in figure 
4.9.  These plots assume a constant ratio of biexciton to trion Auger times, with τX+/τXX = 
2.26, independent of shell thickness or composition (CdS versus ZnSe). 
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Figure 4.9.  Plots of biexciton and trion Auger times as indicated for CdSe/CdS QDs (open 
and filled circles) and CdSe/ZnSe (open and filled squares).  Also shown (red curves) are 
values corresponding to the Veff/S2 scaling relation, with a constant ratio of biexciton to trion 
Auger times,  τX+/τXX = 2.26. 

Two aspects of this plot are remarkable.  First, the ratio of trion to biexciton Auger 
times is nearly constant, fit to a value of 2.26.  It is well established that the fast relaxing 
bleach recovery component obtained at high power is due to biexciton Auger processes.  We 
assign the fast decay component in the low power bleach recovery kinetics to a positive trion 
Auger process.  If the later assignment were not correct (if the one-photon fast component 
were due to carrier trapping), then there would be no reason for this ratio to remain constant. 
Indeed, as the surface to volume ratio changes with shell thickness, one would expect this 
ratio to change, contrary to what is observed.  Second, the values of both the trion and 
biexciton Auger times closely follow the predicted Veff/S2 scaling.  It is important to note that 
this scaling is followed even in the comparison of particles having different shell 
compositions (CdS and ZnSe).  It is particularly true for the ZnSe versus CdS shell 
comparison that if the assignment were not correct, there would be no reason for this to 
occur.  Furthermore, since carrier trapping at the surface requires charge tunneling through 
the shell, one would expect these rates to vary exponentially with shell thickness, contrary to 
what is observed. 

It is also of interest to compare these biexciton recombination times to previously 
reported values obtained on roughly comparable CdSe/CdS particles.  Reference 68 reports 
experimental and calculated scaling biexciton Auger times for a series of particles having 3.0 
nm wurtzite CdSe cores and several different CdS shell thicknesses.  The experimentally 
observed biexciton times are generally greater than those calculated from the scaling relation, 
and this difference is assigned to effects caused by a finite alloy region at the core-shell 
interface.  In the particles used in the present study, the shells were deposited at very low 
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temperature, so the core-shell interface should be very sharp.  The comparison of the 
biexciton time for the present 1.6 nm thick shell particles (117ps) with the scaling relation 
curve in reference 68 for particles having the same total diameter gives an Auger time of 300 
ps, in approximate agreement.  The difference is partially due to the difference in core 
diameters; 2.64 nm for the results reported here versus 3.0 nm in reference 68. This results in 
slightly different electron-hole overlaps and effective volumes.  When these effects are take 
into account through the Veff/S2 scaling relation, the 300 ps time from reference68 becomes 
210 ps.  Although this agreement is not quantitative, it does indicate that the same 
assignments to the biexciton Auger recombination can be made. 

Using the above-determined ratio of Auger lifetimes for the positive trion and the 
biexciton (= 2.26),equation 4.1 gives a negative trion Auger time that is a factor of about 7.7 
greater than that of the positive trion.  There are considerable uncertainties in these Auger 
times, especially the trion times, so a realistic statement is the negative trion should have an 
Auger time that is approximately a factor of 5 – 10 greater than that of the positive trion.  In 
the case of the 1.0 nm shell particles, this corresponds to a negative trion time that is on the 
order of a nanosecond.  This calculation allows us to speculate that the 350 ps component 
observed in the high power transient absorption kinetics is due to Auger decay following 
photoexcitation of negatively charged particles.  The slowly decaying component is seen 
only in the high power results because photoionization is a two-photon process. 

Finally, we mention one caveat with respect o the use of equation 4.1.  The equation 
is based solely on the relative pathway degeneracies of trion and biexciton Auger processes.  
It tacitly assumes that the photophysics of the trion and biexciton Auger processes are 
identical.  However, the presence of the surface charge put the particle in a large electric 
field, and the presence of this field can affect the Auger dynamics.  In the present case, 3.1 
appears to work reasonably well, and effects of the surface charge seem to be minimal.  But 
the present studies are performed in chloroform, which has a fairly high dielectric constant, ε 
= 4.8.  This minimizes the effects of a surface charge.  

 
4.4 CONCLUSIONS 

The results presented here that show surface charging and therefore Auger dynamics 
play a large role in the one-photon photophysics of CdSe/CdS and CdSe/ZnSe core/shell 
quantum dots.  Surface charging occurs when a valence band electron is thermally promoted 
to an unoccupied surface orbital.  This occurs in the absence of photoexcitation and results in 
a room temperature equilibrium between surface charged and uncharged states.  When an 
electron is in a surface orbital, the particle core is left with a positive charge – there is a hole 
in the valence band.  Photoexcitation then produces a positive trion, which can undergo a 
rapid radiationless Auger recombination process.  These surface charged particles are 
therefore dark. The extent of surface charging depends on the nature of the surface ligands.  
Specifically, trialkyl phosphines passivate the surface chalcogenides and thereby reduce the 
density of unoccupied surface orbitals.  It is therefore possible to shift the equilibrium 
between the valence band and the surface states by controlling the surface chemistry.  To 
study the validity of this mechanism, we have measured the positive trion and biexciton 
Auger times as functions of particle shell thickness and composition and of surface ligation.  
The measured rates can be analyzed in terms of simple scaling considerations and this 
analysis is consistent with the surface charging mechanism.  We find the following:  
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• The ratio of trion to biexciton Auger rates is independent of shell thickness for  
CdSe/CdS, and is close to what is expected based on the degeneracies of the Auger 
pathways.   

• The variation of trion Auger rates as a function of shell thickness for CdSe/CdS 
particles is accurately predicted by simple scaling relationship, Veff/S2.  The same 
applies to the ratio of biexciton Auger rates.  

• The comparison of the trion Auger rates for CdSe/ZnSe versus CdSe/CdS is also in 
accord with the scaling relationship, Veff/S2.   

We also find that the measured biexciton Auger rates are in approximate agreement with 
reported values.   

Overall, these results are compelling evidence that surface charging equilibrium plays 
a major role in QD photophysics.  This has obvious implications for understanding one of the 
mechanisms for quantum dot fluorescence intermittency (blinking).  Any given particle will, 
in general, have many different thermally accessible surface states and these surface states 
will have different energies and couplings to the valence band. Thus, we expect a wide range 
of equilibrium constants and charge transfer times for an isolated particle.  It follows that any 
given particle may have a broad distribution of bright-dark transition times and this may be 
responsible for some of the off-on kinetics seen in single particle blinking studies.  
Furthermore, particles with very well passivated surfaces may exhibit suppressed blinking.73  
The same is true for core/shell particles having very uniform or thick shells, where surface 
charging is very slow and/or energetically uphill.74 
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5.1 introduction 
Core/shell semiconductor quantum dots (QDs) often exhibit much higher 

luminescence quantum yields (QYs) and better stability than their bare-core particles.  This is 
due the presence of the shell which effectively confines the electron and/or hole 
wavefunctions to the core of the particle and thereby minimizes interactions with surface 
defects.  Electron and hole wavefunctions decay exponentially through an energetically 
inaccessible shell, with the result being that the wavefunction amplitude at the surface 
depends critically on the shell thickness.  Core/shell nanocrystals are typically depicted as 
having a nearly spherical core and a shell of very nearly uniform thickness, which results in a 
very simple picture of surface passivation.  However, TEM images show that this ideal 
situation is typically not the case.  TEM images often show that the overall core/shell 
particles are non-spherical and have highly irregular surfaces.  If the individual crystal facets 
are relatively large and the shell deposits uniformly on these facets, then the overall particle 
appears irregular in a TEM image.  Alternatively, one could imagine that the core particle is 
very close to spherical, having many crystal facets, each of which has very small area.  
Following deposition of a shell having a highly non-uniform thickness would produce a 
core/shell particle that also appears non-spherical and irregular in a TEM image.  These two 
situations can give similar images, but are very different in terms of the effectiveness of the 
shell in separating the core-confined electron or hole from the particle surface.  Although this 
is a critical issue in determining the luminescence properties and photostability, it is very 
difficult to determine from TEM images how much of the apparent deviation from spherical 
is due to shell thickness inhomogeneity and how much is due to faceting of the core.   

The extent to which the shell thickness is constant can be determined by time-
resolved photoluminescence studies that measure the dynamics of hole tunneling to acceptors 
that are adsorbed on the shell surface.31  Careful analysis of these hole transfer kinetics 
reveals the extent of shell thickness inhomogeneity.  Although the analysis is complicated by 
the distribution of numbers of adsorbed acceptors, this can be incorporated into a model for 
the distribution of measured hole tunneling rates.  From this analysis the distribution of shell 
thicknesses can be extracted from the luminescence kinetic results.  Such an analysis has 
recently been reported for ZnTe/CdSe QDs.31 

The shell thickness inhomogeneity in core/shell nanocrystals is quite analogous to 
film thickness inhomogeneity in epitaxially grown thin films.  If the growth is coherent (a 
continuous lattice from the substrate into the film) then the nature of the film growth depends 
on the thermodynamic and lattice properties of the substrate and the film materials.  Several 
growth modes can occur.75  The usual growth modes are smooth layer-by-layer (Frank-van 
der Merwe, F-M), layer-by-layer up to a critical thickness and islands thereafter (Stranski-
Krastanov, S-K)and island growth (Volmer-Weber, V-W).  Which growth mode is observed 
depends on the lattice mismatch, the elastic properties of the substrate and film materials and 
the film surface energy.  Following high temperature growth, epitaxial thin films are in a 
metastable thermodynamic equilibrium, with the actual equilibrium state corresponding to 
alloy formation.  There are three relevant thermodynamic considerations in this metastable 
regime.  First, surface roughness or island growth increases the total surface area, and 
therefore increases the enthalpy associated with dangling surface bonds.  Second, increased 
surface roughness decreases the strain energy associated with the substrate/film lattice 
mismatch.  Third, a very uniform surface has a low entropy, and may therefore be 
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thermodynamically unfavorable at high temperatures.  The relative magnitudes of these 
quantities determine the film morphology that will be observed.76 Coherent epitaxial film 
growth requires the coating material to adopt the in-plane lattice parameters of the 
immediately underlying substrate, which results in stress and strain of the film.  The strain 
energy is the product of the forces (the stress) and the deformations (the strain).  These 
energies can be very large, and the equilibrium film roughness depends on the relative 
magnitudes of the surface energy and strain energy terms.  Entropy terms are smaller and 
involved in determining the temperature dependence of size and structure of the surface 
features.75b, 76a  The magnitude of the strain energy increases with the number of film layers 
that grow coherently on the substrate.  At the critical thickness, the increasing strain cannot 
be maintained and will be released through the formation of crystal defects or by island 
growth upon further film deposition.  The critical thickness depends on the lattice mismatch, 
surface energy and the elastic parameters the two materials, and characterizes the difference 
between F-M, S-K and V-W growth.75  Materials with a low lattice mismatch favor the two-
dimensional FM growth, in which the deposited material forms a relatively smooth wetting 
film.  Materials with a large lattice mismatch have a critical thickness of zero monolayers and 
adopt the three-dimensional V-W growth. In this case, formation of isolated islands directly 
on the substrate is followed by their growth and eventual coalescence, leading to an 
extremely rough surface.  In the very common case that there is an intermediate lattice 
mismatch, epitaxial growth proceeds via the S-K model, in which formation of a uniformly 
strained film (the wetting layer) up to the critical thickness of monolayers is followed by the 
growth of three-dimensional islands on the top of the uniform film.  Consequently, the 
surface of films that grow in S-K mode are rougher than those that grow in F-M mode, but 
smoother than those that grow in V-W mode.   

Based on the models of epitaxial thin films, the shells of core/shell QDs can grow as 
either relatively uniform, smooth shells, or as shell islands.  Similarly, the growth mode 
depends on thermodynamic and elastic parameters of the core and shell materials, 
specifically, the core-shell lattice mismatch and surface energy.  In cases where the 
deposition is at sufficiently high temperature that the shell morphology corresponds to the 
metastable (non-alloyed) thermodynamic equilibrium, the particles will minimize the total 
(lattice strain plus surface) energy.  When the lattice strain energy becomes too large, the 
shell will undergo reconstruction and/or grow as islands.  There is, however, one very 
important difference between the substrate/film and core/shell cases: because of the semi-
infinite nature of the substrate, the epitaxial film causes no change in the substrate lattice 
constant.  In contrast, spherical core/shell particles have the strain energy distributed over the 
entire core/shell nanoparticle, rather than just in the film of an epitaxial substrate/film 
system.  In the usual case where the shell has a smaller lattice parameter than the core, the 
lattice mismatch causes the core to be under isotropic compression and the shell to be under 
radial compression and tangential tension.24, 34b77  One of the consequences of core 
compression is that the strain energy also depends on the core size as well as the shell 
thickness.  The extents of the core and shell stresses and strains also depend on the shell 
morphology.  If the shell is present as islands, then it is less coupled to the core and will 
remain closer to its normal lattice parameters.  An incomplete or rough shell is also less 
capable of maintaining tangential tension and therefore less capable of compressing the core.  
Both of these factors cause a rough shell to have a lower lattice strain energy.  Although 
island growth reduces the lattice strain energy, it increases the total surface area and hence 
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the surface energy.  At thermodynamic equilibrium the particle will have a shell morphology 
that minimizes the sum of these energies.  Uniform, coherent shell growth occurs most 
readily when there is little core-shell strain and hence little driving force for the shell to grow 
in an island morphology.  Thus, uniform shells are obtained when the core is relatively small, 
the shell is relatively thin and the core and shell materials have close to the same lattice 
parameters.  These trends have been previously observed, specifically, it is known that 
deposition of one or two ZnS monolayers on a CdSe core results in a smooth shell,78 but 
further deposition results in a rough shell,79 and a diminution of the QY.80  Despite the 
smaller lattice mismatch, the same phenomena are observed for CdSe/CdS nanoparticles.77a, 

80b, 81 

In previous studies the role of lattice strain in determining the shell morphologies in 
ZnTe/CdSe core/shell QDs were investigated.  These studies showed that the amount of 
lattice strain controls the shell morphology. This is an unusual core/shell system in that ZnTe 
and CdSe have very similar lattice constants, and one would therefore predict very little 
lattice strain.82 However, annealing causes cadmium and zinc diffusion, resulting in a 
core/shell interface that is best described in terms of the alloys, (Zn,Cd)Te / (Cd,Zn)Se.  The 
tellurium and selenium alloys have quite different lattice constants and the amount of lattice 
strain depends on the extent of metal interdiffusion.  The results and analysis showed that at 
low levels of metal atom interdiffusion, there is little lattice strain and the shells are quite 
smooth.  More extensive metal atom diffusion results in more lattice strain and therefore 
rougher shell surfaces.    

In this chapter we examine the shell morphologies in CdSe/CdS core/shell QDs.  The 
extent of shell thickness inhomogeneity is measured using the same method as our previous 
studies: hole acceptors are adsorbed on the particle surfaces and the inhomogeneity of 
luminescence quenching rates is measured.  Luminescence quenching occurs as a result of 
charge tunneling from the particle core through the shell and the quenching kinetics give a 
direct measure of the tunneling rates.  The hole tunneling rates are very sensitive to shell 
thickness and the kinetics are therefore sensitive to shell roughness.  We find that deposition 
of CdS gives smooth shells for the smallest cores and thinnest shells.  Conversely, shells with 
inhomogeneous thicknesses are obtained with large cores and thick shells.  Specifically, we 
find that for any given core size, upon increasing the shell thickness, there is a specific 
thickness at which the extent of shell roughness undergoes a sudden increase.  We also 
present the results of elastic continuum calculations that are used to determine the lattice 
strain energy as a function of core size, shell thickness and the properties of the core and 
shell materials.  These calculations indicate that the lattice strain energy increases with core 
size and shell thickness.  The idea that there is a critical thickness beyond which the shell 
becomes rough and has a high defect density is consistent with previous literature reports.77a, 

80b, 81  These calculations also facilitate the analysis of literature core/shell synthesis 
protocols.  Finally, we find that this model breaks down if the shell is deposited at a 
sufficiently low temperature that it is not in thermodynamic equilibrium. To illuminate the 
strain limit of low temperature shell deposition, zincblende CdSe/CdSe QDs are chosen as 
the study system, and we demonstrate that there is an upper limit for these "metastable" 
particles, of which annealing process causes partial loss of core pressure as well as a red shift 
of the spectrum.  
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5.2 Experimental Section 

Chemicals and optical measurements. 
Details are seen in Experimental Section ofchapter2.  

 
Synthesis of CdSe cores,  CdSe/CdS core/shell nanocrystals(NCs) 

The 0.1 M cadmium stock precursor solution used for the CdSe shell growth was 
prepared by dissolving 0.2568 g of CdO in a mixture of 2.55 ml oleic acid and 17.5 ml ODE 
at 250 °C. The 0.1 M selenium stock solution was prepared by dissolving 0.1580 g of Se in 5 
ml TOP and 15 ml ODE. The 0.1 M sulfur stock solution was prepared by dissolving 0.032g 
of S in 10 ml ODE. 

The syntheses of the wurtzite(WZ) CdSe core NCs are performed using a procedure 
previously reported and details are seen in Experimental Section in chapter 2.5The CdS shell 
deposition on CdSe core NCs is performed following the procedure reported by Embden et 
al.32 The growth temperature for all sets of core/shell NCs are kept constant at 210 ~ 215 °C. 
The sizes of CdSe core particles are determined from the size calibration curve reported by 
Jasieniak et al.13 The shell thickness of CdS is determined from the calibration curves 
reported by Embden et al.32 Zincblende (ZB) CdSe core and CdSe/CdS core/shell NCs are 
synthesized and purified following the similar procedures reported by Nan et al. and details 
are seen  in Experimental Section in chapter 2.8 
 

Sample preparation for spectroscopy analysis 
The final reaction solution is extracted by hexane/methanol (v:v~1:1) twice. The 

organic layer is separated and heated under vacuum to remove the residual hexane and 
methanol. Then, the dried sample is dissolved in ODE and ligand exchanged with excess 
TBP and ODA. After the ligand exchange is done, the sample is centrifuged and liquid layer 
is kept. The particles are precipitated by the addition of methanol, dried under vacuum, then 
dispersed in toluene for the spectroscopic measurements and hole quenching experiments. 

Size dispersion of the core QDs may be inferred from the width of the lowest exciton 
absorption peak.  Typical widths are 25 – 30 nm FWHM and comparable widths are obtained 
for the core/shell QDs.  The maximum dispersion of particle sizes can be estimated from 
these widths and the sizing curve.13  In this size range, this spectral width corresponds to 
diameters varying by about ± 10%.  There are other broadening mechanisms and this 
represents an upper limit on the size dispersion of the particles.  Other studies with 
comparable spectral widths have particle size dispersions of typically ± 5% to ±10%.12-13 
 
Hole quenching 

Samples used for the PTZ quenching studies are prepared by mixing excess PTZ 
dissolved in toluene with a toluene solution of the NCs. Prior to spectroscopic measurements, 
the samples are allowed to stirring at 60~65 °C for 10~20 minutes then cooled and allowed to 
sit for more than 3 hours, to ensure that the PTZ is adsorbed to the particle surfaces. 
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5.3 Calculation Description 

In this set of calculations, the programs based on elastic continuum model and 
effective mass approximation coded in FORTRAN were written and modified for CdSe/CdS 
QDs by Professor Dave F Kelley.  

 
Interdiffusion at the core/shell interface 

Interdiffusion changes the composition of the core and shell materials and softens 
sharpness of the core/shell interface.  In general, diffusion across a radially symmetric 
concentration gradient is described by a diffusion equation, 

2 2
2

( , ) 1 ( , )( , )dC r t d dC r tD C r t D r
dt r dr dr

⎛ ⎞= ∇ = ⎜ ⎟
⎝ ⎠

. 

For the specific case that the ions isotropically interdiffuse across an initially sharp interface 
with a spherical particle of a radius (R), the composition function of the materials can be 
expressed as:83 
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∑ ∫    equation. 5.1 

where r and ρ are radial distances, j0is a spherical Bessel function and zi is the i’th zero of the 
j0

’ and D is the radial diffusion constant.  C(ρ, 0) is the composition profile of the core/shell 
NCs before the interdiffusion. This approach amounts to expanding the initial radially 
dependent concentration in a Fourier-Bessel series, with each term having its own relaxation 
time.  The sharpness of the core-shell interface is characterized by the product of the 
diffusion coefficient and time, D·t.  With the relatively low shell deposition temperatures 
used here (210 °C) and no subsequent annealing, the core-shell interface is sharp and 
characterized by a D·t product of about 0.05.7 
 

Radial and tangential stresses and strains  
The radial dependent strain and stress caused by the core/shell lattice mismatch is 

calculated from elastic continuum theory.34a For the spherical core/shell NCs with a coherent 
interface, the interior pressures are dependent on the core size and the shell thickness, the 
extent of lattice mismatch, and the elastic properties of the materials.  Due to the composition 
variation along the radial NC coordinate caused by the interdiffusion, the radially dependent 
pressures in the spherical NCs are calculated by a concentric method, in which the core/shell 
NCs are considered to be composed of n concentric shells with the shell radii given by evenly 
spaced values of ri.  The radially dependent displacements for the i’th and i+1’th shells in the 
NCs can be expressed by:7 
 

1 , ,( )i i i i i iu r P A P B− + += +        equation. 5.2. 
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whereν is the Poisson’ ratio, which is taken to be ~0.33.84  This value of ν is a good 
approximation for the most II-VI semiconductors.  In the above equations Pi is the pressure 
in the i’th shell and E is the Young’s modulus, which is taken to scale linearly with the 
composition.  That is, for an alloy with a composition of CdSeyS(1-y), E is given as:  

(1 )CdSe CdSE yE y E= + −       equation.5.4  
The Young’s modulus for the different semiconductors is given in table 5.1.  In the interface 
region, the Young’s modulus and lattice parameters are taken to vary linearly with 
composition, given by equation 5.1.  With the boundary condition that 1 , 1( ) ( )i i i i i i iu r u r rε+ +− = , 
where εi,i+1 is the difference in the lattice constants between the i’th and i+1’th shell, εi,i+1 = 
(xi - xi+1)ε, where ε is the total relative lattice mismatch, gives

1 , , 1, 1 1, , 1( )i i i i i i i i i iP A P B A P B rε− + + + − + + − ++ − − = .  Here, we may define vectors of the pressures, P, 
and lattice mismatches, ε. This equation may be written in terms of the matrix D, such that: 
     DP = ε         equation. 5.5 
where D is tri-diagonal: Di,i-1 = Ai,+ , Di,i = Bi,+ - Ai+1,- , and  Di,i+1 = -Bi+1,-. In combination 
with the boundary condition that the pressure at the surface of the NCs is zero, Pn = 0, the 
solution of this matrix equation gives the radially dependent pressures, Pi, for the NCs with 
any radial composition profile.  The radial and tangential stresses are given in terms of the 
pressures, σr = -Pi, and  
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The radially dependent displacements, ur, can be obtained from equation 5.2.  Radial (εrr) and 
tangential (εθθ and εφφ) strains are then obtained from the displacements, and are given by 

/ru rθθ φφε ε= =   and 
0

r
rr

du r da
dr a dr

ε = −  ,      

where a is the zero-pressure lattice parameter and a0 is the lattice parameter in the core.  The 
second term is the radial expression accounts for the change in displacement due to the radial 
dependence of the composition of the material and hence the zero-pressure lattice parameter.  
The strain energy density is then given by ( ) / 2r rE θ θ ϕ ϕσ ε σ ε σ ε= + + .   
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Table 5.1. Parameters of different bulk semiconductors used for the spectroscopic 
calculations in this work. 

 CdS CdSe 
Lattice parameters35a 0.582 (ZB) 

0.4135 0.6749 (W) 
0.608 (ZB) 
0.430 0.702 (WZ) 

bulk modulus (GPa) 62.085 53.085 
Young’s modulus (GPa) 61.285 67.985 
α (eV) 2.9286 2.3 35b 
conduction band edge 
 (V vs. NHE) 

-0.435a, 87 -0.3035a 

valence band edge 
(V vs. NHE) 

2.135a, 87 1.4435a 

electron effective mass (m0) 0.2188 0.134a 
hole effective mass (m0) 0.7088 0.45 4a 

 

Conduction band potential  
In semiconductor heterostructures, the strain induced pressure changes the unit cell 

volume, which leads to shifts in the conduction band potential.  However, the calculation of 
the conduction band potential shift is complicated by the anisotropic nature of the strain.  
Specifically, one needs to consider the effects on conduction band potentials by the radial 
and tangential components of the strain tensor.  In this case, the strain induced shifts of 
conduction band potentials should be given by )( φθ εεεα ++=Δ rE , where εr, εθ and εφ are the 
radial, theta and phi components of the strain tensor, respectively. αis the volume 
dependence of the bandgap change, defined as )ln/( VddEcb−=α .  For the NCs with a 
composition of CdSeyS(1-y), the conduction band potential can be given by: 

( ) ( ( ) ( ) ) (1 )( ( ) ( ) )cb cb r CdSe cb r CdSE r y E CdSe y E CdSθ ϕ θ ϕε ε ε α ε ε ε α= + + + + − + + + equation. 5.6 
The α values for the CdS and CdSe are given in table 5.1.  In the present case, α is taken to 
scale linearly with the composition, i.e, (1 )CdSe CdSx xα α α= + − , in which the lattice mismatch 
parameters for CdSe, CdS are given in table 5.1.  
 
Valence band potential 

The semiconductor alloys are known to have a valence band nonlinearly dependent 
upon their composition, a phenomenon termed “optical band bowing”.37c, 89 The band bowing 
greatly changes the energy gap of the semiconductor composites, and therefore has an effect 
on the spectroscopic properties of the NCs.  The composition profile of the NCs markedly 
changes with the interdiffusion time and band bowing effects therefore need to be 
incorporated into the calculation.   

The valence band potential, Evb, for the NCs with the composition of CdSeyS(1-y), is 
given by:  

(CdSe) (1 ) (CdS) (1 )vb vb vbE yE y E by y= + − + −      equation. 5.7 
where bis the band bowing parameter of CdSeyS(1-y) and is taken to be 0.29 eV.90  The Evb 
values for the CdSe and CdS are given in table 5.1.  
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Electron and hole wave functions 
The determination of the conduction and valence band profiles along the NC radial 

coordinate allows the calculation of the electron and hole wave functions and the 
spectroscopic properties of the CdSe/CdS NCs.  The electron and hole wavefunctions and 
energetics are calculated using an effective mass approximation.  However, the present case 
is complicated by the radially varying composition.  In this case, the Schrödinger equation 
can be written as:91 
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2

* *

1 1( ) ( )
2 ( ) ( ) eV r E

m r m r
⎛ ⎞

− ∇ Ψ + ∇ ∇Ψ + Ψ = Ψ⎜ ⎟
⎝ ⎠

= i      equation. 5.8 

where m*(r) is the location dependent effective mass. In the present case, the effective mass 
is taken to linearly change with the composition of the NCs.  The electron and hole effective 
masses for CdS and CdSe are all given in table 5.1.  Equation 5.8 is solved by expanding the 
wavefunctions in a series of spherical Bessel functions.  The Hamiltonian is diagonalized 
using the conduction or valence band potential described above, giving the zero’th order 
electron and hole wave functions.  The electron-hole coulombic interaction is then 
considered as a perturbation to calculate the final electron and hole wavefunctions and the 
exciton energies.  There are several approximations and uncertainties involved in these 
calculations.  The wavefunction and exciton energy calculations used the effective mass 
approximation, which has limitations that are well known.  However, for these relatively 
large particles this is not a severe problem.  Probably the biggest limitation in the accuracy of 
the exciton energy calculations is from the bulk material band offsets.  One commonly sees 
literature values for the bulk material conduction and valence band energies that differ by as 
much as 100 mV, which is not completely insignificant compared to the band offsets.  We 
have chosen what appear to be the most reasonable and accepted set of values (see table 5.1) 
and used them in a self-consistent way.  By doing this, any errors enter into the calculations 
enter into all of them in the same way and therefore tend to offset. 
 
Shell thickness inhomogeneity from hole transfer kinetics.  

The hole transfer dynamics are inferred from the difference in the photoluminescence 
(PL) decay kinetics with and without an adsorbed hole acceptor, in this case phenothiazine 
(PTZ).  The simplest case is where the shell thickness is homogeneous and all of the 
adsorbed acceptors have the same quenching rate.  This simple situation is somewhat 
complicated by a Poisson distribution of adsorbed acceptors.  To extract the charge transfer 
rate the PL decay in the absence of any PTZ is fit to a triexponential,  

3

1
( ) ( exp( / ))i ii

I t A t τ
=

= −∑ ,  where Ai and τi are the magnitude and the lifetime of the ith decay 
component in the absence of hole acceptors. Following the addition of a known concentration 
of PTZ, the PL decay curve is fit to equation 5.9.   
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= − −∑ ∑     equation. 5.9 
where k is the charge transfer rate to an individual adsorbed PTZ and there is a Poisson 

distribution of acceptors, having an average of <m>, ( )
!

m
m

m
mP m e
m

−< >< >
= .  The assumption 

underlying this treatment is that the adsorbed PTZ causes charge transfer quenching, but has 
no other effect on the PL kinetics.  Comparison of the normalized (It=0 = 1.0) PL decays with 
and without PTZ and the corresponding static PL spectra indicate that the quenching in the 
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integrated PL decay curve closely follows the quenching in the static PL intensity, consistent 
with this assumption.  The concentration dependent average number of PTZs is proportional 
to the PTZ concentration, [ ]adsm K PTZ= .  This “uniform thickness” model has two 
adjustable parameters, the tunneling rate constant, k, and the adsorption equilibrium constant, 
Kads.  In fitting the experimental results, these parameters are chosen to minimize the squared 
residuals, ( )22

expuni uniform erimentalR I I= −∑ , where the summation is over the experimental 
points in the first 100 ns of the decay curve.  
 Alternatively, if the shell is not uniform (i.e., the shell thickness is inhomogeneous), 
then each particle will have a distribution of adsorption sites corresponding to different hole 
transfer rates. Each of these sites may or may not be occupied by an absorbed PTZ, making 
the distribution of hole transfer rates more complicated.  This distribution of hole transfer 
rates may be modeled by assuming (in addition to a Poisson distribution of numbers of 
adsorbed acceptors) that there a distribution of shell thicknesses.  The present model assumes 
a very rough surface, in which there is a Poisson distribution of shell thicknesses.  Such a 
distribution of shell thicknesses may be thought of as the opposite limiting case, compared to 
a completely uniform shell.  Hole transfer occurs by tunneling through the shell, and the 
tunneling rates are a strong function of shell thickness.  Wavefunction calculations indicate 
that this is an exponential dependence,31b 

nd
n ekk β−= 0          equation. 5.10 

where d is the thickness of the monolayer (~0.35 nm for a single CdS), n is the number of 
monolayers and β is a constant.  The value of β is a measure of the extent to which the hole 
can tunnel through the shell and is evaluated from the calculated hole wavefunction density 
at the surface of the particle.31a  These calculations are described in details above, and give β 
= 5.4 nm-1.  This value is also consistent with studies on similar systems.92  Thus, the 
addition of a single layer of shell material (about 0.35 nm) is expected to dramatically slow 
the quenching, by a factor of about 6.6.  Application of this model gives 

3

1
( ) (0) ( exp( / )) exp( )i i qi

I t I A t k tτ
=

= − −∑      equation. 5.11 
in which equation 5.11 is evaluated with a Monte-Carlo distribution of values of the hole 
quenching rate, kq. Each value of kq is given by: 

∑=
n nnq kmk            

where mn is the (randomly selected) number of the quenchers on the part of the particle 
having n monolayers and kn is the hole quenching rate for an acceptor adsorbed on the shell 
having a local thickness of n monolayers.  The hole quenching rates are taken to have an 
exponential dependence on shell thickness, as given by equation 5.10.  Values of mn are 

sampled independently from a Poisson distribution, ><−
><

><
= m

m

m e
m
mmP

!
)(  for all m = mn 

having an average of <mn>.  As in the case of a uniform thickness shell, the averages of these 
n distributions are given by [ ]adsm K PTZ= .  Analogous to the uniform model, this 
“Poisson model” also has two adjustable parameters, k0 (in equation 5.10) and the adsorption 
equilibrium constant, Kads.  As in the case of the uniform model, these parameters are varied 
to minimize the residuals, ( )22

expPoisson Poisson erimentalR I I= −∑ .  The Poisson shell thickness 
model gives both faster and slower components than does the uniform surface model.  How 



88 

 

well or poorly each of these models fits the experimental results is taken to be the measure of 
the shell thickness inhomogeneity.  This comparison is made quantitative by defining the 

“Poisson fraction”, 
2

2 2
uni

Poisson uni

RPF
R R

=
+

, with 2
PoissonR and 2

uniR  defined above.  Values of PF 

range from 0 to 1.0 as the shell becomes progressively rougher. 
An assumption underlying this treatment is that the adsorbed PTZ causes charge 

transfer quenching, but has no other effect on the PL kinetics.  Two observations support this 
assumption.  First, the comparison of the PL decays with and without PTZ and the 
corresponds to the intensity of the static PL spectra.   Specifically, the extent of quenching 
derived from the integrated, normalized (It=0 = 1.0) decay curve closely follows that obtained 
from the static PL intensities.  Second, one can also consider the possibility that the presence 
of the PTZ can affect the shell morphology.  This possibility is excluded by a simple 
observation: we find that the PF values are PTZ concentration independent.  As the PTZ 
concentration is raised, the extent of hole transfer quenching increases, making the kinetics 
easier to analyze, but within the uncertainties of the measurements, the same PF values are 
extracted from the kinetics.  This is not surprising; PTZ attaches to the particle surface about 
as strongly as other ligands, and would not be expected to result in large changes in surface 
energies or morphology. 
 

5.4Results and Discussion 

5.4.1 EFFECT OF STRAIN ENERGY ON SHELL MORPHOLOGY. 
The absorption and PL of wurtzite CdSe/CdS particles having a core diameter of 2.6 

nm and a shell thickness of 0.60 nm are shown in figure 5.1.  Also shown in figure 5.1 are the 
static spectra with and without adsorbed PTZ and the corresponding PL decay curves.  The 
presence of PTZ at a concentration of 7.5 mM quenches the luminescence by about a factor 
of 3, and dramatically shortens the PL decay kinetics.    
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Figure 5.1.  (A) Absorbance (solid curves) and PL (dotted curves);  (B) PL decays of 
core/shell particles having a 2.60 nm diameter CdSe core with 0.60 nm CdS shell. 
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The fit with the uniform model is much better than with the Poisson model, indicating that 
the shell is relatively uniform.  This is not a surprising result.  In this case the core is 
relatively small, the shell is thin and the CdSe/CdS lattice mismatch is not very large (about -
4%).  All three of these considerations suggest that the extent of lattice strain and hence the 
total lattice strain energy is small.  Thus, there is only a small lattice energy associated with 
minimizing the particle surface area.   

A very different situation is encountered with the deposition of a slightly thicker CdS 
shell on a larger CdSe core, as shown in figure 5.2.  In this case the larger core (4.05 nm), 
and the slightly thicker shell (0.51 nm) contribute to producing a larger lattice strain energy.  
Figure 5.2 shows that the shell morphology is better described by the Poisson shell thickness 
model. 
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Figure 5.2.  (A) Absorbance (solid curves) and PL (dotted curves);  (B) PL decays of 
zincblende core/shell particles having a 3.9 nm diameter CdSe core with 1.0 nm CdS shell.  
The shell deposition was at 215 °C. 

The above results along with those from several different sizes of CdSe cores and several 
different thicknesses of CdS shells are summarized in table 5.2.  The spectra and PL decay 
curves for each of these particles are given in the Supplemental Material.  The results in table 
5.2 can be understood in terms of elastic continuum calculations.  In each case, the total 
strain energy density is calculated as described above.  The lattice strain energy is the energy 
density multiplied by the core surface area.  Values of the total strain energy and energy 
density are collected in table 5.2.  Figure 5.3 shows two plots of the Poisson fractions as 
functions of the total lattice strain energy and the lattice strain energy density (energy per 
core area). 

Table 5.2. Core and shell dimensions, observed Poisson fraction and calculated strain 
energies. 

Sample core diameter 
(nm) 

shell 
thickness 

(nm) 

Poisson fraction lattice strain 
energy(eV) 

lattice strain 
energydensity 

(eV/nm2) 
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CdSe/Cd
S 

2.60 0.60 0.08 9.36 0.44 
2.60 1.30 0.22 12.23 0.576 
4.05 0.68 0.80 31.2 0.606 
4.05 1.35 0.75 42.5 0.824 
3.56 0.62 0.20 21.4 0.539 
3.90* 1.00 0.96 33.9 0.71 

3.90** 1.90 0.09a 41.9 0.877 
3.90** 0.90 0.22 32.6 0.682 
3.90**b 0.90 0.90 32.6 0.682 

*zincblende cores, shells deposited at 210 °C. 
** zincblende cores, shells deposited at 140 °C.  
a  value obtained using the same adsorption constant as the QDs with the 0.90 nm shell, see 
text.   
b  annealed for 20 minutes at 210 °C   
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Figure 5.3.  Plots of experimentally observed Poisson fraction versus (A) calculated strain 
energy densities, and (B) calculated total strain energies, taken from table 5.1.  The symbols 
are as follows: wurtzite CdSe/CdS grown under normal conditions (shell growth at 210 °C), 
solid circles; zincblende CdSe/CdS with the shells grown at 140 °C, open circle; zincblende 
CdSe/CdS with the shell grown at 140 °C, and then annealed at 210 °C, solid diamond; 
zincblende CdSe/CdS with the shell grown at 210 °C, solid square.  Also shown is are dashed 
lines at 0.59 eV/nm2 and 27 eV of strain energy. 

These plots show a dramatic change in the Poisson fraction when the calculated strain energy 
exceeds24 – 30 eV or when the calculated strain energy density exceeds 0.59 eV/nm2.  This 
is independent of core and shell dimensions as long as the shell is either grown or annealed at 
≥210 °C.  This observation indicates that the shell morphology responds in such a way as to 
minimize the total (surface + lattice strain) energy – it is in thermodynamic equilibrium.  
Both plots shown in figure 5.3 show an abrupt change in the Poisson fraction with increasing 
strain energy or strain energy density.  The results here do not allow us to say which quantity 
(total strain energy or strain energy density) best describes the change in surface morphology.  
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Because island or defect formation initially requires a discontinuity at a specific site on the 
particle, we speculate that the strain energy density is a better measure of the transition.  The 
two exceptions in table 5.2 and figure 5.3 occur when the shell is deposited at 140 °C and not 
subsequently annealed (indicated with open circles) and are discussed below.  We also note 
that for the same core size and shell thickness, less quenching is associated with smooth 
shells.  An appropriate comparison is the zincblende 3.9 nm cores with 0.9 nm shells, before 
and after annealing.  Before annealing the shells are smooth (Poisson fraction of 0.22), and 
7.5 mM PTZ gives 23% quenching.  After annealing, the shells are rough (Poisson fraction of 
0.90) and 7.5 mM PTZ gives 53% quenching.  The difference in quenching efficiency can be 
qualitatively understood in terms of the exponential decrease of the hole tunneling rate with 
shell thickness.  Rough shells will have thin sections where an adsorbed PTZ will result in 
very rapid quenching.  These fast quenching process result in an overall greater quenching 
rate.  This also explains why the Poisson fraction result could not be directly determined for 
the low temperature 3.9 nm core, 1.9 nm shell zincblende QDs.  In this case, there is very 
little quenching (a few percent) and the small change in the decay curves makes it difficult to 
uniquely determine all the parameters of the both uniform and Poisson models and thereby 
discriminate between the models.  However, we find that if the adsorption parameter (Kads, 
above) is simply taken to be that determined for the comparable particles having a 0.9 nm 
shell, then a Poisson fraction value 0.09 is obtained.  This is consistent with the lack of 
significant quenching in that both suggest that these shells are quite smooth. 
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Figure 5.4.  Calculated values of the strain energy density as a function of shell thickness for 
several different core diameters, as indicated.  These calculations assume a 3.9% lattice 
mismatch, the CdSe/CdS elastic parameters and a sharp core/shell interface.  Also indicated 
with dashed lines is the smooth to rough transition region. 

The results of the elastic continuum calculations as functions of core size and shell thickness 
for a 3.9% lattice mismatch and the CdSe/CdS elastic parameters are shown in figure 5.4.  
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Although these curves are calculated for CdSe/CdS, they are easily adapted to understand 
strain energies in other II-VI core/shell QDs.  This is because the strain energies in different 
types of core/shell QDs are very simply related:  the strain energies scale as the square of the 
lattice mismatch.  Strain energies also scale with the bulk modulus, and these elastic 
parameters are roughly comparable to those of the other II-VI semiconductors.  These scaling 
can be applied to the case of CdSe/ZnS, where the lattice mismatch is about 11%,  2.9 times 
as large as in the CdSe/CdS case.35a  Thus, based on this factor alone, the lattice strain energy 
is expected 8.4 times as large as indicated in figure 5.4.  The bulk modulus of ZnS is also 
about 18% larger than for CdS,93 and this factor also multiplies the strain energies.  
Comparison of scaled curves in figure 5.4 give very good agreement with the corresponding 
calculations on CdSe/ZnS QDs. 

Several conclusions follow immediately from these plots in figure 5.4.  When the 
core size is less than about 2.5 nm, the CdSe/CdS lattice strain remains below the critical 
value for even very thick shells.  In this case the transition to a shell that is rough or has a 
high defect density does not occur.  Figure 5.4 also shows that the calculated strain energy 
density at 1 monolayer (0.35 nm) is about 0.3 – 0.4 eV/nm2, about 50 – 60% of the critical 
value, depending on core size.  The case of a monolayer shell is at the extreme limit of the 
applicability of this model: an elastic continuum is a poor approximation to describe a single 
monolayer.  One therefore needs to view this limit only semiquantitatively.  With that 
limitation, this model predicts that when the lattice mismatch is much greater than about 5 – 
6%, it becomes very difficult to grow a coherent multilayer shell.  In particular, the model 
predicts that a monolayer shell of ZnS on a CdSe core exceeds the critical strain.  This is 
consistent with the variation of PL quantum yield observed in CdSe/ZnS QDs.  The QY of a 
CdSe QD is observed to increase upon deposition of a single ZnS shell, but the deposition of 
a second shell gives no further QY improvement, and deposition of subsequent shells 
decreases the QY.80a, 94  This indicates that defect and/or island formation associated 
multilayer shell deposition limits the extent to which the core can be passivated with a 
semiconductor shell having such a large lattice mismatch. 
 

5.4.2 TWO CAVEATS:  CAN THE STRAIN BE RELIEVED?  AND  IS THE SHELL IN 
THERMAL EQUILIBRIUM? 

The above model suggests that synthesizing core/shell particles having strain energy 
densities of more than about 0.65 eV/nm2 may be inherently problematic.  However, such 
particles have many technological applications and one would like to be able to overcome 
this limitation.  There are two very different ways to do this: by relieving the strain through 
alloy formation or by synthesizing particles that are metastable with respect to surface 
restructuring.   

The strain energy calculations described above assume that the core-shell interface is 
sharp – there is very little selenium-sulfur interdiffusion.  A graded, alloyed core-shell 
interface can be obtained by particle annealing at high temperature and has less lattice strain 
than a sharp interface.  Alloying from cation interdiffusion in (Cd,Zn)Se occurs at about 220 
°C and proceeds rapidly above 280 °C.95  Anions can also diffuse through II-VI 
semiconductor lattices, but are less mobile and require somewhat higher temperatures.7, 50  
Thus, one way to relieve lattice strain is to anneal the particles at a sufficiently high 
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temperature that core and shell materials interdiffuse, the same calculations indicate that 
forming an alloyed interface results in greatly reduced lattice strain.  Consistent with these 
calculations, previous reports have shown that several sizes of CdSe/CdS particles annealed 
at 310 °C for 60 minutes are quite uniform and have high quantum yields.73a 

A critical assumption of the above model is that the shell morphology corresponds to 
the minimum energy configuration – the system is in equilibrium.  This may not be the case 
if the shell is deposited at a sufficiently low temperature.  In this case, shell deposition starts 
out coherent and continues to remain coherent to thicknesses that where the strain energy 
exceeds the amount needed to favor rough shell growth.  The smooth to rough surface 
reconstruction or even defect formation requires the concerted motion of many different 
surface atoms, and is therefore a strongly activated process.  At the usual (relatively high) 
shell deposition temperatures this transition readily occurs and the shell morphology changes 
to relieve the strain.  Consistent with this, literature reports of most thick shelled CdSe/CdS 
particles indicate that the PL quantum yield decreases with increasing shell thickness, 
consistent with the results presented above.  However, at low temperature there may be 
insufficient thermal energy to overcome the smooth to rough activation barrier even when the 
shell becomes sufficiently thick for this to be energetically favorable.  As a result, continued 
shell deposition can result in a metastable shell having very high lattice strain energy, but 
very few defects.   Although such a shell is metastable with respect to defect formation, the 
lack of defects may result in high luminescence QYs and excellent optical properties.  Nan et 
al.8 have recently reported the synthesis and optical properties of zincblende CdSe/CdS 
core/shell particles in which the shells are deposited at very low temperatures, less than 160 
ºC.  This is done using thermal cycling method and a single source CdS precursor that 
decomposes at low temperature.  They report excellent optical properties and very high 
luminescence QYs. We have synthesized similar zincblende cores and subsequently 
deposited 1.0 or 0.90 nm thick CdS shells at either the normal high temperature (210 ºC), or 
at low temperature (140 °C), as described in reference 8.  High temperature shell deposition 
gives results that are quite similar to those obtained with wurtzite cores.  For these core and 
shell dimensions, the calculated lattice strain energy is about 0.7 eV/nm2 (see table 5.2 and 
figure 5.3), which is greater than the observed roughening threshold of about 0.59 eV/nm2.  
When the shells are grown at 210 °C, addition of PTZ results in considerable quenching 
(52% for 7.5 mM PTZ) and the decays are best fit with the Poisson model (see figure 5.3).  
We conclude that the shells are rough. 

The shells deposited at low temperature provide exceptions to the predictions of this 
model.  In the case using the same zincblende cores and low temperature shell deposition, the 
shell thickness is comparable and calculated strain energy is 32.6 eV.  However, these 
particles show relatively little quenching (22%) upon the addition of 7.5 mM PTZ.  The 
decay for the low temperature deposition shells is much better fit with a uniform model, and 
we obtain a Poisson fraction of  0.22. The conclusion is that despite the large strain energy, 
the shells deposited at low temperature remain smooth and do not relax to a rough 
morphology.  Particles with thicker shells (1.90 nm) deposited at low temperature correspond 
to much larger strain energies (41.9 eV), but as discussed above, show only a few percent 
quenching even at very high PTZ concentrations (50 mM), and give a Poisson ratio 
consistent with smooth shells.  Also consistent with the idea that the thicker shell QDs have 
very uniform, close to defect free shells, we find that these QDs are very stable and have 
luminescence QYs of about 95%.  The lack of defects seems to be unique to the zincblende 
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crystal structure.  We find that analogous low-temperature shell deposition on wurtzite cores 
give much lower luminescence QYs, consistent with the original reports.8 

A further experiment is to anneal the zincblende particles having 0.90 nm thick shells 
at the normal shell deposition temperature (210 °C).  This is comparable to the normal shell 
deposition temperature, but is too low to cause significant radial diffusion of the seleniums or 
sulfurs.  The calculated strain energy density is greater than the 0.59 eV/nm2 needed to cause 
relaxation to a rough surface morphology.  As expected, annealing results in a much rougher 
shell, as indicated by the increased amount of quenching and the much larger Poisson 
fraction (see table 5.1 and figure 5.3).  This indicates that prior to this low temperature 
annealing, there is a very large amount of lattice strain energy and that the shells are not in 
thermodynamic equilibrium.  Annealing at 210 °C is sufficient to cause relaxation to the 
energetically favored shell morphology. 

 

5.4.3LATTICE STRAIN LIMIT IN ZINCBLENDE CDSE/CDS CORE/SHELL QDS. 
In previous paragraph, we suggest two ways to put on thicker shells without 

degrading the optical properties and lowering the PL QY.96  One way to do this is to diminish 
the lattice strain by synthesizing particles having an alloyed core/shell interface.  High 
temperature annealing causes interdiffusion of the core and shell materials creating an alloy 
region.  The presence of an alloy region with the core continuously changing to the shell 
greatly reduces the extent of the lattice strain.  If the alloy region is sufficiently broad then in 
principle, any thickness of shell can be deposited without exceeding the critical strain energy 
density.  Very high quantum yield particles can be obtained using this approach.73a The 
practical limitation associated with doing this is that annealing can also result in particle 
ripening, which increases the inhomogeneity.  The other approach to limit the extent to which 
lattice strain degrades the optical properties of core/shell QDs is to synthesize particles that 
are not in thermodynamic equilibrium.  This can be accomplished by depositing the shell at a 
sufficiently low temperature that the equilibrium (irregular) morphology is not achieved.  
Nan et al.8 have recently reported the synthesis and optical properties of zincblende (ZB) 
CdSe/CdS core/shell particles in which the shells are deposited at very low temperatures 
(~140 °C).  They report excellent optical properties and very high PL QYs for very thick 
shell growth, i.e. 85% for 2~4 CdS monolayers (ML) and >50% for 8~10 CdS ML. In the 
present studies and consistent with what is reported in reference 8, we find that this synthetic 
methodology yields higher quantum yield zincblende QDs, compared to when it is applied to 
their wurtzite counterparts. (Wurtzite CdSe/CdS QD having high QYs are typically 
synthesized or annealed at temperatures above 210 °C.)  The low temperature does not give 
sufficient thermal energy to overcome the smooth to rough activation barrier when the shell 
becomes sufficiently thick for this to be energetically favorable.  Therefore, continued shell 
deposition can result in a metastable shell having smooth shell surface with very few defects, 
but very high lattice strain energy. This approach does, however, have its limitations.  At 
some shell thickness, the lattice strain energy becomes sufficiently large that it will not 
maintain the smooth-shell metastable state.  Otherwise stated, there is a limit to the thickness 
of shell that can be deposited, even at the lower temperature.  To understanding these 
limiting conditions, the effects of lattice strain on the spectroscopy and photoluminescence 
QYs of zincblende CdSe/CdS core/shell quantum dots are examined.   



95 

 

The results reported here elucidate the maximum thickness that can be obtained while 
keeping the shell surface relatively uniform. This is done by depositing CdS shells of 
increasing thickness on various sizes of CdSe cores and examining the PL QY as a function 
of shell thickness. The PL QYs of CdSe/CdS core/shell particles with several different sizes 
of zincblende CdSe cores and different CdS shell thicknesses are summarized in figure 5.5A.   

 

0 1 2 3 4 5
0.0

0.2

0.4

0.6

0.8

1.0

Q
Y

shell thickness / nm

 Core 2.65 nm
 Core 3.55 nm
 Core 3.63 nm
 Core 3.94 nm
 Core 4.60 nm

0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.4

0.6

0.8

1.0 B

Q
Y

strain energy density / (eV/nm2)

 core 2.65 nm
 core 3.55 nm
 core 3.68 nm
 core 3.90 nm
 core 4.60 nm

 
Figure 5.5.Comparison of QY as a function of (A) CdS shell thickness, and (B) calculated 
strain energy density for different CdSe core sizes, as indicated. The vertical dashed line in 
(B) corresponds to a strain energy density of 0.85 eV/nm2.  The points for the 3.63 nm core 
are extracted from the data of Nan et al.8 and the points for the 3.55 nm cores are from Qin et 
al.74b 

Some of the results (open circles) in figure 5.5 come from the analysis of data reported by 
Nan et al.8 and Qin et al.74b Sizing maps (exciton energy as a function of core size and shell 
thickness) vary slightly from one report to another.  We have analyzed all of the 
spectroscopic data using sizing map reported in chapter 2.  This results in slightly different 
sizes and shell thickness than originally reported, but ensures self-consistency throughout the 
results.  A CdS monolayer (ML) shell corresponds to about 0.33 nm, and the figure shows 
that the QY increases dramatically upon deposition of 1 – 2 MLs of CdS.  Lattice strain is 
minimal with such a thin shell and we conclude that 1 – 2 CdS MLs are needed to passivate 
the defects on the surface of the CdSe core.  Two other trends are also apparent. First, higher 
maximum QYs are achieved with smaller cores, and second, particles having smaller cores 
maintain high QYs with much thicker shells.  We suspect that the first trend is simply a 
surface area effect.  The larger core has more surface area, and therefore a higher probability 
of surface defects that are not well passivated.  The loss of quantum yield with the thickest 
shells is assigned to a lattice strain effect.  This effect can be quantitatively understood in 
terms of elastic continuum calculations, where the total lattice strain energy is calculated as a 
function of core size, shell thickness and the properties of the core and shell materials, as 
described in references96, 31a, 31b and 7.The core (rather than the shell) surface area is most 
relevant because the elastic strain is concentrated at the core-shell interface. 
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This model assumes that the core and shell have the elastic properties of bulk CdSe 
and CdS, respectively, and that the crystal structure is continuous across the sharp core-shell 
interface, i.e., the interface is coherent. Figure 5.5B shows the same data as figure 5.5A, 
except plotted as a function of the calculated lattice strain energy density (lattice strain 
energy divided by core surface area).  By plotting the QYs as a function of the calculated 
strain energy density, figure 5.5B shows that the QY drop-off at the larger shell thicknesses 
occurs when the strain energy density exceeds a specific maximum value, about 0.85 
eV/nm2. As mentioned earlier, CdSe/CdS particles are stable with respect to shell defect 
formation below a strain energy density of about 0.59 eV/nm2.  So this range, 0.59 to 0.85 
eV/nm2, defines the core/shell morphologies that can maintain smooth, relatively defect free 
surfaces, despite being thermodynamically unstable.  The range of core sizes and shell 
thicknesses that fall into each of the categories of stable, metastable and unstable are shown 
in figure 5.6, in terms of lowest exciton absorption wavelength.  The exciton wavelengths 
corresponding to different core sizes and shell thickness are similar to other recently reported 
sizing “maps”,32, 69and were calculated is the same way as the zincblende core/shell map in 
reference 69. 
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Figure 5.6.  Absorption maximum (nm) of lowest exciton of zincblende CdSe/CdS core/shell 
particles as a function of CdSe core sizes and CdS shell thickness (monolayers).  The green 
and red lines correspond to strain energy densities of 0.59 and 0.85 eV/nm2, defining the 
stable/metastable and metastable/unstable boundaries, respectively. Points labeled A, B, C 
and D indicate samples for which annealing spectral shifts were measured.  The region 
between these lines corresponds to core/shell particles that are smooth, but metastable with 
respect to defect formation. 

Particles with dimensions falling below the green line in figure 5.6 can have high QYs and 
smooth surfaces that are thermodynamically stable.  The maximum shell thickness for which 
stability is maintained varies with core size.  It is of interest to note that cores having 
diameters less than about 2.5 nm can support very thick, bulk-like CdS shells.  In this case 
the energy needed to compress the core to a lattice parameter that it is compatible with being 
embedded in the lattice of the CdS shell is less than the energy needed to produce shell 
defects.  In contrast, particles with dimensions falling above the red line have sufficiently 
high strain energies that defect formation will spontaneously occur, even at low shell 
deposition temperature, < 140 °C.  The set of wavelength curves in the figure 5.6 map were 
calculated assuming that the core-shell interface is coherent.  However, the region above the 
red line in figure 5.6 represents core/shell particles for which smooth shells and a coherent 
core/shell interface is unstable.  Strain release will cause at least partial reduction in the 
pressure of the particle core.  Core compression causes a significant blue shift spectrum and 
its loss at the metastable/unstable boundary results in a discontinuity in the lowest exciton 
absorption wavelength.  Thus, for core/shell particles above the red line in figure 5.6, the 
interpretation of wavelengths in this map must be viewed cautiously. 

Shell deposition producing core/shell particles in the intermediate regime can be 
accomplished at low temperatures, and these particles can have very high PL QYs and 
extremely good optical characteristics.  However, these optical properties will be lost if the 
particles are annealed at a sufficiently high temperature that thermodynamic equilibrium is 
reached, > 210 °C.  Associated with relaxation to thermodynamic equilibrium is the partial 
loss of core compression.  The bulk CdSe bandgap is pressure dependent, 

4.5 /gapdE
meV kbar

dP
= .35b  Thus, the release of the strain energy results in the absorption 

spectrum shifting to longer wavelengths.  Table 5.3 gives the observed spectral shifts 
following 15~20 minutes of annealing at 210 °C for the core/shell particles indicated in 
figure 5.6. 

 

Table 5.3. Spectroscopic and annealing results for stable and metastable particles. 

sample corea 
 

shella 
 

λ / nm energy 
densityb 

Δλ /nm 
(obs.) 

Δλ /nm 
(equilib.)
c 

Δλ /nm 
(relaxed)c 

A 2.65 1.20 578.9 0.57 -2.0 0.0 0.0 
B 3.02 1.31 594.4 0.66 +4.1 +0.6 +7.5 
C 3.59 1.59 614.0 0.78 +4.1 +1.8 +7.9 
D 3.94 1.40 617.8 0.82 +3.0 +2.4 +9.1 
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acore diameters and shell thicknesses are in nm.   
b eV/nm2.   
c Calculated wavelength shifts for complete release of lattice strain (relaxed) and release to 
the 0.59 eV/nm2 thermodynamic maximum (equilibrium). 
 

Sample A is in the stable regime, and shows only a slight blue shift upon annealing.  
This is due to an etching effect and a blue shift of this magnitude often occurs upon 
annealing.  In contrast, samples B, C and D are in the metastable region and show the 
opposite behavior, despite the possibility of etching.  A significant red shift upon annealing 
occurs, due to the release of pressure on the core.  Table 5.3 also gives the calculated red 
shift assuming that all of lattice strain is removed and assuming that the lattice strain energy 
is diminished to the maximum equilibrium value of 0.59 eV/nm2.  The observed values fall 
between these two extremes, indicating that following strain relaxation, there is still 
considerable core pressure, but less than the thermodynamic limiting value.  This observation 
indicates that the short, 210 °C annealing is sufficient to relax the coherency of the shell, but 
does not cause the shell to reach equilibrium.  We also not that the results in reference 97 
showed that annealing of metastable particles allowed surface adsorbates to get closer to the 
core.  Based on the combination of these results, we speculate annealing under these 
conditions results in the production of many shell defects, but not a complete change in shell 
morphology or crystal structure. 
 

5.5 Conclusions 
The experimental results and computational model reported here lead to a few very 

simple conclusions about the morphology of core/shell QDs.  The results show that smooth 
shell growth is thermodynamically favored during the initial deposition of CdS shell on a 
CdSe core.  As shell deposition proceeds the lattice strain energy increases.  At some point, 
depending on the core size and shell thickness, the strain energy density becomes sufficiently 
great (27 eV or 0.59 eV/nm2) that the shell undergoes reconstruction to a higher surface area, 
lower strain morphology.  This typically creates defects and thereby lowers the luminescence 
QY.  Shell reconstruction is an activated process and if the shell is deposited at a sufficiently 
low temperature, much higher strain energies will be obtained before the shell undergoes 
reconstruction.  This is desirable for making well passivated, highly luminescent CdSe/CdS 
particles. 

High quantum yields of zincblende CdSe/CdS quantum dots are achieved as long as 
the lattice strain energy density is below about 0.85 eV/nm2, which is considerably greater 
than the limiting value of 0.59 eV/nm2for thermodynamicstability of a smooth, defect free 
shell, as previously reported in chapter 2 and previous work.97  Thus, core/shell quantum dots 
having strain energy densities between 0.59 and 0.85 eV/nm2 can have very high PL QYs, 
but are metastable with respect to surface defect formation.  Such metastable core/shell QDs 
can be produced by shell deposition at comparatively low temperatures (< 140 °C).Annealing 
of these particles causes partial loss of core pressure, and a red shift of the spectrum. 
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APPENDIX. SUPPORTING INFORMATION 
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Figure SI-1.  An example of a four Gaussian fit to the absorption spectrum of 5.0 nm CdSe QDs. 
The width of the two lowest transitions has been constrained to be the same.   The extinction 
coefficient correction factor in this case is 0.823 (= .168/.204). 
 

We note that the effect of overlapping transitions becomes more significant for the larger 
particles, in which the 1Se-1S3/2 and 1Se-2S3/2 transitions are more closely spaced.  The result is 
that simply taking the product of the maximum extinction coefficient and the spectral width 
gives a good estimate of the integrated extinction coefficients only for the smallest particles.  An 
increasingly large correction must be applied to this estimate for the larger particles.  
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Figure SI-2.  Exciton wavelength map assuming no core-shell interdiffusion and core 
compression calculated with bulk elastic parameters. 
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Figure SI-3.  Exciton wavelength map assuming no core-shell interdiffusion and no core 
compression. 
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Figure SI-4.  Decay curves obtained at different temperatures for CdSe/ZnSe nanoparticles (3.5 
nm diameter cores with 1.0 nm thick shells) having TBP/ODA ligands.  Also shown are the 
fractions of bright particles at each temperature.  The areas under the curves can be accurately 
determined from these data. 
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Figure SI-5.  Thermal quenching over a range of 40 °C to 90°C for 3.2 nm (left panel) and 4.55 
nm (right panel) CdSe particles.  The 3.2 and 4.55 nm particles exhibit 35% and 38 % static 
thermal quenching, respectively, over that temperature range. 

CdTe/CdSe thermal quenching.  
CdTe/CdSe core/shell particles are type-II, with the hole localized in the core and the electron localized in 
the shell.  Figure S1 shows that as a result of hole localization in the (lower energy) CdTe core, these 
particles exhibit somewhat less thermal quenching the do CdSe particles.   
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One can also consider the effects of temperature-dependent band shifts in the thermal quenching of these 
particles.  The band gap shifts are primarily due to temperature-dependent changes in the volume of the 

unit cell, defined as 
ln

gE
V

α
∂

=
∂

.  Most of the band gap shift is due to changes in the conduction band.  

Values of α are -3.7 and -2.3 eV for CdTe and CdSe, respectively35c.  The temperature dependent changes 
in the conduction band offset can be calculated using these values and the coefficients of thermal volume 
expansion, which are 1.47 x 10-5/K and 0.93 x 10-5/K for CdTe and CdSe, respectively.98  We get that the 
conduction bands shift by 2.14 x 10-5 and 5.44 x 10-5 eV/K.  The conclusion is that the difference in the 
CdTe and CdSe conduction band energies over the 22 ºC – 80 ºC range studied here is about 1.8 meV, 
which compared to the approximately 300 meV offset at room temperature, is negligible.   
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Figure SI-6.  Temperature dependent PL decay curves for CdTe/CdSe particles consisting of an 
approximately 3.4 nm CdTe core with a two layer (0.62 nm) CdSe shell. 

Excitation wavelength effects.  
Excitation wavelength has no effect on the extent of thermal quenching as shown below. 
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Figure SI-7.  Normalized PL intensities as a function of temperature following excitation at 400 
(squares) and 550 nm (circles). 

Ligand exchange of CdSe and CdSe/ZnSe particles.  
Ligand exchange has been shown to result in small blue shifts as a result of removing pendant 
surface metal and chalcogenide atoms.54  In the case of CdSe/ZnSe particles, removal of the most 
weakly bound surface atoms have little effect on the absorption spectrum shows below.  
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Figure SI-8.  Absorption and PL spectra of CdSe/ZnSe as synthesized (black curves) and 
following TBP/ODA ligand exchange (red curves).  The only significant difference following 
ligand exchange is the increase in PL intensity. 




