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Abstract 

Mechanisms for Fluorescence Blinking and Charge Carrier Trapping in                                

Single Semiconductor Nanocrystals 

By 

Amy Ashbrook Cordones 

Doctor of Philosophy in Chemistry 

University of California, Berkeley 

Professor Stephen R. Leone, Chair 

 

Time-resolved fluorescence is measured for single semiconductor nanocrystals with a range of 

compositions and morphologies. The fluorescence is observed to blink on and off intermittently, 

a process known as fluorescence blinking or intermittency. Despite its wide-spread occurrence 

for nanocrystals, the exact cause of the blinking behavior is still highly debated. A large number 

of blinking models have been proposed, all of which predict charge carrier trapping to play a 

major role in blinking. Fluorescence blinking is measured as a function of excitation intensity for 

CdSe/ZnS quantum dots, and two different power-dependent behaviors are observed for the on- 

and off-states. While the on-state power dependence supports a multi-exciton ionization-induced 

charge trapping mechanism, the off-state data supports a fluctuating trapping/de-trapping rate 

that depends on a single exciton. This suggests that multiple charge trapping mechanisms may 

play a role for a single nanocrystal. Investigation of the fluctuation-based mechanism was 

extended to several nanocrystal compositions and morphologies through the measurement of on-

state memory, or correlations of subsequent on-state durations, and distributed kinetics. The on-

state memory was found to decrease for nanocrystals with less distributed blinking kinetics, 

indicating that both may originate from the same fluctuation-based blinking mechanism. 

Furthermore, reproducing this correlation using Monte-Carlo simulations required the combined 

effects of two blinking mechanisms. Consistent with the power-dependent results, a single rate 

charge trapping process and the fluctuation-based mechanism were considered. Finally, the 

simultaneous measurement of fluorescence blinking and decay data for CdSe/ZnS quantum dots 

led to the direct observation of trapping rate fluctuations occurring during the off-state. This 

result supports one class of blinking models that relies on rate fluctuations, and not long-lived 

trap states, to account for blinking. Taken together, these results help to construct a larger-scale 

picture of fluorescence blinking that relies on the combined effects of several charge trapping 

processes. Fluorescence blinking was also applied to probe the interaction of single CdSe/CdS 

nanocrystals and a new class of chalcogenidometalate ligand complexes. Hole trapping was 

identified as the dominant process affecting the optical properties of this composite system.
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Chapter 1  

 

Introduction to Charge Trapping and 

Fluorescence Blinking in Nanocrystals 
 

A large portion of the content and figures of this chapter are reprinted or adapted from Cordones, A. A. 

and S. R. Leone, “Mechanisms for Charge Trapping in Single Semiconductor Nanocrystals Probed by 

Fluorescence Blinking”, Chem. Soc. Rev., (in press). Reproduced by permission of The Royal Society of 

Chemistry. 

 

Semiconductor nanocrystals are promising candidates for incorporation into a range of 

optoelectronic devices. The size-tunable electronic structure, high photostability, inexpensive 

solution processing, and high fluorescence quantum yields of nanocrystals have led to their 

integration in devices including solar cells, light emitting diodes (LED), photodetectors, and 

field-effect transistors.
1
 The efficiency of such devices relies on the effective separation and 

transport of charges (for example, in photovoltaics) or the high efficiency of radiative 

recombination of charge carriers (for example, in LEDs) in the nanocrystal. Charge carrier 

trapping is one process that impedes both charge transport and recombination in nanocrystals 

and, therefore, limits their efficient use in these devices. Charge trapping refers to the 

localization of the electron or hole at lattice defects within the crystal structure or at unsaturated 

bonds on the nanocrystal surface atoms. The charge can become stabilized in these sites, called 

trapping states, and, therefore, trapping reduces charge mobility in nanocrystal arrays. 

Additionally, the removal of one charge to a trap state decreases the overlap of electron and hole 

wavefunctions within the nanocrystal and, therefore, decreases the recombination efficiency. 

 

The effects of charge carrier trapping can be seen on an ensemble level and directly related to 

decreased efficiencies of nanocrystal-based devices. For example, nanocrystals have been used 

in photovoltaic devices as light absorbing materials to generate charge carriers, which are then 

separated and extracted to the electrodes. Currently, poor charge separation and transport are 

limiting factors of nanocrystal-based photovoltaic devices. Experimentally, nanocrystal-polymer 

hybrid solar cells, as well as all-inorganic nanocrystal solar cells, exhibit efficiencies much lower 

than is theorized for nanocrystal-based photovoltaics, likely due to inefficient charge transfer 

between the nanocrystals and at the electrode contacts.
2-4

 Theoretically, modeling of nanocrystal 

solar cell efficiencies illustrates how electron trap state densities and energies affect several key 

device performance parameters.
5
 Increasing the trap state density and depth (energy relative to 

the conduction band-edge) are found to decrease both the carrier mobility and open circuit 
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voltage of the device. In nanocrystal-based LEDs, the device efficiency relies in part on the 

radiative recombination efficiency of electrons and holes injected into the nanocrystal. It has 

been shown repeatedly that inorganic or organic passivation of the unsaturated bonds on the 

nanocrystal surface leads to increased fluorescence quantum yields due to reduced surface charge 

trapping.
6
  

 

The dynamics of the charge carrier trapping process have also been studied on a more 

fundamental level. Although the trapping and de-trapping processes are not typically probed 

directly, their dynamics have been inferred from the band-edge absorption and fluorescence 

measurements on nanocrystal ensembles. The time scales for removal of a charge from the 

nanocrystal valence band or conduction band to a trap state (one to tens of picoseconds) and the 

highly distributed lifetimes of the trap states (nanoseconds to microseconds) have been inferred 

for nanocrystal ensembles from changes in the excited state population using transient 

absorption
7
 and fluorescence

8
 spectroscopy. Also for ensembles of nanocrystals, low levels of 

fluorescence emission in the infrared spectral regime have been measured directly and attributed 

to the radiative recombination of trapped charges.
9, 10

 

 

On a single nanocrystal basis, charge carrier trapping is thought to interrupt the otherwise 

continuous fluorescence following constant illumination. The fluorescence is observed to blink 

on and off intermittently, a process known as fluorescence intermittency or fluorescence 

blinking. Compared to the ensemble measurements discussed above, studying charge trapping in 

single nanocrystals allows one to identify if the distributed charge trapping rates or trap state 

lifetimes originate in a single nanocrystal or from an inhomogeneous population of nanocrystals. 

 

Prior to investigation of nanocrystals, fluorescence blinking had been observed for a wide range 

of single emitters, including molecular dyes and fluorescent proteins.
11

 A broad distribution of 

blinking rates are observed in most single emitters, including nanocrystals, resulting in periods of 

high fluorescence (on-state) and low fluorescence (off-state) spanning from hundreds of 

microseconds to hundreds of seconds. The highly distributed blinking kinetics observed for 

nanocrystals are attributed to a static or time-dependent distribution of charge trapping rates. 

Although fluorescence blinking was initially reported for very small nanocrystals,
12

 it has since 

been measured for morphologies including elongated nanorods
13

 and nanowires.
14

 The 

distribution of blinking rates is not found to change significantly for the morphologies noted or 

for various nanocrystal compositions.
15-17

 

 

While it is generally agreed that fluorescence blinking is a direct result of charge carrier trapping, 

the details of the underlying mechanism are still highly debated. Two approaches have developed 

in the literature to link charge trapping with the non-fluorescent periods observed during 

blinking. The first assumes that charge trapping leaves the nanocrystal core effectively charged, 

called the charging model. Auger recombination is an efficient non-radiative recombination 

pathway for the charged nanocrystal, which induces a low fluorescence quantum yield for a 

duration dictated by the lifetime of the trapped charge. Alternatively, the trapped charge can 

recombine non-radiatively with its countercharge promptly after each excitation event. In this 

case, the low fluorescence quantum yield is induced by a fast charge-trapping rate, and 

intermittency is caused by time-dependent fluctuations in that trapping rate. The durations of the 

off-state are then dictated by the time scales of the trapping rate fluctuations. The details of these 
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generalized explanations and the reasons for the highly distributed kinetics of these processes are 

currently the topic of ongoing research. Many blinking mechanisms have been proposed that fit 

into either general category, which will be discussed further in a later section of this chapter.   

 

Despite the lack of convergence on a single blinking mechanism, the assignment of blinking to 

charge carrier trapping is consistent. Analysis of the fluorescence blinking behavior is therefore a 

direct method of probing charge-trapping dynamics. It is the only experimental method currently 

capable of monitoring the trapping kinetics on a single nanocrystal basis. Through systematic 

control of the excitation conditions (for example, wavelength and intensity), changes to the 

distribution of blinking rates can yield mechanistic information about how charge carriers access 

trap states. By variation of the surface passivation or local environment of the nanocrystal, the 

distribution of blinking rates can report on the nature of the trap states for a given nanocrystal 

sample. Furthermore, the synthetic development of non-blinking nanocrystals contributes to the 

understanding of which morphological or compositional properties can control charge carrier 

trapping.  

 

In the remaining sections of this chapter the discussion is broken into three sections: an overview 

of the mechanisms proposed to explain nanocrystal fluorescence blinking and how the 

mechanisms relate to charge carrier trapping, a description of the physical nature of charge 

trapping sites known to occur for some nanocrystals and their local environments, and an 

overview of blinking experiments that probe these mechanisms for charge carrier trapping. The 

work presented in the following chapters aims to probe both the mechanisms for fluorescence 

blinking in nanocrystals and for the charge carrier trapping process thought to cause it. 

Additionally, the blinking behavior is used report on the nature and distribution of charge 

trapping sites in an all-inorganic ligand environment. The nanocrystal samples used throughout 

this work are CdSe quantum dots with and without an inorganic shell (ZnS, CdS, etc).  

 

 

1.1 Overview of Proposed Blinking Mechanisms  
 

Numerous mechanisms have been proposed to describe the blinking behavior of single 

nanocrystals and to relate blinking to charge carrier trapping. Reviews detailing many of the 

proposed blinking mechanisms are available.
11, 18-24

 Here, we give an overview of the 

development of several models and note which aspects of the blinking behavior are successfully 

supported as well as some failures of the models.   

 

Fluorescence blinking was first reported to occur in single nanocrystals by Nirmal et al. in 

1996.
12

 This initial experiment measured the fluorescence of single CdSe nanocrystals, with and 

without a ZnS shell. The basic blinking mechanism that was proposed immediately following 

this measurement, and several modifications that followed, will be referred to here as Type I 

blinking models (charging models). A schematic illustration of the key processes for Type I 

models are shown in Figure 1.1 and described below. The high fluorescence intensity on-state is 

the result of continuous cycling photon absorption to create an exciton, followed by radiative 

recombination (Figure 1.1a). On-to-off switching was proposed to occur via thermal ionization 

or photoionization of a nanocrystal charge carrier to a trap state (Figure 1.1b).
25

 Following 
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subsequent absorption the nanocrystal core effectively has three charge carriers (a charged 

exciton) that interact strongly. The charged exciton recombines by a fast non-radiative Auger 

recombination mechanism, in which energy is transferred from the new exciton to the lone 

charge in the nanocrystal core (Figure 1.1c). Off-to-on switching would occur upon return of the 

trapped charge and neutralization of the nanocrystal (Figure 1.1d). The notion of 

photoionization-induced on-to-off switching was supported in the first blinking measurement by 

a decrease in the average on duration with higher excitation intensity.
12

  

 

 

 

 

Figure 1.1. Schematic depiction of Type I blinking models. Four sections of the blinking trace are 

indicated to correspond to panels (a)-(d). (a) The conduction band edge (CB), valence band edge (VB), 

and surface trap states (TS) are labeled. During an on-state the nanocrystal cycles between absorption to 

create an exciton and fluorescence recombination. (b) On-to-off switching occurs upon charge trapping 

(hole trapping is shown here). (c) During an off-state the nanocrystal cycles between absorption to create 

a charged exciton and non-radiative Auger recombination. (d) Off-to-on switching occurs when the 

trapped charge returns to the nanocrystal core. The duration of the off-state is dictated by the trap state 

lifetime. (e)-(g) Variations of Type I models are shown, each with power law distributed on and off 

durations. The models include a static distribution of trap states (e), diffusion of the energetic barrier to 

charge trapping (f), and energetic diffusion of the neutral and charged nanocrystal energy levels (g). 
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Subsequent nanocrystal blinking studies constructed probability distributions of the on and off 

durations and reported inverse power law behavior (with the negative exponent between -1 and -

2, inverse power law behavior is illustrated and discussed in further detail in Section 2.3.1) for 

over 5 orders of magnitude in duration.
26

 While single photoionization and neutralization rates 

predict exponentially distributed on and off duration probabilities, a power law indicates a wide 

distribution of rates. The observation of such widely distributed kinetics prompted several 

modifications to the charging model to include either a static distribution of traps or a 

dynamically changing trap. Cross-over from power law to exponential truncation (at τc) was later 

observed, consistent with a single on-to-off switching rate for long on durations.
27

  

 

To explain the power law behavior, Verberk et al. proposed electron tunneling between the 

nanocrystal core and a static distribution of trap sites at various distances from the nanocrystal 

core (as illustrated in Figure 1.1e).
28

 This is a Type I model, as the ionized nanocrystal remains 

in an off-state due to Auger recombination. By using a distribution of trap states, this model 

achieves a wide range of neutralization rates that are a function of trap distance from the 

nanocrystal core. This leads to power law off duration distributions.  However, a single on-to-off 

switching rate is predicted by this mechanism, which is inconsistent with power law on-state 

behavior. Wider distributions of on durations were introduced to this model by considering the 

dynamic removal of the excess carrier from the charged nanocrystal core to the outer surface. 

The nanocrystal core is made effectively neutral and subsequent radiative recombination is 

possible. Furthermore, the charged surface provides an electrostatic barrier to further charge 

trapping (Coulomb blockade), thus leading to longer on durations. 

 

Other blinking mechanisms that rely on a time-dependent variation of the accessibility of the trap 

sites were successful in reproducing power law distributions for both the on- and off-states. One 

such model retains the framework of electron tunneling from the nanocrystal core to external trap 

sites, but it includes a time-dependent fluctuation in the height or width of the tunneling barrier 

(Figure 1.1f).
29

 The framework of the Type I model is retained, with the off-state due to Auger 

recombination of the charged exciton. Wide distributions of tunneling rates, spanning 4 and 7 

orders of magnitude, were achieved by 25% modulation of a 4 eV barrier height and width, 

respectively. The fluctuations were proposed to occur due to conformational changes in the 

ligands that passivate the nanocrystal surface and separate charges in the nanocrystal from 

external trap sites.   

 

Other approaches to dynamic trapping sites include spatial diffusion of a trapped charge,
30

 

energetic diffusion of the trap state,
27

 or diffusion of the trap state and nanocrystal energy 

levels.
31

 For both diffusion processes the on and off duration probability distributions were 

predicted according to the time for a 1D random walker to return to its start position, which is 

inverse power law distributed with an exponent of 1.5 and is consistent with experimental data. 

Low temperature experiments have shown time-dependent fluctuations in the band-edge 

fluorescence from a single CdSe nanocrystal, in support of energetic diffusion.
32

 Based on these 

spectral fluctuations, a random walk model was proposed in which the trap state energy diffuses 

in and out of resonance with the nanocrystal excited state.
27

 Charge trapping (or neutralization) 

occurs each time the energy levels are in resonance, causing on-to-off (or off-to-on) switching 

(Type I model). Diffusion of the trap state energy was motivated through changes in position and 

density of trapped charges on the nanocrystal surface.  
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The above model was expanded by Tang and Marcus to include energetic diffusion of the 

nanocrystal excited state, referred to as diffusion-controlled electron transfer (DCET).
31

 The 

ground and excited states of the neutral and charged nanocrystal (one charge carrier removed to a 

trap) are considered in this model and are illustrated in Figure 1.1g. Switching between the on- 

and off-state is governed by diffusion along energy surfaces representing the neutral nanocrystal 

excited state and charged nanocrystal ground state. A random walk along these parabolic 

surfaces results in on-to-off (or off-to-on) switching at each curve crossing event from the neutral 

to charged nanocrystal (or charged to neutral nanocrystal, Type I model). This model predicts 

two regimes of inverse power law behavior in the on and off duration probabilities with an 

exponent of 0.5 for very short durations and 1.5 for longer durations. A similar change in power 

law exponent was reported to occur for durations between 5 ms and 35 ms for power spectral 

density measurements.
33

 A change in power law exponent has not, however, been observed in 

the on- or off-state duration probabilities generated using the bin-and-threshold analysis method. 

Furthermore, the exponential truncation (at τc) that is often observed in the on duration 

probabilities was predicted by this model. This saturation of long on durations is due to the 

parabolic shape of the neutral excited state and charged ground state, and τc is expected to 

depend on the diffusion rate. This model also predicts similar behavior for the off-state, but with 

exponential truncation occurring for considerably longer durations.   

 

For all of the Type I blinking mechanisms described above, the off duration is dictated by the 

lifetime of the trapped charge, and the low fluorescence quantum yield of the off-state is a result 

of Auger recombination of the charged exciton. A second class of models, referred to here as 

Type II, have also been proposed that do not require long-lived traps (up to tens of seconds) or 

Auger recombination.
34, 35

 Instead, during an off-state the hole is predicted to trap in a state with 

a lifetime of ~1 µs and then recombine non-radiatively with the electron in the nanocrystal 

conduction band. The nanocrystal returns to the neutral ground state rapidly following each 

excitation event. The trapping rate fluctuates in time and the nanocrystal remains in an off-state 

for the duration that the trapping rate is much faster than the radiative recombination rate. A 

schematic illustration of Type II blinking mechanisms is shown in Figure 1.2 and the key steps 

are described below.  

 

In Type II models, time-dependent fluctuations in the hole trapping rate lead to the fluorescence 

blinking behavior. An on duration occurs while the hole trapping rate is considerably slower than 

the fluorescence rate and the nanocrystal cycles between photon absorption to create an exciton 

and fluorescence recombination (Figure 1.2a). Switching from the on-to-off state occurs when 

the trapping rate becomes much faster than the fluorescence rate (Figure 1.2b). During an off 

duration the nanocrystal cycles between photon absorption to create an exciton, fast removal of 

the hole to a trap state, and non-radiative recombination of the electron and trapped hole (Figure 

1.2c). Off-to-on switching occurs when the trapping rate becomes very slow again (Figure 1.2d). 

Therefore, for Type II models the off duration is determined by the time the trapping rate 

remains very fast, and not by the lifetime of the trapped charge (as was the case in Type I 

models). The low fluorescence quantum yield of the off-state is a result of the fast removal of the 

hole to a trap site, and not a result of Auger recombination (as was the case in Type I models). 
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Figure 1.2. Schematic depiction of Type II blinking models, in which the hole trapping rate (kt) fluctuates 

with time, such that it is sometimes faster and sometimes slower than the fluorescence recombination rate 

(kf). Four sections of the blinking trace are indicated to correspond to panels (a)-(d). (a) The nanocrystal 

conduction band edge (CB), valence band edge (VB), and surface trap states (TS) are labeled. During an 

on-state kt << kf and the nanocrystal cycles between absorption to create an exciton and fluorescence 

recombination. (b) On-to-off switching occurs when kt increases, such that it is larger than kf. (c) During 

an off-state kt >> kf and the nanocrystal cycles between absorption to create an exciton, followed by hole 

trapping, and then rapid recombination of the electron and trapped hole. The nanocrystal returns to its 

neutral state prior to the next absorption event. (d) Off-to-on switching occurs when kt decreases, such 

that it is smaller than kf. The duration of the off-state is dictated by the duration that kt >> kf. (e)-(f) 

Variations of Type II blinking models are shown; each account for the kt fluctuations. The trapping rate is 

proposed to be a function of the time-dependent energy difference of the first and second conduction band 

states (e) or a function of the time-dependent number of active trap states (f). 

 

Several mechanisms have been proposed to account for the fluctuating hole trapping rate in Type 

II blinking models. Frantsuzov and Marcus predicted that hole trapping rate fluctuations are 

determined by slow energetic diffusion of the transition between the first two excited electron 

states of the nanocrystal (1Se→1Pe conduction band states).
34

  The diffusion was assumed to be 
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light-induced and was motivated by spectral diffusion of the nanocrystal band-edge transition 

observed previously. They suggest an Auger-mediated hole trapping mechanism where the 

energy lost due to hole trapping in a band of mid-gap (low energy) states couples to the intra-

band electronic 1Se→1Pe transition (as illustrated in Figure 1.2e). The trapping rate depends 

sharply on the resonance condition of the 1Se→1Pe transition and energy difference of the 

valence band-edge and trap state band.  

 

More recently, Frantsuzov et al. proposed an alternative mechanism for trapping rate fluctuations 

determined by slow changes in the number of available surface trapping sites (Figure 1.2f).
35

 

They suggest a number of hole trapping sites (~10) exist on the nanocrystal surface and each can 

switch between active (fast trapping rate) and inactive (negligible trapping rate) conformations. 

These sites are assumed to be surface or interface atoms that exhibit light-induced hopping 

between two quasi-stable positions. Fast trapping rates, and switching to an off duration, are 

predicted when many trap sites are in the active conformation simultaneously.  

 

Simulations of nanocrystal blinking based on both Type II models discussed above, one with 

trapping rate fluctuations due to energetic diffusion
34

 and the other with trapping rate 

fluctuations due to variation in the number of active trap states,
35

 reproduced the power law on 

and off duration probabilities and exponential truncation (with cross-over time, τc) of the long on 

durations observed experimentally. The latter also reproduces correlations observed for 

subsequent on and subsequent off durations.
36

 

 

It is likely that blinking is due to a combination of both Type I and Type II models. One 

plausible explanation for the cross-over from power law to exponential behavior (at τc) of the on-

state distributions is the combination of a distributed-rate and a single-rate blinking process. A 

recent experiment correlating the fluorescence intensity and decay lifetime report that two types 

of blinking behaviors are observed for a single CdSe/CdS nanocrystal.
37

 First, a positive 

correlation was observed between fluorescence intensity and lifetime in a single nanocrystal 

blinking trace. This was interpreted to be consistent with a charging model (Type I) in which the 

low fluorescence intensity and faster recombination rate measured during an off-state are both 

due to Auger recombination of a charged exciton. In the same nanocrystal, a second blinking 

behavior was observed in which the fluorescence intensity blinked on and off, but the 

fluorescence lifetime remained constant at a high value. This was interpreted to be consistent 

with the fast trapping of a high energy electron, followed by non-radiative recombination of the 

hole and trapped electron so the nanocrystal returns to neutral before the next excitation event 

(Type II). During an off-state the fluorescence intensity is small because the fast electron 

trapping process competes with thermalization from high energy states to the band-edge, 

however, the fluorescence lifetime is unchanged because the trapping process does not compete 

with fluorescence recombination from the band-edge. The electron trapping rate was assumed to 

fluctuate, leading to the intensity fluctuations (Type II). 
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1.2 Physical Nature of Trap States in Nanocrystals 
  

A large variety of charge trapping sites have been predicted and characterized through theoretical 

calculations, as well as measured experimentally. These states can be intrinsic to the nanocrystal, 

located physically within the crystal lattice, at a core/shell interface, or on surface atoms. 

Alternatively they can be intrinsic to the passivating ligand or surrounding environment. 

Optically, these states have been observed directly in nanocrystal ensembles as a broad and red-

shifted emission peak resulting from radiative recombination of the trapped charges.   

 

Incomplete ligand coverage results in a number of unsaturated bonds at the nanocrystal surface.
38

 

These dangling bonds are considered as electron and hole trap sites and their electronic structure 

and overlap with core level excitons have been analyzed theoretically. For CdS and CdS/ZnS 

core/shell nanocrystals, the effect of non-passivated surface anions and cations were considered 

separately.
39

 Nanocrystals with no dangling bonds are first considered and no trap states are 

located within the band gap. Complete de-passivation of the surface cations (Cd or Zn) results in 

a broad band of surface electron trapping states just below the conduction band edge. De-

passivation of the surface anions (S) results in a narrow band (0.05 eV width, located ~0.5 eV 

above the valence band) and a broad band (extending 0.2 eV above the valence band edge) of 

surface hole trapping states. For CdSe nanocrystals, two classes of hole traps were identified by 

de-passivating single bonds on surface Se atoms containing one or two dangling bonds.
40

 Se 

atoms with two dangling bonds were found to be more efficient at Auger-mediated hole trapping 

(via coupling to the electronic 1Se→1Pe transition), with more than three orders of magnitude 

faster trapping rates (~1-100 ns trapping times, compared to ~1-100 ps trapping times for Se 

atoms with a single dangling bond).  

 

Within the nanocrystal, traps can occur at substitutions or crystal defects, as well as at the 

core/shell interface due to mismatch of the lattice bond lengths of the two materials. Optically 

detected magnetic resonance (ODMR) spectroscopy of CdSe/CdS nanocrystals detected hole 

trapping at an isotropic symmetric site, assumed to be a substitution within the crystal structure, 

and electron trapping at an anisotropic site, assumed to be a vacancy at the core/shell interface.
41

  

Trap sites intrinsic to the passivating ligand or local environment of the nanocrystal have also 

been observed. For example, hole trapping in thiolate ligands has been reported to account for 

decreased fluorescence quantum yields in ensembles of β-mercaptoethanol stabilized CdSe/ZnS 

core/shell nanocrystals.
42

 Enhanced trapping rates were also reported from fluorescence blinking 

measurements of single CdSe/ZnS nanocrystals upon stabilization by several thiolate ligands, 

inferred from reduced on durations.
43

 Hole trapping was proposed to occur at the nonbonding 

electron pairs on the S
-
 group of the thiolate, which is thought to bind with the nanocrystal 

surface Cd cations. Similarly, electronic structure calculations of carboxylic acid ligands bound 

to CdSe nanocrystals suggest hole trapping sites localized on the oxygen atoms of the ligand for 

several binding configurations.
44

 Self-trapped states intrinsic to several polymer environments 

have been identified. Relaxation of the polymer matrix is suggested to stabilize trapped charges 

and the relaxation energy has been correlated with long off durations in fluorescence blinking 

measurements.
45
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1.3 Charge Trapping Mechanisms Supported by 

Fluorescence Blinking Experiments 
 

Although the fluorescence blinking mechanism is still not fully understood, charge carrier 

trapping is consistently referenced to play an important role in the blinking process. An increase 

in trapping reduces the duration of on events according to all proposed blinking mechanisms 

referenced in the proceeding sections. Therefore, blinking experiments as a function of excitation 

conditions, nanocrystal composition and morphology, and local environment can be an effective 

probe of charge trapping without knowledge of the detailed blinking mechanism. These 

experiments typically focus on the on-state, as an increase in charge trapping leads to reduced 

time in the on-state according to both Type I and Type II blinking models. In the on duration 

probability distributions, a shift to shorter on durations amounts to a larger power law coefficient 

(α) or an earlier cross-over time from power law to exponential decay (τc), both of which are 

interpreted as an increase in charge trapping rate.  

 

In this section, we discuss several mechanisms by which charges access trap states and the 

fluorescence blinking experiments that support each. Evidence for a particular charge trapping 

mechanism does not necessarily specify a particular blinking model, as all proposed blinking 

models involve charge trapping. However, we note those trapping mechanisms that are typically 

linked to a specific blinking model.  Measurements of nanocrystal ensemble fluorescence 

quantum yields and carrier dynamics have also contributed to the current knowledge of charge 

trapping mechanisms and are frequently referenced in the blinking work discussed below. 

 

First, photoionization of a nanocrystal charge carrier to surface traps is considered and has been 

probed using excitation intensity-dependent blinking experiments. This trapping mechanism is 

typically linked to Type I blinking models. The ionization is thought to occur via an Auger 

energy transfer process and is referred to as Auger ionization. Simultaneous creation of multiple 

excitons (via multi-photon absorption) is required. Recombination of one exciton induces energy 

transfer to ionize an additional carrier to a higher energy state, thus allowing this charge to 

access high energy trap states or overcome an energetic barrier to trapping. Figure 1.3 depicts 

Auger ionization-induced charge trapping.  

 

Auger ionization predicts an exponential distribution of on duration probabilities, as trapping 

occurs with a single rate constant dictated, in part, by the Auger ionization rate.  This was found 

to be inconsistent with the power law distributions observed for short on- and off-states.
26

 More 

recent observations of the exponential truncation of long on duration probabilities prompted a 

renewed interest in Auger ionization-induced trapping. Despite using very low excitation 

intensities (on average < 1 exciton created per laser pulse), the on-state cross-over rate (1/τc) was 

found to have a quadratic dependence on laser power.
46

 These results highlight the role of bi-

exciton formation in the trapping mechanism and support that Auger ionization-induced trapping 

does play a role. The power-dependence of τc is further explored for a wide range of excitation 

intensities, extending to the multiphoton absorption regime, in Chapter 3.   

 



11 

 

 

Figure 1.3. Schematic description of Auger ionization-induced trapping. Multiple excitons are created 

simultaneously via multi-photon absorption. One electron hole pair recombines non-radiatively by 

transferring its energy to promote a third carrier higher within the band. The high energy carrier can 

directly access higher energy traps. Valence and conduction band edges are indicated as VBE and CBE, 

respectively.  

 

Direct trapping of hot carriers is another mechanism considered, which has been probed by 

excitation wavelength-dependent blinking experiments. Hot carriers have excess kinetic energy 

because of high energy of excitation above the band-gap. They can directly access higher energy 

trap states before relaxation to the band-edge, as shown in Figure 1.4. This trapping mechanism 

has been suggested in both Type I and Type II blinking models. By varying the excitation 

wavelength used to excite room temperature CdSe nanorods, the on duration cross-over time was 

observed to sharply decrease upon an excitation that is 240 meV above the band-gap.
47

 This was 

interpreted as an energetic barrier to access a high energy set of trap states, and the increase in 

trapping rate results from the larger number of accessible states. By introducing a high dielectric 

environment (room temperature ionic liquid), the high energy trap states were determined to be 

external sites, located on the nanocrystal surface or local environment, while the low energy 

states were internal and not affected by changes to the local environment.
47

 Similarly, increased 

trapping rates (smaller τc values) were observed for CdSe/ZnS core/shell nanocrystals upon 

excitation with energy 1 eV in excess of the band-gap.
48

  

 

As discussed in section 1.1, several blinking mechanisms require fluctuations of the charge 

trapping rate. For example, energetic diffusion was proposed to cause variation in electron 

transfer rates between the nanocrystal and trap state energy levels in a Type I blinking model.
31

 

This diffusion-controlled electron transfer model directly relates the exponential truncation of 

long on durations (at time τc) to the rate of light-induced diffusion. Therefore τc is predicted to 

scale linearly with excitation intensity, which has been observed experimentally.
49

 Furthermore, 

the spectral diffusion that was observed experimentally and motivated this mechanism has been 

correlated with the blinking behavior for a single CdSe nanocrystal.
50

 Large spectral shifts were 

found more likely to occur during an off duration, consistent with reorganization of the local 

electric field after a charge carrier is trapped on the nanocrystal surface. 
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Figure 1.4. Schematic description of direct trapping of hot charge carriers. Hot carriers are generated by 

high energy excitation. Carriers generated above the energetic barrier to high energy trap states can 

directly access those states. Valence and conduction band edges are indicated as VBE and CBE, 

respectively.  

 

Other diffusion-based mechanisms predict fluctuations in the rate of hole trapping in mid-

bandgap surface states, followed by recombination of the electron and trapped hole (no long-

lived trapped charges, Type II models).
34, 35

 Relaxation of the hole to these lower energy trap 

states can occur by an Auger-mediated process (via coupling to the electronic 1Se→1Pe 

transition, as illustrated in Figure 1.5) or by coupling to vibrational modes of the nanocrystal 

lattice (phonons) or ligand molecules. Blinking studies have not been used to probe this 

relaxation mechanism for hole trapping, however they support the assumptions of rate 

fluctuations and the short lifetimes of the trap states. Indirectly, evidence against long-lived 

trapped charges and Auger recombination during the dark state supports these models. For 

example, Auger processes are known to depend on nanocrystal size, however recombination 

lifetimes measured during the off-state of single nanocrystal blinking showed no size 

dependence.
51

 Auger recombination during the off-state predicts shorter lifetimes for more 

highly confined excitons, which is not observed. Furthermore, fluctuations of the non-radiative 

decay rate occurring during the off-state were measured directly for CdSe/ZnS core/shell 

nanocrystals, consistent with trapping rate fluctuations.
52

 These experiments are discussed 

further in Chapter 5. 

 

Aside from focusing on the mechanism for charge trapping, changes in the nature and 

distribution of trapping sites have also been probed by blinking experiments. By monitoring the 

variation in the on durations or the exponential truncation rates (1/τc), changes in the number of 

accessible trap states can be inferred as a function of passivating ligand,
43

 shell composition,
53

 

polymer environment,
54

 or sample substrate.
55

 For example, systematic control over external 

electron trap states was applied using a nanocrystal-bridge-fullerene sample with variable bridge 

length (the nanocrystals were CdSe/ZnS core/shell nanocrystals).
56

 The fullerene was 

characterized as an electron trap and the blinking behavior was monitored as a function of 

nanocrystal-trap distance (bridge length). The exponential truncation time (τc) was found to 

decrease with shorter bridge lengths, consistent with faster trapping rates for nearer electron 
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traps. The use of fluorescence blinking experiments to investigate the nature of charge trapping 

sites intrinsic to a new class of inorganic ligands is the topic of Chapter 6.     

 

 

 

Figure 1.5. Schematic description of Auger-mediated hole trapping. The hole transition from the band-

edge to mid-gap trap states is coupled to the electronic transition from the first to second conduction band 

states (1Se→1Pe transition). The hole trapping rate is faster when the two transitions are in resonance. 

Valence and conduction band edges are indicated as VBE and CBE, respectively.  
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Chapter 2 

  

Measurement and Analysis Methods for 

Single Nanocrystal Fluorescence 

Experiments 
 

 

2.1 Nanocrystal Sample Preparation for Fluorescence 

Microscopy Experiments 
 

To measure single nanocrystal fluorescence, highly dispersed samples of isolated nanocrystals 

are prepared on a substrate. The substrate is typically selected to be compatible with the 

fluorescence microscope configuration. For the two fluorescence microscopes described in 

Section 2.2, the substrate is required to be transparent to the excitation and fluorescence 

wavelengths and 170 µm thick (as determined by the choice of microscope objective). Quartz or 

UV-grade fused silica microscope coverslips are typically used.  

 

Coverslips are cleaned immediately prior to use by sonication in a solution of Hellmanex II 

(Fluka, 1% by volume in Millipore water) at 90 °C for 30 minutes, followed by sonication in 

Millipore water, also at 90 °C for 30 minutes. In some cases, the coverslip is functionalized for 

improved nanocrystal binding using N-(2-aminoethyl)-3aminopropyl-trimethoxysilane by 

soaking the slide in a 0.01% solution in Millipore water for ~15 seconds, followed by immediate 

Millipore water rinsing. 

 

The coverslip is finally rinsed with toluene (or solvent of the nanocrystal solution) and dried with 

nitrogen gas. A dilute solution of nanocrystals is prepared, sonicated for ~10 seconds, and drop- 

or spin-cast onto the coverslip. When drop-cast, the several drops of the nanocrystal solution are 

applied to the top surface of the coverslip and allowed to remain for ~5 seconds. The solution is 

then rinsed off with toluene (or other solvent of the nanocrystal solution) and the coverslip is 

dried with nitrogen. Sonication immediately prior to drop- or spin-casting is necessary to 

decrease the number of small nanocrystal clusters prepared on the coverslip. Sample 

characterization using atomic force microscopy highlights the importance of this procedure and 

is shown in Figure 2.1. The appropriate concentration of the nanocrystal solution is found by a 

trial and error process, where the concentration is adjusted until the desired inter-nanocrystal 

spacing is achieved. 
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Figure 2.1. Atomic Force Microscopy (AFM) is used to ensure substrates contain isolated nanocrystals 

and not clusters. (a) AFM topography of CdSe/ZnS core/shell quantum dots capped with In2Se4
-2

. Note 

that the sample shown here is too concentrated for single nanocrystal fluorescence measurements; 

however the particle heights are consistent with single nanocrystals. (b) Particle height distributions for 

the sample imaged in (a), which was prepared after sonication of the nanocrystal solution, compared to 

the same sample prepared without sonication. Clusters of several nanocrystals are observed when the 

sample is not sonicated prior to spin coating, as indicated by the larger particle heights, while single 

isolated nanocrystals are observed after sonication. 

 

The dispersion of nanocrystals on the coverslip is initially assessed using a wide-field 

fluorescence image (microscope described in detail in Section 2.2.1). This technique should be 

used to ensure that single fluorescence spots are observed and are not overlapped. Atomic force 

microscopy (AFM) is then necessary to assess that the sample preparation method yields isolated 

nanocrystals, and not clusters. For this, a stand-alone AFM is employed (Nanoscope, Veeco) 

using MikroMasch AFM tips (NSC15/AlBS) with a resonant frequency around 325 kHz and 

force constant of 46 N/m. The particle height is used to indicate if a single nanocrystal or cluster 

or nanocrystals is prepared. For fluorescence measurements, the nanocrystals should be 

dispersed with densities less than 1 nanocrystal per µm
2
.  

 

 

2.2 Single Nanocrystal Fluorescence Microscopy Techniques 
 

A large portion of the content and figures of this section are reprinted or adapted from Cordones, A. A. 

and S. R. Leone, “Mechanisms for Charge Trapping in Single Semiconductor Nanocrystals Probed by 

Fluorescence Blinking”, Chem. Soc. Rev., (in press). Reproduced by permission of The Royal Society of 

Chemistry. 

 

To directly observe the blinking phenomena, nanocrystal fluorescence is measured as a function 

of time to resolve the fluctuations in intensity between high (on) and low (off) intensity states.  

The fluorescence from a single nanocrystal is isolated, as the intensity fluctuations are not 

correlated from one nanocrystal to another and will, therefore, be obscured by measuring several 

nanocrystals simultaneously. These objectives can be achieved using either wide-field or 
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confocal fluorescence microscopy techniques. In this section, two commonly used microscope 

configurations are introduced and the typical choice of light source, detector, and data 

acquisition electronics are indicated for each. The following discussion is generally based on two 

excellent resources,
57,58

 to which the reader is referred for further detail. 

 

For both microscope configurations discussed below, a single objective is used to both focus the 

excitation light source and back-collect the nanocrystal fluorescence. A high numerical aperture 

(NA) infinity-corrected objective is employed to obtain high (diffraction-limited) spatial 

resolution. Oil immersion objectives use a thin layer of oil to achieve a larger NA than air 

objectives due to decreased light diffraction between the emitter and objective lens (sample and 

oil layer are on opposite sides of the microscope coverslip).  Objectives with NA > 1 are typical 

and the lateral spatial resolution (r) for a given wavelength (λ) can be defined using the Rayleigh 

criterion as r=0.61 λ/NA.  

 

2.2.1 Wide-Field Fluorescence Microscopy 
 

The advantage of using a wide-field microscope configuration is that the time-dependent 

fluorescence traces from many isolated nanocrystals are collected simultaneously. This reduces 

the total measurement time necessary to compile statistics and it samples the full distribution of 

blinking behavior more rapidly. The basic configuration of the wide-field microscope is shown 

in Figure 2.2a.  

 

A focal spot larger than the diffraction limit (up to tens of microns in diameter) can be generated 

by focusing a non-collimated light source through the objective. This is often achieved by 

inserting a lens into the laser path to create a focus at the back of the objective. The fluorescence 

from each nanocrystal within the focal volume is back-collected and spectrally isolated from 

residual scattered excitation light using a dichroic beam-splitter and emission filter. The 

fluorescence is imaged on a 2-dimentional detector, typically a charge coupled device (CCD) 

camera. The spatial resolution of the resulting wide-field fluorescence image is diffraction 

limited, as determined by the fluorescence wavelength and NA of the objective. A single frame 

image showing the fluorescence of many nanocrystals is in Figure 2.2b.  

 

The fluorescence from each nanocrystal is isolated spatially in a post-processing procedure and 

integrated as a function of time, as shown in Figure 2.2c. The temporal resolution is limited by 

the frame acquisition rate of the CCD camera, (typically tens of milliseconds). Because of the 

relatively low temporal resolution, wide-field measurements of nanocrystal blinking are typically 

made using a continuous laser excitation source. Blinking events have been observed on time-

scales as long as hundreds of seconds, so in many cases millisecond time resolution does not 

impede the measurement of blinking behavior. The effect of limited time resolution on the 

analysis of blinking statistics is discussed in more detail in a following section. 

 



17 

 

 

Figure 2.2. Wide-field fluorescence microscopy techniques are illustrated. (a) Focusing the laser source as 

it enters the objective creates a large focal spot and the light from many nanocrystals can be captured and 

imaged using a CCD detector. Labels indicate microscope components, abbreviations are dichroic beam 

splitter (BS), band-pass or long-pass filter (F), and lens (L). (b) One frame from a video of CdSe/CdS 

(core/shell) nanocrystal fluorescence is shown. (c) The time-dependent fluorescence from a single 

nanocrystal.  

 

2.2.2 Confocal Fluorescence Microscopy 
 

A confocal microscope configuration is advantageous for studies that aim to measure the faster 

time fluctuations in fluorescence intensity or the carrier recombination dynamics of a single 

nanocrystal (with resolution better than 10 ms). One disadvantage compared to wide-field 

microscopy is that only one nanocrystal can be measured at a time. 

 

The basic configuration of the confocal fluorescence microscope is illustrated in Figure 2.3a.   A 

well-collimated excitation source enters the objective and is focused to a diffraction-limited focal 

volume at the sample. The nanocrystals are highly dispersed, such that only a single nanocrystal 

is located within the excitation spot.  In order to map the fluorescence from many nanocrystals 

over a large area on the substrate, the sample (or excitation spot) is raster scanned using a 

piezoelectric stage with small step sizes (≤ 50 nm). The spatial resolution is defined by the 

diffraction-limited focal area.  

 

For a blinking measurement, the stage is positioned such that a single nanocrystal is at the center 

of the focal spot. The nanocrystal fluorescence is back-collected and filtered spectrally. In a 

traditional confocal configuration, the fluorescence is focused tightly at a pinhole aperture (10s-

100s µm) to spatially separate and remove any out-of-focus light. The isolated fluorescence is 

then imaged by a single photodetector. Single photon avalanche photo diodes (SPAD) are often 

used, as they have high detection efficiencies in the visible range and low dark count rates. Such 

detectors can have a very small active area (50-100 µm) to reduce the dark counts below 25 



18 

 

 

Figure 2.3. Confocal fluorescence microscopy techniques are illustrated. (a) Using a collimated laser 

source and high NA objective results in a small focal spot; the fluorescence from a single nanocrystal can 

be imaged using a single photon avalanche photodiode (SPAD) with time resolution on the 10 ps time-

scale. Labels indicate microscope components, abbreviations are dichroic beam splitter (BS), band-pass 

or long-pass filter (F), and lens (L).  (b) Time-resolved fluorescence from a single nanocrystal. (c) 

Fluorescence decay curve corresponding to the specified time period of the blinking trace (constructed for 

the photons arriving during the period in the red box). 

 

counts per second. Because the active area is close in size to the pinhole aperture, the SPAD can 

be used directly as the confocal aperture (as shown in Figure 2.3a).  

 

The SPAD signal is read by digital timer or counting card (as discussed below) or a multi-

channel scalar and binned and plotted as a function of time. This process generates a 

fluorescence blinking trace, such as the one shown in Figure 2.3b. The time resolution will 

depend on the electronics used, however larger time bins (> 1 ms) are often chosen for the 

blinking trace to improve the signal-to-noise ratio. 

 

2.2.3 Time-Tagged Time-Correlated Single Photon Counting  
 

Carrier recombination lifetimes (~100s ps to ~10s ns) can be measured using a confocal 

microscope through time-correlated single photon counting (TCSPC) experiments. For these 

measurements, the excitation laser triggers a timer, which is stopped upon detection of a 

fluorescence photon. The delay times between photoexcitation and fluorescence emission are 

histogrammed to create a fluorescence decay curve. The decay can be fit to a single or 

multiexponential decay to solve for the excited state lifetime. A thorough description of the 

fundamental principles of TCSPC has been given.
59

 

 

A pulsed laser excitation source is chosen to have pulse durations much smaller and a laser 

period much larger than the excited state lifetime. Pulsed diode lasers or mode-locked 
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Ti:Sapphire lasers are typically used.  Specialized cards are available that provide the timing 

electronics used for TCSPC (for example, PicoHarp, PicoQuant).  On these cards, digital timers 

are triggered by the detection of an excitation pulse (picked-off and detected, or synced directly 

to the card) and by the detection of a fluorescent photon. By tagging each fluorescence photon 

with both its absolute arrival time (relative to the start of the experiment) and the delay time 

relative to excitation, both fluorescence blinking traces and fluorescence decays can be measured 

simultaneously for a single nanocrystal. This capability is used to separate the excited state 

dynamics as a function of fluorescence intensity or for a given on or off duration. This point is 

illustrated in Figures 2.3b-c, where the fluorescence decay curve shown in Figure 2.3c is 

constructed for the photons arriving during the time period indicated (by the red box) in Figure 

2.3b. 

 

The time resolution of this technique is limited by the instrument response function (IRF). With a 

digital TCSPC setup, this is determined by the timing accuracy of the detector as it generates an 

electrical pulse upon photon detection. Sub-nanosecond resolution is typical, ranging from tens 

to hundreds of picoseconds for SPADs of various costs. 

 

2.2.4 Home-Built Fluorescence Microscopy Apparatus  
 

The microscope setup employed for many of the results described in this work is elaborated here. 

Chapters containing results obtained using either the wide-field or confocal microscope 

configurations include further experimental details. Figure 2.4a illustrates how the apparatus is 

organized on the laser table.  

 

A number of pulsed and continuous lasers are used as excitation sources for the fluorescence 

microscopes. Two continuous lasers with excitation wavelengths of 532 nm and 405 nm 

(CrystalLaser) are frequently used in the wide-field configuration. Pulsed excitation at a fixed or 

tunable wavelength is used for the time-tagged time correlated single photon counting 

experiments. This is achieved by a Coherent Mira900 Titanium Sapphire oscillator producing 

ultrashort pulses that are amplified by a Coherent RegA9000 regenerative amplifier to produce 

~200 fs pulses at 800 nm and 295 kHz repetition rate (average power ~ 1.2 W). The amplifier 

output can be doubled if 400 nm excitation is necessary. For tunable visible excitation, the 

amplifier pumps a Coherent OPA9400 optical parametric amplifier to produce excitation pulses 

with wavelengths from 500-700 nm with less than 5 nm of bandwidth (average power ~50 mW). 

A small percentage of the pulsed laser is picked off and detected using a fast photodiode for 

time-tagged time correlated single photon counting experiments. The pulsed and continuous 

sources approach the microscope enclosure from opposite directions and can be easily 

interchanged by a series of flip mirrors in the continuous laser path. Mirrors M2 and M3 in 

Figure 2.4a are used to align any possible excitation source through the objective. 

 

The pulsed and continuous laser sources are expanded and collimated independently (using 

telescopes with the focal length and separation of lenses selected for the appropriate beam size, 

(labeled T in Figure 2.4a) before entering the microscope enclosure. The collimated beam should 

be large enough to fill the back aperture of the objective if a diffraction-limited focal spot is 

desired (for confocal imaging). A larger focal spot (few µm diameter) for wide-field imaging can 
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be achieved by two methods. First, a lens (L1, Figure 2.4a) can be inserted before the microscope 

to focus the excitation source as it enters the objective, resulting in a focal spot larger than the 

diffraction limit. Alternatively, a collimated excitation source can be used if the objective height 

is adjusted such that the nanocrystal sample is out of focus. The position of the lens used to focus 

the fluorescence emission onto the CCD camera (L2, Figure 2.4a) is then adjusted to bring the 

fluorescence image into the CCD focal plane, which results in a sharp fluorescence image and an 

excitation focal spot larger than the diffraction limit.  

 

The cross-sectional side view of the confocal microscope is shown in Figure 2.4b. Four stainless 

steel posts (1 in. diameter, 8 in. length) are used to mount a 2-axis piezo-electric stage (labeled 

S2, PI-517) above a manual 2-axis translation stage (S1). Three piezo-electric stacks were used 

to construct a single axis peizo-electric stage (S3), which is mounted directly on S2. The sample 

is mounted directly on S3. The objective is mounted independent from the sample and stages it is 

connected to (S1-S3). The objective is screwed into a lens tube that is connected to a long arm 

extending from a 3-axis manual stage (S4). The objective approaches the sample through large 

central apertures in S2 and S3.  

 

Independent motion of the objective using S4 in the x-y directions assists in microscope 

alignment and in the z-direction allows for manual focusing (x, y, and z directions illustrated in 

Figure 2.4a). During fluorescence measurements, the objective remains fixed while the sample is 

moved through the focal spot. Large translational movements in the x-y directions is achieved 

with S1, allowing for measurement at various regions of the 1 in. diameter sample substrate. A 

fluorescence map is generated by raster scanning the nanocrystal sample with ≤ 50 nm steps over 

a range of ≤ 50 µm using S2. The nanocrystals are brought into focus using S3, which has a 

range of 20 µm.  

 

A dichroic beam splitter (BS1, Figure 2.4b) is selected that reflects the excitation wavelength and 

transmits the fluorescence wavelength. Frequently a dichroic mirror long pass centered at 567 

nm (DMLP567, ThorLabs) is used in this microscope. A high numerical aperture (NA), oil 

immersion objective (Nikon PlanFluor, NA=1.3) is used to focus the excitation source and back-

collect the fluorescence. The focal spot size for the microscope used in the confocal 

configuration is measured using highly fluorescent dye-coated polystyrene beads (190 nm 

diameter, excitation maximum at 540 nm, emission maximum at 600 nm, Fluorophorex 

Nanospheres, Phosphorex). The full-width at half maximum (FWHM) of the Gaussian focal spot 

depends on the laser wavelength and alignment (especially collimation), but is typically in the 

range of 200-450 nm.  

 

The back-collected fluorescence is transmitted through BS1 to a silver or aluminum mirror 

mounted below, which reflects the fluorescence away from the microscope. Several filters are 

inserted to isolate the fluorescence and reject ambient and scattered excitation light (F1-F4, 

Figure 2.4a). Long pass filters centered at 550 nm and 560 nm or bandpass filters (600 ± 20 nm) 

are typically used with this microscope, depending on the fluorescence wavelength. A turning 

mirror (M4) can be inserted to direct the fluorescence to the charge coupled device (CCD) 

camera for use in the wide-field microscope configuration. Alternatively, M4 is not inserted and 

the fluorescence is directed to two single photon counting avalanche photo diodes (SPAD) by a 
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beam splitter cube (BS2). A 50:50, dichroic, or polarizing beam splitter can be selected for BS2 

as necessary or BS2 can be removed completely. 

 

For wide-field experiments, the signal from a high sensitivity CCD camera (EX vision, Super 

Circuits) is read out to a commercial video card (ATI). Each frame is separated by 33.4 ms, 

which defines the time resolution for these measurements. The post-processing procedure to 

obtain time-dependent fluorescence traces for each single nanocrystal in the wide-field image is 

now described. The video is compressed to a single image, which shows the maximum intensity 

measured over the course of the experiment for each pixel. This allows all nanocrystals present 

in the focal spot to be visible in a single frame image. Pixels containing fluorescence from each 

individual nanocrystal are then selected. The average or integrated intensities for each set of 

pixels (each set corresponding to one nanocrystal) can then be analyzed as a function of video 

frame. This procedure uses image processing and analysis software (ImageJ) made available by 

the National Institute of Health.  

 

For confocal experiments, the fluorescence is detected using SPADs (PDM series, Micro Photon 

Devices) with very low dark counts (< 10 dark counts per second) and small active areas (50 µm 

diameter). The SPAD generates an electrical pulse after each photon detection event. The 

uncertainty in the time from photon detection to generation of the electrical pulse by the SPAD 

determines the time resolution, which is approximately 40 ps. The SPAD has a 65 ns dead time 

after photon detection. The SPAD signal is routed (up to 4 SPADs can be routed through the 

PHR400, PicoQuant) to a card containing a time correlated single photon counting (TCSPC) 

module and picosecond event timer (PicoHarp300, PicoQuant). The card contains two 

independent timers intended to monitor arrival times for a trigger (the picked-off excitation 

pulses are monitored, in this case) and fluorescence photons detected by the SPADs.  

 

Two modes of detection are available using the PicoHarp300 card. The time-tagged time-

resolved (TTTR) mode is primarily used in the work discussed in the following chapters and is 

described here. This mode is used when the simultaneous measurement of both fluorescence 

blinking and fluorescence decay curves is required. This mode subtracts the arrival times 

between fluorescence photons and the previous excitation pulse. Each fluorescence photon is 

tagged with the time since the previous excitation pulse (microtime), the number of excitation 

pulses that have been detected since the start of the experiment, and the channel number from the 

router that delivered the signal. The channel number allows the fluorescence photons to be sorted 

as a function of SPAD detector, which may contain information about wavelength or 

polarization, depending on the nature of the BS2 beam splitter cube. The number of excitation 

pulses since the start of the experiment allows an absolute time to be assigned to the fluorescence 

photon (calculated using the excitation laser period), this absolute time is called the macrotime. 

Software developed in this lab using C++ is used to bin the fluorescence counts and generate a 

blinking trace (from the macrotimes). Specific regions of that blink trace can then be selected 

and fluorescence decay curves can be generated for that selection using the microtimes.  
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Figure 2.4. Illustration of home-built fluorescence microscope. (a) Laser, optical, and microscope layout 

on the optical table. Continuous lasers (cw) are labeled by wavelength and the amplified Ti:Sapphire laser 

system components are labeled by product name. A fast photodiode is labeled PD. Telescopes (T) expand 

and collimate the lasers. Solid and dashed diagonal lines indicate permanent and flip mirrors (M), 

respectively. Lenses (L) and filters (F) that can be translated have arrows to indicate translational axes. 

Dichroic beam splitters are labeled BS. Single photon counting avalanche photo diodes are labeled SPAD 

(arrows indicate axes of translation) and the charge coupled device camera is labeled CCD. (b) Side-view 

of fluorescence microscope components. Arrows indicate axes of translation for several manual and 

piezoelectric stages. 
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2.3 Single Nanocrystal Fluorescence Signal Analysis 
 

A large portion of the content and figures in this section are reprinted or adapted from Cordones, A. A. 

and S. R. Leone, “Mechanisms for Charge Trapping in Single Semiconductor Nanocrystals Probed by 

Fluorescence Blinking”, Chem. Soc. Rev., (in press). Reproduced by permission of The Royal Society of 

Chemistry. 

 

The analysis of nanocrystal blinking traces has primarily focused on the dwell times in the on- 

and off-states. Such analysis provides insight into the switching rates and the processes that 

cause the nanocrystal to turn on and off. Here we describe the most commonly used bin-and-

threshold analysis, including its advantages and disadvantages. We also briefly describe an 

intensity autocorrelation method employed when shorter timescale fluctuations are of interest. 

 

2.3.1 Bin and Threshold 
 

The kinetics of the switching processes that cause the nanocrystal intensity to alternate between 

high and low intensity states are probed through distributions of on- and off-state dwell times or 

durations. The blinking trace is generated by summing the fluorescence counts in 1-100 ms time 

bins. A sample blinking trace with 10 ms bins is shown in Figure 2.5a.  A threshold is then 

defined to separate the on- and off-state intensities. A variety of thresholding procedures are 

used, which often involve an analysis of the intensity distribution of a blinking trace (Figure 

2.5b). The threshold can be set to be halfway between the on- and off-state intensity peaks. 

Alternatively, it can be set to a number of standard deviations above the average intensity of the 

off-state. The threshold value can vary dramatically depending on how it is defined, as illustrated 

for the data shown in Figures 2.5a and b.   

 

Upon setting a threshold, the blinking trace is divided into a sequence of on- and off-state events 

of given durations. This allows for the calculation of percent time spent in the on/off state and 

probability distributions of on/off state durations,  

 

(2.1)     P(τon/off) = N(τon/off) / Ntotal  

 

where N(τon/off)  is the number of on/off state events with duration τon/off and Ntotal is the total 

number of on/off state events. A probability density is often used, which weights the probability 

by the average time difference to the next longest and shortest durations.  
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This method decreases the probability density of the very rarely measured long duration events 

and was proposed to account for the limited measurement time.
29
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Figure 2.5. Representative blinking trace and on- and off-state duration probability distributions collected 

for a single CdSe/ZnS quantum dot. (a) Blinking trace with 10 ms bins. (b) Intensity histogram 

constructed from blink trace. High (on-state) and low (off-state) intensity peaks are well-separated. Two 

threshold intensities are shown (a-b): the sum of the average intensity and 3 standard deviations of a 

representative off-state (solid, red) and the midpoint of the on- and off-state peaks (dashed, blue). (c) Off 

duration probability distribution and fit to an inverse power law (red line). (d) On duration probability 

distribution and fit to an exponentially truncated inverse power law (red line, cross-over time indicated by 

red arrow).  

 

Sample probability distributions are shown for on- and off-state durations in Figures 2.5c and d, 

respectively. Off-state durations are typically inverse power law distributed,  

 

(2.3)      P(τ) ∝ τ-α
  

 

with power law coefficients, α, between 1 and 2. The power law distributions are indicative of 

widely distributed off-to-on switching rates and have been measured over a huge range of 

probabilities (10
9
) and durations (10

5
) for a single nanocrystal.

26
 On-state durations are also 

power law distributed (typically 1<α<2) for short durations, however exponential truncation is 

often observed for long on-state durations. The exponential truncation can be indicative of either 

an on-to-off switching process with a single rate constant or the saturation of the distributed rate 
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process that causes power law behavior for short durations.  When exponential decay is observed 

for long durations, on-state probability distributions are fit to a truncated power law,  

 

(2.4)      P(τ) ∝ τ-α
e

-τ/τc
 

 

where the cross-over time (τc) indicates the start of exponential truncation. Least-squares fitting 

procedures are typically used.       

 

Artifacts introduced by the bin and threshold analysis procedure have been systematically 

characterized
60

 (see also references therein). The size of the time bin is selected to yield a good 

signal-to-noise ratio or is imposed by the resolution of the detector. The choice of time bin 

artificially limits the minimum on/off durations, and switching events occurring within one bin 

are averaged out. Overall, larger time bins lead to longer on/off state durations. This has a 

minimal effect on α for power law distributions, as the power law distributions span so many 

orders of magnitude in duration (10
5
). On-state distributions described by a truncated power law 

are heavily affected by the bin size. Larger time bins lead to smaller α values and larger τc 

values. Variation of the threshold can also affect α and τc.
60

 However, minimal dependence is 

observed when the on- and off-state intensities are well separated and the threshold does not 

overlap with either peak.  

 

The dependencies on bin size and threshold highlight the need for consistency in the analysis of 

large datasets and the difficulty in comparing results originating from various sources. The 

change point detection method of Watkins and Yang provides an alternative to the bin and 

threshold procedure, thus avoiding the artifacts described above.
61

 This method determines 

statistically-relevant intensity change points from individual photon arrival times (without 

binning) and assigns each duration at a given intensity to an emissive state using Bayesian 

information criterion (without thresholding).
61

 

 

The wide-spread implementation of more advanced analysis procedures (such as the change 

point method) to generate on- and off-state probability distributions can potentially assist in the 

comparison of blinking data from one lab to another. However, consistent use of a single 

analysis procedure within an experiment is typically adequate to yield meaningful trends in 

blinking behavior with minimal error. For example, on- or off-state probability distributions 

prepared by the bin-and-threshold method can usually be compared as a function of one 

experimental condition (for example, wavelength) if the method is consistent in the choice of bin 

size and thresholding procedure. 

 

2.3.2 Autocorrelation 
 

Autocorrelation functions are less frequently used to characterize the fluctuating intensity for 

nanocrystal blinking. They are advantageous when the shorter timescale durations are of interest. 

The photon autocorrelation function, G
(2)

(T)=〈i(t)i(t+T)〉, is calculated from the photon count rate 

i(t) using bin sizes limited by the instrument resolution. Very small bin sizes are not possible 

using the bin-and-threshold method, as the on- and off-state intensities must be well-separated 

and not dominated by dark counts. Shorter time scales can be examined using an autocorrelation 
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approach, as dark counts are uncorrelated and will not contribute to G
(2)

(T). Autocorrelation 

analysis has been used to investigate blinking dynamics on the 1 µs timescale.
33

 Furthermore, a 

power law coefficient of the on- or off-state duration probability distribution can be derived from 

G
(2)

(T) and its Fourier transform (noise power spectra).
26, 62

 Using these methods, a change in the 

slope of the power law distribution has been reported for very short durations (less than 5-35 

ms).
33

 The disadvantage of the autocorrelation method is the lack of independent analysis of on- 

and off-state dynamics. This deficiency, coupled with the fact that the power law and truncated 

power law extend to long durations, results in the more frequent use of the bin-and-threshold 

analysis over autocorrelation methods.   
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Chapter 3 

 

Evidence for Multiple Trapping Mechanisms 

in Single CdSe/ZnS Quantum Dots from 

Fluorescence Intermittency Measurements 

over a Wide Range of Excitation Intensities 
 

 

The content and figures of this chapter are reprinted or adapted with permission from Cordones, A. A.; 

Bixby, T. J.; Leone, S. R., “Evidence for Multiple Trapping Mechanisms in Single CdSe/ZnS Quantum 

Dots from Fluorescence Intermittency Measurements Over a Wide Range of Excitation Intensities,” J. 

Phys. Chem. C., 2011, 115, 6341-6349. Copyright 2011 American Chemical Society. 

 

 

Fluorescence intermittency of single CdSe/ZnS core/shell quantum dot particles is investigated 

over a wide range of excitation intensities and at two excitation wavelengths. Deviation from 

previously observed power law behavior in both the on- and off-duration probability 

distributions is observed at both excitation wavelengths, one near the band-gap and one 350 meV 

above the band-gap. Increasing the excitation intensity modifies the off-duration probability 

distribution such that the probability of long off-time events decreases, an effect that is observed 

to saturate at an average number of excitons created per pulse of one,  <N> ≈ 1.  The on-duration 

probability distribution is well described by a power law for short on-time events, crossing over 

to an exponential distribution for long on-time events. Increasing the excitation intensity induces 

this crossover to occur at earlier times, saturating at <N> ≈ 2. The different intensity-dependent 

trends for the on- and off-duration probability distributions are evidence that multiple 

mechanisms govern the blinking statistics, as no single mechanism can account for the different 

saturation behaviors of the on and off durations as a function of excitation intensity. These 

mechanisms are assumed to be one based on a light-induced diffusion of both the excited state 

and trap state energies (i.e. diffusion controlled electron transfer) and one that relies on the 

absorption of multiple photons (i.e. Auger ionization induced trapping).  

 

 

3.1 Introduction 
 

The results reported here focus on the trapping and de-trapping processes that lead to the 

switching between bright and dark states.  Specifically, blinking behavior over a larger range of 

excitation intensities than has been previously reported is analyzed in the framework of several 

mechanisms.   
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The initial observations of fluorescence blinking in CdSe nanocrystals by Nirmal et al. prompted 

proposals for photo- and thermal-ionization based charge trapping mechanisms.
12

 Initial models 

based on Auger ionization required the creation of a multi-exciton species through the absorption 

of more than one photon. The energy released by the annihilation of one exciton could then eject 

a remaining charge to the surrounding environment, leaving the nanocrystal in a charged state.
25

  

While this mechanism was backed by several early reports of excitation power-dependent 

blinking, it is inconsistent with the highly distributed blinking behavior observed. The 

probability distributions of both the on- and off-time durations are well described by inverse 

power laws,
26, 27

 while the photo-ionization models predict a single trapping rate constant and an 

exponential distribution of on-event durations.
25

   

 

Models that were successful in predicting power law behavior in both the on- and off-duration 

statistics introduce some diffusing coordinate into the blinking mechanism, caused by 

fluctuations in the nanocrystal environment. A variety of models based on a random walk were 

proposed, as the wait-time to return to the starting point decays by a power law with the same 

exponent observed in the blinking statistics, -3/2.  Early models predicted a random walk of the 

trap state energy levels, thus creating fluctuations in the tunneling barrier from the excited state 

to the trap state.
27

 Tang and Marcus proposed a similar random walk-based model: diffusion-

controlled electron transfer (DCET),
31

 described in more detail here. This model not only 

predicts the power law blinking behavior, but also the exponential cut-offs that are observed in 

the probability distributions of long on- and off-durations.  In DCET local charge rearrangements 

induce diffusion of the excited state energy level.  The energy difference between the excited 

(bright) state and a charged (dark) state is also diffusing.  A random walk along assumed 

parabolic free energy surfaces representing these bright and dark states induces a switch from on-

to-off (or off-to-on) at each crossing of their intersection.  The parabolic shape of the energy 

surfaces leads to a saturation of the on- and off-duration probabilities and induces a cross-over 

from power law behavior to an exponential decay.  The cross-over time depends on several 

experimental parameters such as chemical composition, temperature and excitation intensity.  

 

Several previous studies have indicated various power-dependent trends in the on- and off-

duration probability distributions.
12, 13, 27, 46, 49, 63-67

 A linear power dependence in the on-duration 

cross-over rate is reported by several groups and is predicted by the DCET model.
49, 63, 67

 A 

quadratic power dependence of the cross-over rate was observed and attributed to Auger 

ionization induced trapping, as that mechanism depends on the creation of a multi-exciton 

species.
46

  A lack of a power dependence at low excitation fluxes was reported in earlier work in 

our laboratory and was attributed to a self trapping mechanism.
47, 68

 

 

The power-dependent studies cited above were performed with very low excitation power 

densities, well below any saturation that one might expect to see at higher powers.  Here the 

blinking statistics of CdSe/ZnS core/shell quantum dots are measured over a larger range of 

excitation power densities, corresponding to an average of 0.15 excitons to more than 3 excitons 

created per excitation pulse, <N>.  Saturation of intensity-dependent trends in the cross-over 

times of both on- and off-duration probability distributions is observed here, indicating that the 

off-duration statistics saturate above <N> = 1, a single exciton, and the on-duration statistics 

saturate above <N> = 2, a bi-exciton.  This asymmetry in the average number of excitons for 



29 

 

saturation between off and on durations suggests that multiple mechanisms affect the blinking 

behavior, as there is no single mechanism that predicts different intensity-dependent behaviors in 

the trapping and de-trapping processes.  The mechanisms that are invoked here to describe the 

on- and off-blinking behavior are a diffusion-based mechanism and an Auger ionization induced 

trapping mechanism.   

 

The blinking statistics at high power densities, corresponding to <N> ≥ 2, are also compared for 

excitation of the lowest energy 1S3/2-1Se transition and the higher energy 1P3/2-1Pe transition by 

tuning the excitation wavelength. The high degree of similarity in the on-duration probability 

distributions at the two excitation wavelengths suggests that the Auger ionization mechanism 

dominates the trapping process under these conditions and that the trap states accessed via Auger 

ionization are the same for the lowest photon energy and higher photon energy formation of the 

bi-exciton. 

 

 

3.2 Experimental Methods 
 

The nanocrystal samples used for this study are commercial CdSe/ZnS core/shell spherical 

quantum dots (QD) purchased from Evident Corporation (ED-C11-tol-0600). Ensemble 

absorbance measurements find the lowest energy transition to occur at 586 nm (2.12 eV), see 

Figure 3.1a, corresponding to a core size of approximately 4 nm.
69

 The ensemble fluorescence 

maximum occurs at 605 nm (2.05 eV) with a bandwidth of 36 nm, as shown in Figure 3.1.  

Excitation wavelengths 570 nm (2.18 eV) and 500 nm (2.48 eV), are selected to be just above the 

lowest energy 1S3/2-1Se transition and above the higher 1P3/2-1Pe transition, respectively.
70

 The 

500 nm excitation wavelength is also chosen to lie above the excitation energy threshold 

previously observed in blinking studies on CdSe nanorods.
47

 Figure 3.1b illustrates the excitation 

wavelength positions relative to the lower energy transitions for a CdSe quantum dot of this size, 

as extrapolated from Norris and Bawendi.
70

 The samples are spun or drop cast onto UV-grade 

fused silica coverslips, passivated with N-(2-aminoethyl)-3aminopropyltrimethoxysilane to bind 

the QDs, at average densities less than 0.1 QDs/µm
2
, as measured from wide field fluorescence 

images and AFM.    

 

The confocal fluorescence microscope configuration was used for this work. Pulsed excitation at 

a tunable wavelength is achieved using the optical parametric amplifier described in Section 

2.2.4. For this study the average power is tunable and reduced below 10 µW by a series of 

interchangeable neutral density filters.  The sample is mounted on piezoelectric stages to allow 

fine adjustments in the x-y-z axes and the excitation light is focused onto the coverslip surface 

through an oil immersion objective, NA=1.3. Sample fluorescence is collected through the same 

objective and separated from any reflected excitation light by a dichroic mirror and several 

bandpass filters centered at 600 nm. The remaining fluorescence is directed to a single photon 

counting avalanche photodiode, whose signal is input to either a multi-channel scalar (SRS) or a 

time-correlated single photon counting (TCSPC) card. The fluorescence from individual dots is 

recorded for 20 minutes, after which the counts are binned into 10.5 ms bins to construct a 

blinking trajectory. The lifetime information available through the TCSPC card will not be 

referred to for this study.   
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Figure 3.1. (a) Ensemble absorbance and fluorescence spectra of CdSe/ZnS core/shell quantum dots in 

toluene, normalized to the first absorption maximum. The excitation wavelength for the fluorescence 

spectrum is 500 nm. The three lowest energy transitions are indicated in grey
35

 and the blinking 

experiment excitation wavelengths are indicated by the green (500 nm) and yellow (570 nm) bars.  (b) 

Illustration of the three lowest transition energies (black bars) and excitation energies (green and yellow 

bars), relative to the first transition. 

 

The excitation intensity for each measurement is calculated from the average power measured 

before the objective, the repetition rate of the laser as measured by a frequency counter (Agilent 

53131A), and from the spot size of the laser focus as measured daily using fluorescent dye-

coated beads (Phosphorex).  The average number of excitons created per excitation pulse, <N>, 

is calculated from the excitation intensity described above and the absorption cross section, σλ, 

which is approximated as σ500=1.06 x 10
-15

 cm
2
 or σ570=8.61 x 10

-16
 cm

2
.
69

 A wide range of 

power densities corresponding to <N> = 0.2 to <N> = 6 or more is used. It is worth noting that 

the repetition rate of our excitation source is considerably lower than most pulsed excitation 

sources used in blinking studies (which are often 1-10 MHz); this difference is key to allowing 
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us to measure single quantum dot fluorescence over the long, 20 minute duration of the blinking 

experiment at high pulse intensities without photobleaching.  

 

The data reported in this chapter represent the statistics of 140 individual quantum dots. A 

representative sample of the fluorescence blinking trajectories is shown in Figure 3.2a. The 

blinking trajectories are analyzed into consecutive on- and off-time durations by setting a 

threshold value above/below which is considered on/off.  The threshold value is determined here 

by an off-duration region that is representative of the lowest average intensity level, such that it 

will certainly be considered as off. The threshold is set by adding the standard deviation of the 

bin intensity values to the maximum bin intensity for that off duration.  This method consistently 

yields threshold values 3 to 4 standard deviations from the mean off-duration intensity. Recent 

work questions the validity of the bin and threshold analysis methods used here, indicating that a 

change in bin size or threshold level can alter the probability distributions of the on and off 

durations.
60

  A more rigorous statistical analysis, change point detection (CPD), uses the 

individual photon arrival times to locate the statistically relevant intensity change points and 

number of states represented by the data, and it does not require binning or thresholding.
61

 A 

large subset of the data presented here was also analyzed using CPD. The CPD analysis produces 

the same excitation intensity dependence in both the on and off duration probability distributions 

as is reported here. 

 

The probability of on- and off-time durations used here is a probability density, P(τon/off), 

calculated according to Equation 2.2. While this method scales the common short τon/off values 

by the same constant, the most rare long duration events are scaled down to the smallest 

probability values, thus providing an estimate of the probability of these events were the 

experiment not of a limited duration.
29

 Sample on- and off-duration probability distributions are 

shown in Figure 3.2b, plotted on a log-log scale. The probability distribution of the short on 

events is well described by an inverse power law with coefficient αon, while the probability of 

longer on events is truncated by an exponential decay. The exponentially truncated power law 

(Equation 2.4) provides a good description of the on-state data. 

 

The cross over from power law to exponential decay is marked by the cross-over time τc. The 

off-duration probabilities appear to adhere more closely to a power law distribution with a power 

coefficient αoff, but then also begin to fall off from the linear fit for longer events. These off-time 

data could not be well fit to the truncated power law equation and will be discussed in more 

detail in the results/discussion section. In all cases, the αon/off fit coefficient was found from a 

linear fit to the log-log plot of the data points occurring in the first 55 ms, while τc comes from a 

fit of the log of P( τon) vs  log τon derived from Equation 2.4. 
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Figure 3.2. (a) A 30 second excerpt of a fluorescence blinking trajectory from a single CdSe/ZnS 

core/shell quantum dot. The fluorescence counts are binned into 10.5 ms time bins. (b) Sample off- and 

on-duration probability distributions plotted on a log-log scale. The off-duration distribution shown here 

adheres to a power law decay (Equation 2.3) with αoff = 1.9, this fit is shown in red. The on-duration 

probability decay is better described by an exponentially truncated power law (Equation 2.4) with αon 

=1.4 and τc = 1.0 sec, fit also shown in red. 

 

 

3.3 Results and Discussion 
 

The qualitative effect of increasing excitation intensity on the on- and off-duration probability 

distributions is summarized in Figure 3.3. The on-duration cross-over time, τc, occurs at earlier 

times as the excitation intensity is increased. This same trend has been reported in several 

previous studies.
27, 31, 46, 48, 63, 66, 67

 The off-duration probability distribution also diverges from the 

power law behavior as the excitation intensity is increased. To quantify this divergence a fit to 

the truncated power law equation (Equation 2.4) was attempted, but not successful, suggesting 

that the off-duration cross-over time may occur on time scales longer than the events measured 

here. It is worth noting that the diffusion-controlled electron transfer (DCET) blinking 

mechanism predicts the off-duration cross-over to occur at substantially longer times than the on-
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duration τc.
31

  Therefore the divergence from the power law behavior is instead defined by a 

divergence time, τd, at which the log of the off-duration probability diverges by more than 0.5 s
-1

 

from the power law fit calculated from the short-duration data points (first 55 ms).  The value of 

τd does not provide insight to the exponential decay of the long-duration events as does the on-

duration τc. However, both τc and τd quantify the point at which the power law description is no 

longer adequate and the deviation can be compared in that regard.  

 

To verify the validity of comparing the on- and off-duration parameters, τc and τd, the divergence 

times for the on-time probability distributions were calculated and all excitation intensity 

dependent trends were reproduced. The observation of an off-duration crossover time from the 

power law behavior has been reported for CdSeTe/ZnS quantum dots under high excitation 

intensity conditions
66

 as well as for CdSe nanorods.
47, 49

 It is also worth noting that an excitation 

intensity dependence of the off-time statistics has not been previously reported for CdSe/ZnS 

quantum dots.  Power law fits to the full range of the off-time data also considered here, not 

taking into account the divergence of the longer-duration off events, do not reveal excitation 

intensity dependence.  However it is clear from Figure 3.3d that a power law fit is not an 

accurate description of the data taken at higher excitation intensities.  

 

The trends described above are quantified by the excitation intensity dependence of the 

parameters for the on- and off-duration probability distributions. Figure 3.4 illustrates the 

excitation intensity dependence of the on- and off-durations, τc and τd, respectively.  Under both 

excitation wavelength conditions, an intensity increase leads to a decrease in the on-duration τc, 

which saturates at <N> ≈ 2, and a decrease in the off-duration τd , which saturates at <N> ≈ 1.  

We assert that there is no single blinking mechanism that can predict the different saturation 

points observed in the on and off blinking behavior, as discussed next.  The result is evidence for 

two different mechanisms affecting the behavior of the quantum dot fluorescence intermittency 

over the large range of excitation intensities probed here.  Specifically, a trapping mechanism 

that involves a multi-exciton species (saturation at <N> =2) and a de-trapping mechanism that 

involves a single exciton (saturation at <N> =1) must be invoked.   
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Figure 3.3. Sample On- (a, c) and Off- (b, d) duration probability distributions at high and low excitation 

intensities corresponding to <N> = 0.2 (a, b) and <N> > 2 (c, d).  For the on-time distributions the dashed 

red lines show the fits to the truncated power law in Equation 2.4. The slope, αon is listed on the plot and 

the arrows indicate τc (a,c). For the off-time distributions the dashed red lines show the power law fit from 

events shorter than 55 ms with a slope αoff listed on the plot and the arrows indicate τd. The blue dot-dash 

lines indicate the power law fit to the entire data set, which yields αoff = 2.0 (b) or αoff = 2.2 (d). This fit 

clearly does not provide an adequate description of the high power data. 
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Figure 3.4. On- (a, b) and off- (c, d) duration cross-over times as a function of average number of excitons 

per pulse with 500 nm (a, c) and 570 nm (b, d) excitation.  These plots represent the fits from 62 (a, c) or 

78 (b, d) trajectories taken over a range of excitation intensities, binned by <N> and averaged in the x and 

y-axes. The x-errors are plus and minus the standard deviation of <N> and y-errors are plus and minus the 

standard deviation of the mean of τc or τd.  Plots (a) and (b) show the on-duration τc saturates around <N> 

= 2. Plots (c) and (d) show the off-duration τd saturates around <N> =1. 

 

First the excitation intensity dependence of the off-duration τd is considered. The DCET 

mechanism predicts the on- and off-duration cross-over times to be inversely proportional to the 

diffusion time constant and therefore to the excitation intensity.
31, 71

 Spectral diffusion of the 

fluorescence of single nanocrystals is also thought to stem from these energy fluctuations and has 

been shown to be strongly correlated to the blinking behavior,
50

 possibly due to the migration of 

surface trapped charges.
71

 The measurement of surface charging of single CdSe quantum dots as 

a function of power density by electrostatic force microscopy separately demonstrates the 

ionization to occur via a single photon process at low power densities (corresponding to <N> << 

0.1).
72

  A more recent mechanism that has been invoked to describe spectral diffusion and 

blinking is the coupling of the nanocrystal electronic levels to a two-level system (TLS) 
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environment. In this case the TLS is multiple recombination centers at the nanocrystal surface.
35, 

73
 In terms of blinking, this mechanism suggests that the hole accesses a distribution of multiple 

trapping sites that randomly switch between active and inactive states with high and low trapping 

rates, respectively. The hole recombines non-radiatively with the electron after each trapping 

event. This mechanism also predicts an intensity dependence in the on- and off-duration 

statistics, as it infers light-induced jumps between the two conformations of the trap sites. 

However, the mechanism of this switching process has not been determined. 

  

Despite not having an accurate fit value for an off-duration cross-over time, the τd parameter 

defined here qualitatively represents the same process of a divergence of long-duration off events 

away from the power law behavior. Considering the charging of the surface by a single photon 

mechanism as the excitation intensity-dependent process for DCET leads to the conclusion that 

the saturation of τd at <N> ≈ 1 reasonably supports a diffusion-based component to the overall 

blinking mechanism. Alternatively, it is possible that this result could support the multiple 

recombination center model, however it is not certain because the light-induced aspect of this 

mechanism has not been experimentally investigated. 

 

Were DCET the only mechanism responsible for the excitation intensity dependence observed in 

the on-duration statistics, one would expect the saturation of the on-duration τc to also occur at 

<N> ≈ 1. The observation that τc saturates at <N> ≈ 2 (Figure 3.4) therefore suggests that an 

additional mechanism is involved in the decrease of τc. This is most likely a multi-exciton 

dependent process, as <N> saturates upon the creation of a bi-exciton, such as Auger ionization 

induced trapping.  Convincing calculations introduced by Peterson and Nesbitt illustrate that 

while an Auger ionization event is very unlikely on a per pulse basis at low excitation intensities, 

it becomes highly probable on the long time scales of the on-time durations.
46

 In order to model 

the effect of Auger ionization induced trapping on τc we extend these calculations for our 

experimental conditions and without any assumptions of a small <N> value.   We assume the 

decrease in the exponential decay lifetime of the on-duration probability distribution is due only 

to Auger ionization induced trapping and define τc as the lifetime (1/e time) for this process.  The 

cross-over time is therefore a function of the per pulse probability of creating a multi-exciton, 

P(n≥2) where n is the number of excitons, and the probability of an ionization event occurring 

from that multi-exciton state, P(ionize). 

 

(3.1)     

)()2( ionizePnP

T
c ≥

∆
=τ         

 

The laser period, ∆T, i.e. the time between laser pulses, converts these probabilities to a time 

scale.  For the smallest power densities reported in this study, corresponding to <N> = 0.15, the 

per pulse probability of creating a multi-exciton is P(n≥2) = 1.0%. With a repetition rate of 295 

kHz, this probability yields a multi-exciton on average every 340 µs.  The possibility of de-

trapping via an Auger ionization-based mechanism is not considered here, as this would suggest 

that saturation of the off-duration divergence would occur at <N> =2 as well. 

 

To fit the on-duration data to the model described above, <N> is converted to P(n≥2) through 

Poisson statistics.  Each absorption event is assumed to be independent. The average values of τc 
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are plotted as a function of P(n≥2), see Figure 3.5.  It cannot be assumed that Auger ionization 

induced trapping is the only mechanism decreasing the on-duration τc. This mechanism appears 

to have no influence on the de-trapping process, or else we would observe the saturation of the 

off-duration τd at <N> = 2.  Since we invoke the DCET mechanism to account for the off 

statistics, we acknowledge that it must have the same effect on the on-duration data, as both the 

process of trapping and de-trapping occur from diffusion over the same coordinate. To work in a 

regime where the Auger mechanism is mainly responsible, we fit only the τc data points 

occurring after the DCET effect is observed to saturate in the off-time data.  All data with P(n≥2) 

> 0.26 (corresponding to <N> > 1) is fit to the model described in Equation 3.1. In this fit 

P(ionize) is assumed to be a constant value and we find it to be 3.7 ± 0.3 x 10
-6

 for the 500 nm 

excitation and 6.3 ± 0.3 x 10
-6

 for the 570 nm excitation. The validity of the assumption that 

P(ionize) is constant is tested by sorting the τc data by <N> and plugging these values into 

Equation 3.1.  This analysis is applied only to the higher power data above <N> =1 and does not 

yield P(ionize) values that differ by more than the standard deviation over the range of <N> 

values measured here. These ionization probabilities are consistent with the single photon 

ionization probability of 5 x 10
-6

, as measured by electrostatic force microscopy.
72

 An ionization 

probability ~10 times larger than the one reported here was calculated by Peterson and Nesbitt 

from blinking results conducted at much lower power densities.
46

 Including the full range of the 

data presented here yields P(ionize) = 1 x 10
-5

. While this P(ionize) is closer in value to the 

probability reported by Peterson and Nesbitt it does not account for any additional mechanisms 

that decrease τc in the single exciton range (<N> < 1).  

 

Diffusion-based mechanisms, including DCET, can also account for the excitation intensity 

dependence of the on-duration τc at low excitation intensities.  In this single exciton regime it is 

not possible to separate the intensity dependence of the DCET mechanism from that of the Auger 

ionization mechanism; however this is the first time that fluorescence blinking from single 

quantum dots has been measured at such high excitation intensities.  The saturation of the on-

duration τc at <N> ≈ 2 provides direct evidence of charge trapping due to a multiphoton process, 

such as Auger ionization induced trapping.   
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Figure 3.5. On-duration cross-over time as a function of the probability of creating a multiexciton for 

excitation. These plots were made from the same data shown in Figures 3.2a and b. The data is binned by 

P(n≥2) and averaged along the x- and y-axes.  The x error bars are plus and minus the standard deviation 

of P(n≥2). The y error bars are plus and minus the standard deviation of the mean of τc. The dashed lines 

show the best fit to Equation 3.1 with constant P(ionize) and considering only those values of P(n≥2) > 

0.3.  These fits yield P(ionize) values equal to 3.7 ± 0.3 x 10
-6

 for 500 nm excitation (a) and 6.3 ± 0.3 x 

10
-6

 for 570 nm excitation (b). 

 

An additional trend that is excitation intensity-dependent is observed via a decrease of the off-

duration power law exponent, αoff , with increasing excitation intensity in the 500 nm dataset, see 

Figure 3.6a. This trend is not observed in the 570 nm data, but we cannot exclude the possibility 

that it also exists in Figure 3.6b, since the lowest <N> measured for 570 nm is above the 

saturation value for the 500 nm data.  The on-duration power law exponent, αon, shows no 

excitation intensity dependence at either wavelength, see Figures 3.6c and d. Neither DCET or 

Auger ionization induced trapping predict any excitation intensity dependence for the power law 

portion of the blinking behavior.  This leads us to conclude that there may be a difference in the 

mechanisms that lead to the short on- and off-duration events that determine the values of alpha.  
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Similar intensity-dependent trends have been reported in the blinking statistics of CdSeTe/ZnS 

quantum dots embedded in a polymer host.
66

 However this effect was attributed to a transient 

change in the dielectric constant of the polymer film in which the quantum dots were embedded. 

As the sample used here is not embedded in a polymer film, this model is not considered. Also 

the excitation intensity dependence in the on-duration αon is not observed, contrary to those 

previous measurements.  A power law exponent larger than 3/2 has been predicted by 

introducing anomalous diffusion with a time-dependent diffusion constant into the DCET 

model.
31, 74

 The data suggests that anomalous diffusion may be necessary to describe the off-

duration blinking statistics at low powers, but not the on-duration statistics. It is also possible 

that the decrease in the slope of the short off-duration events at higher intensities is simply a shift 

from the more distributed power law kinetics to an exponential distribution, which would have a 

smaller slope at durations less than the cross-over time. 

 

 

Figure 3.6. Off- (a, b) and on- (c, d) duration power law exponents as a function of average number of 

excitons per pulse for excitation at 500 nm (a, c) and 570 nm (b, d).  These plots were made by the same 

analysis as Figures 3.2a-d. The x error bars are plus and minus the standard deviation of <N> and y error 

bars are plus and minus the standard deviation of the mean of αon/off.  The dashed lines in (a) and (b) show 

the average value for all αoff data with <N> > 1. The dashed lines in (c) and (d) show the average value of 

αon over the full range of <N>. 
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Finally, the blinking behavior observed in the multi-exciton regime is compared for the two 

excitation wavelengths used:  570 and 500 nm.  These wavelengths correspond to excitation of 

the 1S3/2-1Se and the 1P3/2-1Pe transitions, respectively. Previous transient absorption 

experiments at several excitation wavelengths on CdSe quantum dot ensembles in solution report 

enhanced trapping from the excited bi-exciton state (<N> ≥ 2).
75

 They conclude that direct 

trapping from the excited bi-exciton state competes with relaxation to the band edge. This result 

suggests that one might observe differences in the blinking statistics when generating excited 

state versus ground state bi-excitons. Comparison of the on- and off-duration probability 

distributions upon excitation of the 1S3/2-1Se (570 nm) and the 1P3/2-1Pe (500 nm) transitions 

with <N> ≥ 2.5 yields little difference, see fit results in Table 3.1.  Although some 500 nm and 

570 nm fit parameters are not within the error bars, the overlaid average probability distributions 

at each wavelength highlight the degree of similarity, Figure 3.7. This suggests that there is no 

difference in the trapping and de-trapping mechanisms of an excited or ground state bi-exciton.  

 

 

 

Figure 3.7. Aggregated on- (a) and off- (b) duration probability distributions measured with high 

excitation intensities in the multi-exciton regime. The data with excitation at 500 nm is shown in green 

(filled-in circles). The data with 570 nm excitation is shown in red (open circles). The dashed lines 

illustrate the power law decays calculated from the short on/off events (less than 55 ms) with a power law 

exponent indicated by αon/off and arrows indicating the cross-over time or divergence time, τc and τd.  
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excited transition 

(wavelength) 

on-duration off-duration 

αon τc    (s) αoff τd    (s) 

1S3/2-1Se (570 nm) 1.2 ± 0.1 1.2 ± 0.2 1.7 ± 0.1 2.5 ± 0.7 

1P3/2-1Pe (500 nm) 1.2 ± 0.1 1.1 ± 0.2 1.6 ± 0.1 0.8 ± 0.1 

Table 3.1. Fit Results of the Average On- and Off-Duration Statistics with High Excitation Intensity 

Conditions 

 

This result contrasts several previous low power studies comparing the blinking statistics of rod 

and spherical nanocrystals at several excitation wavelengths. Those studies indicated enhanced 

trapping when the excitation energy was in excess of the bandgap.
47, 48, 68

 In the case of uncapped 

CdSe nanorod blinking, Knappenberger et al. found that excitation 240 meV above the bandgap 

led to a decrease in the on-duration τc by a factor of ~4.5. They concluded that the excess 

excitation energy permits access to external trapping sites.
47

 The excitation power densities used 

in the studies cited above all correspond to <N>  ≤ 0.15 per pulse or per fluorescence lifetime. 

The data compared here corresponds to core/shell quantum dots excited in the multi-exciton 

regime with <N> > 2.5, therefore the wavelength-independent outcome at the high excitation 

intensities here do not contradict those cited above. The wavelength-independent results reported 

here instead suggest that the mechanism that governs blinking in this multi-exciton regime is not 

affected by excitation wavelength. It is possible that the Auger ionization process provides 

enough energy to access these external sites, which at lower excitation intensities could only be 

accessed with more energetic photons. If this is the case, then the passivation of the CdSe core 

with a ZnS shell did not prevent surface sites from being accessed.   

 

A qualitative comparison of the excitation intensity dependence of the blinking parameters over 

the range of <N> values used in this study does not indicate any major differences between the 

two wavelength excitation conditions. Saturation of the on-duration τc occurs at <N> ≈ 2 while 

saturation of the off-duration τd occurs at <N> ≈ 1 for both wavelengths, Figure 3.4.  However it 

is worth noting a small difference in on-duration τc versus P(n≥ 2) trend, shown in Figure 3.5, in 

that τc appears to saturate beyond P(n≥ 2)≈ 0.5 rather than continuing to decrease as Equation 3.1 

predicts.  For the 500 nm excitation, τc is modeled as a function of the probability of creating any 

higher order exciton state, P(n≥2).  The difference in the 570 nm excitation is likely because the 

1S3/2-1Se transition is excited and the 1Se state is only doubly degenerate with respect to its spin 

projection,
70

 therefore it is not possible to create any multi-exciton states higher than n=2. The 

effect of this limitation could be the saturation observed in τc as a function of P(n≥ 2).  

 

 

3.4 Conclusions 
 

In conclusion the excitation intensity dependence of the blinking behavior of single CdSe/ZnS 

quantum dots is monitored over a wide range of power densities (corresponding to <N> from 0.2 

to > 3) using two excitation wavelengths (500 nm and 570 nm).  Both the on- and off-duration 

probability distributions diverge from power law behavior for long on-/off- duration events.  The 
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off-duration divergence is shown to saturate at <N> = 1, while the on-duration divergence 

saturates at <N> = 2.  The difference in saturation points of the on- and off-probabilities requires 

multiple trapping and de-trapping mechanisms to be invoked.  The off-duration saturation upon 

creation of single exciton (<N> =1) can be explained by diffusion-based blinking mechanisms 

that rely on surface charging, as this has been shown to occur by a single photon process,
72

 for 

example diffusion-controlled electron transfer (DCET).  A second mechanism must be invoked 

to explain the delayed saturation point for the on-duration statistics at <N> =2.  The saturation 

upon creation of a bi-exciton suggests a multi-exciton induced trapping process.  The on-duration 

cross-over time, τc, is modeled in the framework of Auger ionization-induced trapping and fit to 

the experimental data in the range of <N> > 1. The wide range of power densities used here and 

the saturation of τc upon the creation of a bi-exciton is evidence of a multi-exciton induced 

trapping process, such as Auger ionization.   

 

The blinking statistics in the multi-exciton regime are also compared as a function of excitation 

wavelength.  No difference is observed in the on- and off-probability distributions upon 

excitation of the 1S3/2-1Se or 1P3/2-1Pe transition. This result suggests that the sites accessed via 

Auger ionization-induced trapping are the same regardless of creating an initially excited or 

ground state bi-exciton. 
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Chapter 4 

 

Linking On-State Memory and Distributed 

Kinetics in Single Nanocrystal Blinking 
 

 

The content and figures of this chapter are reprinted or adapted with permission from Cordones, A. A.; 

Knappenberger, K. L.; Leone, S. R., “Linking On-State Memory and Distributed Kinetics in Single 

Nanocrystal Blinking,” J. Phys. Chem. B., 2012, DOI: 10.1021/jp3041549. Copyright 2012 American 

Chemical Society. 

 

 

Memory effects in single nanocrystal fluorescence blinking are investigated as a function of the 

on-state kinetics for CdSe/ZnS quantum dots and CdSe nanorods. The on-state duration 

probability distributions for single nanocrystal blinking traces are characterized by an inverse 

power law, which crosses over to exponential decay for long on-state durations. The correlations 

of subsequent on-state durations (Rlog,on) are found to decrease for nanocrystals that display 

earlier cross-over times and smaller power law coefficients. Specifically, Rlog,on increases from 

0.14 ± 0.02 to a saturation value of 0.44 ± 0.01 for nanocrystals with average cross-over times of 

~100 ms to more than 5.0 s, respectively. The results represent the first link between memory 

effects and blinking kinetics and are interpreted in the framework of two competing charge 

trapping mechanisms. A slow fluctuation-based trapping mechanism leads to power-law-

distributed on durations and significant memory effects; however the additional contribution of 

an ionization-induced trapping pathway is found to induce cross over to exponential decay and 

decreased memory. Monte-Carlo simulations of nanocrystal blinking based on the two trapping 

mechanisms reproduce the experimental results, suggesting that the power law component and 

the memory effects correlate with a fluctuation-based mechanism. This effect is found to be 

universal, occurring for two nanocrystal samples and in blinking data measured using a wide 

range of continuous and pulsed excitation conditions. 

 

 

4.1 Introduction 
 

Several recent nanocrystal blinking mechanisms that are successful in predicting the distributed 

kinetics observed in the on- and off-state probability distributions rely on a slowly diffusing 

coordinate.  For example, diffusion in energy of the charge trapping states
27

 or of the nanocrystal 

energy levels
31, 34

 leads to slow fluctuations of the charge transfer rate and therefore distributed 

trapping kinetics. The slowly diffusing coordinate is often associated with fluctuations in the 

nanocrystal local environment. For example, recent theory work reports energetic diffusion of 

trap states that are localized in highly mobile ligand species.
44

 Conformational changes of 
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surface trapping sites are also predicted to cause fluctuations in the hole trapping rate according 

to the Multiple Recombination Centers mechanism.
35

 These models have all been shown to 

reproduce the power law on- and off-state probability distributions observed experimentally. 

Slowly fluctuating degrees of surface charging and charge migration have also been invoked to 

explain the continuous distribution of emissive states
76

 and low off-state quantum yields
77

 

observed during blinking. 

 

There have been relatively few studies to investigate memory effects in nanocrystal blinking.
15, 

29, 36, 78
 Although the mechanism is not the same, it has been previously established that the slow 

conformational changes that cause fluorescence blinking in enzymes lead to correlations in the 

subsequent on- and subsequent off-state durations.
79

 It is natural to apply a similar analysis to 

nanocrystals, as several nanocrystal blinking mechanisms also invoke a slowly fluctuating 

parameter that determines the on-to-off or off-to-on switching rates. Initial investigations of 

memory effects in CdSe and InP quantum dots focused on scatter plots of subsequent on (off) 

events and no obvious correlations were reported.
15, 29

 Further studies by Stefani et al. found that, 

when plotted on a logarithmic scale, correlations are observed in subsequent on (off) events.
78

 

These correlations were observed to be long-lived and found for on (off) events separated by up 

to 3-4 s.  These results indicate a residual memory in the fluctuations that may be responsible for 

nanocrystal blinking. 

 

The degree of memory for successive on (off) durations was also measured as a function of 

excitation intensity and local environment.
78

 The correlations of subsequent on (off) events were 

not found to vary with laser power or substrate. Similarly, the power law decay observed for on- 

and off-state duration probability distributions is usually reported as insensitive to many 

experimental parameters. The authors cite this similarity and suggest that the memory effects are 

therefore due to the power law distributed blinking mechanism, however a direct link between 

the two has not been experimentally established. 

 

In this chapter we examine the link between the degree of memory in the nanocrystal blinking 

traces and the kinetics of the underlying blinking mechanism. We show for the first time a direct 

correlation between the on duration memory effects and power law blinking statistics. To 

illustrate this point, a wide range of on-state duration probability distributions are needed and 

generated from the blinking data of two nanocrystal morphologies under various excitation 

conditions. These distributions are found to truncate from an inverse power law at times ranging 

from hundreds of milliseconds to tens of seconds, and this truncation is correlated with the 

degree of memory. Specifically, we observe a decrease in subsequent on duration memory from 

those nanocrystals with an early truncation time. This result marks the first observation of the 

correlation of memory effects and blinking statistics and suggests that the power law distributed 

component and memory effect originate from a similar fluctuation-based mechanism. 

Furthermore, Monte Carlo simulations are employed to show that additional contributions from 

an ionization-based trapping mechanism reproduce the experimentally observed decrease in 

correlation coefficient and truncation time.  
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4.2 Experimental Methods 

 
The blinking data that comprise this work originate from three different nanocrystal samples. 

Commercial core/shell CdSe/ZnS quantum dots were purchased from Evident Corporation (ED-

C11-tol-0600) and Ocean NanoTech (QSP-600-0050). The lowest energy transition is found to 

occur at 2.12 eV for both samples by ensemble absorbance measurements, corresponding to a 

core size of approximately 4 nm.
69

 The fluorescence maxima are measured to be 2.05 and 2.08 

eV (Evident and Ocean NanoTech, respectively). CdSe nanorods were prepared as described in 

reference 80. The lowest energy transition is found to occur at 2.35 eV and the fluorescence 

maximum occurs at 2.27 eV. All samples are deposited on microscope coverslips passivated with 

N-(2-aminoethyl)-3aminopropyltrimethoxysilane by spin coating or drop-casting to obtain 

sample densities of less than 0.1 nanocrystals per µm
2
, as measured from wide-field fluorescence 

images and atomic force microscopy (AFM). 
 

A home-built confocal fluorescence microscope is used in the epifluorescence configuration to 

collect single nanocrystal fluorescence time traces. To show the universality of the blinking 

trends reported here, a variety of excitation and collection configurations are used. Some 

fluorescence data are collected using a pulsed excitation source of tunable visible wavelength 

with per pulse excitation intensities covering the single and multi-photon regime, as described in 

Chapter 3.2. In this configuration, single nanocrystal fluorescence is detected by single photon 

counting avalanche photodiodes. Each detected photon is time-tagged and subsequently binned 

with 10.5 ms resolution to create fluorescence blinking traces. This detection scheme is also used 

for CdSe/ZnS quantum dot data excited with a 405 nm continuous laser. The power density was 

maintained at 450 W/cm
2
 for excitation from this source. For the CdSe nanorod data a 543 nm 

continuous laser is used in a wide-field configuration, such that several quantum dots are imaged 

within the excitation volume. The power density was varied from 100-450 W/cm
2
 for this 

excitation source. The fluorescence is detected using a charge-coupled device (CCD) camera and 

the signal is read to a video capture card. Pixel areas corresponding to individual nanorod 

fluorescence are selected and the intensity is integrated over time with a resolution of 33.4 ms. 

Blinking experiments using all microscope configurations last 10-20 minutes in duration. 

 

Representative blinking traces (10 s subsections) from two different single CdSe/ZnS quantum 

dots are shown in Figure 4.1a. A threshold value is defined to separate the on- and off-state 

intensity levels by the method previously described in Chapter 3. After a threshold is defined the 

blinking trace is broken into a series of on- and off-state durations. Probability density 

distributions for the on-state and off-state durations are calculated according to Equation 2.2 and 

plotted on a log-log scale (Figure 4.1b). The off duration distributions are typically well 

described by an inverse power law, and only under high excitation intensity conditions is a 

deviation from power law behavior observed.
80

 Because the focus of this work is the deviation 

from power law decay, which only is observed for the off-state in a small subset of high intensity 

data, the off duration distributions are not considered further. The on-state duration probability 

distributions are well described by the exponentially truncated power law of Equation 2.4 (Figure 

4.1b). 
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The log-log data are binned along the x-axis and averaged to produce a data set that is equally 

distributed along the x-axis (this procedure equally weights all regions of the log-log data set). 

The binned data is fit to Equation 2.4 to extract the power law coefficient, αon, and the cross-over 

time, τc. which marks the onset of exponential truncation. Note the large difference in τc values 

in Figure 4.1b, which are illustrative of the large range of values measured here, spanning two 

decades in time, as discussed further below. 

 

On-state memory effects, or correlations in subsequent on-state or off-state durations, are also 

analyzed. Scatter plots of duration versus subsequent duration are used here to provide 

visualization of such correlations, consistent with previous work.
29, 78

 Figure 4.1c shows two 

examples of scatter plots to examine correlations of subsequent on-state durations. A linear 

correlation coefficient is calculated to quantify the degree of correlation in the scatter plots. The 

correlation coefficient, R, is calculated as, 

 

(4.1)        � = 	 ∑ (�����				)(���������							)�

∑ (�����				)�� ∑ (���������							)��
  

 

where τn is the duration of the nth on-state event andτn is the average on duration. Highly 

correlated data form linear scatter plots with a slope of 1 and R = 1, while anti-correlated data are 

linear with a slope of -1 and R = -1. Completely uncorrelated data result in R = 0. It has been 

shown previously that the correlation between subsequent on-state (or off-state) durations 

becomes more evident when examined on a log-log scale.
78

 Rlog is calculated by replacing each τ 

value of Equation 4.1 with log(τ), which results in a heavier emphasis of the correlation of short 

duration events. Again, the scatter plots of log(τn) versus log(τn+1) for the two quantum dots in 

Figure 4.1c illustrate the large range of Rlog,on values reported here. 
 

 

4.3 Results 
 

This chapter considers the link between power law blinking and subsequent duration memory 

effects. The full range of blinking behavior reported here is first illustrated on the basis of two 

individual quantum dots (QD1 and QD2) in Figure 4.1. It is apparent from examination of the 

blinking traces in Figure 4.1a that QD2 exhibits considerably faster switching rates between the 

on and off states compared to QD1. This trend is quantified by the probability distributions of 

on-state durations (Figure 4.1b), which indicate on durations more than 45 times longer are 

observed in QD1 compared to QD2. The probability distribution for QD1 is well fit to a power 

law distribution with a cross over to exponential decay (τc) at 10.7 ± 1.1 s. The probability 

distribution for QD2, however, is more highly exponential and has a cross over time of 0.117 ± 

0.015 s. 

 

On-state duration memory is also compared for QD1 and QD2 and scatter plots of subsequent 

on-state durations are shown in Figure 4.1c.  A high degree of correlation is observed for QD1, 

resulting in Rlog,on = 0.39. This value is consistent with that reported by Stefani et al. for ZnCdSe 

quantum dots on glass, which they report to have an average Rlog,on = 0.37 ± 0.06 for subsequent 

on durations.
78

 A much smaller degree of correlation is observed for the subsequent on durations  
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Figure 4.1. Fluorescence blinking data for two single CdSe/ZnS quantum dots (labeled QD), with pulsed 

laser excitation at 500 nm. (a) 10 s of blinking is shown for each quantum dot; the threshold separating 

the on- and off-state is shown. (b) On-state probability distributions for each quantum dot are fit to 

Equation 2.4. τc = 10.7 ± 1.1 s for QD1 and τc = 0.117 ± 0.015 s for QD2. (c) Scatter plots of subsequent 

on durations are shown for both quantum dots. A higher degree of memory is observed in QD1 with Rlog,on 

= 0.39, compared to QD2 with Rlog,on=0.09. 

 

of QD2, resulting in Rlog,on = 0.09.  The two examples presented in Figure 4.1 illustrate a general 

trend reported here that nanocrystals displaying blinking behavior dominated by an exponentially 

distributed process have less correlated subsequent on-state durations. 

  

This link is further explored for a much larger set of blinking data. Figure 4.2a shows the 

relationship between the on-state memory and power law distributed blinking by plotting Rlog,on 

as a function of τc for all nanocrystals measured. This data set includes blinking traces from 220 

nanocrystals and τc is plotted on a log scale to show more clearly the full range of values 

measured.  A large range of τc values are necessary to observe the reported Rlog,on  dependence 

and a variety of excitation conditions are used to produce such a range. Two nanocrystal 

morphologies are used (CdSe/ZnS quantum dots and CdSe nanorods) and both pulsed and 

continuous laser excitation of varying intensity and wavelength are employed. In comparing the 

two nanocrystal morphologies measured under continuous excitation we note that overall shorter 

τc values are measured for the elongated nanorods, which have a larger surface area and most 

likely larger number of surface trapping sites. However, the nanorod samples yield the same 

trend of decreasing Rlog,on with decreasing τc as the spherical quantum dots. The consistency of 

this data taken under such varied conditions highlights the universality of the results presented 

here. The data from Figure 4.2a are then binned according to the ranges of τc and the average 

Rlog,on and τc values are plotted for each bin in Figure 4.2b. The qualitative trend shown for the 

two quantum dots in Figure 4.1 is observed for the large dataset. From the averaged plot in 

Figure 4.2b, Rlog,on is observed to decrease from 0.438 ± 0.009 for nanocrystals with τc > 5.0 s to 

0.14 ± 0.02 for nanocrystals with an average τc = 103 ± 20 ms.  Thus there is a strong correlation 
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between a high degree of on-state memory and a large contribution of power law distributed 

blinking.  

 

Before we consider the physical mechanisms that can account for the correlation of on-state 

memory and cross-over time, we first acknowledge that a smaller cross-over time also indicates 

shorter on-state durations overall. In an attempt to address how the memory changes for blinking 

traces with shorter on-state durations, but without involving the exponential truncation, we 

consider a small subset of CdSe quantum dot blinking traces with pure power law on-state 

duration probability distributions. We find that Rlog,on does not correlate with the maximum on-

state duration observed for each quantum dot. However, we additionally calculate Rlog,on for 

individual quantum dots from this data after removing all sets of subsequent events involving 

durations longer than 1.0 s. From this analysis we find that removal of long on-state duration 

does decrease Rlog,on, but not by a constant factor from one quantum dot to another.  This analysis 

suggests that the decreased number of long on-state durations for the small τc data may 

contribute to the decrease in Rlog,on. In the remaining discussion we consider multiple physical 

processes leading to smaller τc values and, therefore, less long on-state durations. While all 

simulated blinking mechanisms reproduce the qualitative trend of decreasing Rlog,on with 

decreasing τc, they are dissimilar in the saturation behavior and magnitude of change. Were the 

reported trend due to a purely mathematic effect, all cases with the same τc value would yield the 

same decrease in Rlog,on. We do not dismiss the contribution of some purely mathematical effect 

behind the decrease in memory; however we find the mechanisms tested here to vary sufficiently 

to provide insight into the physical processes behind blinking. 

 

In Section 4.4 we consider only physical processes capable of reproducing all aspects of the data 

presented here, including both the decrease of Rlog,on and the exponential truncation of the 

probability distributions. While we do not dismiss the possibility that there may be some purely 

mathematical effect behind the decrease in memory, we find the mechanisms tested here to vary 

in the degree of change in Rlog,on and, therefore, to provide insight into the physical processes 

behind blinking. 
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Figure 4.2. The correlation of Rlog,on and τc for all nanocrystals investigated. (a) Data from 220 

nanocrystals are plotted together, with composition, morphology, and excitation conditions indicated on 

the plot. τc is plotted on a logarithmic scale. (b) The data plotted in (a) is binned by τc and averaged along 

the linear x- and y-axes. The range of the error bars are 2 standard deviations of τc and 2 standard 

deviations of the mean of Rlog,on.  All data with τc ≥ 5.0 s are averaged together, as Rlog,on has already 

saturated. 

 

 

4.4 Discussion 
 

One plausible possibility is to assume that the region of exponential decay of the on-state 

probability distribution is due to a single rate process.  That process can be ionization of the 

nanocrystal, causing a charge to trap externally and the nanocrystal to switch from the on to off-

state (alternatives to this assumption are discussed below). In this framework, a large τc value 

indicates blinking behavior dominated by the distributed kinetics characteristic of a fluctuation-

based blinking mechanism. A small τc value indicates behavior dominated by the ionization-

based charge trapping process mechanism. The ionization process is not due to slow fluctuations 
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and therefore has little or no correlation with previous events. An increased contribution of the 

ionization-based charge trapping process to the blinking behavior would therefore cause 

subsequent on-state durations to become less correlated as τc decreases.  

 

Alternative explanations that do not rely on an additional photoionization process are also 

considered. Several diffusion-based blinking mechanisms have previously been reported to yield 

exponentially truncated power law decays for the on duration probability distributions.
31, 34, 35

 

These mechanisms do not require the addition of a single rate charge trapping process, and the 

cross-over time is typically related to the rate of diffusion. Additionally, if the slow nature of the 

fluctuations of the diffusing coordinate are thought to cause the correlations between subsequent 

on durations, then it is reasonable that increasing the rate of fluctuations may also decrease the 

correlation. Therefore, an alternative explanation for the τc dependence of Rlog,on is that 

increasing the rate of fluctuation in a diffusion-based blinking mechanism will decrease both τc 

and Rlog,on.   

 

Below, Monte-Carlo simulations are employed to generate blinking traces in the framework of 

two mechanisms. One tests the effect of increased fluctuation rates of a diffusion-based 

mechanism only. The other tests the possibility that the decrease of Rlog,on with τc indicates an 

additional contribution of a single rate charge trapping process to the diffusion-based blinking. 

The simulated blinking traces are processed by the same analysis methods as used on the 

experimental data in order to be compared to the results presented in Figure 4.2b. 

 

4.4.1 Diffusion-Based Blinking with Variable Fluctuation Rate 
 

To our knowledge, one mechanism has been shown in the literature to produce blinking traces 

with correlated subsequent on durations and we choose this mechanism as the starting point for 

both simulations to produce the power law distributed blinking behavior. The Multiple 

Recombination Centers (MRC) mechanism of Frantsuzov et al. proposes hole trapping at one of 

N quencher sites on the nanocrystal surface as the non-radiative exciton decay pathway occurring 

during the off-state.
35

 Distributed kinetics, and therefore power law probability distributions, is 

achieved in this model by time-dependent fluctuations of the hole trapping rate, ktrap(t). An 

illustration of this mechanism is shown in Figure 4.3. During an off-state the hole trapping rate is 

fast and the nanocrystal cycles through three steps: exciton generation, hole trapping, and finally 

non-radiative recombination of the electron and trapped hole (as shown in Figure 4.3). During an 

on-state the hole trapping rate is slow and the nanocrystal cycles though exciton generation and 

fluorescent recombination. The MRC mechanism has also been shown to reproduce the memory 

effects observed experimentally, which the authors attribute to the structured hierarchy of 

trapping site activation/deactivation rates.
36

 

 

In this section we test the effect of increasing the fluctuation rate of a diffusion-based blinking 

mechanism by Monte Carlo simulations of single nanocrystal blinking according to the MRC 

mechanism. Each simulation reproduces the equations described in references 35 and 36 (also 

described below), however for this work the speed of ktrap fluctuation is increased by shifting the 

distribution of activation/deactivation rates of surface trapping sites to higher values.  
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Figure 4.3.  Illustration of the carrier recombination mechanism predicted to occur during the off-state 

according to the MRC mechanism. Exciton generation (1), hole trapping (2), and non-radiative 

recombination of the electron and trapped hole (3) is thought to occur when ktrap is greater than the 

fluorescence rate.  

 

Specifically, the fluorescence quantum yield (QY) is calculated as  

 

(4.2)     QY=krad/(krad+knrad),  

 

where the fluorescence decay rate krad = 3.33 x 10
7
 s

-1
 and the non-radiative decay rate 

knrad=ktrap(t). The QY is calculated in time steps at least 10 times shorter than the fastest possible 

ktrap fluctuation, such that it can be considered constant within each step. The value of ktrap and 

the configuration of each of ten trapping sites are re-evaluated at each step according to the 

equations in references 35 and 36, which are also included immediately below.  

 

At each time step, ktrap is evaluated as the sum of the trapping rates of each trapping site in the active 

conformation, 

 

(4.3)     �����(�) = ∑ ����(�)�
���  

 

where the total number of trapping sites N=10 (chosen to be consistent with previous work
35,36

), 

the trapping rate of a single active hole trapping site ki=3.33x10
7
 s

-1
, and σi indicates the 

configuration of each site (1 for active, 0 for inactive). The current configuration of each 

trapping site is also evaluated at each time step, based on the activation (γ+) and deactivation (γ-) 

rates of each site. The rate equations are based on the treatment of interactive two-level systems,  

 

(4.4)    ���	=	�������0.27∑ (�� $ 0.5) ∓ 0.13�
� ) 

 

and for the i
th

 trapping site, 

 

(4.5)      �� = ��*��� 

 

where a=10
-1/2

 and γ1 is the base rate for the fastest trapping site.  
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Here, the speed of ktrap fluctuations is systematically varied by changing the distribution of 

activation/deactivation rates of the trapping sites. This is achieved by variation of the switching 

rate of the fastest trapping site (γ1). This also affects the switching rates of each of the other 

slower trapping sites, as they are structured to be interdependent. The full range of 

activation/deactivation rates for the ten trapping sites will always span 4.5 orders of magnitude, 

starting from the rate determined by setting γ1  (see Equation 4.5). The QY data are binned in 10 

ms durations to produce the blinking trace.   

 

Five ten minute blinking traces are simulated for each variation of the ktrap fluctuation speed 

(each γ1 value) and all are processed to be consistent with the experimental data analysis. On 

duration probability distributions are generated from all on-state events with a given γ1 value and 

are fit to the truncated power law equation (Equation 2.4). Figure 4.4a illustrates how increasing 

the rate of ktrap fluctuations leads to truncation of the power law probability distributions. Rlog,on 

is also calculated for each blinking trace (for a given γ1 value), which are averaged and plotted as 

a function of τc in Figure 4.4b, where each simulated data point represents a different γ1 value. 

(The authors of reference 35 found that the simulated blinking trace must by at least a factor of 

ten longer than the time-scale of the trapping site with the slowest switching rate. Therefore, 

blinking traces were simulated for 10,000 s, as opposed to 600 s, for the case of 1/γ1 = 10 ms.) 

 

We find that increasing the rate of ktrap fluctuations leads to smaller Rlog,on values, qualitatively 

similar to the experimental data. However, Rlog,on is found to increase continuously with τc and 

the saturation behavior observed experimentally is not reproduced by this model. The slowest 

ktrap fluctuations used here (1/γ1 = 10 ms) leads to purely power law distributed on-state 

probability distributions (Figure 4.4a, squares) and a maximum Rlog,on= 0.262 ± 0.008. To 

facilitate comparison of the simulated and experimental data, the simulated Rlog,on values are 

normalized such that the maximum value is equal to the saturation value of Rlog,on observed 

experimentally. From this comparison it is apparent that the continuous decrease in Rlog,on with 

decreasing τc leads to considerably smaller Rlog,on values than those measured experimentally. For 

example, setting 1/γ1 = 30 µs generates blinking traces with τc = 3.6 ± 0.6 (Figure 4.4a, circles) 

and Rlog,on = 0.16 ± 0.02. This represents a nearly 38% decrease in Rlog,on compared to the 

maximum simulated value, which is inconsistent with the saturation of Rlog,on for all τc values 

greater than ~3 s. Overall, we find this explanation of increased ktrap fluctuations linking the 

Rlog,on and τc decrease is insufficient to reproduce the experimental data. 
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Figure 4.4.  Simulated blinking data based on the MRC mechanism
81

 with systematic variation of the 

speed of trapping rate fluctuations. (a) On-state probability distributions for the simulated data are fit to 

Equation 2.3 (αon=-1.49±0.03) for slow fluctuations (1/γ1 = 10 ms, squares) and to Equation 2.4 with 

τc=3.6 ± 0.6 s and αon=1.09 ± 0.07 for fast fluctuations (1/γ1 = 30 µs, circles). Solid lines indicate the fits. 

(b) Simulated data (blue squares), normalized simulated data (green circles, normalized such that the 

maximum Rlog,on value equals the experimentally observed saturation value), and the full range of 

experimental data plus and minus error bars (grey shaded area) are overlaid. Each simulated data point 

represents a different speed of ktrap fluctuation (different γ1 value) and the final point indicates Rlog,on for 

the pure power law distributed data. Dashed grey lines indicate the saturation value of Rlog,on, averaged 

from all experimental data with τc>5.0 s, plus and minus error bars. All experimental data and error bars 

are the same as reported in Figure 4.2b. 
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4.4.2 Additional Ionization-Induced Trapping Pathway 
 

The other possibility that the truncation of the on-state probability distributions and decreased 

on-state memory are due to an additional single rate charge trapping process is now considered. 

This process is assumed to involve high energy charge trapping sites external to the nanocrystal 

and is illustrated in Figure 4.5. Process 1 (green arrow) shows the photogeneration of an 

electron-hole pair. Ionization of the electron to a distribution of higher energy trapping sites 

located in the nanocrystal environment occurs with the rate kionize (process 2, red arrow). The 

ionization mechanism can vary depending on the excitation conditions. Several ionization 

pathways and experimental evidence for each are discussed below. Process 3 (black arrow) 

shows the recombination of the trapped electron and hole, which occurs by a distribution of rates 

according to the distribution of external trapping sites. Including a distribution of high energy 

trapping sites allows for the off-state duration probability distribution to remain power law 

distributed, while the on-state distribution crosses over to exponential decay according to kionize. 

If recombination of the externally trapped electron and hole has not occurred before subsequent 

absorption events, the newly generated excitons can decay by energy transfer to the lone charge 

that remains in the nanocrystal core (Auger recombination). This model is consistent with several 

recent publications suggesting that Auger recombination is not the non-radiative decay 

mechanism of the off-state,
51, 52, 77

 as it requires Auger recombination to occur only during the 

fraction of the off events initiated by ionization to external trapping sites. 

 

A secondary photoionization process to switch the nanocrystal from the on- to off-state was first 

suggested by Shimizu et al. to explain the exponential truncation of the on-state power law 

probability distributions.
27

 Photo-assisted Auger ionization was initially suggested as the charge 

ejecting mechanism and the trap states accessed by ionization were postulated to be on the outer 

surface of the nanocrystal.  Several excitation intensity dependent blinking experiments support a 

photoionization induced trapping mechanism.
46, 67, 80

  

 

Alternative ionization mechanisms, such as the self-trapping of a hot electron (due to high 

energy excitation), have also been suggested to access external charge trapping sites.  Excitation 

wavelength dependent blinking experiments found an energetic threshold to direct trapping of a 

hot electron for CdSe nanorods approximately 240 meV above the bandgap.
47

  Recent work from 

Galland et al. also reports evidence for the self-trapping of a hot electron, although in this case 

the trapping sites are found to be energetically located within the band gap of the quantum dot.
37

 

In both studies, the authors conclude that hot electron trapping occurs in external trapping sites. 

 

Here we model blinking due to the combined effect of the single rate (ionization) and distributed 

charge trapping processes, with systematic variation of the ionization rate. The MRC model is 

again used to simulate blinking behavior with distributed kinetics, resulting in power law on 

duration probability distributions and on-state memory. In this case, the model described in the 

previous section is modified such that the speed of the ktrap fluctuations is fixed by setting 1/γ1 = 

10 ms, which produces simulated data with the power law on state probability distribution shown 

in Figure 4.6a (triangles). It is also modified such that the occurrence of an external charge 

trapping event, occurring with the rate kionize, is tested at each time step. In the ionized state the 

ktrap fluctuations are allowed to continue, however the fluorescence QY is held constant at a low  
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Figure 4.5. Illustration of the ionization-induced trapping mechanism: exciton generation (1), ionization 

of the electron to high energy external trapping sites (2), recombination of the trapped electron and hole 

(3).  

 

value with knrad equal to the Auger recombination rate (1.0x10
10

 s
-1

). Recombination of the 

externally trapped electron and hole occurs by a distribution of rates given by  

 

(4.6)     kde-trap=κde-trapExp(-x),  

 

where x is randomly chosen from an exponential distribution of values after each ionization 

event. κde-trap is set to 100 s
-1

, which sets the lower limit to the recombination lifetime of the 

externally trapped charge at 10 ms (the smallest experimental bin time). The use of larger κde-trap 

values was not found to affect the on-state τc or Rlog,on values. The maximum lifetime of the 

ionization-induced trapped charge was limited to 100 s (approximately consistent with the 

experimentally observed value). Upon recombination, the QY is again calculated using 

knrad=ktrap, where ktrap is determined again by the fluctuation-based model. This simulation results 

in blinking behavior dictated by the ktrap fluctuations, interrupted by ionization-induced off state 

durations. The contribution of the external trapping model is increased through the use of larger 

kionize values, thus increasing the frequency of external trapping events. 

 

Five ten minute blinking traces are simulated for each kionize value and processed to be consistent 

with the experimental data analysis. We find that the addition of the ionization-induced charge 

trapping mechanism increases the maximum Rlog,on value, possibly due to the build-up of on-state 

durations at the long-time limit imposed by the ionization process. Furthermore, increasing the 

contribution of the single rate external trapping process (by increasing kionize) induces exponential 

decay of the long on duration probabilities, such that the data can be fit to Equation 2.4 (see 

Figure 4.6a). On-state memory effects are analyzed for the simulated data and Rlog,on is also 

observed to decrease with increasing kionize.  For example, Figure 4.6a shows on-state probability 

distributions for blinking traces with kionize = 0.5 s
-1

 (circles) and kionize = 10 s
-1

 (squares). Note 

that τc decreases from 4.8 ± 0.6 s to 0.114 ± 0.002 s and Rlog,on decreases from 0.45 ± 0.02 to 

0.07 ± 0.03, as kionize increases from 0.5 s
-1

 to 10 s
-1

.  
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The average Rlog,on values are plotted as a function of τc in Figure 4.6b, where each data point 

represents a different kionize value. By overlaying the simulated and experimental data it is 

apparent that this mechanism can yield a strong qualitative description of the decrease in Rlog,on 

with decreasing τc, including the saturation at Rlog,on at a maximum value for τc > 3 s.  From this 

comparison we conclude that the experimental data is in support of the combined effect of the 

two charge trapping mechanisms modeled here. In this framework, the large range of 

experimentally observed τc and Rlog,on values reported here are due to varied contributions of a 

single-rate charge trapping mechanism. For example, higher energy or intensity excitation or an 

increased number of trapping sites (as suggested for the nanorod morphology) may increase the 

relative contribution of this additional trapping process. 

 

 

4.5 Conclusions 
 

In this chapter the link between power law distributed blinking dynamics and memory effects is 

investigated. Employing a variety of sample composition and morphologies, under varied 

excitation conditions, blinking statistics are measured to have on-state duration probability 

distributions with τc values ranging from 100 ms to tens of seconds. On-state memory effects are 

also quantified by the correlation coefficient of subsequent on durations (Rlog,on).  A strong 

correlation is observed between the degree of on-state memory and both the power law 

coefficient and truncation of the on-state probability distribution. Comparison with simulated 

blinking data indicates that the correlation of Rlog,on with the decay of the on duration probability 

distribution is due to the combined effect of two charge trapping mechanisms that lead to 

switching between the on and off-states. Nanocrystals that blink with a high degree of on-state 

memory are dominated by the power law distributed behavior associated with a fluctuation-based 

charge trapping mechanism.  Those with decreased on-state memory are found to have a more 

significant contribution of exponentially distributed blinking behavior, which is associated with a 

single-rate charge trapping process.   

 

Blinking data is simulated with power law on-state probability distributions and a high degree of 

on-state memory using the Multiple Recombination Centers (MRC) mechanism.
35

 Increasing the 

relative contribution of a second, ionization induced charge trapping mechanism is found to 

induce truncation in the on-duration probability distributions. As the ionization rate increases, the 

on-state memory is also found to decrease. The ionization induced trapping is assumed to occur 

by either a multi-exciton Auger process or by direct trapping of a hot electron to external high 

energy charge trapping sites, consistent with literature.  
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Figure 4.6. The combined effects of a diffusion-based and ionization-induced charge trapping process are 

modeled with systematic variation of the ionization rate. (a) On-state probability distributions are shown 

for three values of kionize: 0 s
-1

 (triangles), 0.5 s
-1

 (circles), and 10 s
-1

 (squares). Fits to Equation 2.4 (solid 

lines) yield τc = 4.8 ± 0.6 s, αon=0.97 ± 0.04 (kionize=0.5 s
-1

) and τc = 0.114 ± 0.002 s, αon=0.04 ± 0.03 

(kionize=10 s
-1

). The data set with kionize=0 s
-1

 is fit to P(on) ∝ τon
-1.49±0.03

. (b) Simulated data (red triangles) 

and the full range of experimental data and error bars (grey shaded area) are overlaid. Error bars are the 

same as Figure 4.2b. Each simulated data point represents a different kionize value. 
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Chapter 5 

 

Direct Measurement of Off-State Trapping 

Rate Fluctuations in Single Quantum Dot 

Fluorescence 
 

 

The content and figures of this chapter are reprinted or adapted with permission from Cordones, A. A.; 

Bixby, T. J.; Leone, S. R., “Direct Measurement of Off-State Trapping Rate Fluctuations in Single 

Quantum Dot Fluorescence,” Nano Lett., 2011, 11, 3366-3369. Copyright 2011 American Chemical 

Society. 

 

 

 

Fluorescence decay times measured during the off-state of single CdSe/ZnS quantum dot 

blinking are found to decrease with increasing off-state duration, contradicting the charging 

model widely considered to explain the blinking phenomenon. The change in the non-radiative 

process of a short off-state duration compared to a long one is investigated in this chapter 

through simultaneous measurement of fluorescence decay and blinking behavior. The results are 

investigated in the framework of two models based on fluctuating trapping rates. 

 

 

5.1 Introduction 
 

Since its discovery, fluorescence blinking in nanocrystals has been linked to photoionization, and 

thus charging of the nanocrystal.
12

 A large number of blinking mechanisms have been proposed 

(several reviews are available),
11, 19, 20, 22, 24

 most of which involve nanocrystal charging via the 

localization of a single charge carrier in a trap state, thus leaving a lone charge in the core. Upon 

subsequent excitation, fast non-radiative energy transfer to this lone charge (Auger relaxation) is 

thought to occur and the nanocrystal remains non-fluorescent until neutralization.
25

 However, 

recent reports of single- and multi-exciton quantum yields
77

 (QY) as well as fluorescence decay 

rates
51

 of a single quantum dot challenge this widely accepted charging mechanism. For 

example, the fluorescence QY of the off-state of a singly excited quantum dot was found to be 

considerably smaller than the bi-exciton QY.
77

 Because both the single and bi-exciton processes 

involve energy transfer to an additional charge carrier, the bi-exciton QY should be higher, as 

two charge carriers are available for energy transfer, thus leading to the conclusion that Auger 

recombination is not a dominant process during the off-state of the quantum dot. Also 

challenging the charging model, transient fluorescence collected during the off-state of a single 

quantum dot was found to exhibit an excitation intensity dependence and a lack of size 
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dependence, indicating that an Auger recombination mechanism is not sufficient.
51

 Here we 

directly measure time dependent changes in the off-state fluorescence decay rate for single 

quantum dots, which contradict the charging model, and investigate alternative blinking 

mechanisms supported by these observations that do not involve long-lived charging or Auger 

recombination. 

 

Several blinking models have been proposed that do not rely on long-lived charge trapping sites, 

but instead assume a fluctuating trapping rate,
34, 35

 where the particle remains bright as long as 

the charge trapping rate is slower than the fluorescence rate. The nanocrystal is thought to 

neutralize after each excitation event either by fluorescence or by non-radiative relaxation from a 

trap site. Previous experimental support for such mechanisms in the form of correlations between 

the fluorescence decay rates and fluorescence intensities from single nanocrystals have been 

reported by several groups.
76, 82, 83

 Both fluctuating trapping rate models cited above were found 

to successfully reproduce the measured blinking statistics.
34, 35

 Additionally, the modeling 

reported in ref. 
35

 was found to reproduce the long-lived correlations observed in subsequent on 

(off) durations,
36

 as well as recent spectral diffusion measurements.
73

 Here we report a definitive 

change in the non-radiative rate of a short off-state duration relative to a long one, also 

supporting a fluctuating charge trapping rate. 

 

In this chapter, the low-level fluorescence decay rate of the off-state is measured for single 

CdSe/ZnS core/shell quantum dots excited both in the single- and multi-exciton regime. Based 

on the results presented in Chapter 3, the in-depth analysis of the off-state recombination rate 

behavior is motivated by the finding therein that the off-state blinking statistics are best 

explained by the diffusion controlled electron transfer blinking mechanism. In this chapter it is 

found that the non-radiative decay rate of the off-state increases substantially with increasing off-

state duration. This result indicates that it is not a single non-radiative process, such as Auger 

recombination, responsible for the off-state durations of the quantum dot. The time scale and 

power dependence of the trapping rate fluctuations are investigated in the framework of two 

previously reported blinking mechanisms that do not involve long-lived charging. 

 

 

5.2 Experimental Methods 
 

Fluorescence time traces are collected from CdSe/ZnS core/shell quantum dots (QD) purchased 

from Evident Corporation (ED-C11-tol-0600). Ensemble measurements find the lowest energy 

absorption at 586 nm and the fluorescence maximum at 605 nm. The sample is dispersed on UV-

grade fused silica coverslips with average densities less than 0.1 QD/µm
2
. To ensure that 

fluorescence originates from single quantum dots, samples were prepared with low densities, as 

measured by wide-field fluorescence images. Atomic force microscopy (AFM) was used to 

verify that the large majority of quantum dots were isolated and not clustered. Although this 

characterization verifies that the sample preparation method yields a large majority of single, 

isolated quantum dots, it must be noted that it does not yield information specific to the particles 

investigated. Single quantum dots are excited with 500 nm pulsed excitation over a range of 

power densities and fluorescence is collected in 10 minute durations. The detector is a single 

photon avalanche photodiode measured to have less than 10 dark counts per second. The sample 
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preparation, excitation scheme, and confocal microscope configuration are the same as used for 

the work presented in Chapter 3 (and described in detail in Chapter 2). The fluorescence signal is 

input to a time-correlated single photon counting card. For each fluorescence photon detected, a 

record is created that contains a macro-time indicator (time from the start of the experiment) and 

a micro-time indicator (time delay from the excitation) with 128 ps resolution. 

 

The macro-times are used to construct a fluorescence blinking trajectory based on photon arrival 

rate. This was accomplished by the change point detection (CPD) method of Watkins and Yang, 

which sorts the fluorescence into a series of event durations separated by intensity change points. 

These events are further sorted into a number of emissive states based on intensity, with the most 

likely number of states determined by the Bayesian information criterion.
61

 The events of the 

lowest intensity emissive state are considered here and are referred to as off-state events. The 

off-state has often been considered to be a non-fluorescent state, however previous reports show 

that the fluorescence yield is high enough to analyze the excited state decay as well as to 

calculate the fluorescence QY of this state relative to the higher intensity on-states.
51, 77

 For this 

study, the off-state events are further segregated by duration in 100 ms time bins. The micro-

times from all off-states of a given duration are histogrammed to create a fluorescence decay 

curve. 

 

 

5.3 Results 
 

Figure 5.1a shows fluorescence decay curves for off-state durations of 100 ms, 200 ms, and ≥ 1.0 

s as measured from a single quantum dot excited with a power density corresponding to an 

average number of excitons per pulse, <Nex> = 0.36. It is apparent from this comparison that the 

excited off-state lifetime decreases for longer off durations. This trend is observed for 50 of the 

53 quantum dots measured with a range of excitation intensities corresponding to <Nex> values 

from 0.2 to more than 3. The data presented in Figures 5.1 through 5.5 are from a single quantum 

dot trajectory, but the results are representative of the data from 50 quantum dots. The off-state 

fluorescence decay curves are fit to a biexponential; one decay term contains the sum of the 

radiative and non-radiative rate constants, kex, and a second term contains the sum of kex and the 

fast multi-exciton Auger recombination rate constant. Multi-exciton recombination has been 

observed in single quantum dot fluorescence decays previously and is reported to become more 

prominent at higher excitation power densities.
51

 In the case of the data presented in Figure 5.1, 

the per pulse probability of creating a biexciton is 4.5 % and the fast lifetime is measured to be ~ 

500 ps, which is consistent with the biexciton Auger recombination lifetime measured for CdSe 

quantum dots of similar size.
84

 As the excited off-state decay rate constant, kex, is the major 

interest for this study, the multi-exciton Auger recombination rate constant is not considered 

further. 
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Figure 5.1. Fluorescence decays for several off-state durations. The instrument response function is 

shown in black and the full width at half maximum is measured to be 40 ps. (b) Decay times decrease 

with increasing duration (0.6-2.8 s have too few points to fit). (c) Average intensity also decreases with 

duration. Error bars are ± one standard deviation of the mean (open squares mark single occurrences).  

 

The excited off-state lifetime (1/kex) is presented as a function of the off-state duration in Figure 

5.2a. A decrease of > 80 % is observed to occur as the off-state duration is increased from 100 

ms to 600 ms, after which the lifetime remains constant at an average of 4.1 ± 0.6 ns. The 

fluorescence intensity of the various off-state durations also decreases by ~ 75 %, which is 

shown in Figure 5.2b. The results indicate a dramatic change in the non-radiative process 

responsible for the short off-state durations compared to that of the long off-state durations. The 

long-lived trap state (charging) model assumes that rapid energy transfer to a lone charge renders 

the quantum dot non-fluorescent. Were this the case, the off-state duration would be determined 

by the lifetime of the trapped charge, and the non-radiative rate would be determined by the 

energy transfer process, independent of the off-state duration.  
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Figure 5.2. (a) Fluorescence decay times decrease with increasing duration (0.6-2.8 s have too few points 

to fit). (b) Average intensity also decreases with duration. Error bars are ± one standard deviation of the 

mean (open squares mark single occurrences).  

 

To ensure that it is a change in the non-radiative rate (knr) that causes kex to increase and the off-

state QY to decrease, a similar analysis is performed on 100 ms binned durations of the highest 

intensity emissive (on-) state. The on-state fluorescence decays are well fit to a single 

exponential, with lifetimes (1/kf) ranging only from 31.0 ns to 33.7 ns over the full range of on-

state durations. The absence of variation in the on-state kf sharply contrasts the dramatic changes 

in kex. This indicates that the off-state QY decreases due to a larger non-radiative knr value, not a 

smaller kf value, which are both shown in Figure 5.3a. Furthermore, the normalized QY, kf/(knr+ 

kf), and intensity are compared in Figure 5.3b and are found to decrease with the same slope of 

approximately 1.2 s
-1

. This result further establishes that different non-radiative rates account for 

the various off-state durations. Assuming that it is a trapping rate, kt, that dominates knr, the 

results can now be analyzed in the framework of the several alternative blinking mechanisms not 

based on long-lived trapping sites or Auger relaxation.  
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Figure 5.3. (a) Radiative (open diamonds) and non-radiative (filled circles) rate constants for durations 

from 100-600 ms. Error bars are ± one standard deviation. (b) The normalized intensity and QY (offset 

for clarity) for 100-600 ms off-state durations. Error bars are ± one standard deviation (QY) of the mean 

(intensity). Some error bars are obscured by the data points in (a) and (b).  
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5.4 Discussion 

 

5.4.1 Energetic Diffusion Mechanism 
 

The first mechanism considered is one proposed by Marcus and Frantsuzov.
34

 The charge 

trapping mechanism is proposed to be an Auger assisted process in which the energy released by 

trapping the hole in a mid-gap trap state is transferred to an intra-band electronic excitation from 

the 1Se to 1Pe states. Slow fluctuations of kt are caused by diffusion of the 1Se-1Pe energy 

difference (ε) where kt is high when ε is in resonance with a trap state energy level and low when 

it is not. In this model a random walk of ε causes switching events between the on- and off-states 

when kt becomes competitive with kf.     

 

The data presented here are consistent with this model in that the off-state durations are defined 

by the time that kt remains larger than kf. It is expected that for short off-state durations the range 

of ε values is restricted and therefore kt is also restricted to small values near kf. However, during 

long off-state durations ε can wander to much larger values, thus kt can become large and take on 

a wider range of values. It is definitively observed in the experiments reported here that a much 

smaller kt is measured during short durations, compared to long durations. The saturation of kt 

measured for off durations longer than 600 ms is also predicted, as the maximum kt is achieved 

by any ε value that overlaps with the trap state energy band. The rate of the Auger assisted 

trapping upon resonance is predicted to be approximately 10
12

 s
-1

. However, it is not reasonable 

to expect the kt measured here to saturate at this maximum value, as the long off-state durations 

represent many possible paths in ε and the decay rate measured is an average of all of these 

possibilities.    

 

This diffusion based model yields a prediction for the exact trapping rate, kt, as a function of ε, 

which is reproduced in Figure 5.4 here as  

 

(5.1)     �� = ∑ +����[-�./,�1 /Γ1]�  

 

where Ai = 10
12

 s
-1

, εrel,i is ε relative to the i
th

 surface state and Γ is the homogeneous linewidth of 

the 1Pe state (200 µeV).
34

 The Γ value is derived from the 1Pe-1Se intraband relaxation, which 

has been shown to slow down to hundreds of picoseconds for CdSe quantum dots with surface-

trapped holes.
85

 The kt values measured here for 100-600 ms off-state durations are plotted with 

this model and each off-state duration is assigned to an average ε value (relative to the first trap 

state energy), based on the measured kt. This analysis indicates that the range of kt values for the 

100-600 ms off-state durations corresponds to a maximum ε fluctuation of 0.1 meV (from 0.68 

meV to 0.58 meV). The Figure 5.4 inset shows how the off-state duration scales with the average 

ε value. A simplified calculation of a random walk in ε leads us to conclude that for the off-

durations shown here, the minimum ε step size is approximately 40 µeV. (The conditions of the 

random walk are as follows. The ε value starts and ends at the threshold value that separates the 

off- and on-states. A constant step size and step rate is assumed. To calculate the minimum ε step 

size the maximum possible step rate, the absorption rate, was used.) This value is considerably  
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Figure 5.4. The predicted kt(ε) function
34

 is plotted (blue dashed line) with the measured kt values (open 

circles) and the average ε fluctuation relative to 1st trap state is obtained for each duration (inset).  

 

larger than the 1.5 µeV calculated from spectral diffusion data at 10-40 K,
34

 which is reasonable 

considering the data reported here are taken at room temperature. 

 

5.4.2 Multiple Recombination Centers Mechanism 
 

Alternatively, a recent model of multiple recombination centers (MRC) has been proposed by 

Frantsuzov, Volkan-Kascó, and Jankó (as described in detail in Chapter 4).
35

 The MRC model 

also predicts trapping rate fluctuations, but not by a diffusive energy process. Instead the MRC 

model assumes a distribution of Nt hole trapping sites that switch between active (fast trapping 

rate) and inactive (slow trapping rate) states. The overall trapping rate of the nanocrystal slowly 

fluctuates as a function of the various combinations of active and inactive trapping sites,  

 

(5.2)     ��(�) = ∑ ����(�)
�5
��� , 

 

where ki is the trapping rate of an active site and σi denotes the configuration of that state (σ=1 

for active and σ=0 for inactive). Again, the nanocrystal switches from an on- to off-state when kt 

becomes competitive with kf. Therefore the shortest off-durations are limited to the kt values near 

kf while the long off-durations can fluctuate further from this rate, as observed in the data 

reported here. The observed saturation of kt is predicted to occur when all available trapping sites 

are in the active configuration at a value that varies with Nt for each quantum dot.  

 

A well characterized problem of N quencher molecules dynamically interacting with a 

fluorescent probe
86, 87

 is analogous to the MRC model and therefore provides a method for 

calculation of the average number of quenching sites (active trapping sites) for a given off-state 

duration. It is conveniently applied to the switching of Nt trap sites as it only assumes that         

kex = (kf + Ntki), where ki is the rate of the quenching process, and that the trap sites do not  
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Figure 5.5. The average number of active trap sites is shown for several off-state durations from a single 

quantum dot. Error bars are ± one standard deviation. The distribution of maximum Nt values obtained for 

50 single quantum dots (inset). 

 

change configuration in the time scale of kf. In this model the fluorescence decay is described as 

follows,  

 

(5.3)    I(t) = I(0)Exp[-kft + Nt(Exp[-kit] - 1)]  

 

which by analogy is presented as the solution to the time dependence of the excited state of the 

quantum dot in the presence of Nt quenchers by the generating function method. Figure 5.5 

shows, for a single quantum dot, the average number of trapping sites in the active configuration 

ranges from 0.35 traps for 100 ms off-state durations to as much as 10.2 traps for longer off-state 

durations over 1 s. The maximum average Nt value for 50 individual quantum dots is also 

calculated from fluorescence decay curves representing all off-state durations greater than 1.0 s. 

A wide distribution of Nt values is obtained, ranging from 3.3 to 15.7 trapping sites, which is 

shown in the Figure 5.5 inset. These maximum Nt values reported here are consistent with the Nt 

= 10 value used to reproduce blinking statistics and long lived correlations using the MRC 

model
35, 36

 and the Nt = 13 (surface states) value calculated for CdSe/CdS/ZnS quantum dots in 

toluene.
8
 

 

5.4.3 Power-Dependent Diffusion Rate 
 

Both the diffusion-based and MRC models discussed in the previous sections suggest there will 

be an excitation power dependence for the diffusion process. Small rearrangements of the 

nanocrystal and ligand nuclear coordinate upon photoexcitation are cited as the cause of 

diffusion in ε.
34

 Similarly, the conformational changes of surface or interface atoms are referred 

to as light-induced jumps in the MRC model.
35

 In both cases, one might expect the trapping rate 
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fluctuations to occur more rapidly at higher excitation intensities. To investigate the effect of 

increasing excitation intensity on the timescale of the kt fluctuations, the slope of the normalized 

QY versus off-state duration is calculated (for the quantum dot shown in Figure 5.3b the slope is 

-1.26 s
-1

). Figure 5.6 shows the QY slope for all 50 quantum dots, sorted and averaged by <Nex>, 

average number of excitons per pulse. We observe the QY slope to increase with <Nex>, which is 

consistent with both models. Importantly, the slope saturates at <Nex>=1, indicating the light-

induced effect to be a single photon process. This result is consistent with previously reported 

intensity-dependent blinking data in which the off-state statistics were shown to also saturate at a 

single exciton.
80

 

 

 

 

 

Figure 5.6. The light-induced nature of the kt fluctuations is investigated. The slope of the normalized QY 

versus off-state duration is calculated for the 100 to 200 ms off-state durations. These data represent 

average values from 50 quantum dots. The error bars are ± one standard deviation (x) of the mean (y). 

The final data point at <Nex> > 2.0 averages all measurements taken in the multi-exciton regime, as the 

QY slope has already saturated. 
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5.5 Conclusions 
 

In conclusion the excited off-state decay has been measured as a function of off-state duration 

for 50 quantum dots and a large range of excitation intensities. The non-radiative rate (trapping 

rate) was shown to increase substantially for longer off-state durations. This trend is evidence for 

a change in the non-radiative process occurring in short versus long off-state durations. The 

results directly contradict the charging model, which predicts a single non-radiative rate constant 

regardless of off-state duration. The results were considered in the framework of blinking models 

based on a fluctuating charge trapping rate. The magnitude of rate fluctuations measured here 

could reasonably be accounted for by two different physical mechanisms, one that relies on 

energetic diffusion and one that predicts the time-dependent activation/deactivation of trapping 

states. Therefore, one mechanism is not distinguished as being more likely to occur than the 

other. The light-induced nature of the fluctuations was also obtained, which is observed to be a 

single photon process.  
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Chapter 6 

 

Probing the Interaction of Single 

Nanocrystals with Inorganic Capping 

Ligands: Time-Resolved Fluorescence from 

CdSe-CdS Quantum Dots Capped with 

Chalcogenidometalates  
 

 

The content and figures of this chapter are reprinted or adapted with permission from Cordones, A. A.*; 

Scheele, M.*; Alivisatos, A. P.; Leone, S. R., “Probing the Interaction of Single Nanocrystals with 

Inorganic Capping Ligands: Time-Resolved Fluorescence from CdSe-CdS Quantum Dots Capped with 

Chalcogenidometalates,” J. Am. Chem. Soc., 2012, 134, 18366-18373. Copyright 2012 American 

Chemical Society. 

 

 

Fluorescence intermittency and excited state decay measurements are carried out on single CdSe-

CdS core-shell quantum dots stabilized with ChalcogenidoMetalates (ChaMs, In2Se4
2-

 or    

Sn2S6
4-

).  The results are used to probe the nature and distribution of charge trapping sites in the 

quantum dot local environment. A comparison is made between capping by a neutral organic 

ligand (oleylamine) and a small inorganic ligand with high charge density (ChaMs). Overall, 

shorter on-state durations and longer off-state durations are observed for the ChaMs. These 

results indicate an increased density of charge trapping sites and increased stabilization of 

surface-trapped charges. By varying the thickness of the CdS shell, hole trapping by the ligand is 

identified as the dominant charging mechanism in ChaM-capped quantum dots.  Faster excited 

state decay rates are measured for the ChaM-capped quantum dots, highlighting the role of 

strongly stabilized trapped charges in this system.  Using cyclic voltammetry measurements of 

the ChaMs, an energy level diagram is constructed relating the ChaMs and CdSe-CdS quantum 

dots that explains their superior performance as active layers in photodetectors. 

 

 

6.1 Introduction 
 

ChalcogenidoMetalates (ChaMs) are known for their rich coordination chemistry, 

semiconducting behavior and strong binding affinity to heavy metal ions.
88, 89

 These properties 

are manifested in their successful application as capping ligands for metal and semiconductor 

nanocrystals.
90

 Excellent colloidal stability in solvents of either high basicity or dielectric 
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constant like hydrazine, aqueous ammonia, or formamide occurs, allowing for solution-

processed and low-cost pathways to uniform nanoparticle thin films and self-assembled 

superlattices.
91, 92

 In some cases, extraordinary high field-effect mobilities are observed for such 

films, attributed to favorable energy alignment between the constituent nanoparticles and ligands. 

For example, electron mobilities greater than 30 cm²/V-s were recently reported for In2Se4
2- 

-

capped CdSe nanocrystals.
93

 This opens up exciting possibilities for applications of nanoparticle 

thin films in (opto-) electronic devices of which field-effect transistors (FETs) with on/off ratios 

> 10³ and photodetectors with detectivities D* > 10
13

 cm-Hz
1/2

/W were demonstrated so far.
94 

The optical properties of such films were studied as well.
95

 

 

In contrast to the aforementioned on-going studies of collective properties of ChaM-capped 

semiconductor nanocrystals, very little is known about isolated ChaM-nanocrystal systems. A 

recent theoretical study on Sn2S6
4-

-linked CdSe nanoparticle dimers is the main contribution to 

this topic so far.
96

 

 

Time-resolved fluorescence intermittency and excited state decay microscopy of single 

nanocrystals is a powerful tool to study some of the fundamental processes governing the 

photophysics on a single nanoparticle level, such as exciton generation and decay, nanoparticle-

ligand coupling and the nature and density of trap states.
97

 In particular, fluorescence blinking is 

a universal property of molecular emitters such as nanocrystals.
12 

Although  the exact mechanism 

responsible for nanocrystal blinking is not known, charge localization at trapping sites within or 

external to the nanocrystal is widely accepted as a cause of the switching from the fluorescent 

“on-” state to the dim “off-” state. In this regard, statistical analysis of the on-state blinking 

behavior is frequently applied to yield information regarding the nature of and accessibility to 

electron and hole trapping sites upon variation of the shell material or surface capping ligand of 

the nanocrystal.
43, 98

 Furthermore, the interaction of the surface trapped charge with various 

dielectric environments can be successfully probed by analysis of the off-state blinking 

behavior.
45, 54

 Based on this, the blinking statistics of quantum dot emitters are expected to 

undergo significant changes when a nonpolar, insulating and long-chained organic ligand is 

exchanged for a ChaM that has a relatively high charge density and narrow spacing between the 

highest occupied and lowest unoccupied molecular orbitals (HOMO/LUMO). 

 

In the present work, individual CdSe-CdS nanoparticles capped with tetraselenidoindate (In2Se4
2-

) or hexasulfidostannate (Sn2S6
4-

) are investigated. The structural, optical, and electrochemical 

characterizations of the quantum dot-ligand systems are discussed and electronic energy level 

diagrams are constructed for the two types of ChaM-capped quantum dots (referred to as ChaM-

QDs).  Time-resolved fluorescence spectroscopy of individual ChaM-QDs is applied to 

investigate the change in the nature and distribution of charge trapping sites on the quantum dot 

surface upon ligand exchange from oleylamine (OA) to the ChaM complexes. Increased hole 

trapping rates and a high stability of trapped holes are observed for the ChaM-QDs, resulting in a 

dramatic decrease in the percentage of time spent in the on-state relative to quantum dots with 

OA capping. The high stability of ligand-trapped holes is emphasized through the observation of 

very long off-state durations and enhanced fluorescence decay rates of ChaM-QDs. This 

information is of fundamental interest for applying such functionalized quantum dots as the 

active material in optoelectronic devices like photodetectors. 
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6.2 Experimental Methods 
 

6.2.1 Quantum Dot Synthesis and Preparation of Samples 
 

Unless stated otherwise, all manipulations were carried out in a dry, air-free atmosphere, all 

solvents were anhydrous and used as received. Cadmiumselenide-Cadmiumsulfide core-shell 

nanoparticles were synthesized following standard literature procedures.
99

  

 

Chalcogenidometalates, (N2H5)4(Sn2S6) and (N2H5)2(In2Se4), were synthesized using previously 

reported protocols.
100, 101

 Briefly, 0.183 g SnS2 (1.00 mmol) and 0.064 g (2.0 mmol) elemental 

sulfur or 0.933 g In2Se3 (2.00 mmol) and 0.158 g elemental selenium (2.00 mmol), respectively, 

were mixed with 2.0 mL distilled anhydrous hydrazine and stirred until clear solutions were 

obtained (pale yellow for the former and colorless for the latter compound). [Note: Anhydrous 

hydrazine is explosive in contact with air and highly toxic. All manipulations must be carried out 

in a dry, air-free atmosphere and proper safety attire is to be worn to minimize the risk of 

exposure.]  

 

The ligand exchange procedure was adopted from Kovalenko et al.
90

 50 µL of the 

Chalcogenidometalate solutions described above were diluted with 950 µL of distilled, 

anhydrous hydrazine. 2.9 mL of toluene were added on top to form a biphasic liquid. To the top 

layer, 100 µL of CdSe-CdS nanoparticles (10 mg/mL in cyclohexane) were added. It was 

vigorously stirred until complete phase exchange had occurred. The colorless organic phase was 

removed and the hydrazine phase washed three times with 1 mL of toluene each. Roughly 

25 vol-% acetonitrile were added to the hydrazine phase until it remained turbid. It was 

centrifuged for 5 min at 4500 rpm, the colorless supernatant removed and the precipitate 

redispersed in 1 mL of anhydrous hydrazine. This step was repeated one more time. Verification 

of the removal of the native organic ligand is discussed in Section 6.3.1.  

 

For all single particle fluorescence measurements, solutions were diluted such that, roughly, the 

first excitonic maximum would have occurred at 0.0015 optical density assuming the 

applicability of Lambert-Beer’s law. Microscopic glass slides were hydrophilized in a UV-Ozone 

cleaner for 15 min and used immediately. 100 µL of dilute nanoparticle solution were sonicated 

for 10 sec and spin-cast at 2000 rpm for 2 min onto a glass slide. Samples prepared from 

hydrazine solutions were annealed immediately thereafter for 10 min at either 130 °C or 230 °C 

(for (N2H5)4(Sn2S6)) or 350 °C (for (N2H5)2(In2Se4)) on a hot plate. [Note: The actual sample 

temperature was anticipated to have been 20-30 °C lower due to heat losses on the surface.] 

 

To perform time-resolved fluorescence experiments of all nanocrystal systems, we spin-cast 

dilute nanoparticle solutions onto thin microscopic glass slides. Nanoparticle blinking statistics 

are known to change dramatically when comparing truly single emitters and small clusters of 

aggregated quantum dots.
102, 103

 Therefore, we optimized our sample preparation with respect to 

the largest occurrence of well-separated, individual quantum dots and monitored the results by 

atomic force microscopy. 
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To ensure that the fluorescence results for the isolated ChaM-QDs are due to the interaction with 

the newly exchanged ChaM ligand, we carried out a control experiment by intentionally 

decreasing the surface ligand coverage drastically and comparing the fluorescence properties. 

For this, we treat the substrates with OA-capped quantum dots (referred to as OA-QDs) with 

pure anhydrous hydrazine for 30 s followed by annealing at 130 °C for 10 min to remove the OA 

ligand, but do not replace it with the ChaM complexes. The hydrazine-only-treated quantum dots 

photobleach quickly (~ 1 s), compared to the ChaM-QDs, which do not photobleach over the 10 

minute measurement. 

 

6.2.2 Characterization Techniques 
 

The quantum dot and ligand samples were characterized using a variety of techniques to 

determine both physical and electronic structural characteristics. Transmission electron 

microscopy (TEM) images were acquired on copper grids coated with thin amorphous carbon in 

an FEI Tecnai-20 at 200 kV acceleration voltage. X-ray diffraction (XRD) patterns were 

recorded in air on glass with a Bruker D8 Discover GADDS HiStar. UV-Vis spectra were 

measured in sealed quartz cuvettes with 10 mm path length in a Shimadzu UV-Vis-IR 3600 

spectrometer with 1 nm step width. For spectra of annealed chalcogenidometalates, dilute 

solutions were spincast on hydrophilized glass slides, annealed at the desired temperature for 

10 min and measured in air immediately. Fluorescence spectra in solution were obtained with 

sealed quartz cuvettes of 10 mm pathlength using an excitation wavelength of 405 nm with a 

Fluorolog TRIAX 320.  

 

Cyclovoltammetric measurements of the chalcogenidometalates were carried out by drop-casting 

and drying a dilute solution onto a thin layer of highly conductive indiumtinoxide (ITO) on glass. 

This substrate was used as the working electrode in a solution of 1.0 M Tetrabutylammonium 

hexafluorophosphate in dry acetonitrile together with a calomel reference and platinum counter 

electrode. It was cooled to -42 °C using a bath of dry ice in acetonitrile and the scans were taken 

at a 50 mV/sec rate starting at the open circuit potential with Ferrocene as a reference substance. 

Both displayed scans were reproducible over at least ten consecutive cycles. We assume 4.9 eV 

to be the electrochemical energy difference between the midpoint of the Ferrocene/Ferrocenium 

+ redox couple and vacuum. We note that the precise position of this species is debatable and 

estimate the error in the levels reported here to ±0.2 eV due to this uncertainty. 

 

For (N2H5)4Sn2S6, full scans over an energy window of more than 3.5 V could be performed with 

an oxidation/reduction wave pair each in the anodic and cathodic direction. The features are also 

obtained individually on separate scans in the anodic and cathodic direction only. The open 

circuit potential was on the order of -3.9 V. In initial scans, an irreversible oxidation feature was 

often observed at roughly -5.0 V that quickly degraded over multiple scans. In accordance with 

earlier reports, we attribute this to the oxidation of the N2H5
+
-cation.

104
 For (N2H5)2In2Se4 the 

open circuit potential was on the order of -4.1 V. 

 

To investigate the effect of cadmium binding to ChaMs, we performed an additional CV 

experiment of the same species described above but on treating it with a concentrated solution of 

Cd
2+

 ions. A saturated solution of Cd
2+

 was prepared by dissolving cadmium acetylacetonate in 
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anhydrous methanol. Glass strips with a thin layer of highly conductive indium tin oxide were 

coated with either (N2H5)2In2Se4 or (N2H5)4Sn2S6 and dried. The ChaM coated glass strips were 

dipped into the Cd
2+

-solution for 5 minutes, thoroughly rinsed with anhydrous methanol, and 

dried. Using these glass strips as the working electrode, the CV measurement previously 

described was repeated and the energy level positions of the Cd-ChaMs derived by using the 

Ferrocene/Ferrocenium redox couple as a reference (-4.9 eV vs. vacuum).  

 

Fourier transformed infrared spectra were recorded under reduced atmosphere in air from KBr 

pellets on a Bruker IFS 66v/S. Samples stored in hydrazine were extensively washed with 

ethanol, followed by acetone and blow-drying before pellet fabrication. Samples stored in DMF 

were precipitated on adding toluene and washed several times with acetone followed by blow-

drying. Samples stored in cyclohexane were precipitated with ethanol, washed carefully with 

acetone and blow-dried before incorporation into the KBr matrix. 

 

6.2.3 Fluorescence Blinking Measurements 
 

A home-built fluorescence microscope using an oil immersion objective (NA=1.3) in the wide-

field epi-illumination configuration is used to measure single quantum dot fluorescence (as 

described in Chapter 2). The sample is excited using 575 W/cm
2
 from a 405 nm continuous laser. 

Back-collected fluorescence is filtered spectrally (532 - 640 nm collected) and imaged using a 

charge-coupled-device (CCD) camera with the signal read out to a video capture card. 

Measurements are approximately 600 s in duration. Single quantum dots are isolated spatially in 

a post-processing procedure using ImageJ software and the fluorescence intensity is integrated 

over time. The time resolution in the resulting fluorescence blinking traces is 33.4 ms. 

 

For the blinking data analysis, a threshold is set to distinguish the on- and off-states for each 

single quantum dot blinking trace.
80

 The blinking trace is then broken into a series of on- and off-

state durations. A weighted probability distribution of off- or on-state durations is constructed, 

where the probability is divided by the average time to the next longest and next shortest 

durations.
29

 The off-state probability distributions are well described using an inverse power law, 

with a power law coefficient αoff (Equation 2.3). The on-state probability distributions are 

observed to decay by a power law for short durations and exponentially for long durations. The 

log-log data are binned by duration and averaged to produce an equally weighted data set across 

the full range of on-state durations, which typically span several orders of magnitude. The binned 

data are fit using the exponentially truncated power law distribution (Equation 2.4) to obtain the 

power law coefficient, αon, and cross-over time, τc.  

 

Single ChaM-QDs are observed to have very few off-to-on switching events, resulting in 

sparsely populated probability distributions that cannot be reliably fit. To address this issue, 

probability distributions are generated from the combination of all on- and off-state durations of 

all quantum dots measured. This method provides one on- and one off-state probability 

distribution representing the combined behavior of many individually measured quantum dots.  

The results of this method are consistent with the average fits acquired from individual quantum 

dot distributions, as shown in Figure 6.1.  



74 

 

 

Figure 6.1. The validity of the on- and off-state duration probability distributions containing the combined 

data from all quantum dots is checked by comparison with fits to the distributions from all individual 

quantum dot blinking traces. (a) The on-state probability distributions generated from the aggregated on-

state durations of all 43 OA-QDs (8ML) measured. The solid red line shows the fit to Equation 2.4, where 

αon=0.89±0.05 and τc=2.0±0.1 s. (b)The distribution of αon values obtained by fits of each on-state 

probability distribution for the individual quantum dots is shown. The average value is found to be 0.93 

with a standard deviation of 0.25 (0.04 standard deviation of the mean).The dashed red line indicates the 

fit value obtained from the aggregated data set shown in (a). (c) The distribution of τc values from the fits 

of the individual quantum dot probability distributions. The average value is found to be 2.7 s with a 

standard deviation of 0.45 s (0.07 s standard deviation of the mean).  Removal of the largest two outlying 

data points shifts the average to 2.1 s with a standard deviation of 0.13 s (0.02 standard deviation of the 

mean). The dashed red line indicates the fit value obtained from the aggregated data shown in (a). 
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6.2.4 Fluorescence Decay Measurements 
 

The home-built fluorescence microscope described above is also used in a confocal configuration 

for the fluorescence decay measurements.  The 500 nm pulsed excitation source and microscope 

are the same as used for the data presented in Chapter 3 (and described in detail in Chapter 2). 

Briefly, the sample is mounted to a piezo-stage and scanned relative to the excitation source. The 

fluorescence from a single quantum dot is spectrally isolated (560 nm long pass filter) and 

directed to a 50:50 beam splitter, which directs the fluorescence to two single photon counting 

avalanche photodiodes (APD) in a Hanbury-Brown and Twiss geometry. A small percentage of 

the excitation source is also directed to a photodiode detector. Each detector signal is directed 

through a router and input to a time-correlated single photon counting card (PicoQuant). For 

each photon detected, a record is created to indicate the detector it originates from, the time since 

the start of the experiment (macro-time), and the time since the previous excitation event (micro-

time) with 4 ps resolution. The macro-times are binned in 100 ms durations to generate the 

fluorescence blinking trace. The micro-times are sorted by their arrival during an on- or off-state 

event, and then histogrammed to create fluorescence decay curves for the on- and off-states. The 

second-order photoluminescence intensity correlation function, g
(2)

(τ), is constructed from the 

two APDs and used for confirmation that the fluorescence originates from a single quantum dot.  

 

 

6.3 Results 

 

6.3.1 Characterization and Energy Level Diagrams 
 

The core shell CdSe-CdS quantum dots studied in this work closely resemble the quantum dots 

used in recent reports on the transport properties of ChaM-capped nanocrystals,
93, 94

 apart from a 

smaller core diameter (2.5 nm vs. 4 nm) used in the present work. We chose In2Se4
2-

 and Sn2S6
4-

 

for the ligand exchange starting from OA capping because these are the most widely applied 

ChaMs in this respect. To study the effect of CdS shell thickness on the coupling between the 

CdSe core and ChaM ligand, two sets of nanoparticle samples are prepared following the 

established procedure by Mahler et al.;
99

 TEM micrographs and size histograms are displayed in 

Figure 6.2. According to Chen et al., these core-shell particle sizes correspond to a nominal shell 

thickness of 3 monolayers (ML) for sample1 and 8 ML for sample2.
105

 (From here on, we use the 

term CdSe-3CdS for sample1 and CdSe-8CdS for sample2, respectively). 

 

Upon ligand exchange of OA ligands with either In2Se4
2-

 or Sn2S6
4-

, excellent colloidal stability 

is observed over weeks in anhydrous hydrazine. TEM analysis shows the mean particle size and 

dispersion are unchanged in all cases except for samples annealed at temperatures greater 230 °C 

where a small degree of sintering is observed. Using x-ray diffraction (XRD) of annealed powder 

samples, we confirm the absence of crystalline domains of SnS2 or InxSey, indicative of carefully 

cleaned ChaM-QD samples without significant amounts of excess ligand present.  We perform 

FT-IR analysis of all samples to verify the success of ligand exchange by the disappearance of 

the C-H bands.
106

 For images supporting the characterization described above, the reader is 

referred to Figures A1-A8 of Appendix A. 
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Figure 6.2. TEM micrographs and size histograms of the two quantum dot samples (capped with OA) 

applied in this work. (a,b) 2.5 nm CdSe core and 3 monolayers of CdS shell. (c,d) 2.5 nm CdSe core and 8 

monolayers of CdS shell. The shell thickness was inferred from the main particle diameter as displayed in 

the histograms in (a) and (c) and on using half the length of the hexagonal unit cell axis (~ 0.34 nm) per 

monolayer thickness in accordance with previous work.
105

 

 

In Figures 6.3a and b we display cyclic voltammetric (CV) data on thin films of (N2H5)4Sn2S6 

and (N2H5)2In2Se4 to estimate the position of the HOMO and LUMO levels.  All values are 

stated with respect to the absolute vacuum level and are derived by using ferrocene as an internal 

reference. For (N2H5)4Sn2S6, we obtain a LUMO position of -2.8 eV and the HOMO at -5.7 eV, 

and thus an electrochemical energy gap of 2.9 eV. For (N2H5)2In2Se4, we find a fully reversible 

oxidation/reduction feature in the cathodic direction with a midpoint potential of -3.1 V that is 

attributed to the LUMO position. In contrast, no stable feature in the anodic direction could be 

captured.  

 

The absorption spectrum was used to determine the optical energy gap for the ChaMs applied in 

this work. We use the Tauc relationship for direct allowed transitions and estimate the gap from 

the x-axis intercept in the plots in Figures 6.3c and d.
107

 We obtain EGap
 
= 3.15 eV for Sn2S6

4-
 and 

EGap = 3.20 eV for In2Se4
2-
 in anhydrous hydrazine.  

 

Binding to the surface of CdSe-CdS quantum dots could potentially change the energy level 

positions of the ChaMs. To address this effect, we also measure the energy levels of Cd2Sn2S6 

and CdIn2Se4 with CV (see Figure A9 of Appendix A). We find the HOMO/LUMO at -5.9 eV/-

3.4 eV for Cd2Sn2S6 and at -5.8 eV/-3.6 eV for CdIn2Se4. The two pairs of ChaM-species 

characterized by CV throughout this manuscript should be viewed as extreme boundaries to the 

realistic scenario of free ChaMs bound to quantum dot surface cadmium. It is likely that the 

degree of electron donation by the ChaM is under-estimated when using the N2H5-ChaMs, but  
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Figure 6.3. Cyclic voltammetry of (a) (N2H5)4Sn2S6 and (b) (N2H5)2In2Se4. All values of redox waves are 

stated with respect to the absolute vacuum level. Both plots are overlays of 10 consecutive scans at 50 

mV/sec. Note that in (b), only the cathodic side seen from the open circuit potential is displayed. (c) and 

(d) show Tauc-plots according to reference 107 of Sn2S6
4-
 and In2Se4

2-
, respectively,  with the absorbance 

α, Planck’s constant h and the frequency of the incident photons ν.  The ball-and-stick-models represent 

the molecular structure of the two ChaMs as previously reported.
100, 108

 

 

over-estimated when using the Cd-ChaMs. 

 

Based on the optical and electrochemical data in this work and the energy level positions in CdSe 

quantum dots found in the literature, we arrive at the energy level diagram displayed in Figure 

6.4. We refer to Jasieniak et al. and the absorbance data reported here for the absolute energy of 

the 1S3/2 and 1Se levels of CdSe, respectively,
109

 Efros and Rosen for the intraband spacing of the 

S-, P-, and D-levels,
110

 and Peng et al. for the offsets between the CdSe and CdS conduction and 

valence band edges.
6
 The quantum dot levels should be considered as approximations, as they 

are derived from literature non-specific to these samples. The LUMO positions of ChaMs are 

inferred from our CV data, whereas the HOMO positions are calculated by adding the optical 

energy gap. We also display the HOMO/LUMO positions of the corresponding Cd-ChaMs 

derived from CV for comparison.  From the energy level diagram, it is postulated that the ChaM 

complexes may be capable of receiving both electrons and holes from the photoexcited quantum 

dot at the excitation energy of the 405 nm laser used here. Depending on the absorption transition  
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Figure 6.4. Energy level diagrams for ChaM-capped CdSe-CdS quantum dots obtained as specified in the 

text. (a) Scale relative to the absolute vacuum level. For the ChaMs, solid lines represent N2H5
+
-

complexes, whereas dotted and dashed lines stand for the Cd
2+

-analogs of the In2Se4
2-

-anion and Sn2S6
4-

-

anion, respectively. Arrows indicate highest allowed excitation transitions during blinking (solid blue 

arrows, λex=405 nm) and fluorescence decay (dashed green arrow, λex=500 nm) experiments according to 

previous measurement.
70
 (b) Delocalization of electron and hole over the quantum dot core and shell are 

illustrated. 

 

that is excited, the valence band off-set of the CdS shell may decrease access of the hole to the 

ligand. In this case, the hole may tunnel through the shell and access to the ligand would be 

highly dependent on shell thickness.  The fluorescence blinking statistics of single quantum dots 

are used to quantify the change in distribution of charge trapping sites upon stabilization by the 

ChaMs. Variation of the CdS shell thickness is employed as means to distinguish between the 

electron or hole trapping nature of these sites. 

 

6.3.2 Fluorescence Blinking of ChaM-QDs 
 

There are several changes in the fluorescence blinking behavior upon exchange of the quantum 

dot ligand from OA to either of the two ChaM complexes used here. Overall, dramatically less 

fluorescence is observed from the ChaM-stabilized quantum dot samples. This is the result of 

both an increase in the percentage of time spent in the off-state, as well as a decreased quantum 

yield (QY) of the fluorescent on-state.  Figure 6.5a compares ten minutes of blinking behavior 

for an OA-QD and an In2Se4
2-

-capped quantum dots (referred to as In2Se4
2-

-QD), typical of a 

larger sampling of each type of quantum dot. While the OA-QDs are observed to spend the 

majority of time in the highly fluorescent on-state, the In2Se4
2-

-QDs are found to rarely fluoresce, 

spending the majority of the time in the off-state. The decreased fluorescence observed here for 

both ChaM-QD samples is consistent with reports of decreased QY in large ensembles of similar 

quantum dots upon ligand exchange from organic to ChaM stabilization.
91, 95

 We next consider 

the ligand-dependent changes in the blinking behavior (OA versus both ChaM ligands) for the 

two quantum dot samples of different CdS shell thicknesses.  Based on the results presented 

below, we suggest that the ChaMs studied in this work act as long-lived traps for holes generated 

inside the quantum dot, which critically dominates the optoelectronic properties of ChaM-QDs. 
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Excited state decay times are also compared for the two classes of ligands, the results of which 

highlight the stability of surface trapped holes in the ChaM-QD samples. 

 

a. Blinking Analysis of CdSe-8CdS Quantum Dots  
The blinking statistics are compared in Figure 6.5 for CdSe-8Cds stabilized by OA and In2Se4

2-
. 

Overall, similar on-state duration probability distributions are observed for the two ligands. 

However, much longer off-state durations are observed for the In2Se4
2-

-QDs. 

 

The on-state probability distributions are interpreted in terms of the charge trapping rate of the 

sample, where a smaller cross-over time value (τc) indicates faster charge trapping and, therefore, 

greater accessibility to trapping sites.  A slightly faster decay of the short on duration probability 

distribution (larger αon) is observed for the In2Se4
2-

-QDs, but more notably, very similar τc values 

(1.92±0.03 s for OA and 2.5±0.3 s for In2Se4
2-

, see dashed lines in Figure 6.5b) and maximum 

on-state durations (15.6 s for OA and 20.5 s for In2Se4
2-

) are observed for the two samples.  The 

similar on-state statistics suggests that the accessibility to the charge trapping sites on the 

quantum dot surface is dominated by the energy level off-sets for the CdSe core and CdS shell 

materials, which are inherently identical for both systems. It is expected that the hole is highly 

confined to the CdSe core, while the electron may extend into the CdS shell. Therefore, these 

initial results hint that changes in the blinking behavior upon exchanging the OA ligand for the 

In2Se4
2-

 complex may lead to an increase in hole trapping sites, but there is little or no change in 

the distribution of electron trapping sites.  

 

As a result of the longer off-state durations, the power law coefficient decreases from 

αoff=2.17±0.03 for the OA-QDs to αoff=1.57±0.03 for In2Se4
2-

-QDs (Figure 6.5c).  This trend 

suggests an increased stability of the surface trapped charges by the In2Se4
2-

 ligand. The 

stabilization results in the very small percentage of time spent in the on-state, as shown in Figure 

6.5d. On average, the OA-QDs spend 81.5 ± 1.6 % of the time in the on-state, while the In2Se4
2-

-

QDs spend only 11.1 ± 1.4 % time in the on-state (errors are one standard deviation of the mean).  
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Figure 6.5. Fluorescence blinking analysis of CdSe-8CdS quantum dots capped with OA and In2Se4
2-
 

(λex=405 nm, 575 W/cm
2
). (a) 10 minute blinking traces for a single OA-QD (black) and In2Se4

2-
 -QD 

(red). Solid blue lines indicate the on/off state threshold. (b)-(d) Blinking statistics  of 43 OA-QDs (blue 

squares) and 47 In2Se4
2-

-QDs (red Xs). (b) On-state duration probability distributions. Solid lines indicate 

fits to Equation 2.4.  τc values are indicated by dashed lines (note that the 4 longest on-state durations for 

the In2Se4
2-

-QD distribution were ignored to yield a better fit to the mid-length durations, which are more 

relevant in determining τc). (c) Off-state duration probability distributions. Solid lines indicate fits to 

Equation 2.3.   (d) Percent time spent in the on-state for OA-QDs (blue solid bars) and In2Se4
2-

-QDs (red 

open bars). 
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b. Blinking Analysis of CdSe-3CdS Quantum Dots  
We test the preliminary hypothesis of hole trapping in the ChaM ligands by reducing the CdS 

shell thickness. Blinking statistics are measured for CdSe-3CdS, stabilized by both ChaM 

complexes and by OA. The thinner CdS shell allows for increased accessibility of the hole to the 

surface ligands, compared to the CdSe-8CdS quantum dots.  Overall, a dramatic shift to shorter 

on-state durations is observed for the In2Se4
2- 

capped CdSe-3CdS quantum dots. Longer off-state 

durations are also observed for In2Se4
2- 

stabilization, similar to the thicker shell samples. 

The on-state probability distributions for OA-QDs and In2Se4
2-

-QDs are shown for the 3ML 

samples in Figure 6.6a. Ligand exchange from OA to In2Se4
2-

 causes a dramatic increase in the 

charge trapping rate, as indicated by decreases in both τc, from 2.0±0.1 s to 0.54±0.09 s, and in 

the longest observed on-state durations, from 8.8 s to 1.1 s. The increase in trapping rate 

observed here, but not for the thick CdS shell, indicates the hole is the most likely carrier trapped 

by the ChaM ligand.  

 

The off-state probability distributions are shown for both CdSe-3CdS samples in Figure 6.6b. 

(Only the first 30 s of blinking data is used in the off-state analysis for the OA-capped CdSe-

3CdS quantum dots to account for the photo-bleaching observed in this sample; for details the 

reader is referred to Figure A10 of Appendix A.) Ligand exchange to In2Se4
2-

 leads to longer off-

state durations with αoff = 1.95±0.06 for OA and αoff = 1.37±.02 for In2Se4
2-

 stabilization. 

 

No significant differences are observed in the blinking behavior of the CdSe-3CdS quantum dots 

stabilized with the two ChaM ligands. Additionally, no difference is observed for the Sn2S6
4-

-

capped CdSe-3CdS quantum dots annealed at temperatures above and below the decomposition 

point of this stannate compound (roughly 200 °C).
100

 This lack of variation indicates there is no 

change in the local environment of the quantum dot and that there is no observed decomposition 

of Sn2S6
4-

 to SnS2 on these isolated quantum dot samples without excess ligand. For detailed 

comparisons of the above samples the reader is referred to Appendix A and Figures A11-A12. 
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Figure 6.6. Blinking statistics of 34 OA-capped (blue circles) and 31 In2Se4
2-

-capped (red +s) CdSe-3CdS 

quantum dots. (a) On-state duration probability distributions. Solid lines indicate fits to Equation 2.4. τc 

values are indicated by dashed lines. (b) Off-state duration probability distributions. Solid lines indicate 

fits to Equation 2.3. Due to photobleaching, the OA-QD data is calculated from the first 30 s of the 

blinking traces (dashed line indicates the 30 s limit). For detailed analysis of photobleaching in both 

samples, the reader is referred to Figure A10 of Appendix A. 

 

c. CdS Shell Thickness Dependence  
A comparison of the CdS shell thickness-dependence of the blinking statistics for each surface 

ligand is shown in Figures 6.7a-c. The on- and off-state duration probability distributions for all 

ligands and shell thicknesses are shown in Figure A13 of Appendix A and fit parameters are 

listed in Table A1 of Appendix A. Generally, the results reported here are consistent with several 

studies comparing blinking statistics of quantum dots with varying shell thickness, stabilized by 

organic ligands.
99, 111-113

 Specifically, the thicker CdS shell quantum dots spend more time in the 

on-state for all three ligands (see Figure 6.7a).
99, 111, 113

 Also consistent with previous work, 

Figure 6.7b illustrates a decrease of αon and increase of αoff with increasing shell thickness.
111, 112

 

 

The trend in τc values for the on-state distributions of the thin and thick CdS shells reveals an 

interesting difference between the OA- and ChaM-QDs (see Figure 6.7c). Decreasing the CdS 

shell does not lead to any significant change in the τc value for the OA-QD samples, which 

suggests that the increased surface access of the hole does not lead to enhanced trapping. 

Therefore, it is likely that charge trapping at the core/shell interface or surface electron trapping 

account for the blinking in these samples. In contrast, the ChaM results show that decreasing the 

CdS shell thickness leads to a 78% decrease in τc for the In2Se4
2-

-QDs and a 95% decrease in τc 

for the Sn2S6
4-

-QDs. For both ChaM-QDs, increased surface access of the hole leads to greatly 

enhanced trapping rates. This trend is consistent with an increase in available hole trapping sites 

upon stabilization using the ChaM complexes.  The nature of the different charge trapping sites 

for the two ligands are considered further in Section 6.4, as are the implications of this result for 

the application of ChaM-QDs. 
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Figure 6.7. Blinking statistics for two CdS shell thicknesses and all three stabilizing ligands. In all panels, 

the CdSe-8CdS quantum dots are indicated by solid bars and the CdSe-3CdS quantum dots are indicated 

by striped bars. OA-QDs are shown in blue, In2Se4
2-

-QDs are orange, and Sn2S6
4-

-QDs are red. (a) 

Average percent time spent in the on-state. Full range of error bars are 2 standard deviations of the mean. 

(b) On- and off-state power law coefficients (α). (c) Cross-over time (τc) of the on-state distribution.  (b)-

(c) Error bars are plus and minus one standard deviation of the fit parameters. 

 

6.3.3 Excited State Decay of ChaM-QDs  
 

Excited state decay curves are recorded simultaneously with the blinking traces for single CdSe-

8CdS quantum dots stabilized by both OA and In2Se4
2-
.  Decay curves are constructed separately 

for photons arriving during the on- and off-states. Although the off-state is often considered to be 

non-fluorescent, a low level of fluorescence is emitted.
37, 52, 77

 

 

Figures 6.8a and b show the excited state decays for the on- and off-states of the OA- and 

In2Se4
2-

-QDs. This plot represents the average behavior of 12 OA-QDs and 14 In2Se4
2-

-QDs 

measured at a high excitation power density corresponding to a high per pulse probability of 

generating multiple excitons, P(n≥2), approaching unity. A high occurrence of biexciton radiative 

recombination is observed (for detailed confirmation the reader is referred to Figure A14 of 

Appendix A). The decays measured here are all found to be multi-exponential, likely due to the 
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contributions of the single, bi-, and charged exciton (trion) emission.
114

 The data could be 

adequately fit to three exponentials and the decay times with fit errors and pre-exponential 

factors are listed in Table 6.1. We attribute the faster decay components to nonradiative Auger 

decay of the biexciton and possibly charged exciton species, and the slowest decay component to 

radiative recombination of the neutral biexciton, to be consistent with literature.
114

  

 

Comparing the on-state decay curves for the two ligands (see Figure 6.8a), we observe a faster 

decay rate for the In2Se4
2-

-QDs, compared to the OA-QDs. The fitted data in Table 6.1 indicate 

decreases in all three decay components with the ChaM ligand, as well as a decrease in the 

relative contribution of the slowest component.  Taken together with the decreased fluorescence 

quantum yield observed for In2Se4
2-

-QDs, these results suggest an increase in non-radiative 

decay pathways for the In2Se4
2-

-QDs. Faster decay is also observed during the off-state for the 

In2Se4
2-

-QDs, compared to the OA-QDs (see Figure 6.8b); indicated again by decreases in all 

three decay times and in the relative contribution of the slowest decay component.  Possible 

mechanisms for increased decay rates are considered in Section 6.4 and related to the blinking 

behavior observed for the two ligands. 

 

 

 

Figure 6.8. Averaged fluorescence decay curves for In2Se4
2-
 and OA-capped CdSe-8CdS quantum dots 

(λex=500 nm). Note the same scale on both axes for (a)-(c).  (a) On-state decays for OA-QDs (cyan) and 

In2Se4
2-

-QDs (orange). (b) Off-state decays for OA-QDs (blue) and In2Se4
2-

-QDs (red). (c) On-state decay 

for In2Se4
2-

-QDs (orange) overlaid with off-state decay for OA-QDs (blue). 
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  OA In2Se4
2-

 

 
on-state off-state on-state off-state 

N1 0.60 0.53 0.41 0.30 

ττττ1 (ns) 0.845 ± 0.002 0.710 ± 0.003 0.301 ± 0.003 0.19 ± 0.02 

N2 0.37 0.41 0.43 0.51 

ττττ2 (ns) 4.03 ± 0.01 2.93 ± 0.02 1.5 ± 0.01 1.00 ± 0.01 

N3 0.032 0.067 0.16 0.19 

ττττ3 (ns) 45.7 ± 0.3 10.7 ± 0.1 6.53 ± 0.04 5.16 ± 0.02 

ττττeff (ns) 3.4 ± 0.4 2.28 ± 0.04 1.76 ± 0.01 1.55 ± 0.01 

 

Table 6.1. Fit parameters for average on- and off-state decays of In2Se4
2-

 and OA-capped CdSe-

8CdS quantum dots. 

 

 

6.4 Discussion 
 

Based on the results presented above, we suggest that the ChaMs studied in this work act as 

long-lived traps for holes generated inside the quantum dot, which critically dominates the 

optoelectronic properties of ChaM-QDs.  The nature of the ligand-induced trapping sites is 

discussed here, followed by the implications of these results for the use of ChaMs-QDs in 

optoelectronic devices. 

 

6.4.1 Nature of Trapping Sites for ChaM-QDs  
 

The different nature of the trapping sites for the quantum dots stabilized by the OA ligand or 

ChaM complexes is now considered, starting with the OA-QDs.  Previous FT-IR studies of 

amine-capped CdSe quantum dots indicate that the amine groups bind to both the surface Se and 

Cd sites in a ratio of 60:40, suggesting that slightly more electron-trapping Cd cations are 

available on the quantum dot surface.
95

 Furthermore, optically detected magnetic resonance 

(ODMR) studies of CdSe/CdS quantum dots stabilized with dodecylamine report the observation 

of electron trapping sites located at the core/shell interface of the quantum dot.
41

 The lack of 

significant change in the charge trapping rate observed here in the OA-QDs as the CdS shell is 

varied (Figure 6.7c) is consistent with electron trapping at the core/shell interface or in the 

surface Cd sites. 
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In considering charge trapping sites for ChaM-QDs, previous reports of fluorescence measured 

for thiolate-stabilized quantum dots are relevant. An analogy can be drawn between the S
-
 group 

of the thiolate, which is thought to form a covalent bond with a surface Cd cation, and the Se
-
 

and S
-
 groups of the In2Se4

2-
 and Sn2S6

4-
 complexes. Fluorescence blinking studies of CdSe 

quantum dots with several shell compositions, stabilized by a variety of water soluble thiolate 

ligands, report a decrease in αoff and an increase in αon for the thiolate-QDs compared to 

organically-stabilized quantum dots.
43, 53

 This is consistent with the present findings upon ligand 

exchange from OA to both ChaM complexes (see Figure 6.7b). Although the on-state probability 

distributions have been fit to an inverse power law,
43

 it appears that truncation of the longer on-

state durations occurs much earlier for the thiolate-QDs, similarly to what is observed in this 

work for the ChaM-stabilized CdSe-3CdS quantum dots. The authors interpret the changes in the 

blinking statistics to indicate an increase in the number of charge trapping sites, which they 

attribute to the two nonbonding electron pairs of the thiolate sulfur atom, which act as hole traps. 

The similarity of the results presented here upon exchange from OA to ChaM ligands suggests 

that the Se
-
 and S

-
 groups of the ChaM complexes may bind to surface Cd cations, therefore 

increasing the number of hole trapping sites, which are attributed in this case to the nonbonding 

electron pairs on the selenium and sulfur atoms.  

 

6.4.2 Highly Stabilized Trapped Holes  
 

The high stability of the ligand-trapped hole in the ChaM-QDs is inferred from the very long off-

state durations (and therefore small αoff values) observed in these samples, compared to the OA-

QDs. Highly stabilized trapped charges have previously been observed in CdSe/ZnS core/shell 

quantum dots dispersed in various polymers of high dielectric constants. Issac et al. report that 

an increased dielectric environment leads to longer off-state durations and smaller αoff values.
45

 

The authors assume a solvation model, where electrons trapped in intrinsic polymer states are 

highly stabilized by the more polarizable (high dielectric) environments. The data presented here 

(see Figure 6.7b) is consistent with that trend, based on the low dielectric constant of OA (ε  ~ 

3.1, measured at 2.45-5.8 GHz)
115

 and the inference of a larger dielectric constant for the ChaM 

complexes from earlier work of Nag et al. showing that ChaMs are relatively soft ions with high 

polarizabilities.
116

 

 

In contrast to the polymers discussed in reference 45,
 
ChaMs possess a rich redox chemistry with 

the ability to form polychalcogenide chains of the nature Qx
2-

 (where Q  = S, Se or Te).
88

 We 

speculate that this ability facilitates the stabilization of photogenerated holes from the quantum 

dots in the ChaM ligand, possibly by oxidizing two chalcogenides to form a dichalcogenide bond 

according to 2 RQ
-
 → RQ-QR + 2e

-
. This redox process lies at the heart of chalcogenidometalate 

chemistry and has been shown to result in numerous structural variations from polyanionic 

chains, to rings and 3D-networks.
117

 According to Figure 6.4, there is no significant driving force 

for permanent hole transfer from the quantum dot into the ChaM ligand. This is reflected by our 

observation that ChaM-QDs do not photobleach within the experimental time frame and, 

therefore, are not being oxidized irreversibly. However, the redox process proposed here is 

largely reversible and could account for a long, but finite, stabilization of holes in the ChaM 

ligand. 
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The high stability of the ligand-trapped hole in In2Se4
2-

-QDs is also reflected by the excited state 

decay results presented in Figure 6.8 and Table 6.1. There are two plausible explanations for the 

observed change to faster decay times for the In2Se4
2-

-QDs. First we consider the stabilizing 

effect of the In2Se4
2-

 ligand on surface trapped charges.  

 

Under the high excitation intensities used for this measurement, an increase in the surface 

charging rate is expected due to biexciton Auger ionization.
46, 80

 Taken together with the longer 

lifetime of the trapped charges, one might expect a build up of surface charges for the In2Se4
2-

 

QDs. It is therefore possible that the emission from both the high and low intensity states for 

these samples is due to charged exciton decay.  

 

In that case, the higher intensity state (on-state) could be due to recombination of a singly 

charged exciton (one trapped charge), similar to the ‘grey state’ of intermediate fluorescence 

intensity previously observed for non-blinking CdSe/CdS quantum dots,
118

 while the lower 

intensity state would be due to recombination of a multiply charged exciton (more than one 

trapped charge). The shorter lifetime of the trapped charges in the OA-QDs may prevent the 

build up of surface charges, such that the off-state is due to a single trapped charge and the 

quantum dot remains neutral during the on-state. This explanation is supported by the similar 

decay times of the In2Se4
2-

-QD on-state and the OA-QD off-state, which are plotted together in 

Figure 6.8c. We emphasize here again that this surface charge build up holds true only under the 

high excitation intensity conditions used for the fluorescence decay measurements and not for 

the blinking experiments reported above. Future work measuring the excited state decay rates as 

a function of excitation intensity could further elucidate the role of high order surface charging 

and Auger recombination for ChaM-QDs. 

 

Alternatively, it is plausible that electron transfer from the CdSe conduction band to the LUMO 

of In2Se4
2-

 could provide an additional non-radiative decay pathway, thus shortening the decay 

times for the In2Se4
2-

-QDs, compared to the OA-QDs. This possibility is considered less likely, 

however, as the measured In2Se4
2-

 LUMO lies at slightly higher energy than is accessible by the 

500 nm excitation. 

 

6.4.3 ChaM-QDs for Photodetectors  
 

Using In2Se4
2
 -capped CdSe-CdS nanocrystals, Lee et al. recently succeeded in fabricating one 

of the best nanocrystal-based photodetectors to date.
94

 A good measure for the performance of a 

photodetector is its internal photoconductive gain (Gi). In an n-type material, Gi is proportional 

to the electron (majority carrier) mobility and the lifetime of the hole (minority carrier) before it 

recombines with an electron.
119

 If the minority carrier is trapped sufficiently long, each 

photogenerated majority carrier can cycle several times through the device resulting in Gi >> 1. 

This has been demonstrated for In2Se4
2- 

-CdSe-CdS with an impressive Gi ≥ 6.5 x 10
3
. The two 

key factors responsible for this large value are explained by our results: 

 

(i) The energy diagram derived in this work readily provides an explanation for the high 

electron mobilities due to resonance between the 1Se level of CdSe and the LUMO of 

In2Se4
2-

. Also, it has been demonstrated that In2Se4
2-

-capped CdSe nanocrystals show 
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significantly larger mobilities than comparable CdSe cores capped with Sn2S6
4-

.
90, 91, 

94
 This is now supported by our CV data which places the LUMO position of Sn2S6

4-
 

significantly higher in energy than that of In2Se4
2-

.  

 

(ii) Lee et al. hypothetically attribute the long hole lifetimes in In2Se4
2
 -capped CdSe-

CdS quantum dots to the offset of the 1S3/2 levels between CdSe to CdS. The results 

presented here, however, argue that the dominant hole trapping site is not the core-

shell interface but the ChaM ligand itself. In this work, the CdS shell thickness-

dependence of the charge trapping rate has identified the hole as the trapped carrier in 

the ChaM-QD samples.  Furthermore, very long off-state durations were observed for 

the ChaM-QDs, indicating a high degree of stabilization of the surface-trapped hole 

by the ChaM ligands. 

 

 

6.5 Conclusions 
 

For the first time, the nature and distribution of charge trapping states in CdSe-CdS quantum dots 

capped with inorganic ChaMs are probed by single particle time-resolved fluorescence. In 

comparison to capping with a large and neutral organic ligand (oleylamine), dramatically shorter 

on-state durations are observed for the ChaM-stabilized CdSe-3CdS quantum dot, indicative of 

enhanced hole trapping rates. Furthermore, increased off-state probabilities are observed, which 

are attributed to efficient stabilization of the surface trapped holes. This hypothesis is further 

supported by the faster excited state decay rates measured with ChaM stabilization, relative to 

OA.  Using cyclic voltammetry, an energy level diagram for ChaM-QDs is constructed, which 

provides an immediate explanation for the successful application of this material in 

photodetectors. 
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Chapter 7 

 

Summary and Outlook 

 
A portion of the content of this chapter is reprinted or adapted from Cordones, A. A. and S. R. Leone, 

“Mechanisms for Charge Trapping in Single Semiconductor Nanocrystals Probed by Fluorescence 

Blinking”, Chem. Soc. Rev., (in press). Reproduced by permission of The Royal Society of Chemistry.  

 

 

Charge carrier trapping in semiconductor nanocrystals can greatly affect their optical and charge 

transport properties. It is known to reduce both the fluorescence quantum yield and carrier 

mobilities in ensembles and thin films of nanocrystals, therefore degrading device efficiency in a 

range of nanocrystal-based optoelectronics. Trap states can be energetically located within the 

nanocrystal band-gap or at higher energies. Physically, they can be localized on unsaturated 

bonds of nanocrystal surface atoms and at the internal interface of core/shell nanocrystals. In 

attempting to passivate the nanocrystal surface states, additional trap sites can be introduced by 

the passivating ligand or polymer local environment. The difficulty in effectively eliminating the 

presence of charge trapping sites highlights the importance of understanding the mechanisms by 

which they are accessed. 

 

Many models have been proposed to support the fluorescence blinking observed for single 

nanocrystals. The experiments described in Chapters 3-5 all aimed to probe different aspects of 

the blinking mechanism: 

 

(i) In Chapter 3, different excitation intensity dependent behaviors were observed for the 

on- and off-state blinking. The off-state behavior was dependent on the creation of a 

single exciton and was explained by diffusion-based blinking mechanisms, such as 

diffusion-controlled electron transfer.  The on-state behavior was dependent on the 

simultaneous creation of multiple excitons and highlighted the role of Auger 

ionization-induced charge trapping. Two blinking mechanisms were necessary to 

account for the data presented in Chapter 3, suggesting that models should be 

extended to include both a single rate charge trapping mechanism (such as Auger 

ionization) and a diffusion-based blinking mechanism that includes a fluctuating 

charge trapping rate. 

 

(ii) In Chapter 4, the effects of a diffusion-based blinking mechanism were investigated 

for a large distribution of nanocrystals measured under a range of excitation 

conditions. Slow fluctuations in the charge trapping rate predict both distributed 

kinetics (leading to power law distributed on- and off-state durations) and memory 

effects. These two parameters were linked for the first time by a correlation of the on-
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state cross-over time (which limits the power law) and on-state memory. 

Furthermore, to reproduce this correlation using Monte-Carlo simulations, it was 

necessary to include multiple blinking mechanisms. Consistent with the conclusions 

of Chapter 3, one mechanism was based on fluctuating charge trapping rates and a 

second was based on a single charge trapping rate.     

 

(iii) In Chapter 5, the non-radiative mechanism occurring during the off-state was probed. 

The non-radiative recombination rate was found to increase for longer off-state 

durations. This result is inconsistent with Auger recombination occurring during the 

off-state, as is predicted in the Type I blinking models described in Chapter 1. A 

fluctuating charge trapping rate is observed directly, which is predicted in Type II 

models.  

 

 

Taken together, several conclusions can be drawn from the work of Chapter 3-5. Most 

importantly, we find that the blinking behavior for a range of nanocrystal samples is best 

described by a combination of Type I and Type II blinking models. The non-radiative rate 

fluctuations described in Chapter 5 offer the most conclusive evidence for a Type II model, 

however, the additional role of a single rate charge trapping process is necessary to simulate the 

correlation of cross-over time and on-state memory presented in Chapter 4. As found in Chapter 

3, this single rate process may be Auger ionization induced charge trapping. Future work in this 

area may focus on the physical processes that cause the trapping rate fluctuations, as this has not 

been previously studied. Another goal may be to gain experimental control over the relative 

contributions of each blinking mechanism, with the intent to regulate the charge trapping 

processes.  

 

Another direction for fluorescence blinking experiments is to use them to report on changes in 

charge carrier trapping. Although the details of the blinking mechanism are unresolved, blinking 

is consistently described as a direct result of charge trapping. Therefore, the on duration statistics 

can be monitored to reflect changes in the distribution of trapping rates as a function of 

excitation conditions, local environment, or sample. This concept was the basis for the 

experiments presented in Chapter 6, which probed the change in charge trapping rates upon 

exchange from organic ligands to chalcogenidometalate (ChaM) complexes on the nanocrystal 

surface. The shift to shorter on-state durations upon stabilization by the ChaMs was found to 

occur due to hole trapping within the ChaM ligand itself.  

 

Future experiments in this direction could utilize nanocrystal blinking measurements to 

characterize additional new nanocrystal-composite systems, for which charge trapping may 

dominate the nanocrystal-composite interactions. For example, various semiconducting polymers 

or other inorganic matrices proposed for use in nanocrystal-based devices could be characterized. 

The nature of charge trapping states could be assessed in such systems to potentially lead to 

better charge transport in nanocrystal-based photovoltaics and higher radiative recombination 

efficiencies in nanocrystal-based LEDs.  
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Appendix A 

 
 

The content and figures of this appendix are reprinted or slightly adapted with permission from 

Cordones, A. A.*; Scheele, M.*; Alivisatos, A. P.; Leone, S. R., “Probing the Interaction of Single 

Nanocrystals with Inorganic Capping Ligands: Time-Resolved Fluorescence from CdSe-CdS Quantum 

Dots Capped with Chalcogenidometalates,” J. Am. Chem. Soc., 2012, 134, 18366-18373. Copyright 2012 

American Chemical Society. 

 

 

A.1 Supporting Information and Figures for the 

Characterization of CdSe-8CdS and CdSe-3CdS Quantum 

Dots and Chalcogenidometalates 

 

 

 

Figure A1. Collective optical properties of OA-capped CdSe-3CdS quantum dots in toluene. Absorption 

is displayed in black, emission in red.  The first excitonic maximum appeared at 561 nm with band edge 

emission at 572 nm.  
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Figure A2. Collective optical properties of OA-capped CdSe-8CdS quantum dots in toluene. Absorption 

is displayed in black, emission in red.  The first excitonic maximum appeared at 569 nm with band edge 

emission at 587 nm.   

 

 

 

Figure A3. CdSe-3CdS and CdSe-8CdS quantum dots capped with either of the two ChaMs applied in 

this work preserved bright fluorescence in solution over weeks. The band edge emission shifted slightly 

by 7 meV to the red compared to oleylamine stabilization. These findings are in accordance with recent 

reports by other groups.
93, 95
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Figure A4. TEM images of a) CdSe-3CdS upon ligand exchange with In2Se4
2-

, b) CdSe-8CdS upon 

exchange with Sn2S6
4-

 and c)  In2Se4
2-

. a) was annealed at 130 °C, b) at 230 °C and c) was at 350 °C after 

particle deposition. All samples showed similar sizes and morphologies to those of the OA-QDs except 

for the case of annealing at 350 °C where a significant degree of sintering was observed. 

 

 

 

 

Figure A5. XRD patterns of CdSe-8CdS quantum dots stabilized with ChaMs annealed at different 

temperatures or oleylamine without annealing. Similar full width half maxima for all reflections were 

found for all samples except for quantum dots annealed at 350 °C where significant narrowing indicative 

of sintering was observed. All samples appeared to be phase pure without traces of free crystalline 

ChaMs. 
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Figure A6. FT-IR spectra of CdSe-8CdS capped with a) In2Se4
2-

, b) oleylamine. For In2Se4
2-

-capped 

quantum dots, we find an almost featureless spectrum above 1700 cm
-1

 indicative of a successful 

replacement of oleylamine.  

 

 

 

 

Figure A7. Optical absorption measurement either in hydrazine solution (blue) or as optically thick films 

after annealing for 10 min at the specified temperature of (N2H5)2In2Se4. 
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Figure A8. Optical absorption measurement either in hydrazine solution (blue) or as optically thick films 

after annealing for 10 min at the specified temperature of (N2H5)4Sn2S6.  

 

Comment on the optical properties of ChaM-films: 

 

For comparison, we fabricated thin films of (N2H5)4Sn2S6 and (N2H5)2In2Se4 on glass slides, 

annealed them at their characteristic decomposition temperatures determined by Mitzi et al., and 

measured the UV/Vis absorbance (Figs. A7-A8).
100, 101

 Although precursor decomposition is 

likely to be incomplete under the applied conditions, we observe a large redshift in the onset of 

absorption for both compounds towards the bulk bandgaps of SnS2 (EGap = 2.1 eV) and γ-In2Se3 

(1.8 eV).
120, 121

 This is indicative of crystallization of the neutral semiconductor species and 

formation of extended bands at temperatures as low as 130 °C. The crystallization of such a 

conductive matrix has recently been hypothesized to be the reason for drastically decreased 

photoluminescence intensities in CdSe nanoparticle emitters embedded in the matrix.
95
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Figure A9. Cyclic voltammetry of (a) Cd2Sn2S6 and (b) CdIn2Se4 . All values of redox waves are stated 

with respect to the absolute vacuum level. Both plots are overlays of 10 consecutive scans at 50 mV/sec. 

 

No redox feature at -5.0 eV could be detected indicating the absence of the N2H5
+ 

cation and a 

successful exchange with Cd
2+

. Stable, but non-reversible, redox features for both Cd-ChaM 

molecules could be captured in the cathodic and anodic direction. For CdIn2Se4 these were 

located at -5.8 eV/ -3.6 eV and for Cd2Sn2S6 we found -5.9 eV/ -3.4 eV. Due to the irreversibility 

and absence of a return current, the precise location of the midpoint potential for these features 

remains vague, but may be approximated by these values. 

 

To address the fact of the irreversibility of the Cd-ChaM redox features, we consider the 

following possible reactions: 

 

6718	9	:;1<=>1� → 67<= 9	:;1<=@ 
 

26718 9	<;1<A>� → 2	67< 9 2	<;<1 
 

ChaMs are generally highly susceptible to the loss of chalcogen and decomposition to the neutral 

chalcogenides. We speculate that in the case of Cd-ChaMs this decomposition might be triggered 

electrochemically under the conditions applied during CV. There is practically no driving force 

for the back-reactions which would explain the missing return-current features.  
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A.2 Supporting Information and Figures for the Blinking 

Measurements of Chalcogenidometalate-Capped CdSe/CdS 

Quantum Dots 

 

 

Figure A10. The blinking traces are investigated for several samples for the effects of irreversible photo-

bleaching. Each trace plotted in (a) and (b) are constructed by summing the intensities of all the on-state 

durations over the course of a 10 minute blinking trace for all quantum dots measured. The intensity is set 

to zero during off-state durations. The resulting summed on-state intensity traces are normalized. (a) The 

CdSe-3CdS (black) and CdSe-8CdS (grey) quantum dot samples stabilized by OA are compared.  The 

8ML quantum dot trace consists of data from 43 quantum dots and photo-bleaching is not observed in this 

sample. The 3ML quantum dot trace consists of data from 34 quantum dots and significant photo-

bleaching is observed.  The solid red line indicates the fit of the 3ML data to an exponential decay with a 

lifetime of 34.4 s. (b) The bleaching behavior is also analyzed for both ChaM-stabilized samples. Here the 

data from the 3ML quantum dots stabilized by Sn2S6
4-

 are shown, which come from 47 quantum dot 

blinking traces. While this sample is found to spend considerably less time in the on-state, no irreversible 

photo-bleaching is observed. 
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Figure A11. Similar blinking statistics are observed from the combined data of 31 In2Se4
2-

-QDs (red x) 

and 47 Sn2S6
4-

-QDs (teal squares), both with 3ML CdS. (a) On-state duration probability distributions. 

Fits to Equation 2.4 result in αon and τc values listed for both samples in Table A1. (b) Off-state duration 

probability distributions. Fits to an inverse power law (Equation 2.2) result in αoff values listed in Table 

A1. 

 

 

Figure A12. Similar on- and off-state blinking statistics for Sn2S6
4-

-capped CdSe-3CdS quantum dots 

annealed at 130 °C (blue squares) and 230 °C (yellow x). Distributions are from the combined data of 25 

quantum dots annealed at 130 °C and 22 quantum dots annealed at 230 °C. See text below for discussion 

of data presented here. (a) On-duration probability distributions.(b) Off-duration probability distributions. 
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Fluorescence blinking traces were measured for the Sn2S6
4-

-QDs annealed at both 130 and 230 

°C. The CdSe-3CdS quantum dots were used, as the ChaM ligands were found to have a larger 

influence on the fluorescence properties for this thin CdS shell sample.  The annealing 

temperatures were chosen to be lower and higher than 200 °C, above which Sn2S6
4-

 is thought to 

decompose, forming SnS2.
95, 122

 The fluorescence of SnS4-capped CdSe quantum dot films has 

been recently reported to decrease with increasing annealing temperature, and was attributed to 

enhanced conduction upon formation of the semiconducting SnS2 phase.
95

 

 

We observe nearly identical blinking statistics of the Sn2S6
4-

-QDs annealed at 130 and 230 °C. 

The on-duration probability distributions are fit to Equation 1 with αon=1.7±0.1 (130 °C) and 

αon=1.7±0.1 (230 °C), and τc=0.46±0.06 s (130 °C) and τc=0.42±0.07 s (230 °C). The off-

duration probability distributions are fit to an inverse power law with αoff=1.41±0.02 (130 °C) 

and αoff=1.38±0.02 (230 °C). The lack of variation observed in the blinking statistics at the two 

annealing temperatures indicates there is no change in the local environment of the quantum 

dots. The LUMO energy is expected to decrease by ~1.5 eV upon decomposition of Sn2S6
4-

 to 

semiconducting SnS2.
120

 In this case, the SnS2 conduction band edge lies over 1 eV below that of 

the CdSe core, therefore facilitating localization of the quantum dot electron in the ligand. The 

identical on-state statistics indicates no change in the distribution of electron trapping sites, 

therefore suggesting that we do not observe decomposition of Sn2S6
4-

 to SnS2 on these isolated 

quantum dot samples without excess ligand. 
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Capping 

ligand 

CdS 

monolayers 
ααααon ττττc (s) ααααoff 

OA 
3 1.39±0.04 2.0±0.1 1.95±0.06 

8 0.86±0.02 1.92±0.03 2.17±0.03 

In2Se4
2-

 
3 1.7±0.09 0.54±0.09 1.37±0.02 

8 1.51±0.05 2.5±0.3 1.57±0.03 

Sn2S6
4-

 
3 1.62±0.09 0.36±0.03 1.39±0.02 

8 1.50±0.02 6.9±0.6 1.53±0.03 

 
Table A1. Fit parameters for on- and off-state duration probability distributions for CdSe-3CdS and CdS-

8CdS capped with OA, In2Se4
2-

, and Sn2S6
4-

. 

 

 

 

 

Figure A14. Second-order photoluminescence intensity correlation functions are shown for the same OA-

capped CdSe-8CdS quantum dot, measured with low (top trace) and high (bottom trace) excitation 

intensity. The delay time is only calculated for incidents of a photon detected on APD 1, followed by a 

photon detected on APD 2.  At low excitation intensity the probability to create a multi-exciton is 0.52 

and g
(2)

(0)=0.12, indicative of a single photon emitter. At high excitation intensity the probability to 

create a multi-exciton approaches unity and g
(2)

(0)=0.92, indicating that this same single quantum dot is 

no longer a single photon emitter. This shows that at the high excitation intensities used for the 

fluorescence decay measurements we observe radiative recombination of the biexciton.
 

 




