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Chapter 1  
Quantum dots, conducting polymers and 
electrochemical gating 

"If we knew what it was we were doing, it would not be called research, would it?" 
Albert Einstein 
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1.1 Introduction 
Semiconductors are one of the most important classes of materials in modern 

science and technology and, thus, in everyday life. Their electrical conductivity can 
be tuned over a wide range by the injection of charge carriers, which means that 
semiconductors are efficient electrical switches. Since their bandgap has an energy 
that is in or near the visible part of the electromagnetic spectrum, semiconductors 
can be used as optical sensors and emitters. Light emitting diodes are becoming 
ubiquitous as cheap and efficient light sources. Solar cells, which will probably 
play an important role as renewable energy source in the coming decades, contain 
a semiconductor material as their active component. And life in the silicon age 
would be very different without, well, silicon. 

The materials that are treated in this PhD thesis, colloidal quantum dots and 
conducting polymers, can both be considered “modern semiconductors”. 
Conducting polymers were first reported in 1963 [1-3] and received enormous 
attention in the late 1970s and early 1980s [4, 5]. The scientific history of colloidal 
quantum dots dates back to 1981 [6-10]. The development of both material classes 
is driven by the industrial demand for semiconductors that are cheap, easy to 
prepare and have novel properties which can, ideally, be tuned as desired in the 
production process.  

In the next section an introduction will be given to colloidal quantum dots 
followed by an introduction to conducing polymers in section 1.3 and a 
comparison of these material classes in section 1.4. Section 1.5 introduces the 
technique of electrochemical gating, which was used to study the colloidal 
quantum dots and conducting polymers mentioned above. Finally, the outline of 
this thesis is presented in the last section of this chapter. 

 

1.2 Quantum dots 

1.2.1 What is a quantum dot? 
A quantum dot (QD) is a semiconductor crystal that is so small it starts to 

behave strangely. The exact size and shape of the crystal determine many of its 
properties. While there are different ways to prepare quantum dots, this thesis 
only deals with so-called colloidal quantum dots, which are prepared via wet-
chemical techniques. The terms quantum dot and nanocrystal (NC) are often used 
to describe the same system; but they are not synonyms. The term nanocrystal 
describes the size of a small crystal, officially from 1 to 999 nm, while the term 
quantum dot hints at quantum mechanical changes in the electronic structure of a 
system – as a result of the small, usually “nano”, size. More to the point, the wave 
functions of electrons in a quantum dot are confined in three dimensions which 
leads to the quantum-size effects to which the dot owes its name. Analogously, a 



Quantum dots, conducting polymers and electrochemical gating 
 

 11 

quantum wire has wave function confinement in two dimensions and a quantum 
well has confinement in one dimension. The effect of this wave function 
confinement is discussed below. 

Much of the interest in quantum dots is a result of the fact that the electronic 
structure can be tuned by controlling the size and shape of the QD; semiconductor 
quantum dots may be considered as “designer atoms”, which can be used as 
building blocks in artificial or designer solids[11, 12]. The analogy with atoms is 
stronger if one can also control the number of conduction electrons (or valence 
holes) per quantum dot. As will be explained in the next section, the wave 
functions of these added electrons is well described by 1S, 1P, 1D, … functions, 
similar to the s, p, d, … electronic wave functions in atoms. Since it is possible to 
prepare very monodisperse quantum dots with a high luminescence quantum 
efficiency, the well-defined and tunable optical and electrical properties may be 
exploited in devices. 

Although the hype that surrounds nanotechnology as a whole and quantum 
dots in particular is recent, quantum dots are not really new. Unknowingly, the 
size-dependent properties of NCs were already used in the middle ages to colour 
glass. In 1926 the changing colour of glasses containing CdS colloids was correctly 
attributed to the growing size of the colloids upon heating[13] and in 1960 the 
influence of crystal size on the spectral response limit of solar cells made from 
evaporated PbTe and PbSe was reported[14]. Even colloidal quantum dots were 
known in the late 1960s when it was reported that the absorption of light by 
colloids of AgBr and AgI was shifted to shorter wavelengths as compared to the 
macroscopic material[15, 16]. However, it wasn’t until 1981 that scientists actively 
started looking for synthesis routes to prepare semiconductor nanocrystals[6-10, 
17] and explore in a theoretical way the effect of the size on the electronic structure. 
This led to the explanation of the NC properties in terms of quantum 
confinement[6] and some years later the name quantum dot was born[18]. 

Several approaches were taken to synthesize stable dispersions of monodisperse 
semiconductor nanocrystals with a high luminescence efficiency[19-21]. A giant 
leap forward was made in 1993 when a paper entitled “Synthesis and 
Characterization of Nearly Monodisperse CdX (X=S, Se, Te) Semiconductor 
Nanocrystallites” written by Murray, Norris and Bawendi appeared[22]. This 
paper describes a synthesis method using organometallic (Cd(CH3)2) and 
elemental (S, Se or Te) precursors, which are quickly injected into a hot (~300°C) 
coordinating solvent. This injection creates a supersaturated solution which leads 
to a quick burst of nucleation of small crystallites. After this nucleation has 
“relieved” the supersaturation, controlled growth of the nuclei results in very 
monodisperse quantum dots, with a surface that is well passivated by the 
coordinating solvent molecules, resulting in a high luminescence quantum 
efficiency. A photograph of the critical moment in this synthesis, the injection, is 
shown in Figure 1-1. This procedure became known as the “Hot-injection method”. 
It proved to be highly versatile and was adapted to prepare other nanocrystal 
compounds of the II-VI, IV-VI, and II-V semiconductors[23]. The PbSe and CdSe 
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nanocrystals discussed in this thesis were prepared via a hot-injection synthesis. 
The ZnO nanocrystals discussed in chapter 5-7 were prepared from a zinc-salt in 
alcoholic solution[24, 25]; the ZnO NCs in dispersion are not stabilized by organic 
ligands, but by surface charge. 

 

1.2.2 Is a nanocrystal a small crystal or a large molecule? 
A typical quantum dot contains between a few hundred and a few thousand 

atoms. One may wonder whether it should be considered as a large molecule or a 
small crystal. In fact, both classifications are more or less appropriate, although 
nanocrystals do not have a definite number of atoms; one can add a single atom to 
a nanocrystal without significantly changing its properties. This distinguishes 
nanocrystals from clusters in which the number of atoms is well defined and 
limited to certain “magic numbers”.  Thus, a cluster is a true molecule. Viewing a 
nanocrystal as either a large molecule or a small crystal leads to different 
approaches to understanding its properties: the bottom-up approach and the top-
down approach. 

To determine the properties of a nanocrystal from the bottom up involves 
applying the LCAO (Linear-Combination-of-Atomic-Orbitals) method. This 
method is illustrated in Figure 1-2, for a CdSe NC. The Cd has 5s valence orbitals, 
the Se has hybridized 4sp3 valence orbitals. These atomic orbitals combine to form 
the highest occupied molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO). For simplicity only the molecular orbitals between a 
single Cd atom and a single Se atom are shown. In the tetrahedral structure of a 
CdSe crystal all Se 4sp3 orbitals couple to Cd 5s orbitals. The occupied molecular 
orbitals have a lower electronic energy than the occupied orbitals of the separate 

 
Figure 1-1 Photograph of the rapid injection of room temperature precursors into a hot 
coordinating solvent. 
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atoms; Cd and Se will, therefore, spontaneously combine to form CdSe. A CdSe 
crystal can be considered as an ordered collection of CdSe molecules. If the number 
of molecules in the crystal increases, coupling between the molecular HOMO and 
LUMO levels produces progressively more energy levels until, in a macroscopic 
crystal, the separation between the levels becomes smaller than is experimentally 
observable. In such a case one speaks of bands. Intermediate between the CdSe 
molecule and the CdSe bulk crystal are clusters and quantum dots, which have 
discrete conduction and valence levels (at least near the edges of the “bands”) and 
a conduction-to-valence gap that is larger than the bandgap of the bulk crystal, but 
smaller than the HOMO-LUMO gap of the single molecule. 

An illustration of the effects of quantum confinement is presented in Figure 
1-3A, which shows absorption spectra of dispersions of PbSe nanocrystals that 
were extracted during a synthesis. While the QDs grow from 3.5 nm to 6.3 nm in 
diameter, the optical gap shifts from 1.25 eV to 0.68 eV. The bandgap of 
macroscopic PbSe is much smaller still: 0.278 eV. The discrete states can be 

 
Figure 1-2 Illustration of the LCAO “bottom up” approach to the energy levels in a quantum 
dot. The upper image shows how the atomic valence orbitals of Cd and Se are combined 
into molecular orbitals of a single CdSe molecule. For simplicity only the molecular orbitals 
between a single Cd atom and a single Se atom are shown. The lower image illustrates how 
coupling between these CdSe molecular orbitals leads to progressively more energy-levels 
until bands result in a macroscopic crystal. Intermediate between the CdSe molecule and the 
CdSe bulk crystal are clusters and quantum dots. 
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observed beautifully by scanning tunnelling spectroscopy. Figure 1-3B shows the 
density of states for the addition of a single electron or hole to a PbSe nanocrystal 
of 5.5 nm in diameter (Liljeroth et al.[26]). Both the valence “band” and the 
conduction “band” clearly consist of a set of discrete states. The allowed optical 
transitions between these states are observed as absorption peaks in the spectra in 
Figure 1-3A. 

The LCAO method is very powerful and is, in principle, more informative than 
the top-down approach that is explained below. By calculating the electronic wave 
functions all the properties of the finite crystal can be obtained, e.g. the energy of 
all different levels, oscillator strengths of optical transitions between the levels, etc. 
However, calculation of the wave functions in a quantum dot with several 
thousand atoms is not trivial. Calculations like these are done by groups 
specialized in the tight-binding approach[27-30], pseudo-potential methods[31-33] 
or ab initio methods on very small clusters[34].  

Although it is complicated to get quantitative information from the bottom up 
approach, it is useful for obtaining qualitative understanding of the wave functions 
in quantum dots. A simplified picture is shown in Figure 1-4. The figure represents 
a one-dimensional nanocrystal that consists of 8 atoms. It is assumed that each 
atom contributes a single, unoccupied atomic s-orbital to the total wave function. 

                                                           
* The peaks in the tunnelling spectrum are assigned on the basis of the derivation presented 
in this chapter. The true assignment is more complicated as a result of anisotropy in the 
effective masses and coupling between different valence extrema in the band structure (see 
chapter 3 and ref..[31]) 

 
Figure 1-3 A) Absorption spectra of dispersions of PbSe nanocrystals grown for different 
times, between 14 s and 1 min. As the nanocrystals grow from 3.5 nm to 6.3 nm, the optical 
bandgap changes from 1.25 eV to 0.68 eV. The different spectra are offset vertically by 0.2. B) 
Density of states of a single PbSe nanocrystal with a diameter of 5.5 nm measured by 
scanning tunnelling spectroscopy (Liljeroth et al.[26]). The peaks correspond to the addition 
of a single electron or hole to the nanocrystal. The labels correspond to the envelope wave 
functions in a spherical potential well* (see text). 



Quantum dots, conducting polymers and electrochemical gating 
 

 15 

We may, for instance, think of the Cd 5s orbitals that form the conduction band in 
CdSe. By adding the atomic wave functions, either in phase (+ + or - -) or out of 
phase (+ -) one can obtain an idea of the molecular orbitals. The order of their 
energies is obtained by counting the number of nodes in the resulting MO. The 
solid lines in Figure 1-4 are sine functions of decreasing wavelength. These are the 
wave functions that are obtained with a particle-in-a-box calculation, which is 
discussed below. The qualitative agreement is obvious. 

The top-down approach presents a convenient way to obtain quantitative 
estimates of the energy levels in quantum dots. This approach starts with electrons 
in the bulk material which have a (known) wave function and confines these 
electrons to the finite volume of a nanocrystal. The easiest way to view this 
confinement is by making use of the Heisenberg uncertainty principle: 

 
2xx p∆ ∆ ≥  1-1 

In the case of a macroscopic crystal the electron wave function is delocalized over 
an essentially infinite volume and, as a result, its momentum is sharply defined: 

  0p∆ = . When the electron is forced to stay within a small volume, e.g. a cube of 
length L, the uncertainty in position is roughly equal to L. As a result, there is an 
uncertainty in the momentum of the electron and its kinetic energy is higher than 
in the bulk crystal by the following amount†: 

                                                           
† The wave function of a localized electron can be described by a wave packet: a 
superposition of many propagating waves with different wavelengths. This is not an 
eigenfunction of the momentum operator. As a result there is a spread ∆p in the observed 

 
Figure 1-4 A schematic representation of atomic s-orbitals forming different molecular 
orbitals in a one dimensional nanocrystal of 8 atoms. The number of nodes determines the 
order of the energies and is n – 1. The solid lines are solutions to the particle-in-a-box 
problem (eqn. 1-5). 
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p p
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m m mL
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= = ≥  1-2 

In this simple approach, the energy of the electron will increase with the size of the 
nanocrystal as L-2. The same holds for holes in the valence band and, therefore, the 
bandgap of semiconductor nanocrystals also changes with L-2. 

If we take a more quantitative approach we can try to find the possible wave 
functions for confined electrons. If we assume that the probability of finding an 
electron outside the nanocrystal is zero the problem is that of a particle-in-a-box 
with an infinite potential barrier. First, a cubic infinite potential well will be 
considered. Outside the box the wave function must be zero. Inside it can be found 
by solving the time-independent Schrödinger equation: 

 ( ) ( )
2 2 2 2

2 2 2 , , , ,
2

x y z E x y z
m x y z

ψ ψ
⎛ ⎞∂ ∂ ∂

− + + =⎜ ⎟∂ ∂ ∂⎝ ⎠
1-3 

We can write the wave function ψ(x,y,z) as the product of three one-dimensional 
wave functions[35]: 

 ( ) ( ) ( )( , , )x y z X x Y y Z zψ =  1-4 

and, taking the origin to be at a corner of the box, we solve eqn. 1-3 in one 
dimension with the boundary condition ( )  0 for    0 and   X x x x L= ≤ ≥ . The 
resulting eigenfunctions are standing waves with wavelength /x xn Lλ π= : 

 ( ) 1 sin
/2

x
n

n xX x
LL
π

=  1, 2,3,...xn =  1-5 

This function is shown in Figure 1-5 for nx = 1, 2 and 3, overlaid on a high-
resolution TEM image of a PbSe nanocube with an edge length of L = 11.1 nm. The 
solutions for nx = 1 to nx = 8 are also shown in Figure 1-4, where they are compared 
with the schematic molecular orbitals that were derived above. The three 
dimensional wave function is 

  3

8( , , ) sin sin sinyx z
n yn x n zx y z

L L L L
ππ π

ψ =  1-6 

The energy eigenvalues are found by solving eqn. 1-3 and are given by: 

 ( )2 2 22 2

, , 22x y z

x y z
n n n

n n n
E

m L
π + +

= 1-7 

                                                                                                                                                    
momentum values. The expectation value of p is 0, but the expectation value of the energy is 
not 0 since it depends on p2. 
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The lowest energy level has nx = ny = nz = 1. The corresponding energy is 
2 2 23 /2mLπ , which is only a numerical factor of 2 /4π  different from the simple 

estimate obtained using the uncertainty principle (eqn. 1-2)‡. 
If the box is not cubic but spherical, as is usually assumed to be a good 

approximation for small nanocrystals, the above derivation becomes 
mathematically more complicated. The eigenfunctions are no longer sinusoidal, 
but are the product of spherical harmonics Ym

l  and a radial spherical Bessel-
function R(r):   

 ( ) ( , ) ( )m
lY R rψ θ ϕ=r  1-8 

For a spherical potential well of diameter D with an infinite potential barrier the 
wave function must vanish at the edge of the well and the energy-levels are found 
by identifying the roots χnl of the Bessel function[36]: 

 
2 2

2

2 nl
nlE

mD
χ

=  1-9 

Values of χnl  lower than 11 are listed in Table 1-1. 

                                                           
‡ The largest part of this error results from the fact that ∆x was identified as the length of the 
crystal, while it is more appropriate to define it as the standard deviation in x which is only 
0.18L for the function 1( )

xnX x= . 

 
Figure 1-5 High resolution TEM image of a PbSe nanocube. The lines represent the 
wavefuntions in the horizontal (x) direction with nx = 1 (solid line), nx = 2 (dashed line) and 
nx = 3 (dotted line). 
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The energy levels in an infinite cubic well and an infinite spherical well are 
shown in Figure 1-6. The energy levels in the cubic well are denoted by the 
quantum numbers (nx, ny, nz) while the energy levels in the spherical well have 
quantum numbers (n, l), where l = 0, 1, 2, 3 is written as S, P, D, F respectively and 
the degeneracy of the level is given by 2 1l + . For a cube of length L and a sphere 
of diameter D = L the energies in Figure 1-6 can be compared directly. It is clear 
that both the energy and the degeneracy of the energy levels depend on the shape 
of the box. 

So far, the “box” containing the particle was treated as being empty. In a 
quantum dot, the box is of course not empty, but consists of crystalline, semi-
conductor material. In one dimension, a particle in vacuum has the following 
solution to the Schrödinger equation (eqn. 1-3): 

 ( ) ikx
k x Neψ =  1-10 

where N is the normalization constant and k is the wave vector. Since k can take 
any value, the allowed energy values form a continuum and are given by: 

 
2 2

0

( )
2

kE k
m

=  1-11 

where m0 is the mass of the particle. Now imagine that the particle is not free, but 
in a infinitely long monoatomic lattice where the atoms are separated by a distance 
a. The particle experiences a periodic potential from the positive cores of the atoms 

( ) ( )V x V x a= + . Thus, the Schrödinger equation for the translation x  x + a of the 
is given by 

  
( )

2 2

2

( ) ( ) ( )
2

ψ ψ ψ∂ +
− + + = +

∂
x a V x x a E x a

m x
 1-12 

It is clear that the wave functions ( )xψ  and ( )x aψ +  satisfy the same Schrödinger 
equation. Hence, they can differ only by a phase coefficient; their amplitudes must 
be equal. Such a wave function can be written as[36] 

Table 1-1 Roots of the Bessel function χnl[36] 

l n = 1 n = 2 n =3 
0 π 2π 3π 
1 4.493 7.725 9.425 
2 5.764 9.095 10.904 
3 6.988 10.417  
4 8.183   
5 9.356   
6 10.513   
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 ( ) exp( ) ( )k kx ikx u xψ = ⋅  ( ) ( )k ku x u x a= +  1-13 

where k is the wave vector or crystal momentum which is related to the “quasi 
momentum” p through 

 p k=  1-14 

Eqn. 1-13 expresses the Bloch theorem which states that the eigenfunctions of the 
Schrödinger equation for a periodic potential are plane waves modulated with a 
periodic function which has the same periodicity as the potential. A wave function 
that obeys eqn. 1-13 is known as a Bloch function. Bloch electrons can move 
through the crystal without scattering (at 0 K). 

Wave functions with wavenumbers differing by 2πn/a, where n is an integer, 
are equivalent. Taking the minimum energy at k = 0, all physically relevant k 
values are contained in equivalent intervals: - π/a < k < π/a, π/a < k < 3π/a, … 
Each of these intervals contains all non-equivalent k values, and is called a 
Brillouin zone. The number m of allowed k values is equal to the number of unit 
cells in a given direction. The dispersion curve has discontinuities at the points kn = 
(π/a) n. The integer n is known as the band index. For these values of k the wave 
function is a standing wave that arises from the superposition of equivalent waves 
with different wavenumbers, caused by Bragg reflections from the periodic lattice. 
The dispersion relation of a particle in a 1D periodic lattice is shown in Figure 
1-7A. Since all non-equivalent k values are contained within a single interval one 

 
Figure 1-6 The six lowest energy levels of a particle in a 3D box with an infinite cubic (left 
part) or spherical (right part) potential barrier. The energies can be compared directly if the 
edge length L of the cube is equal to the diameter D of the sphere. Also shown are the 
quantum numbers (nx, ny, nz) for the cubic potential and (nl), where l = 0, 1, 2, 3 is denoted S, 
P, D, F respectively, for the spherical potential. The numbers to the right of the levels give 
their degeneracy. 
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can fold all dispersion curves into the first Brillouin zone by translating over 2πn/a. 
This leads to a reduced band scheme, such as shown in Figure 1-7B.  

The energy of a particle can be expressed as a Taylor expansion around a 
specific k value: 

 ( )
0 0

2
2

0 0 0 2
1( ) ( ) ( )
2k k k k

dE d EE k E k k k k k
dk dk= =

= + − + − 1-15 

If we choose k0 at an extremum in the band structure and we choose the energy 
scale such that E(k0) = 0, this equation simplifies to 

 ( )
0

2
2

0 2
1( )
2 k k

d EE k k k
dk =

≈ − 1-16 

This can be conveniently written as 

 
2 2

0
*

( )( )
2 ( )

k kE k
m k
−

=  1-17 

which is similar to eqn. 1-11 when k0 = 0 and the particle’s mass is replaced by its 
effective mass m*. The effective mass is a measure for how a particle in a periodic 
potential responds to an external force F, via 

 *m a F=  1-18 
where a is the acceleration of the particle. The effective mass is only a fair 
approximation of the particles response near extrema in the band structure where 
dE(k)/dk = 0. The effective mass is determined by the curvature of the band; its 
definition is easily derived by equating eqns. 1-16 and 1-17: 

 
Figure 1-7 Dispersion relation of a particle in a one dimensional lattice of period a. A is an 
extended zone scheme, B is a reduced zone scheme (see text). The dotted line in A is the 
dispersion of a free particle. 
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 1-19 

A things should be remarked about the effective mass. (i) Different extrema in 
the band structure have different effective masses. (ii) Electrons and holes usually 
have different effective masses (even at the same k value). (iii) The effective mass at 
an extremum is usually not isotropic: the band structure has a different curvature 
in different directions, resulting in different effective masses for different 
crystallographic directions. 

Although the Bloch theorem only holds for truly periodic potential and, thus, for 
large crystals, it is commonly applied to quantum dots in the regime of strong 
confinement[37]. In a finite crystal the Bloch function (now denoted Uk,fin(x)) is a 
standing wave. If this were not so, electrons would be ejected from the crystal. 
Thus Uk,fin is composed of two waves travelling in opposite directions: 

 [ ], ( ) ( ) ( ) exp( ) exp( ) ( )k fin k k kU x U x U x ikx ikx u x−= + = + −  1-20 

In a small crystal this standing wave is a true superposition, rather than an electron 
travelling back and forth; the dephasing time is longer than the transit time of a 
travelling wave that is reflected at the crystal boundaries. The quantum-confined 
wave functions are expressed as the product of this Bloch function and an 
envelope function ( )xφ  which is given by the solutions to the particle-in-a-box 
problem treated above: 
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Figure 1-8 Illustration of wave functions in a PbSe quantum dot of 6 nm (10 unit cells). The 
wave function is composed of a Bloch function (solid lines; k = π/a, corresponding to the L 
point in the Brillouin zone) multiplied by an envelope function (dashed lines). 
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 ( ) ( ) ( )kx U x xψ φ=  1-21 

Note that the mass of the particle in the envelope function is now the effective mass. 
For different quantum confined orbitals (1S, 1P, etc) the Bloch function is the same, 
while the envelope function is different. This is illustrated in Figure 1-8, which 
shows the wavefuntions in the x-direction for a cubic PbSe nanocrystal of 6 nm 
(equal to 10 PbSe unit cells) in the infinite potential approximation. For particles in 
the conduction and valence band the envelope functions may be the same, but the 
Bloch functions are different.  

As mentioned above the envelope functions are standing waves which are the 
sum of a set of travelling waves with different wavelengths (a so-called wave 
packet; see also footnote † on page 15). It is convenient to write these travelling 
waves in their exponential form§: 

 
2exp( )n j

j j

i xx c π
λ

φ
⎛ ⎞
⎜ ⎟⎜ ⎟
⎝ ⎠

= ∑  1-22 

where λj  is the wavelength of travelling wave j. This is not an eigenfunction of the 
linear momentum operator i− ∇  and as a result there is an uncertainty 

/ .λ∆ = ∆p h This is no surprise, since we used this uncertainty for the first estimate 
of the quantum confinement energy (eqn. 1-2). The expectation value of the 
momentum, is however 0 for any value of n: 

 0n nφ φ =p  for any n 1-23 

This has to be so, because ( )xφ  is a standing wave.  
The resulting quantum-confined orbital is given by the product of eqns. 1-22 and 

1-20: 

 [ ] 2( ) ( ) exp( ) k k j
j j

U x U x i xx c π
λ

ψ −

⎛ ⎞
+ ⋅ ⎜ ⎟⎜ ⎟

⎝ ⎠
= ∑  1-24 

The k values that may be determined experimentally for this function are 
2 /k π λ+ ∆  and 2 /k π λ− + ∆ , where λ∆ indicates the spread of wavelengths in the 

wave packet of the envelope function. The uncertainty in k  can be estimated from 
eqn. 1-1 or obtained more quantitatively from the result of the particle-in-a-box 
problem (eqn. 1-7) via 

                                                           
§ This expression appears to be different from the 1D particle-in-a-box expression (eqn. 1-5). 
This apparent difference comes from the explicit demand that X(x) be 0 for x  ≤ 0 and x ≥ L 
in eqn. 1-5. Another way of satisfying that condition is by constructing a wave packet, as in 
eqn. 1-22. Both equations yield the same wave function. 
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2m nk E

L
π∆ = =  1-25 

which is the one dimensional expression, in order to compare it to the one 
dimensional periodic lattice described above. This is shown on scale in Figure 1-9 
for the first three envelope functions with a wavenumber of k = 0 in a one 
dimensional crystal of ten unit cells. 
 

1.2.3 Electron addition and optical energies 
The energy levels that were calculated so far were empty; i.e. they were not 

occupied by electrons or holes. These are so-called single particle levels. If electrons 
or holes are present, the effect of charged particles in a dielectric medium has to be 
taken into account. Moreover, the presence of charge has an effect on the energy-
levels of other electrons and holes that may be introduced into the quantum dot. 
These effects were first modeled by Brus for optical excitations [38, 39] and 
extended by Franceschetti and Zunger[32, 40, 41]. The addition of an electron to a  
neutral quantum dot results in polarization of the surrounding medium. This can 
be described by the following electron addition energy µ: 

 
Figure 1-9 Quantum dot energy levels with a n = 1, 2 or 3 envelope and a k = 0 Bloch 
function. As a result of the finite size the wave functions are not eigenfunctions of the 
momentum operator which results in an uncertainty in k. The expectation value of k does 
not change for different envelope wave functions; the kinetic energy increases. The 
wavenumber on the x-axis only applies to the Bloch part of the wave function. 
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 0,1 1
pol

e eµ ε= +Σ  1-26 

where ε1e is the energy of the single particle level. The polarization term pol
eΣ  is 

called the self energy. It depends on the dielectric mismatch, which is the ratio 
between the static dielectric constants inside (εin) and outside (εout ) the nanocrystal. 
For εout / εin < 1, the self energy is positive, for a ratio above 1, it is negative. The 
addition energy for the second electron is given by: 

 1,2 2 , ,
pol poldir

e e e e e eJ Jµ ε= +Σ + +  1-27 

The last two terms are Coulomb interactions between the electrons: a direct 
interaction between the electrons in the quantum dot ,

dir
e eJ  and an indirect 

interaction between the electrons and the induced polarization resulting from the 
other electron ,

pol
e eJ . If there are more than two electrons there is an additional term 

that results from exchange interaction between electrons with parallel spins: 

 ( )µ ε= + Σ + + −2 ,3 3 , , ,2pol poldir
e e e e e e eJ J K  1-28 

Similar expressions hold for the hole states. 
The optical gap can be expressed as [32] 

 1 1 , ,
opt pol pol poldir
gap e h e h e h e hE J Jε ε= − + Σ + Σ + +  1-29 

where the electron-hole Coulomb interactions are attractive. It turns out that the 
terms pol pol

e hΣ + Σ  and ,
pol
e hJ  almost cancel. Using eqn. 1-9 for the lowest electron and 

hole states and the result by Brus for the electron-hole interaction [39] we can write 
the optical gap as a function of the quantum dot radius r  as  

 ( )
2 2 2

2 * *

1 1 1.8
2

opt
gap g

e h in

eE r E
r m m r

π
ε

⎛ ⎞
= + + −⎜ ⎟

⎝ ⎠
 1-30 

This equation can be extended for optical transitions between any hole and 
electron level. Assuming the exciton binding energy (the last term in eqn. 1-30) 
does not change this gives: 

 ( )
2 22 2

, ,
2 * *

1.8
2

nl e nl hopt
nl g

e h in

eE r E
r m m r

χ χ
ε

⎛ ⎞
= + + −⎜ ⎟

⎝ ⎠
1-31 

where χnl,e and  χnl,h are roots of the spherical Bessel functions that describe the 
electron and hole orbitals respectively, with quantum numbers nl.  
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1.2.4 Selection rules for optical transitions 
In classical physics there are several physical properties that must be conserved 

in any transition. These are the so-called conservation laws: conservation of 
energy, conservation of linear momentum, conservation of angular momentum 
and conservation of charge. Applied to optical transitions in semiconductors we 
find that the first and last of these laws are easily satisfied; energy is conserved by 
choosing a photon of the right wavelength, charge is conserved by performing a 
transition of an electron or hole within a band (an intraband transition) or by 
creating an electron-hole pair (an interband transition). 

The linear momentum of a photon is p = h/λ, and since the wavelength of an 
optical photon is much larger than a unit cell (or the diameter of a NC) the photon 
momentum is well approximated by 0. This leads to the conservation of crystal 
momentum, ∆k = 0, in macroscopic crystals. As mentioned above, the Bloch 
function of an electron in a finite crystal is a standing wave and in a small crystal 
this standing wave is a true superposition of waves travelling in opposite 
directions. The (expectation value of the) linear momentum zero, such that the 
conservation of linear momentum is obeyed for any transition. 

A photon is a spin 1 particle. Conservation of angular momentum requires the 
orbital angular momentum to change by 1 when a photon is absorbed or emitted: 
∆l = ± 1, where l is orbital angular momentum. In electric-dipole transitions there is 
an additional selection rule: the parity of the initial and the final states has to be 
different. Classically, this results from the fact that the oscillating electromagnetic 
field can only induce a transition if there is a (transient) dipole oscillating with the 
same frequency as the field. 

Since the quantum-confined wave functions are composed of a Bloch 
component Uk and an envelope component nφ  it is illustrative to look at which part 
of the wave function changes in an optical transition. Of course, this cannot be 
done in a classical approach; we have to look at the quantum-mechanical 
probability of the transition. The probability Pif of an optical transition from a state 
i to a state f is proportional to the square of the matrix element of the momentum 
operator p between those states[37, 42]: 

 
2

if f iP ψ ψ∝ p  1-32 

The momentum operator is given by i− ∇ . If we substitute the wave functions in 
eqn. 1-32 by the product of a Bloch function and an envelope function the matrix 
element can be written as 

 , , , , , , , ,f i n f k f n i k i n f k f k i n iU U U Uψ ψ φ φ φ φ= +p p p  1-33 

where we have used the product rule for derivation. The envelope function varies 
slowly compared to the Bloch function and, therefore, the integration of the two 
functions can be separated: 
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  , , , , , , , ,f i n f n i k f k i k f k i n f n iU U U Uψ ψ φ φ φ φ= +p p p 1-34 

It is instructive to look at two different types of transitions: intraband and 
interband transitions. An intraband transition occurs between states with the same 
Bloch function, and a different envelope function; i.e. , .k f k iU U=  and , , .n f n iφ φ≠  
This means that , , 0k f k iU U =p  and , , 1k f k iU U =  so that, for an intraband 
transition, eqn. 1-34 simplifies to  

 , ,intrabandf i n f n iψ ψ φ φ=p p  1-35 

The oscillator strength of intraband transitions is determined by the envelope part 
of their wave function. The parity selection rule and conservation of angular 
momentum (∆l = ± 1)  apply to the envelope function [43]. 

Interband transitions occur between states with a different Bloch function. We 
can distinguish interband transitions between states with the same envelope 
functions ( , ,n f n iφ φ= ) and with different envelope functions. In the first case we 
find , , 1n f n iφ φ =  and , , 0n f n iφ φ =p  which gives the following matrix element: 

 , ,interbandf i k f k iU Uψ ψ =p p  , ,n f n iφ φ=  1-36 

These transitions are allowed, provided that the transition between their Bloch 
functions is allowed. In the second case we need to look at all terms in eqn. 1-34. If 
the parity of the Bloch function does not change in the transition, the first term is 0 
and the matrix element is given by 

 
, , , ,interbandf i k f k i n f n iU Uψ ψ φ φ=p p  , , 0k f k iU U =p  1-37 

If the parity of the Bloch function does change the matrix element is given by 

 
, , , ,interbandf i n f n i k f k iU Uψ ψ φ φ=p p  , , 0k f k iU U =  1-38 

Since the latter is typically the case for transitions between the valence band and 
the conduction band, the selection rules are determined by the element , ,n f n iφ φ , 
which means that the parity and orbital angular momentum of initial and final 
envelope functions have to be the same. This means that n’ShnSe transitions are 
allowed while, for example, n’ShnPe transitions are forbidden. 
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1.3 Conducting polymers 
Polymers are typically insulators. This is, however, not the case for conjugated 

polymers, in which the presence of extended π orbitals may have a dramatic 
impact on the electronic properties. A polymer that can be made to conduct 
electrical current is called a conducting polymer. In spite of early investigations in 
the 1960s on polypyrrole [1-3] the discovery of conducting polymers is usually 
ascribed to Shirakawa, MacDiarmid and Heeger, who showed in 1977 that the 
electronic conductivity of polyacetylene increased by several orders of magnitude 
upon doping[5]. Twenty-three years later they were awarded the Nobel prize in 
chemistry for this work.  

The polymer that is described in chapter 8 of this thesis is OC1C10-poly(p-
phenylenevinylene). Its structure is shown in Figure 1-10. The backbone of the 
polymer is composed of alternating phenyl and ethylene units. The sidegroups R1 
and R2 may be substituted to yield PPV derivatives with e.g. different solubilities. 
The sidegroups of OC1C10-PPV are shown in the figure. This polymer will be 
discussed later; first some general features of π-conjugated organic polymers are 
considered on the basis of the simplest member of this family: the prototypical 
conjugated polymer polyacetylene (PA). The chemical structure of PA is also 
shown in Figure 1-10. 

The carbon atomic orbitals in PA (and in conjugated polymers in general) are 
sp2pz hybridized. The sp2 orbitals on carbon form σ bonds with neighbouring 
carbon and hydrogen atoms. The pz orbitals overlap to form extended linear π 
orbitals. The simplest of pictures is shown in Figure 1-11A where the π orbitals 
between two carbon atoms are shown. Adding more carbon atoms to the polymer 
chain leads to the formation of more molecular orbitals, completely analogous to 
the formation of MOs in inorganic solids (Figure 1-2). The molecular orbitals that 
can be formed from adding four 2pz atomic orbitals are shown in Figure 1-11B. 
Progressing to an infinite number of carbon atoms creates, finally, a single band, in 

 
Figure 1-10 The chemical structure of OC1C10-poly(p-phenylenevinelyne) and trans-
polyacetylene. 
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which the MOs differ by only a single node in an infinite wave function (Figure 
1-11C). Since every carbon atom contributes a single electron to this band, it is half-
filled and the polymer should be metallic! In practice however, all conjugated 
polymers are semiconductors or insulators.  

If all bond lengths were equal PA would, in fact, be a 1D metal. However, the 
half-filled electron band is sensitive to a spontaneous distortion of the atomic 
positions. A dimerization occurs, as shown in Figure 1-11D, whereby half of the 
bonds become shorter and the other half longer[4, 44]. This results in an increase of 
elastic lattice energy but a (larger) decrease of the electronic energy of the system, 
since the lower energy half of the molecular orbitals obtains more bonding 
character. This process is called a Peierls instability. It is an example of 
spontaneous symmetry breaking lifting a degeneracy, similar to the Jahn-Teller 
distortion in transition metal solids. Through the dimerization the period of the 

 
Figure 1-11 An illustration of the energy levels in polyacetylene (PA). A) The formation of π 
and π* molecular orbitals from the 2pz orbitals of the carbon atom. B)  Schematic of 
molecular orbitals formed in a small segment of PA. C)  Evolution of molecular orbitals into 
bands. Since every carbon contributes one electron, the resulting band should be half-filled 
(dark area) and PA is expected to be a metal. A Peierls distortion splits the band into a filled 
valence band and an empty conduction band, creating a semiconductor. D) Schematic of the 
Peierls distortion leading to dimerization of the polymer. E) Band picture showing the 
energy gap in the dispersion curve. This gap originates from the two different molecular 
orbitals with a wavenumber of k = π/2a (F), which clearly have different energies. 



Quantum dots, conducting polymers and electrochemical gating 
 

 29 

polymer has doubled from a single C-C distance a to 2a. In the dispersion curve 
this opens up a gap at k = π/2a, as shown in Figure 1-11E, since the two possible 
MOs with a wavelength of 4a (and, thus, k = π/2a) clearly have different energies 
(Figure 1-11F)**. 

The more complicated structure of PPV, as compared to polyacetylene, leads to 
a more complicated electronic structure. The lower symmetry results in 
geometrically different molecular orbitals, with corresponding differences in the 
delocalization of the electron density. Two MOs are shown in Figure 1-12A, with 
nodes parallel (upper MO) or orthogonal (lower MO) to the molecular axis, 
corresponding to localized and delocalized wave functions, respectively [45]. The 
band structure (Figure 1-12A) is composed of the dispersion curves for the 
different MOs[46]. The optical absorption spectrum of PPV and its derivatives 
shows several distinct features, which are usually assigned to optical transitions 
between the levels shown in Figure 1-12A. 

A real polymer does not consist of infinite conjugated chains. Chemical defects 
and kinks limit the effective length of the polymer. The so-called conjugation 
length is usually assumed to be between 5 and 10 monomers for PPV-derivatives, 
which corresponds to crystalline domains of ~5 nm[44]. The conjugation length 
determines the energy of the HOMO and LUMO levels in polymers: the larger the 
conjugation length, the smaller the bandgap, and since there is a spread in 
conjugation lengths, there is disorder in the energy levels. The shape of the 
resulting density of states (DOS) is often assumed to be Gaussian[47]. Detailed 

                                                           
** Alternatively, one can deduce the bandgap from Bragg reflections of Bloch waves in a 
periodic potential with period 2a. 

 
Figure 1-12 A) A scheme of molecular orbitals in PPV with nodes parallel (upper picture) 
and orthogonal (lower picture) to the molecular axis, corresponding to localized and 
delocalized wave functions, respectively (after Köhler et al. [45]). B) A schematic band 
diagram for PPV composed of different delocalized (Dn) and localized (L) bonding and anti-
bonding (*) wave functions (after Miller et al. [46]). 
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investigations on the shape and composition of the DOS in OC1C10-PPV are 
presented in chapter 8. 

It is interesting to note the similarity with quantum confinement and size-
disorder in nanocrystals. There are, however, also clear differences. In contrast to 
inorganic semiconductors, conducting polymers behave as “molecular materials”, 
and there is a considerable rearrangement of the local π electron density in the 
vicinity of extra charges added to the film, followed by a structural rearrangement 
of the lattice. This results in self-localization of the added charge[4, 44]: the total 
energy of a charge is lowest on the position it occupies. Transport of the charge 
will always be accompanied by structural rearrangements and will be subject to an 
activation energy. The distribution of conjugation lengths means that there is also a 
spread in activation energies. Charge transport takes place in a disordered energy 
landscape, as is the case for assemblies of quantum dots. It should be noted that 
charge transport is believed to be principally along the conjugated chains, with 
interchain hopping as a necessary secondary step (for long-range transport)[4]. A 
detailed theoretical treatment of charge transport in disordered systems is given in 
chapter 2. 

The chemical structure of charged conjugated polymers has been the subject of 
extensive investigation[4, 44, 48-53]. For PPV, Raman studies on model compounds 
have revealed the structures that are shown in Figure 1-13 [49-51]. In the neutral 
polymer all carbon rings have benzenoid character. The removal or addition of an 
electron creates a charge that is bound to a radical over several monomer units. 
This is called a p-polaron or n-polaron (for hole or electron addition, respectively). 
The electronic density “in the polaron” is quinoidal instead of benzenoidal. The 
removal or addition of a second electron may lead to a bipolaron, rather than two 
polarons. A bipolaron is a bound state of two like charges separated by a region of 
quinoidal character. Although the charge and spin are depicted as being localized 
on one carbon atom, it has to be borne in mind that they extend over several 
monomers with accompanying geometrical changes. Since a polaron has an odd 
number of electrons, it can be regarded as a radical cation; it has spin ½. A positive 
bipolaron is analogous to a dication and carries no spin[48].  

While it is generally accepted that charge injection is followed by the formation 
of polarons and bipolarons there is a long and active discussion in the literature as 
to which of these two species is formed [4, 44, 48-56]. It is predicted on the basis of 
tight-binding calculations (the Su-Schrieffer-Heeger (SSH) model[57]) that 
bipolarons are more stable than two polarons as a result of the smaller extension of 
the lattice distortion. However, the SSH model does not explicitly include 
Coulomb interactions between polarons and, as a result of the repulsion between 
the two like-charges in a bipolaron, the polarons may prevail as the more stable 
species. A more detailed discussion on this topic can be found in chapter 8. 
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Figure 1-13 The structure of neutral and charged PPV segments. The removal or addition of 
a single electron creates a charge that is bound to a radical over several monomer units. This 
is called a p-polaron or n-polaron. The electronic density “in the polaron” is quinoidal 
instead of benzenoidal. The removal or addition of a second electron may lead to a 
bipolaron, rather than two polarons. A bipolaron is a bound state of two like-charges 
separated by a region of quinoidal character. A- and Cat+ represent anions and cations, 
respectively. Although the charges and radicals are depicted as being localized on one 
carbon atom, it has to be borne in mind that they extend over several monomers with 
accompanying geometrical changes. After Sakamoto et al. [49].  
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1.4 Colloidal quantum dots and conducting polymers: 
different or alike? 

Colloidal quantum dots and conducting polymers are two very different, but 
remarkably similar classes of materials. They are different because one consists of 
inorganic crystals, and the other of organic, mainly amorphous material. They are 
also different because one is zero dimensional and the other is one dimensional. 
One may be tempted to think that, paraphrasing Douglas Adams[58], “conducting 
polymers are almost, but not quite, entirely unlike quantum dots”. However, on 
further inspection they share many similarities. Quantum dots and conducting 
polymers are both semiconductors that allow their conductivity to be tuned over 
many orders of magnitude by the injection of charges. In both classes there are 
examples of very efficient luminescence: PolyLEDs are already an industrial 
product, and quantum-dot LEDs are in a start-up phase.  

QDs and conducting polymers are both technologically very interesting because 
they can be prepared cheaply and are easy to process: thin films can be spin-cast 
from solution. At a more microscopic level there are also many similarities. In both 
materials quantum-size effects play an important role. The energy levels of 
quantum dots are directly determined by their size, and the energy levels of 
conducting polymers depend on the conjugation length. As a result of these 
quantum-size effects both assemblies of quantum dots and polymer films are 
subject to energetic disorder: the inability to exactly control the nanocrystal size 
and polymer conjugation length creates a spread in the local energies. This means 
that the charge-transport mechanisms in colloidal quantum dots and conducting 
polymers are also remarkably similar: charge-carrier hopping in a disordered 
energetic landscape. 

Important in this thesis is the fact that both quantum dots and conducting 
polymers form porous films. This means that they are both suitable candidates for 
electrochemical gating. The open structure allows an electrolyte to permeate the 
materials, allowing for compensation of the charge of electrons or holes by ions in 
the pores. The large contact surface means that the double layer capacitance is 
much larger than the intrinsic capacitance of the materials, such that a change in 
electrochemical potential induces a change of the same magnitude in the Fermi 
level of the solids. This will be explained in the next section. 

So, although at first glance colloidal quantum dots and conducting polymers 
might seem two completely different fields of research, many of the problems 
encountered can be treated with the same experimental and theoretical methods. In 
fact, it is very likely that conducting polymers and colloidal quantum dots will 
become direct competitors for many applications in the near future (LEDs, solar 
cells, displays) or complement each other in certain devices: the first polymer-
quantum dot hybrid solar cells[59] and LEDs[60] have already been fabricated.  
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1.5 Electrochemical gating 
Electrochemistry provides a powerful tool to control the number of charge 

carriers in nanoporous systems, such as assemblies of nanocrystals and conducting 
polymers. A high concentration of charge carriers, uniformly distributed in three 
dimensions, can be obtained and often a quantitative determination is possible of 
the number of charges per nanocrystal or per monomer. In addition, it is possible 
to perform in situ optical and electrical measurements. Since the introduction of 
charge carriers leads to a strong increase in conductivity this technique is called 
electrochemical gating. This method was used to study the density of states and 
optical and electronic transport properties of assemblies of CdSe (chapter 4) and 
ZnO (chapter 5-7) nanocrystals and the conducting polymer OC1C10-PPV (chapter 
8). This section describes the principles of electrochemical gating and experimental 
details such as the design of cells and electrodes. 

1.5.1 Principle 
Electrochemical interfaces usually consist of a solid-phase electronic conductor 

in contact with an ionic solution. In practice, the solid can be placed as working 
electrode in a conventional three-electrode electrochemical cell. Its electrochemical 
potential is controlled by applying a voltage V with respect to a reference 
electrode. When the device is used to measure the electronic conductance of the 
material of interest the working electrode has two electrical contacts: source and 
drain (Figure 1-14). Between the two contacts a small bias can be applied and the 
linear conductance can be measured independently. Measurement of the 

 
Figure 1-14 Schematic picture of an electrochemically-gated transistor. The sample is placed 
in an electrolyte solution. The electrochemical potential of the sample is controlled with 
respect to a reference electrode (RE) using a potentiostat. A source-drain geometry of the 
working electrode allows in situ electronic transport measurements. 
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conductance of the system as a function of the charge-carrier concentration, 
controlled by the electrochemical potential, forms the basis of electrochemically 
gated devices. In addition, if the working electrode is optically transparent, it can 
be used to measure changes in the optical absorption that result from the injection 
of charges. 

The electrochemical potential of the solid phase, eµ , can be altered by changing 
the voltage V between  the working electrode and the reference electrode: 

constant.e eVµ = − + The interfacial region is located partly at the solid side and 
partly at the solution side, and can be described by a series connection of two 
capacitors with capacitances Csolid and Cdl, respectively. The total capacitance C is 
given by: 

 
1 1 1

solid dlC C C
= +  1-39 

A change of the potential of the working electrode can lead to a change of the 
electrostatic potential drop over the electrochemical double layer - with the Fermi 
level in the solid remaining unchanged with respect to the energy levels of the 
solid. Alternatively, a potential drop can develop across the interfacial part of the 
solid inducing a change of the Fermi level in the solid with respect to the energy 
levels. The potential drop over the interfacial part of the solid is given by: 

 
Figure 1-15 Electrochemical polarization of a solid electronic conductor electrode in a 
concentrated electrolyte solution.  A) A metal electrode with a flat surface. Increase of the 
electrochemical potential of the metal working electrode leads to a change of the charge at 
the metal surface and the counter charge in the liquid phase. The arrow indicates the width 
of the interfacial region, which is less than one nm.  B) A flat n-type semiconductor 
electrode. Left: The voltage is chosen such that there is a depletion layer for electrons at the 
interface. Right: Increase of the electrochemical potential leads to a change of the Fermi-level 
with respect to the conduction band edge and an increase of the electron concentration in 
the interfacial part of the solid.  The total width of the interfacial region (arrow) is typically 
100 nm. C) A semiconductor system with nanometer-size voids in which an electrolyte 
solution can permeate. Left: System with no excess charge in the solid and liquid phase. 
Right: Increase of the electrochemical potential may lead to electrons occupying the 
conduction band orbitals of the solid phase; the charge is compensated by excess positive 
ions in the voids.  
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 1-40 

For the case in which Csolid >> Cdl a change of the electrode potential leads mainly to 
a change of the electrostatic potential drop across the electrochemical double layer:  

 1solid dl

solid

V C
V C

∂
∂
∆

≅  for solid dlC C  1-41 

The charge carrier concentration in the solid remains essentially unchanged. This is 
the case for e.g. a metal electrode with a flat surface exposed to the electrolyte, 
which is shown in Figure 1-15A. An increase in the electrochemical potential leads 
to accumulation of electrons in the very first atomic layer of the metal and ionic 
counter charges in the liquid part of the interfacial region.  

If the solid phase is a semiconductor or a molecular conductor with a low 
intrinsic electron concentration, we may have Csolid << Cdl, so that / 1solidV V∂ ∂∆ ≅ . 
This situation is depicted in Figure 1-15B, in which an n-type semiconductor makes 
contact with an electrolyte. In the left picture, the potential of the semiconductor 
working electrode is chosen such that a two-dimensional interfacial layer, depleted 
of free electrons, is present across the solid part of the interface. Upon increasing 
the electrochemical potential, the Fermi-level in the interfacial layer rises with 
respect to the conduction band edge since / 1solidV V∂ ∂∆ ≅ . This means that the 
electron concentration in the interfacial layer increases strongly (right picture).  

We now turn to a semiconductor or insulator, with pores or voids of nanometer 
dimensions. In Figure 1-15C, left, a situation is shown in which the Fermi-level in 
the solid phase is midway between the valence band and conduction band orbitals. 
The solid phase is hence uncharged; this also holds for the electrolyte solution in 
the voids of the solid that contains as many positive as negative ions. Upon 
increasing the electrochemical potential, the Fermi-level in the solid phase rises 
with respect to the conduction band if / 1solidV V∂ ∂∆ ≅  (Figure 1-15C, right).  
Electrons accumulate in the solid phase and occupy the conduction levels. 
Alternatively, localized states in the bandgap can become occupied. The negative 
charge in the solid is compensated by an excess of positive ions present in the 
nanovoids of the system: charge injection and compensation is truly three-
dimensional since the typical size of the nanoporous assembly is usually smaller 
than the width of the depletion layer. This may be compared to the two-
dimensional case, described above.  It is clear that in such a system, the uptake of 
electrons can be very large. We should realize that the electron concentration in the 
entire three-dimensional solid is controlled by the electrochemical potential. Since 
conditions of electrochemical equilibrium prevail, Fermi statistics hold. If the 
system is electrochemically inert, electron uptake and release is completely 
reversible and controllable.   
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1.5.2 Experimental details 
The electrochemical gating experiments that are described in this thesis were 

performed using home-built cells and electrodes, in combination with a CHI832b 
electrochemical analyzer. Different cells were used for different purposes. They are 
shown in Figure 1-16A. The large white cell has quartz windows for in situ optical 
experiments at room temperature. The cover contains connections for multiple 
working electrodes (source and drain) and the reference (Ref) and counter 
electrodes (CE). The small cell was designed for low (variable) temperature 
measurements and is shown in more detail in Figure 1-16B. It contains a platinum 
sheet as counter electrode, a silver wire as reference electrode, three working 
electrode (WE) contacts and a silicon diode temperature sensor (Lakeshore SD670-
B). The T sensor is shielded from the electrolyte by including it in a separate 
compartment filled with GE varnish to ensure good thermal contact. The cell is 
placed on the end of a hollow tube that fits inside a helium-flow cold-finger 
cryostat. 

Figure 1-16C shows different electrodes that were used for the experiment, three 
of which contain actual samples, as indicated in the figure. Optical measurements 
were sometimes performed using indium-doped tin oxide (ITO) on glass. 
Electronic conductivity was measured using home-built interdigitated electrodes 
which were made by photolithography. A detailed image is shown in Figure 
1-17A. These electrodes consist of a 500 µm borosilicate substrate coated with 14 
nm titanium and 50 nm gold. Several features are included on each electrode to 
make it versatile in experiments. For in situ absorption measurements an optical 

 
Figure 1-16 A) Photograph of the two electrochemical cells used for the experiments 
describes in this thesis. The small cell was used for experiments at low or variable 
temperature, the big white cell was used for room temperature optical experiments. B) More 
detailed photograph of the low T cell, showing the counter electrode (CE), reference 
electrode (Ref, silver wire) and temperature sensor. C) Picture of different electrodes used 
for the experiments and some films that were investigated. 
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window is included that consists of a square grid of gold bars separated by 100 
µm. The borosilicate substrate is thin enough to allow transmission of light down 
to ~200 nm. For measurement of the electrical conductivity two non conducting 
gaps are included, which have a different width and length to provide a different 
sensitivity in the experiments. The gaps are selected by contacting either WE1 and 
WE2 or WE2 and WE3. The sensitive “interdigitated” gap consists of gold fingers 
running parallel between wider gold bridges. An optical microscope image of 
these gold bars is shown in Figure 1-17B. 

The resistance of the film is in series with the resistance from the contact 
between the film and the electrode, which is usually around 50 Ω. To measure the 
film resistance accurately it must be at least 10x higher than this contact resistance. 
At the same time the film resistance must be low enough to avoid interference 
from the electrolyte resistance, which is parallel to the film resistance and has a 
typical value of ~500 kΩ. Ideally the resistance of the film should be between 50 Ω 
and 50 kΩ. This allows the conductivity to be measured over ~3 orders of 
magnitude on a single setup. The inclusion of two different gaps doubles this 
range. 

The temperature dependence of conductivity was measured using interdigitated 
electrodes and the cell shown in Figure 1-16B. This cell was placed inside a cryostat 

 
Figure 1-17 A) Photograph of an interdigitated electrode (IDE), such as described in the text. 
The IDE contains three separated electrodes, WE1, WE2 and WE3, which provide two 
source-drain gaps of different sensitivity. The optical window allows in situ optical 
measurements. B) Optical microscope image of the interdigitated part of an IDE showing the 
gold fingers separated by 3 µm. 
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and the temperature was lowered to just above the melting point of the electrolyte. 
The desired potential was applied and subsequently the temperature was lowered 
rapidly. Once the electrolyte is frozen, Faradaic reactions are no longer possible, 
because the ions in the electrolyte are immobile and the electric circuit to the 
counter electrode is open. Current can  flow only between the two working 
electrodes. What results is a solid-state device. At this point the sample can no 
longer be charged or discharged. Diffusion of ions in the frozen electrolyte is very 
slow and, as a result, the concentration of charge carriers can no longer be 
controlled by the potential of the working electrode. Instead the concentration is 
determined by the Coulomb potential set by the counter ions in the pores of the 
assembly. The system resembles a chemically doped semiconductor. The 
electrolyte resistance has increased to unmeasurably high values allowing the film 
resistance to be determined up to the detection limit. 

 

1.6 Outline of this thesis 
This thesis is an ode to the freedom of university-funded scientific research. A 

broad range of topics is covered, from organo-metallic synthesis to charge 
transport in disordered systems, from electrochemistry to Monte-Carlo simulations 
and from colloidal quantum dots to conducting polymers. The most exotic 
excursions that were made in the four years of research that led to this PhD thesis 
are not included: positron annihilation and µSR (Muon Spin Rotation, Relaxation, 
or Resonance) would perhaps broaden the scope too far. 

There are two recurring themes in this thesis: colloidal quantum dots and 
electrochemical gating. In the main part they are combined: chapters 4, 5 and 7 deal 
with electrochemical gating of assemblies of colloidal nanocrystals. The other 
chapters of this thesis deal with either quantum dots or electrochemical gating. 
Chapter 3 describes the synthesis, self assembly and optical properties of PbSe 
quantum dots. In chapter 6 Monte Carlo simulations on electron transport in 
quantum-dot solids are presented and chapter 8 is the result of electrochemical 
gating experiments on the conducting polymer OC1C10-PPV. Chapter 2 is a 
theoretical treatment of charge transport in disordered systems. The concepts and 
expressions outlined in that chapter are used to describe charge transport in 
quantum-dot solids (chapters 6 and 7) and PPV (chapter 8). 
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Chapter 2  
Charge transport in disordered systems – old and 
new theories 

 
 

This chapter presents theoretical concepts relevant for charge transport in 
disordered systems. An expression for non-resonant electron tunnelling is derived 
on the basis of an energy fluctuation model first proposed by Einstein. This results 
in a tunnelling rate that has a Gaussian dependence on energy. The rate is 
compared to existing expressions by Miller-Abrahams, Marcus and Hopfield. The 
concepts of variable-range hopping are introduced and expressions for the 
temperature dependence of electronic conductivity are derived in the Mott and 
Efros-Shklovskii regimes. First this is done using the Miller-Abrahams hopping 
rate and, subsequently, it is extended to the Gaussian hopping rate that is derived 
in the first part of this chapter. The concepts and mathematical expressions that are 
introduced in this chapter are necessary to explain the experimental results of 
chapters 7 and 8 and form the basis of the Monte Carlo simulations described in 
chapter 6. 

“Het zou allemaal een stuk simpeler zijn als het niet zo ingewikkeld was.” 
Huub van der Lubbe 
“Het zou allemaal een stuk simpeler zijn als het niet zo ingewikkeld was.” 
Huub van der Lubbe 
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2.1 Introduction 
A large part of this thesis is devoted to charge transport in quantum-dot solids 

and conjugated polymers. As described in the previous chapter, the energetic 
landscapes of both systems are subject to disorder. The spread in energy levels 
involved in charge transport is typically larger than both the thermal energy and 
the coupling energy. As a result, charge transport is non-resonant: each time a 
charge carrier moves from one site in the material to another, energy has to be 
absorbed or emitted. This process of non-resonant tunnelling is called hopping. In 
this chapter several existing theories that deal with hopping are described and 
extended.  

The first model takes thermal broadening of the energy levels into account. It is 
based on a model originally proposed by Einstein in 1909[1]. This model is 
extended and used to derive an expression for electron tunnelling between non-
resonant energy levels. The resulting expressions are as input for Monte-Carlo 
simulations of electron transport in ZnO quantum-dot solids, described in chapter 
6.  

Mott was the first to point out that in a disordered system hopping does not 
necessarily take place between sites that are closest to each other (so-called Nearest 
Neighbours, NN) but that steps to sites further away can be more probable[2].  
This process of variable-range hopping (VRH) is especially important at low 
temperatures. Different VRH models can explain the temperature dependence of 
charge transport in disordered systems, such as quantum-dot solids (chapter 7) 
and conjugated polymers (chapter 8). The concepts of VRH are treated in the third 
section of this chapter. A mathematical derivation of several VRH models is given 
in the fourth section, following the standard literature approach. However, the 
existing models cannot explain the experimentally observed T dependence of 
electronic conductivity in ZnO quantum-dot solids (chapter 7). Therefore, the 
existing models are combined with the tunnelling rate resulting from the Einstein-
fluctuation model which results in different predictions for the temperature 
dependence of conductivity, in agreement with experimental observations 
described in chapter 7.  

2.2 Non-resonant electron tunnelling resulting from 
thermal broadening of the energy levels 

When two resonant energy-levels are separated by a barrier of higher energy 
charge transport between them is classically forbidden by the law of conservation 
of energy. Quantum mechanically, the wavefunctions on the two sites decay 
exponentially in the barrier and the overlap between them results in a finite 
probability of tunnelling. According to the Wentzel-Kramers-Brillouin (WKB) 
approximation, the resonant tunnelling rate between two sites is given by 
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where m* is the effective mass of the charge carrier, R is the width of the barrier 
and Evac-Ei is its height. Γ0 is the rate at vanishing barrier height or width. For 
simplicity the exponent is often written as -2R/a, where a represents the decay of 
the squared wavefunction in the barrier and is called the localization length. 

To describe a hopping rate, an expression that contains the energy mismatch ∆E 
between initial and final sites is required.  In 1960 Miller and Abrahams wrote a 
paper called “Impurity Conduction at Low Concentrations” in which they derived 
such an expression[3]. In an analytical, quantum mechanical treatment they 
calculated the energies of impurity states in the bandgap treating the dilation of the 
lattice (i.e. coupling to phonon modes) as a deformation potential. The resulting 
hopping probability is 
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Since the hopping steps to higher energy are rate-limiting the downward term is 
usually neglected when evaluating the conductivity[4]. In addition, theoretical 
treatments often assume a 0 K situation where all levels up to the Fermi-energy are 
filled, and all levels above are empty. In this situation downward hopping steps do 
not occur. Eqn. 2-2 is formally valid only at very low temperatures and, as the title 
of the paper suggests, at a low concentration of tunnelling sites. The last point 
implies that the electronic coupling between different sites must be much smaller 
than the energy-mismatch. This is probably not valid in systems just below a 
metal-insulator transition, such as some assemblies of Ag [5, 6] or Au [7, 8] 
nanocrystals. Nevertheless, eqn. 2-2 is invariably used in problems concerning 
hopping in solid-state systems, at all temperatures and all concentrations. 

There are other theories that describe non-resonant electron transfer. An 
extensive overview can be found in ref.[9]. The most famous model is, perhaps, 
that by R.A. Marcus[10], who first noted that electron transfer requires a 
reorganization of the system reflected in a reorganization energy λ. This 
reorganization energy is closely related to the thermal activation energy EA. In the 
absence of entropy changes upon electron transfer we can write 

 ( )2 /4AE Eλ λ= + ∆  2-3 

Here ∆E is the difference in equilibrium energies of the two states. It is therefore 
equal to ∆E in the Miller-Abrahams expression. It follows that the electron-transfer 
rate is given by 
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Marcus originally derived his theory for electron transfer in solution, but it was 
later extended to phonon-assisted hopping in solids. 

Another approach was taken by Hopfield[11]. He assumed that both donor and 
acceptor can gain or lose energy and used a classical vibrational configuration-
coordinate description in which the energy of a state is given by ½kx2 (k is a spring 
constant, x the deviation from equilibrium position). From the overlap of the 
resulting energy distributions he derives the tunnelling rate, which in this model is 
given by* 
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Eqn. 2-5 is valid only in the classical limit where the thermal energy is much larger 
than the vibrational energies. It is mathematically equivalent to eqn. 2-4 with a 
reorganization energy of kx2. 

The Marcus and Hopfield models have in common that they predict a thermal 
broadening of the energy-levels and a resulting transition probability that is 
Gaussian in ∆E (if ∆E >> λ, see section 2.3), rather than exponential and 
asymmetric as in the Miller-Abrahams model. Such a Gaussian lineshape is 
observed in scanning-tunnelling experiments on semiconductor quantum dots[12-
15] and some molecules [16], where the electronic levels are probed directly. 

A problem with applying eqn. 2-4 or 2-5 to the problem of charge transport in 
quantum-dot solids is that the value of λ (or kx2) has to be known, preferably as a 
function of temperature. Therefore we have approached the problem in another 
way, making use of a statistical energy fluctuation model originally proposed by 
Albert Einstein[1], who evaluated local fluctuations in radiation energy in a closed 
system that is in thermodynamic equilibrium.  His reasoning is more general and 
can be extended to heat exchange in any material. 

Consider a large isolated system with volume Vlarge and a very small sub-system 
with a volume Vsub. At equilibrium, the internal energy of the system is denoted as 
Ueq

sub + Ueq
large  with Ueq

sub / Vsub ª Ueq
large / Vlarge . The probability of finding the entire 

system at equilibrium is denoted by Peq. We allow small fluctuations in the 
subsystem by exchange of small amounts of internal energy between the 
subsystem and the larger system: 

 eq
sub sub subU U U= + ∆  2-6 

At any time t: 

 ( ) ( )sub largeU t U t∆ = −∆  2-7 

                                                           
* For simplicity the spring constant k of acceptor and donor have been assumed equal here. 
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Due to these fluctuations, the entropy of the total system is lower than the 
maximum value at equilibrium: 

 ( ) ( )eqS t S S t= + ∆  2-8 

where ∆S<0. 
Einstein wrote the deviation of entropy from the equilibrium value as a Taylor 

expansion: 
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The subsystem is identical to the larger system except for its volume; the intrinsic 
properties of both systems are the same. If we now write the entropy S and energy 
U in terms of intrinsic properties: 

 S V σ= ⋅  2-10 

 U V υ= ⋅  2-11 

we see that  

 
largesub

eqsub largeeq eq

SS
U U

∂∂ ∂σ
∂ ∂ ∂υ

⎛ ⎞⎛ ⎞ ⎛ ⎞= =⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎝ ⎠⎝ ⎠ ⎝ ⎠
 2-12 

and, since ∆Usub(t) = -∆Ularge(t), these terms cancel. To the second derivative the 
following applies: 

 

2 2

2 2

2 2

2 2

1

1

sub

sub eqeq

large

large eqeq

S
U v

S
U V

∂ ∂ σ
∂ ∂υ

∂ ∂ σ
∂ ∂υ

⎛ ⎞ ⎛ ⎞
=⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠

⎛ ⎞ ⎛ ⎞
=⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠

 2-13 

where v is the volume of the subsystem and V is the volume of the larger system. 
For V>>v the second derivative of the larger term becomes negligible and we 
arrive at: 

 
2

2
2

1( )
2

sub
sub

sub

SS t U
U

∂
∂

∆ = ∆  2-14 

Einstein interpreted the probability of the system as the probability of 
encountering an entropy deviation ∆S during a time τ(∆S) which is a fraction of a 
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very long observation time Θ of the system. He used the Boltzmann-equation in 
the form†: 

 ( ) ( )/ exp( / )eq
BP S S P S kτ∆ = ∆ Θ = ∆ 2-15 

It then follows that:  

 
2

2
2

1( ) exp
2

eq sub
sub sub

B sub eq

SP U P U
k U

∂
∂

⎡ ⎤⎛ ⎞
⎢ ⎥∆ = ∆⎜ ⎟
⎢ ⎥⎝ ⎠⎣ ⎦

 2-16 

The probability of finding the sub-system with a deviation ∆Usub in the internal 
energy is a Gaussian function of ∆Usub. It is clear that 2 2/S U∂ ∂  must be negative. 

Albert Pais gave an expression for the second derivative in eqn. 2-16 in terms of 
the heat capacity of the subsystem[17]. He assumed that fluctuations in the internal 
energy are due to (reversible) exchange of heat: dU = dQ = CvdT ; using also 

dS = dQ / T  we find 2 2 2/ /Vd S dT C T= − , or 2 2 2/ 1/ Vd S dU C T= − .‡ If we 
apply this to our problem: 

 
2

2
2 1/sub

sub
sub

S C T
U
∂
∂

= −  2-17 

where Csub is the total heat capacity (at constant volume) of the small sub-system. 
From eqns. 2-16 and 2-17 it follows that 

 
2

2( ) exp
2

eq sub
sub

sub

UP U P
kT C

⎛ ⎞−∆
∆ = ⎜ ⎟

⎝ ⎠
 2-18 

Normalization of this Gaussian distribution gives: 

 
1

2
eq

sub

P
T k Cπ

=  2-19 

It follows from the above equation that considerable deviations from equilibrium 
can only occur in systems with a large heat capacity, and at high temperature. 

We can arrive at the same result, using a generally accepted result from 
statistical physics[18]: 

                                                           
† Noting that P(S)=const·W(S), eqn. 2-15 is readily derived from S = kBlnW. 

‡ Formally one should write Cv(T). This gives 
2

2 2

( ) ( )1 v vdC T C Td S
dT T dT T

= −  and it follows 

that
2

2 2

( )1 1
( ) ( )

v

v v

dC Td S T
dU C T T C T dT

⎛ ⎞
= − +⎜ ⎟

⎝ ⎠
. For a general temperature dependence of the 

form Cv(T) = const·Tm the last term in this equation evaluates to the constant m. Therefore 
we can use 2-17 without significant error. 
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 2 2( ) vU kT C∆ =  2-20 

If we assume that energy broadening follows a Gaussian distribution eqn. 2-18  is 
derived by evaluating the mean-squared value of the distribution 
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∫

 2-21 

Eqn. 2-18 can be interpreted as the time-averaged density of states of an energy 
level that interacts with lattice phonons. When two levels A and B with equilibrium 
energies Ea and Eb are non-resonant, their broadened energy level may still have a 
finite overlap. This situation is shown schematically in Figure 2-1. Assume that one 
of the levels is occupied and the other is empty. Einstein-fluctuations occasionally 
bring the two levels into resonance, at which point tunnelling may occur with a 
rate given by eqn. 2-1. The total rate is thus determined by the overlap of the 
densities of states: 
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Figure 2-1 Cartoon of electron tunnelling between thermally broadened energy levels A and 
B. The electron flux from A to B (arrows) is determined by the overlap between the occupied 
fraction of Pa (diagonally patterned, left) and the unoccupied fraction of Pb (diagonally 
patterned, right). The cross-patterned area represents the occupied fraction of Pb. 
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where βaØb  is the resonant tunnelling rate as given in eqn. 2-1. In determining VRH 
mechanisms, as in the next sections, a 0 K temperature situation is assumed, such 
that the Fermi-occupation factor  f(E,Ef) is 1 for E<Ef and 0 for E>Ef. In this situation 
eqn. 2-22 gives the tunnelling rate. When the above assumption cannot be made, as 
is the case in the Monte Carlo simulations described in chapter 6, the occupation of 
levels A and B has to be considered explicitly: 

 ( ) ( ) ( ) ( ) ( ) ( )β
∞

→ →−∞
Γ = −∫ , [1 , ]A B F a b a A F b B b FE P E f E E P E f E E E dE  2-23 

where fA  and fB are the Fermi-occupation factors of levels A and B, respectively.  
The above integral cannot be solved analytically, but it is well-approximated by 

the following expression:  

β

β

π

∞
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→

⎛ ⎞−
Γ ≈ − ⋅ ⎜ ⎟

⎝ ⎠
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B B vB v
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k T

E EE Ef E E f E E
k T k T Ck T C

    2-24 

The Boltzmann factor in the rate results from the requirement that the system obey 
detailed balance at equilibrium. The expression in equation 2-23 was evaluated 
numerically for a range of parameters representative of the systems studied in 
chapter 6, and it was found to agree with the approximation in eqn. 2-24 to within 
a few percent. The shape of the function described by eqn. 2-24 is very similar to 
the lineshape of the conductance through a single quantum dot obtained by 
Beenakker[19].  

To show the similarity with the Marcus and Hopfield expressions (eqns. 2-4 and 
2-5 repectively) eqn. 2-24 can be rewritten as: 

 
( )2

'
0 2exp exp

4 4
v v

B v B

E C T C
k T C k

⎛ ⎞− ∆ + ⎛ ⎞
Γ = Γ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠

 2-25 

Although the derivation is quite different, the resulting tunnelling rate is 
mathematically very similar to the Marcus and Hopfield models discussed before, 
with a reorganization energy of λ=CvT.  Just as the Hopfield model only holds in 
the classical limit where kBT >> ħω, eqn. 2-25 holds when kBT > kBθ (θ is the Debye 
temperature), where Cv does not change with temperature (see below). If Cv is a 
function of temperature eqn. 2-25 is modified slightly. We can make a rough 
approximation of Cv(T) by writing 

 ( ) m
vC T const T= ⋅  2-26 

At very low temperatures m ≈ 3, at high temperatures m = 0[20]. The fact that 
dCv/dT ∫ 0 has an effect on energy-level broadening in the Einstein-fluctuation 
model (see footnote ‡ on page 48), which should now be written as 
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 ( )
2

2

(1 ) (1 )1 exp
2 2m m

B B

m E mP E
T k const T k T constπ +

⎛ ⎞+ − +
= ⎜ ⎟⋅ ⋅ ⎝ ⎠

 2-27 

The resulting tunneling rate is also modified: 
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B

E mR
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If we now assume that one electron occupying a level in the system under 
investigation can be treated as a small subsystem of our larger assembly we can 
model the broadening of the electronic levels. In order to do this we need to know 
the heat capacity of the subsystem. To evaluate the appropriate heat capacity, we 
need to know which phonons couple efficiently to an electron occupying the 
energy-level under investigation. In other words, we would need to know the 
electron-phonon coupling factor of all phonons. We are currently working on 
including microscopic electron-phonon coupling into our model. For the moment, 
we have to make an estimate of the real heat capacity. One can imagine two 
extreme cases, of (i) assuming that only a single phonon couples to the electron, or 
(ii) assuming that all phonons couple efficiently. These two extremes are, in fact, 
given by the Hopfield model (eqn. 2-5) and the Debye model (see e.g. ref [20]), 
respectively. In chapter 6 we have used the Debye model for the heat capacity to 
estimate the heat capacity of the subsystem. This Debye model yields an estimate 
of the heat capacity of the lattice. However, our subsystem is an electron coupled 
to lattice phonons with a variable strength. What we really need is the “Debye 
temperature” for the particular vibrations that couple best to the tunnelling 
electron. It is clear that caution is required in applying the Debye model directly to 

 
Figure 2-2 A) Experimental heat capacity of a bulk ZnO single-crystal (from tabulated values 
in ref. [21]). B) Heat capacity of bulk ZnO from the Debye model with a Debye temperature 
of 430 K (open circles) and a Debye temperature of 30 K (solid squares) corresponding to 
bulk ZnO [21] and a single phonon mode per nanocrystal of 4.0 nm radius, respectively. 
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our problem. The Debye heat capacity gives an upper estimate of the real heat 
capacity of the subsystem. 

The experimentally determined heat capacity of bulk zinc oxide is shown in 
Figure 2-2A [21]. At 298K Cp is 40.44 J mol-1 K-1. The values shown are for Cp, the 
heat capacity at constant pressure, while we are interested in the heat capacity at 
constant volume Cv. However, the difference is reported to be <2% below 300K 
[22]. The heat capacity of ZnO calculated with the Debye model and using an 
experimentally obtained Debye temperature of 430 K [21] is shown as the open 
circles in Figure 2-2B. Assuming only a single phonon mode couples to the electron 
leads to a much lower Debye temperature. The heat capacity obtained in this way 
is shown as the solid squares in Figure 2-2B. 

Since the conduction electrons are delocalized over the whole nanocrystal, their 
density is much lower than the density of unit cells and the electron-phonon 
coupling will be reduced. Assuming this coupling scales with the electron density, 
and since the average electron density is 1/V, we arrive at a heat capacity of ~0.2 
meV K-1 at 300 K. Using this heat capacity together with eqn. 2-18 yields a 
Gaussian width of 42 meV of the broadened energy level at 300 K, in fair 
agreement with experimental estimates [23, 24]. This broadening was used in the 
room temperature Monte Carlo simulations described in chapter 6. 

 

2.3 Exponential and Gaussian energy-dependence of the 
tunnelling rate as limiting cases of the Marcus model 

In the previous section it was mentioned that several different models produce a 
tunnelling rate with a Gaussian dependence on energy (eqns. 2-4 and 2-5). It was 
later shown that, when the Fermi-occupation of the energy-levels is taken into 
account (eqn. 2-25), all thermal broadening models result in the same expression:  
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The various models differ only in the interpretation of the reorganization energy λ. 

Table 2-1 Different regimes of the Marcus tunnelling rate 

Case Tunnelling rate 
“normal region” 

λ à ∆E 
ln

4 Bk T
λ−

Γ ∼  

“barrier-free case” 
λ º ∆E 

ln
B

E
k T
−∆

Γ ∼  

“abnormal region”
λ á ∆E 

2

ln
4 B

E
k Tλ

−∆
Γ ∼  
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Marcus does not present a temperature dependence of λ, Hopfield assumes a 
temperature independent λ (λ = kx2) and the model based on Einstein fluctuations 
gives λ = CvT.  

Depending on the ratio of λ to ∆E, different terms in the exponent of eqn. 2-29 
dominate. The three limiting cases are listed in Table 2-1 and the physical pictures 
they correspond to are sketched in Figure 2-3. The case for which λ > ∆E is called 
the “normal situation” (Figure 2-3A), which is often encountered for redox species 
in solution[9]. In this case λ dominates the tunnelling rate. The situation when λ º 
∆E is shown in Figure 2-3B. This is called the “barrier-free case”. Here the 
tunnelling rate in the Marcus model is, in fact, equal to the Miller-Abrahams 
expression. When the reorganization energy is much smaller than ∆E (the 
“abnormal situation”, Figure 2-3C) we obtain the Gaussian energy dependence 
that has been used to derive the VRH expressions of the last section. Thus, it 
appears that the Miller-Abrahams and the Gaussian energy dependence are 
limiting cases of the Marcus expression and that the ratio of reorganization energy 
and (equilibrium) energy-mismatch determines which of the two expressions has 
to be used. 

We propose that the abnormal situation applies to charge transport between 
nanocrystals. The energy difference between two nanocrystals is determined by the 
difference in size and the difference in Coulomb potential, not by structural 
differences between the nanocrystals. The reorganization energy only contains 
coupling between electrons and lattice phonons, which is expected to be small.  

 

2.4 On the origin of variable-range hopping 
As Mott first pointed out, an electron moving in a disordered system will not 

always tunnel to the nearest available site, but may choose a site further away. To 
understand the origin of this so-called variable-range hopping process let us 
consider a simple system of randomly distributed singly degenerate energy-levels 

 
Figure 2-3 Schematic of different ratios between the reorganization energy λ and the energy 
difference ∆E. For simplicity, it was assumed that there is no entropy change and thus that 
∆G = ∆E. (A) The so called “normal” situation, often encountered with redox species in 
solution, where λ > ∆E. (B) The “barrier-free” situation, where λ º ∆E and (C) the 
“abnormal” situation where λ < ∆E. 
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dispersed in an insulating medium (e.g. vacuum). Such a system is shown 
schematically in Figure 2-4. 

Assume for the moment that the Miller-Abrahams expression holds. In 
simplified form: 

 
⎛ ⎞∆

Γ ∆ ∝ ∆ ≥⎜ ⎟
⎝ ⎠

2( , ) exp - -        0
B

R ER E E
a k T

2-30 

The tunnelling probability depends exponentially on the distance between initial 
and final site and on the increase in energy.  When a charge moves from e.g. site I 
to site II it minimizes the tunnelling distance, but it has to pay for this because the 
energy mismatch is large. Tunnelling from I to III minimizes ∆E, but corresponds 
to a larger value of R. In general there is an optimum combination of R and ∆E that 
maximizes the total tunnelling probability. As the second term in eqn. 2-30 
decreases with increasing temperature, the first term becomes more important 
resulting in a smaller optimum R. This means that the average activation energy 
increases with temperature and that the increase of conductivity is less 
pronounced than in the Arrhenius case (i.e. nearest neighbour hopping). Thus, the 
balance between distance and energy dependence determines the temperature 
dependence of conductivity in disordered systems. This balance depends on (i) the 
expression for the tunnelling rate, and (ii) the energy dependence of the distance 
between sites R(∆E).   

The latter relation was derived by Mott on the assumption that the density of 
states (DOS) is constant in the energy-range considered. As we will see in the next 
section, this results in the famous T-1/4

 law. A different density of states leads to a 
different temperature dependence, and it was first shown by Efros and 
Shklovskii[25] that this is the case when Coulomb interactions between different 
sites are important. To understand this let us consider again the system shown in 
Figure 2-4. The single particle energy levels are called εi. They correspond to the 
energy of a level when all other levels are empty. The total energy of a level also 

 
Figure 2-4 A lattice of random energy levels at 0K. All levels below the Fermi-level (EF) are 
occupied, all above are empty. 
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includes the Coulomb repulsion between electrons and corresponds to the energy 
it costs to add an electron to this level: it is the electrochemical potential µ~e 
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= +∑  2-31 

At 0 K all levels with an electrochemical potential below the Fermi-energy are 
filled and all others are empty. To evaluate the conductivity we have to look at 
what happens if we move an electron from a filled to an empty level. Let us for 
example take the electron in level I of Figure 2-4 and place it in level II. The energy-
change related to removing the electron from level I is -µe,I and the energy-change 
related to adding an electron to level II is +µe,II. However, in the sum µe,II to 
evaluate the electrochemical potential of level II, level I is occupied since it lies 
below the Fermi-level, and in our new situation level I is empty. Therefore the 
change in energy related to moving an electron from level I to II is   

 
2

, ,
0 ,4I II e II e I

I II

eE
r

µ µ
πεε→∆ = − −  2-32 

The last term in this expression is often said to be the Coulomb attraction between 
the hole left behind in level I and the electron in level II. Since by definition µe,I < 
µe,II (if this were not so level II would be occupied at 0 K) and ∆EIØII ≥ 0 (if this were 
not so, the system would relax automatically to a lower energy by moving an 
electron from I to II) the following inequality must hold: 

 
Figure 2-5 Schematic of the density of states for electron tunneling in a disordered material 
without (A) and with (B) Coulomb gap. The widths of the distributions reflect the site 
disorder energy at 0 K. 
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Hence, tunnelling can only occur to a state which is 2

0/ 4 ije rπεε  higher in energy; 
this means there is a gap in the density of states for electron transfer§ called the 
Coulomb gap [25]. This is shown schematically in Figure 2-5. Even in a half-filled 
band the DOS  completely vanishes at the Fermi level. 

Consider the energy-difference ∆E between two states i and j such that µe,j - µe,i = 
∆E. It follows from eqn. 2-33 that the distance R between the states is ≥ e2/4πεε0∆E. 
This relation between R and ∆E leads to a different temperature dependence of 
conductivity than was obtained by Mott, as will be shown in the next section. 
While this model of the Coulomb gap is often applied to conductance in 
disordered systems, it has also been much debated in the literature (see e.g. ref. 
[26] and references therein), as it should only be valid at low temperatures and low 
charge concentrations and disregards correlations in hopping sequences. 

 

2.5 Calculating the T-dependence of conduction with the 
variable-range hopping model in the standard 
approach 

As explained above, the different variable range hopping models (Mott, Efros-
Shklovskii) have two important ingredients: first, the relation between the hopping 
probability as a function of distance R and energy mismatch ∆E, and second, the 
exact relation between distance and energy. The hopping probability is invariably 
derived from the Miller-Abrahams expression[3] given in eqn. 2-30. The various 
models discussed here differ in their dependence of R on ∆E.  

Mott assumed a constant density of states g0 around the Fermi-level (Mott-
VRH). Since the number of states N in an energy range ∆E and a radius R is given 
by 

 34
0 3N g E Rπ= ⋅∆ ⋅  2-34 

and the average distance R
_

  between two sites is[27]  
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R
_

  can be expressed as a function of ∆E by the following equation: 

                                                           
§ Note that there is only a gap in the DOS for electron transfer. If one were to add an extra 
electron to the system, its energy would be the Fermi-energy; i.e. there is no Coulomb gap 
for electron addition (in large systems). 
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Eqn. 2-36 is valid for three dimensional hopping. Similar expressions are easily 
derived for 2D and 1D systems. 

In the model of Efros and Shklovskii (ES-VRH), the Coulomb gap determines 
the relation between energy and distance. It is simply given by the Coulomb 
interaction between the sites [28]: 
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Here κ equals 4πεε0. To derive a general expression for variable range hopping, R 
will be written as 

 n
AR
E

=
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 2-38 

Both A and n depend on the model that is used. 
Consider an energy range ∆E within which we want to find the two hopping 

sites separated by the smallest distance. This distance will depend on how large we 
choose the energy range, decreasing with increasing ∆E. This means there will be a 
maximum in the tunnelling probability at a certain value of ∆E and R. The hopping 
events occurring at this energy are assumed to form the dominant contribution to 
the total current[29]. To find the appropriate energy range we write eqn. 2-30 as a 
function of ∆E by inserting eqn. 2-38 and take the derivative equal to 0: 

 
( ) ( )1

2 1 0n
B

d E A E
d E a n E k T+

⎛ ⎞Γ ∆
∝ − ⋅Γ ∆ =⎜ ⎟∆ ⋅ ⋅∆⎝ ⎠

 2-39 

Solving this equation for ∆E gives the energy range of maximum hopping 
probability ∆Emax 
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or, equivalently, the distance R*  of maximum hopping probability: 
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R*
 is often called the typical hopping distance and interpreted as the average 

hopping distance at temperature T. For example, in the ES-VRH model n = 1 and A 
= e2/κ, which gives the following expression: 
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As expected, the average hopping distance decreases with increasing temperature. 
Inserting ∆Emax into eqn. 2-30, and rearranging terms to separate out the 

temperature dependence yields the following expression: 

 
( )

( )
1

max
1

2 1exp
2 /

n
n

n
nB

A n T
a Ank a

−
+

+

⎡ ⎤+⎢ ⎥Γ ∝ −
⎢ ⎥
⎣ ⎦

 2-43 

As the conductivity depends linearly on the hopping probability it is immediately 
clear from eqn. 2-43 how the temperature dependence of conductivity depends on 
the choice of model, or rather on the choice of n: 

 σ
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The parameter T0, usually a fitting factor in experiments, can also be determined 
from eqn. 2-43.  

The temperature dependence (i.e. the exponent in eqn. 2-44) and T0 that result 
from the different models are given in table 1. Different treatments result in 
different values of T0, although usually within a factor of 2 of the value obtained 
with the above derivation. Most notably, Efros and Shklovskii used percolation 

Table 2-2 T dependence and expression of T0 in the Miller-Abrahams approach, for the 
different models discussed in the text 
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theory to derive T0. The resulting expression of T0 is 1.4 times larger than that 
derived here, and is included in Table 2-2. 

In the Efros-Shklovskii model the temperature dependence is not influenced by 
the dimensionality of the system, because the relation between distance and energy 
mismatch between two sites is directly given by the Coulomb interaction (eqn. 
2-37). Since the ES-VRH model shares its R ~ 1/∆E relation with the 1D Mott 
model, the temperature dependence of these two models is the same. In the Mott 
models T0 contains the density of states g0 and the localization length a. In the ES 
model g0 is replaced by the (static) dielectric constant κ. 

It is an interesting question as to when the Coulomb gap dominates, resulting in 
ES-VRH, and when it is not important and Mott-VRH can be observed. For 
instance, in conducting polymers Mott-VRH is commonly observed (see chapter 8 
and e.g. ref. [31]), while conductivity in assemblies of nanocrystals has been 
attributed to ES-VRH (see the discussion in chapter 7 and e.g. refs. [32, 33]). 
According to Shklovskii and Efros, the Coulomb gap should be important below a 
critical temperature [30]: 
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Above this temperature the Coulomb gap is filled as a result of thermal excitations. 
This expression has been invoked to explain why assemblies of nanocrystals 
exhibit ES-VRH. In ref. [32] the following estimate of this critical temperature is 
made for assemblies of CdSe NCs: the lowest energy exciton has an optical 
linewidth of 100 meV. Combined with a radius of 3 nm this yields a density of 
states g0 of 9·1019 eV-1 cm-3. The authors estimate the dielectric constant of the CdSe 
film to be ~4 and obtain a critical temperature of 400 K. Below this temperature 
they expect ES-VRH to occur.  

There are, however, several problems with this explanation. First, the dielectric 
constant for a film of CdSe is much larger than the value of 4 used in ref. [32]. In 
chapter 4 we estimate the dielectric constant to be around 40. This lowers the value 
of Tc to 4 K. Furthermore, applying eqn. 2-45 to the conducting polymer OC1C10-
PPV, which has a measured g0 of 1.0 eV-1 nm-3 (see chapter 8 and ref. [34]) and an 
estimated dielectric constant between 3 and 10 [35], one obtains a critical 
temperature between 40 K and 533 K. However, the observed temperature 
dependence clearly indicates Mott-VRH between 8 K and 180 K.  
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2.6 Variable-range hopping calculated with thermal 
broadening of the energy levels 

As described in section 2.2, the tunnelling rate between two energy levels can be 
derived using Einstein fluctuations. It is given by: 
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Since the prefactor depends weakly on temperature, this function can be rewritten 
as 
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Eqn. 2-47 could hence replace the Miller-Abrahams expression as element (i) in the 
VRH models. The model outlined in this paragraph will from now on be called the 
thermal broadening VRH, or TB-VRH. We can calculate the T-dependence of 
conductivity for the Mott and Efors-Shklovskii assumptions on the density of 
states. Inserting eqn. 2-38 into eqn. 2-47, and setting the derivative with respect to 
∆E equal to 0 we get the energy range ∆Emax of maximum hopping probability: 
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and a typical hopping distance Rmax of 
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Inserting this expression for ∆Emax in eqn. 2-47 and rearranging terms we obtain the 
following expression: 
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From this general expression we can deduce the temperature dependence and T0 in 
the Mott and ES-VRH models. The results are given in Table 2-3. For convenience, 
lengthy factors in T0 have been replaced by decimals. Several points should be 
noted. The well known Mott T-1/4 law changes to a T-2/7 dependence in this model. 
The difference between 2•7    and ¼ in the exponent is small. It is unlikely that a clear 
distinction between the two can be made in an experiment. In contrast, the Efros-
Shklovskii T-1/2 dependence changes significantly to T-2/3, a difference which is 
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experimentally observable, as will be shown in chapter 7. The expressions for T0 
are very similar to the expressions listed in Table 2-2. The interpretation of T0 is, in 
fact, identical as it depends on 1/aDg0 (where D is the dimensionality) in the Mott 
model and on 1/aκ in the ES model. There are numeric differences that are small if 
Cv is of the order of kB. In the classical limit (well above the Debye temperature) the 
heat capacity is 3NkB, where N is the number of phonon modes[20]. As explained 
in paragraph 2.2 we assume only one net phonon mode, so N = 1 and T0 = 3e2/2κkBa 
for the ES-VRH model. 

If the heat capacity of the system is not constant, but a function of T, the above 
analysis is modified and becomes more complicated, as explained in paragraph 2.2.  
The tunnelling rate is now given by eqn. 2-28 
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This, in turn, affects the temperature dependence of conductivity in the VRH 
scheme. A general derivation of the temperature dependence is now difficult, but 
for the Efros-Shklovskii model it is readily derived: 
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Thus, at temperatures below 0.1θ, with m º 3, the temperature dependence is 
strongly modified. Between 0.1θ and θ (m º 0.5-0.7) we can expect exponents 
between 0.9 and 0.67, while above θ the exponent 2/3 results. 
 
 

Table 2-3 T dependence and T0 for different models, in the Einstein-fluctuation approach 
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Chapter 3  
Synthesis, self-assembly and optical properties of 
PbSe nanospheres, nanostars and nanocubes 

 
This chapter presents detailed investigations into the synthesis and optical 
properties of PbSe nanocrystals with a controlled shape and their self-assembly 
into superstructures with long-range order. First, the synthesis of monodisperse 
spherical, cubic, and star-shaped PbSe nanocrystals is presented. It is shown that 
the size and shape of the NCs is determined by the concentration of acetate. The 
presence of acetate leads to efficient oriented attachment of smaller PbSe 
nanoparticles along the <100> crystal axis. We show that it is possible to obtain 
self-assembled monolayers of star-shaped nanocrystals with crystalline domains of 
several µm2. Using wide-angle electron diffraction measurements we show that 
there is a high degree of atomic alignment in the self-assembled structures of 
spherical, cubic and star-shaped nanocrystals. The crystallographic direction of 
atomic alignment coincides with the nanocrystal alignment in the self-assembled 
layers, suggesting the existence of a significant dipole moment in these PbSe NCs. 
Direct evidence for this dipole moment is obtained by Cryo-TEM analysis. 
Spherical, cubic and star-shaped PbSe nanocrystals all form chains in dispersion, as 
a result of a balance between dipolar interactions and thermal motion. Finally, size-
dependent optical absorption spectra are presented and analyzed. We identify 12 
distinct optical transitions in the absorption spectra of dispersions of PbSe NCs. 
Three high energy transitions are shown to originate from the Σ valley in the band 
diagram.  

 
 

“PbSe is like a box of chocolates.” 
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3.1 Introduction 
In recent years interest in lead chalcogenide colloidal nanocrystals (NCs) has 

grown considerably. The bulk material is interesting, since it is officially a IV-VI 
compound with a Pb atomic configuration [Xe]4f145d106s26p2. As a consequence of 
the high atomic number of Pb, and the resulting high electron velocities, relativistic 
effects localize the 6s orbital, transforming Pb into a “pseudo-divalent” 6p2 atom 
(inert pair effect). Another consequence of the high atomic number is the relatively 
large ratio of ionic radii (rPb, 2+/rSe, 2- = 0.59). As a result, the coordination number of 
PbSe (6) is higher than for e.g. CdSe (4). The PbSe rock-salt lattice leads to an 
electronic band structure different from that of the typical II-VI compounds. The 
most striking difference is that the valence-band maximum (VBM) and conduction-
band minimum (CBM) are both situated at the L-point in the Brillouin zone, which 
is four-fold degenerate (8 fold if one includes spin degeneracy).  

As a result of the small effective mass of the charge carriers at the bottom of the 
valence band and top of the conduction band (m*h º m*e = 0.1[1]) and the large bulk 
exciton Bohr radius of 46 nm [2] the effect of quantum confinement is particularly 
strong in PbSe. Since the room temperature bandgap of the bulk material is only 
0.278 eV it is possible to tune the NC bandgap through almost the entire near-
infrared region of the electromagnetic spectrum. Thus, lead chalcogenide quantum 
dots hold promise for a wide number of opto-electrical applications in the near 
infrared[2-4]. Murray reported the first hot injection synthesis of monodisperse 
PbSe quantum dots[2]. In subsequent work a myriad of geometries of PbSe NCs 
was reported[5-8]. Surprisingly, the dominant growth mechanism of these 
geometries appeared to be the oriented attachment of small PbSe NCs. To explain 
this mechanism Cho et al. suggested that PbSe nanocrystals have a sizable electric 
dipole moment that results from the distribution of Pb and Se terminated facets[5]. 
This dipole moment was also suggested to be important in the self-assembly of 
nanocrystals into ordered films[9]. Direct evidence of a dipole moment in PbSe 
NCs has however not been published. 

In this chapter, we present a systematic study of the role of acetate in the growth 
mechanism and the resulting geometry of the NCs. We show that the presence of 
even trace amounts of acetate in the reaction mixture leads to star-like geometries 
formed by oriented attachment. The self-assembly of PbSe NCs into ordered arrays 
is of vital importance if these nanocrystals are to be incorporated into well-defined 
devices. In the second part of this chapter we study the self-assembly of PbSe 
nanocrystals of different shapes. We present the first example of 2-D ordering of 
monodisperse star-shaped NCs. We also present self-assembled structures of 
spherical and cubic NCs and investigate the atomic alignment of the nanocrystal 
building blocks by wide-angle electron diffraction. In addition, we have performed 
Cryo-TEM measurements on dispersions of PbSe nanocrystals to look for direct 
evidence of a dipole moment. Finally, we performed an analysis of the optical 
absorption spectra of NCs ranging from 3.4 nm to 11.1 nm in diameter. 
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3.2 Experimental Information 
The syntheses were carried out inside an argon or nitrogen-purged glove box. 

All chemicals were stored inside this glovebox. The synthesis was carried out 
according to the recipe of Wehrenberg et al.[4] and consisted of the following steps: 
1. A stock solution of 3.25 g lead acetate trihydrate (Aldrich, 99.999%), 10 ml 

diphenyl ether (DPE, Aldrich), 7.5 ml oleic acid (Aldrich, 90%) and 40 ml 
trioctyl phosphine (TOP, Fluka, 90%) was prepared. The lead oleate precursor 
was prepared in one of the three following ways: 

a. Preliminary – the stock solution was heated to 120ºC for 30 min 
inside the glovebox 

b. Thorough drying – the stock solution was heated to >70ºC under 
vacuum (<10-3 mbar) for >1 hour  

c. Literature procedure[5, 6] – the stock solution was heated to 
>150ºC under a nitrogen stream for 30 min  

2. The solution was allowed to cool to room temperature. Subsequently 11.5 ml 
of this solution was mixed with 1.7 ml of 1.0 M selenium in TOP and rapidly 
injected into 10 ml of DPE that was preheated to the desired injection 
temperature. In a typical synthesis the injection temperature was 180ºC, the 
temperature dropped upon injection to 125ºC and quickly reached the growth 
temperature of 135ºC. The total growth time was usually 10 minutes.  

3. The crude product was cleaned by the addition of a small volume of butanol, 
centrifugation, and dissolution of the precipitate in toluene. This cleaning 
procedure was repeated once.   

The effect of acetate and water on the reaction product was studied by adding 
appropriate amounts of acetic acid or water to the precursor mixture after step 1. 
To investigate the effect of hexadecyl amine (HDA), the appropriate amount (1.33 
g) of HDA was added to the 10 ml of DPE before the injection. The films that are 
shown in section 3.3  were prepared by dipping a TEM grid for a few seconds in a 
dispersion of the NCs in toluene. The films that are shown in section 3.4 were 
prepared via a method described by Redl et al.[10]. A TEM grid consisting of a 
carbon coated polymer film was placed on the bottom of a glass vial. The vial was 
tilted by 60º-70º inside a nitrogen-purged glovebox and 100 µL of concentrated NC 
dispersion was added, which exactly covered the complete substrate. In contrast to 
refs. [10, 11] we have not applied any pressure or temperature control. As the 
solvent evaporates the concentration of NCs increases. Because the vial is tilted, 
there is a gradient in the concentration along the surface of the substrate, yielding 
extended monolayers at the position where the concentration of the evaporating 
dispersion was “exactly right”. Cryo-TEM samples were prepared on grids with 
holey carbon film (R2/2 Quantifoil Micro Tools, Jena, Germany). The samples were 
prepared by a vitrobot (1 x 2 s). The nanocrystals were studied by transmission 
electron microscopy (Philips Tecnai 12, Fei Tecnai 10 and Fei Tecnai 20 FEG) and 
scanning electron microscopy (Fei XL30 SFEG). Optical absorption spectra were 
recorded with a PerkinElmer Lambda 950 UV/VIS Spectrometer.   
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3.3 The hidden role of acetate in the PbSe nanocrystal 
synthesis 

The preparation of the Pb-oleate precursor, used for the hot injection synthesis 
of PbSe NCs, involves the following chemical reaction: 

Hence, if the precursor is not completely dried a significant amount of water and 
acetate will be present in the reaction mixture. To our surprise, our first attempts to 
synthesize quasi-spherical PbSe NCs resulted in what appeared to be “stars of 
David”. In this synthesis, the Pb-oleate was prepared by heating the precursors to 
120ºC for 30 minutes, which, we now know, results in incomplete drying. To 
obtain spherical NCs we found that it is crucial to dry the Pb-oleate precursor 
mixture completely by heating to >70ºC under vacuum (<10-3

 mbar) for more than 
one hour, see Figure 3-1A. It is clear that either water or acetic acid has a drastic 
effect on the shape of the NCs. Therefore we performed a systematic investigation 
on the effect of water and acetate on the shape and size of PbSe NCs. This was 
done by completely drying the precursor mixture and adding controlled amounts 
of water and acetic acid. 

The addition of water (in a 3:1 H2O:Pb molar ratio) to the carefully dried 
injection mixture did not result in a deviation from the spherical shape. This is 
shown in Figure 3-2A. The NCs synthesized in the presence of water appeared to 
be less monodisperse than those that were synthesized in carefully dried mixtures, 
but there is no systematic deviation from the quasi-spherical shape. We found this 
to be true even for high concentrations of water (up to Pb:H2O = 1:15).  

In contrast, the addition of acetic acid to the injection mixture resulted in a 
dramatic change in crystal shape and size, see Figure 3-1B-E. From these images it 
is apparent that acetic acid leads to a star-like crystal shape; the amount of acetic 
acid has a strong effect on the size (10-120 nm) of these crystals. The “diameter” of 
the NCs, defined as the point to opposite point distance of the stars of David, is 
shown as a function of the Pb:Ac ratio in Table 3-1.  

The hexagons in the TEM images of the largest crystals (Figure 3-1E) are actually 
2D projections of octahedrons, as can be clearly seen in a SEM image of the same 
NCs (insert in Figure 3-1E). The transition from spherical particles to octahedral 
particles involves an intermediate shape. The growth in the six <100> directions is 
faster than the growth in other directions resulting in extensions in this direction. 

 PbAc2⋅3H2O + 2C17H33COOH V Pb(C17H33COO)2 + 3H2O + 2HAc 3-1 
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Figure 3-1 TEM images of PbSe crystal shapes grown at different concentrations of acetate. 
(A-E) PbSe NCs grown under identical reaction conditions with a Pb:Ac ratio as indicated in 
the images. Inserts show a diffraction pattern of a single octahedron (D) and a SEM image 
(E). (F) PbSe NCs after 30s of growth, in the initial stage of oriented attachment towards 
octahedrons. 
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This leads to star-shaped particles that usually show up as stars of David in the 
TEM images. Such a star corresponds to a <111> projection of a six-pointed star, 
which occurs when three points of the star are faced to the polymer film of the 
TEM grid. This is shown in Figure 3-3A. Other projections that are often 
encountered are also presented in Figure 3-3: a diamond shape (Figure 3-3B), 
corresponding to the <110> projection, when two points of the star face the 
substrate, and a notched square, when only one of the points faces the substrate 
(<100> projection, Figure 3-3C). 

For very large crystals the extensions in the <100> direction become so large that 
all the {100} facets have disappeared and perfect octahedrons result. This is 
illustrated in Figure 3-4, which shows nanocrystals that were synthesized in the 
presence of acetate (Pb:Ac  = 1:1) at 230ºC and at different reaction times. After one 
minute the star-like shape is clearly visible (Figure 3-4A), while after 30 minutes 
only hexagons and squares can be seen on the TEM image (Figure 3-4B). Although 
it is tempting to assign the squares in this image to a cubic NC shape, it results 
from the <100> projection of nearly perfect octahedrons. This is shown in the lower 
three images of Figure 3-4, where the same NC is shown for different angles 

Table 3-1 Relation between the Pb:Ac molar ratio in the synthesis and the apparent diameter 
of the nanocrystals. The reaction conditions were identical for all samples: Tinj = 180ºC, 
Tgrowth = 135ºC, time = 10 min. 

Pb:Ac  NC “diameter” (nm) 
1:0 7.9 
10:1 12.8 
2:1 56.0 
1:1 79.3 
1:2 116.2 

 
Figure 3-2 (A) PbSe NCs, synthesized in the presence of water (Pb:H2O = 1:3). Tinj = 182ºC, 
Tgrowth = 135ºC, time = 10 min. There is no systematic deviation from the quasi-spherical 
shape. (B) Octahedral PbSe nanocrystals, synthesized with Pb-oleate precursor that was 
dried according to the drying procedure used by Lu et al.[6] and Cho et al.[5] The 
occurrence of octahedrons implies the incomplete drying of the precursor mixture. (C) PbSe 
NCs, synthesized in the presence of hexadecyl amine (HDA)  (Pb:HDA = 1:3). Tinj = 231ºC, 
Tgrowth = 170ºC, time = 5 min, corresponding to the recipe of Cho et al.[5] The presence of 
HDA does not lead to the formation of octahedrons.  
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between the substrate and the electron beam. At -30º (Figure 3-4C) the 2D 
projection of the NC is a square, corresponding to the <100> projection; at 0º 
(Figure 3-4D) it is a hexagon, corresponding to the <111> projection, while at +30º 
(Figure 3-4E) it is a diamond, corresponding to the <110> projection. This clearly 
illustrates that one has to take care in assigning 3D shapes to TEM images, and that 
tilting the substrate (i.e. tomography) is a powerful tool to deduce the real shape. 

Lu et al. proposed that octahedral PbSe nanocrystals are formed by the 
aggregation of smaller PbSe clusters[6]. Our observations confirm this mechanism. 
Figure 3-1F shows a TEM image of PbSe crystals that were removed from the 
reaction mixture 30 seconds after the injection. A mixture of small NCs of ~4 nm in 
diameter and aggregates of 2-6 of those NCs is visible in the initial stage of growth 
towards octahedrons. The largest of these aggregates already clearly possess the 
six-pointed star geometry. The final stars or octahedrons are single crystalline, as is 
illustrated by the discrete spots in the diffraction pattern of a single octahedron 
(insert in Figure 3-1D).  An interesting observation is presented in Figure 3-5, 
which shows nanocrystals grown in the presence of acetate (Pb:Ac = 2:1) for only 1 
minute. These NCs appear to be polycrystalline as the electron density over the 
crystals is not uniform. However, the corresponding electron diffraction pattern 
(insert in Figure 3-5) shows several discrete spots corresponding to the five crystals 
in the image. This means that even before the NCs are annealed their “building 
blocks” are aligned. In addition, the crystal alignment of the five different NCs is 
very similar since all the spots in the diffraction pattern are closely grouped. Some 
of the smaller crystals that form the octahedrons are still visible in this early stage 
of the growth process. These observations strongly suggest that these smaller 
crystals self-assemble, with their crystallographic axes aligned, into the star-shaped 
PbSe crystals. This is essentially the same mechanism of oriented attachment that 
was proposed by Cho et al.[5] for the formation of PbSe nanowires and nanorings. 
The formation of octahedrons implies that the oriented attachment of smaller PbSe 
crystals is fastest in the <100> direction, ultimately resulting in the elimination of 
all {100} facets.  

 
Figure 3-3 Different projections of 12.8 nm star-shaped nanocrystals. (A) <111> projection, 
or “star of David”, (B) <110> projection (“diamond”) and (C) <100> projection (“notched 
square”). 
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This is in accordance with observations of Cho et al. In the formation of many 
different crystal shapes, they most commonly observed oriented attachment along 
the <100> axis. As a possible explanation Cho et al. propose that the nanocrystals 
possess a dipole moment. The authors assume that quasi-spherical PbSe 
nancorystals are highly faceted and contain six {100} facets and eight {111} facets. 
The {100} facets are non polar, as they contain both Pb and Se atoms. The polar 
{111} facets contain only Pb or Se. To ensure charge neutrality the authors assume 
that the NCs contain four Se terminated {111} facets and four Pb terminated {111} 
facets. Figure 3-6 shows a schematic of nanocrystals possessing only {111} facets 
(i.e. octahedrons) with two different distributions of Pb and Se terminated facets 
giving rise to a dipole moment along the <100> axis (left octahedron in Figure 3-6) 
and zero dipole moment (right octahedron in Figure 3-6). If the distribution of Se 

 
Figure 3-4 PbSe nanocrystals synthesized at 230ºC (injection and growth) in the presence of 
acetate (Pb:Ac = 1:1). The crystals evolve from stars (after 1 min, A) to octahedrons (after 30 
minutes, B). Although some particles appear to be cubes they are actually <100> projections 
of octahedrons. The lower images illustrate the different projections of a single octahedron. 
The left image (-30º, C) is a <100> projection, the middle image (0º, D) is a <111> projection 
and the right image (+30º, E) is a <110> projection. Image (D) has a 30% higher 
magnification than (C) and (E). 
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and Pb terminated facets is assumed to be random the relative probabilities of 
particles having zero dipole moment or a dipole along the <hkl> direction are 
0:<100>:<110>:<111> = 4:15:12:4. Furthermore, the largest dipole moment is along 
the <100> axis. For a more elaborate treatment, see ref. [5]. According to this model 
the most efficient oriented attachment is expected in the <100> direction. The 
attachment depends on the formation of pairs of nanocrystals, driven by a dipolal 
interaction. It is important to realize that the equilibrium constant for the formation 
of such a pair, depends on the exponent of the difference in free energy. Thus, 
small energy differences, e.g. for the different orientations mentioned above, can 
have large effects. 

The above explanation holds for quasi-spherical nanocrystals. The formation of 
octahedrons further enhances the effect: the dipole moment increases with the area 
of the polar {111} surface. Although the above model does not include effects of 
surface capping groups that may contain charges, and also does not include 
surface reconstructions that may alter the surface charge densities, it can 
qualitatively explain the observed crystal shapes. 

The addition of acetic acid to the reaction mixture leads to a (partial) 
replacement of oleate at the Pb sites on the NC surface. Because acetate is so much 
smaller than oleate, this strongly reduces steric hindrance between different 

 
Figure 3-5 PbSe nanocrystals grown in the presence of acetate for 1 minute. Tinj = 183ºC, 
Tgrowth = 140ºC. The insert is the corresponding electron diffraction pattern. The NCs appear 
to be polycrystalline as the electron density over the crystals in not uniform. However the 
electron diffraction pattern shows several discrete spots corresponding to the five crystals in 
the image. This means that even before the NCs are annealed their building blocks are 
aligned, supporting the mechanism of oriented attachment. 
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crystals which in turn drastically increases the rate of oriented attachment. This 
could explain why an increasing concentration of acetate leads to larger NCs. In 
addition, the acetate may have different binding strengths on different facets. This 
could enhance the rate of attachment for the facets to which it is bound the 
weakest. The final size and shape of the crystals does not depend strongly on the 
growth temperature between 110 and 230°C. The acetate concentration is by far the 
most important parameter for this. 

Lu et al. make no mention of the reason why their synthesis results in star-
shaped crystals. They prepare their Pb-oleate precursors by heating to 150°C for 30 
minutes under an argon stream[6]. We have used this exact drying procedure and 
found that it results in a mixture of quasi-spherical and octahedral NCs (see Figure 
3-2B). In contrast, Wehrenberg et al. and the Murray group report that they dry 
their precursors at >85°C under vacuum for at least one hour[4, 9, 12] when they 
prepare quasi-spherical PbSe NCs. Interestingly the Murray group reports the 
formation of octahedral-shaped PbSe NCs, when they do not dry under vacuum. 
This synthesis was performed in the presence of primary amines and they 
speculate that the octahedral shape is caused by blocking of the {111} facets by 
these amines.[5] We have repeated this experiment, but with a reaction mixture 
that was carefully dried under vacuum and we have only observed quasi-spherical 
NCs (see figure Figure 3-2C). It is important to note that adding 4.8 mmol of 
hexadecyl amine (HDA) does not result in an apparent change in NC size or shape, 
whereas the addition of 0.17 mmol acetic acid has a marked effect on both (see 
Figure 3-1B). Based on the observations reported here we propose that heating the 
precursor mixture to 150°C for 30 minutes under an argon stream leads to 
incomplete drying and the inherent presence of acetate at the surface of the 
synthesized NCs. We propose that this acetate is responsible for the high degree of 
oriented attachment and many of the resulting crystal shapes reported in the 
literature[5, 6, 13]. 

 
Figure 3-6 Schematic drawing of two octahedrons, possessing only {111} facets. The gray 
facets are selenium terminated, while the white facets are lead terminated. The distribution 
of these polar facets can results in a dipole moment (see text). The left octahedron has a 
dipole moment along a <100> axis (arrow), the right octahedron has no dipole moment. 
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3.4 Self assembly of nanospheres, nanostars and 
nanocubes 

This section considers the self-assembly of PbSe nanocrystals of different shapes. 
The synthesis of star-shaped nanocrystals was described in the previous section. In 
the absence of acetate one can synthesize very monodisperse quasi-spherical 
nanocrystals. The size of the NCs is determined by the growth temperature and 
growth time. It is well known that increasing the NC diameter leads to a gradual 
change in shape [8, 14] from nearly spherical (< 8 nm) to highly faceted truncated 
octahedrons (8-11 nm) to cubic (>11 nm). This transition is shown in Figure 3-7. 
The reason for this shape-transition is that the apolar {100} facets have a lower 
surface energy than higher index planes; a macroscopic PbSe crystal is always 
cubic. The edges and corners of a cube have a high energy, since the number of 
neighbours, and thus the total stabilizing lattice energy, is smaller than in the 
volume or at a surface plane.* The balance between maximizing the relative 
amount of {100} surface and minimizing the corners, edges and total surface area 
determines the shape of the nanocrystals. For very small nanocrystals the latter 
effect dominates and the quasi-spherical shape results from a combination of many 
facets†. As the nanocrystals grow the surface energy contribution becomes larger, 
finally resulting in a cubic shape that, however, still has rounded edges, as can be 
seen in Figure 3-7C. The star-shaped and octahedral NCs described in the previous 
section do not represent the thermodynamic most stable geometry. They result 
from the higher growth rate in the <100> direction. 

                                                           
* In addition, the entropy term in the Gibbs free energy is smaller for corners and edges as 
there are less microscopic configurations for a perfect corner than for a corner that is cut-off 
by a high-index plane. 
† Annealing quasi-spherical nanocrystals at 150ºC for 30 minutes does not change their 
shape; therefore, kinetic effects cannot explain the spherical shape. 

 
Figure 3-7 TEM images of PbSe nanocrystals showing a shape transition with increasing 
particles size. A) Quasi-spherical nanocrystals of 6.8 nm in diameter. B) Truncated 
octahedrons of 9.8 nm in diameter. C)  Cubic nanocrystals of  11.1 nm in diameter. 
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3.4.1 Spheres 
Monolayers of 6.8 nm quasi-spherical NCs are shown in Figure 3-8A and B, at 

different magnifications. The standard deviation in the diameter (of the inorganic 
core) of these nanocrystals is less than 5%, and the resulting monolayers are nearly 
defect-free and single-crystalline over areas of several µm2. The Fourier transform 
of such a monolayer shows that the packing is fully hexagonal with an average 
distance of 8.8 nm between the nanocrystals. Figure 3-8D is a Wide-Angle Electron 
Diffraction (WAED) pattern of a 0.8 µm2 subsection of the monolayer in Figure 
3-8B. In WAED the diffraction of electrons is probed at angles corresponding to 
Bragg diffraction at atomic distances. Thus, WAED is sensitive to the crystal 
structure within the PbSe NCs and probes the crystal planes which are 
perpendicular to the electron beam (i.e. in the plane of the TEM image). The fact 
that the WAED pattern consists of discrete peaks instead of rings, shows that there 
is atomic alignment between the nanocrystals with the <111> axis of the rocksalt 
lattice toward the substrate (since six equidistant peaks are observed). The Fourier 
transform of the TEM image is shown in Figure 3-8E, while F shows the Fourier 
transform and WAED image overlaid. The first-order Fourier peaks fall exactly in 
between the second order WAED peaks, showing that the alignment of the 
nanocrystals in the monolayer is crystallographically defined. 

The atomic alignment between spherical NCs is again illustrated in Figure 3-9. 
This figure shows a TEM image of 3D face-centered-cubic supercrystals of 
spherical nanocrystals with a 7.7 nm diameter, which self-assembled in a slightly 
destabilized dispersion. The insert is a WAED pattern of one of these supercystals 
clearly showing a strong alignment of the atomic lattices of the individual NCs, 
here in a <110> projection‡. Such atomic alignment can be induced by the shape of 

                                                           
‡ This <110> projection is inferred from the observation of 4 peaks in the WAED pattern that 
are equidistant with respect to the center. The peaks form a rectangle with a √2:1 ratio of its 
sides. 

 
Figure 3-8 A and B are TEM images showing monolayers of quasi-spherical PbSe 
nanocrystals of 6.8 ± 0.3 nm in diameter on two different length scales, which exhibit nearly 
defect-free hexagonal order. C is a Fourier transform of the image illustrating again the high 
degree of order. D) WAED image of a 0.8 µm2 subsection of the monolayer in B. E) Fourier 
transform of the image in B. F) The WAED image and Fourier transform overlaid on a single 
image.  



Synthesis, self assembly and optical properties of PbSe nanospheres, stars, cubes 
 

 77 

the nanocrystals. Cubic nanocrystals for example exhibit cubic packing, where two 
{100} facets face one another. However, the nanocystals in Figure 3-9 and Figure 
3-8 are almost completely spherical. It is likely that the alignment is caused by 
dipolar interactions between the nanocrystals. This dipolar interaction will be 
discussed further in section 3.5. 

 

3.4.2 Stars 
In the presence of small amounts of acetate (Pb:Ac ~ 5:1) the star-shaped NCs 

can be made very monodisperse. The narrow size-distribution results in a striking 
long range order in the 2D packing of star-shaped NCs. Figure 3-10 shows TEM 
images of self-assembled monolayers of star-shaped nanocrystals. Two different 
types of monolayers are encountered. Figure 3-10E shows a monolayer where the 
star-shaped NCs are in the <111> projection (“star of David”), A is a zoom-in and B 
is the Fourier transform of E. Figure 3-10F shows a monolayer of NCs in the <110> 

 
Figure 3-9 Three-dimensional fcc supercrystals formed by quasi-spherical PbSe nanocrystals 
with a 7.7 nm diameter. The insert shows a WAED pattern of one supercrystal, clearly 
illustrating atomic alignment. 
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projection (“diamond”), with a zoom-in and the corresponding Fourier transform 
(C and D respectively).  

The Fourier transform of the <111> packing (Figure 3-10A) has threefold 
rotational symmetry. The peak-to-peak distance of the second-order peaks is 0.27 
nm-1, which corresponds to a 14.8 nm center-to-center distance in three directions, 
at angles of exactly 60°. Thus, the <111> packing of the star-shaped nanocrystals is 
hexagonal. This is in agreement with the crystallographic axes that connect the 
neighbours in the monolayer: three equivalent <221> axes (see Figure 3-10C). 
These axes are deduced from the shape of the NCs in the TEM images. In contrast, 
the Fourier transform of the <110> packing has lower symmetry. The second order 
peak to peak distances are 0.30 nm-1 (two times) and 0.27 nm-1. The center-to-center 
distance in the <100> direction of the stars (vertical in Figure 3-10F) is longer than 
the center-to-center distance in the <111> directions (other two axes): 14.8 nm and 

 
Figure 3-10 TEM images of self-assembled monolayers of star-shaped PbSe nanocrystals 
viewed along the <111> axis (i.e. the crystallographic <111> axis is perpendicular to the 
image) (A) and the <110> axis (B). C and E show the nanocrystal arrangement at higher 
magnification. The arrows indicate the crystallographic axes between neighbours. D and F 
are Fourier transforms of the images in A and B, respectively. 
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13.3 nm respectively. The packing is clearly not hexagonal. Neglecting the capping 
layer the expected ratio of the <111> to <100> centre-to-centre-distance is √3:2, 
very close to the ratio determined from the Fourrier transform. This supports the 
assignment of the crystallographic directions in the monolayers. The packing 
geometries in Figure 3-10A and B are, in fact, related by a 30° rotation of all NCs 
around a <110> axis. 

Figure 3-11A shows a long-range ordered monolayer of star-shaped 
nanocrystals in the <111> projection. The long-range hexagonal order is obvious 
from the Fourier transform (Figure 3-11B), while the WAED pattern (Figure 3-11C) 
indicates atomic alignment by the occurrence of discrete peaks instead of rings. 
From the overlaid image (Figure 3-11D) it is clear that the peaks in the Fourier 
transform and WAED pattern occur at exactly the same angle. As in the case of 
spherical PbSe NCs, the self-assembly of star-shaped PbSe NCs is 
crystallographically defined. In the case of these star-shaped nanocrystals the 

 
Figure 3-11 TEM image of a monolayer of star-shaped nanocrystals, self-assembled in the 
<111> projection (A). B and C are a Fourier transform and WAED image of the monolayer in 
A respectively. B and C are shown overlaid in D, to illustrate the direct correlation between 
atomic and nanocrystal alignment. 



Chapter 3
 

80 

alignment may be induced by the facets of the NC, by a dipole moment or by a 
combination of both. 

The formation of self-assembled structures of anisotropic NCs with crystal 
alignment offers possibilities for the engineering of new functional NCs solids. The 
quantum-mechanical coupling between the NCs will be anisotropic in these 
systems and as a result, the optical and electrical properties are expected to depend 
strongly on the direction that is probed.  

 

3.4.3 Cubes 
Finally, we have investigated the self-assembly of cubic PbSe nanocrystals. The 

cubic NCs self-assemble into a cubic arrangement. The degree of order we 
obtained was significantly lower than for the spherical and star-shaped 
nanocrystals. These NCs have a size dispersion of ~5%, comparable to the size 
dispersion of the star-shaped and spherical nanocrystals. Bilayers of cubic PbSe 
NCs, such as shown in Figure 3-12A, typically exhibit a higher degree of order than 
monolayers. We do not yet have a good explanation for this observation. The 
corresponding WAED pattern (Figure 3-12D) and Fourier transform (Figure 3-12E) 
clearly show that the nanocrystals have a cubic packing and are aligned in the 
atomic <100> direction.  

Thicker layers of cubic NCs exhibit a different geometry. Figure 3-12B shows 
multilayers over several micrometers. A zoom-in on a crystalline part of these 
multilayers is shown in Figure 3-12C. The packing is still cubic, but as can be seen 
in the WAED patter (F) and Fourier transform (G) the nanocrystals are in the <110> 

 
Figure 3-12 Self-assembled layers of 11.1 nm cubic PbSe nanocrystals. A) A bilayer, 
exhibiting short-range cubic packing. B) Extended region of ordered multilayers. C) Higher 
magnification of ordered multilayers. D) WAED image and E) Fourier transform of the 
image in A showing the atomic alignment in the <100> direction. F) WAED image and (G) 
Fourier transform of the image in C. The projection of the nanocrystals is in the <110> 
direction. A schematic of a possible arrangement of the nanocubes is shown in H. 
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projection. This projection is apparently preferred for thicker layers of cubic NCs. 
A speculative explanation for this is given in Figure 3-12H. As a result of disorder 
in the first layer on the TEM substrate, some NCs in the second layer may get 
trapped in between the nanocrystals of the first layer. These trapped NCs would 
have a projection close to <110> and could induce this projection in subsequent 
layers. This would be a self-stabilizing growth mechanism. 

 

3.5 Cryo-TEM 
As explained in section 3.3 the synthesis of both star-shaped nanocrystals and 

wires [5] via the mechanism of oriented attachments suggests that PbSe NCs 
possess a dipole moment. The atomic alignment observed in the previous section 
in monolayers and supercrystals of nanocrystals of several shapes again points in 
the direction of a dipole moment. To investigate this possible dipole moment in a 
more direct way we performed Cryo-TEM measurements. 

In Cryo-TEM a thin film of a dispersion of the nanocrystals is rapidly frozen in 
liquid nitrogen. This freezing process is fast enough to prevent significant diffusion 
of the nanocrystals and to avoid drying effects. The resulting TEM images 
correspond to the in situ arrangement in the dispersion. It has recently been shown 
by Cryo-TEM that magnetic nanocrystals, with a magnetic dipole moment, obey 
linear aggregation statistics and form chains in dispersion[15-18]. The length of 
these chains is determined by the balance between dipolar attraction and thermal 
motion. Nanocrystals with a sizable electric dipole moment are expected to behave 
very similarly to nanocrystals with a magnetic dipole moment. 

Cryo-TEM images of nanocrystals with these different shapes are shown in 
Figure 3-13.  All nanocrystals tend to form chains. Therefore we can conclude that, 
regardless of the shape, all PbSe nanocrystals possess a dipole moment. We have 
checked that the chain formation is reversible, by investigating different 
concentrations of dispersions. As expected for a dynamic equilibrium, we found 
the average chain length to increase with increasing concentration. A quantitative 
analysis of these cryo-TEM images is currently in progress. 

 
Figure 3-13 In situ Cryo-TEM images of vitrified dispersions of quasi-spherical (A), cubic (B) 
and star-shaped (C) PbSe nanocrystals. All crystal geometries exhibit linear aggregation, 
which suggests the existence of a dipolar interaction. 
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If the model of Cho et al. [5], which was explained in section 3.3, is correct, the 
size of the dipole moment is determined by the total surface of the {111} facets. This 
should be largest for star-shaped nanocrystals, smallest for cubic nanocrystals 
(even 0 for perfect cubes) and intermediate for quasi-spherical nanocrystals. The 
cubic NCs also clearly exhibit chain formation, even more pronounced that the 
star-shaped nanocrystals. We can conclude that the model of Cho et al.[5] cannot 
fully explain the dipole moment of PbSe nanocrystals. 

 

3.6 Optical absorption of PbSe NCs of different shapes 
and sizes 

The absorption spectrum of a dispersion of nanocrystals with a diameter of 6.8 ± 
0.3 nm, determined by TEM measurements, is shown in Figure 3-14A and B. The 
narrow size-dispersion results in very sharp optical transition features: the full-
width at half-maximum of the lowest energy transition in Figure 3-14 is only 55 
meV and many features can be distinguished in the spectrum. The second derivate 
of the absorption allows one to identify the different optical transitions, and the 
corresponding transition energies[19]. This is shown in Figure 3-14C and D. A 
minimum in the second derivative corresponds to an optical transition. Note that 
the second derivative is plotted with the minima upwards. 11 minima can be 
distinguished in Figure 3-14. However, one has to be careful in assigning optical 
transitions based on the second derivative. A little noise in the absorption 
spectrum can create peaks in dA2/d2E. Absorption peaks caused by organic 
material (solvent, capping molecules, reagents) can also interfere. To avoid the 
influence of noise we have only included features that were present in spectra of 
several nanocrystal batches. To avoid optical transitions from organic material we 
have only included features that shift with particle size. Finally, one has to be 
aware that the second derivative itself can create artefacts. For example, the second 
derivative of two well-separated Gaussians has an additional minimum in between 
the two peaks. To analyze whether the minima in the second derivative correspond 
to real optical transitions we have performed a fit to multiple Gaussian functions 
on a background that increases as A  ∂ E4. Such a background corresponds to weak 
Rayleigh-scattering by the nanocrystals. This fit is included in Figure 3-14. We 
found that we need to include all of the 11 Gaussians shown in the figure to obtain 
all the features in the second derivative. We conclude that they all correspond to 
optical transitions. 

The transitions are labelled with Greek letters. Transitions that, to our 
knowledge, have not previously been reported are labelled with asterisks. The 
assignment of the optical transitions is subject to debate in the literature[19-23]. 
This debate largely focuses on the assignment of the “second” peak in the 
absorption spectrum, labelled β in this chapter. Based on theoretical calculations of 
the energy levels, this feature has been assigned to the 1Se1Ph or 1Sh1Pe transitions. 
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 However, these transitions are optically forbidden and should be very weak. 
Liljeroth et al. were able to measure the density-of-states of single PbSe 
nanocrystals directly using scanning tunnelling spectroscopy[21] and showed that 
β corresponds to the 1Pe1Ph transition. This assignment was recently confirmed by 
pseudo-potential calculations of An et al.[23].  

Feature * in Figure 3-14 is not well visible in the absorption spectra. However, it 
clearly shows up in the second derivative spectra we have studied. Several spectra  
from the literature also suggest an additional feature as a shoulder on the low 
energy side of peak β. See, for instance, figure 1 in the supporting info of ref. [8] or 
figure 4 in ref. [4]. This feature may very well be the long sought after 1Sh1Pe or 
1Se1Pe transition, presenting final evidence for the assignment of β as the 1Pe1Ph 
transition. A more definitive proof of the existence of feature * as a real optical  

 

 
Figure 3-14 A) Optical absorption spectra of a dispersion of 6.8 nm quasi-spherical PbSe 
NCs. The open squares represent the experimental spectrum, the solid line is a fit to 
Gaussian components and a background that increases with E4 (dotted lines). The low 
energy part of the same spectrum and fit are shown in B. The second derivatives of the 
experimental spectrum and the fit are shown in C and D as the open squares and solid lines 
respectively. To reproduce the features in the second derivative 11 Gaussian transitions 
have to be included in the fit (see text). 
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Figure 3-15 Optical absorption spectra (upper graphs) and their second derivative spectra 
(lower graphs) of dispersions of nanocrystals of different sizes and shapes: A) 5.8 nm 
spherical nanocrystals, B) 7.8 nm spherical nanocrystals, C) 11.1 nm cubes and D) 12.8 nm 
stars. 



Synthesis, self assembly and optical properties of PbSe nanospheres, stars, cubes 
 

 85 

transition will require measuring the absorption spectrum of a monodisperse 
sample at low temperature, or the use of excitation spectroscopy[24]. 

According to An et al. most transitions cannot be expressed in terms of the 
orbital angular momentum of the envelope functions as a result of mixing of states 
from different parts of the Brillouin zone[23]. For example, transition γ results from 
heavily mixed P and D-like states. Interestingly An et al. predict this transition to 
be composed of two peaks separated by ~0.1 eV, which is exactly what is observed 
in the second derivative shown in Figure 3-14C (peaks γ and δ).  

Figure 3-15 shows the absorption spectra and the corresponding second 
derivative spectra, for nanocrystals of different shapes and sizes. The transition 
labelled ** has not been reported in the literature. It is only found for nanocrystals 
with diameters larger than ~6 nm and becomes more pronounced with increasing 
diameter. For nanocrystals with a diameter larger than ~8 nm we observe yet 
another transition (***), roughly 0.2 eV higher in energy than transition **. The 
absorption spectrum of star-shaped nanocrystals always contains peaks belonging 
to acetic acid. The absorption spectrum shown in Figure 3-15D was corrected by 
subtracting a scaled spectrum of acetic acid. There are differences between the 
spectra of spherical and star-shaped nanocrystals. Transition *** is, for example, 
much more pronounced in the star-shaped NCs. However, a detailed comparison 
between the absorption spectra of NCs of different shapes will require additional 
measurements. To obtain high quality absorption spectra of the star-shaped NCs it 
will be necessary to remove completely the acetic acid from the samples. 

We found that the energy of the first exciton in the spectra changes with the 
diameter D as E1st ~ D-1.5. This is a somewhat stronger dependence on size than that 
reported by Yu et al.[25], who found an almost linear relation between diameter 
and wavelength of the first exciton, i.e. E1st ~ D-1.0. The different transition energies 
of quasi-spherical nanocrystals with diameters ranging from 3.4 nm to 9.8 nm are 
shown as a function of D-1.5 in Figure 3-16. Also included are the energies of the 
1Sh1Se transition predicted by tight-binding calculations of Allan et al.[22] The 
transitions were grouped on the basis of the order and shape of the features in the 
second derivative spectra. It is known that PbSe NCs are sensitive to photo-
oxidation[26]. In addition to possible errors in the determination of the average 
diameter, this photo-oxidation may explain the scatter in the data points in Figure 
3-16. The trends in this figure are, however, very clear. The lowest energy 
transition is linear versus D-1.5. The higher energy transitions are sublinear on this 
scale. As explained in chapter 1, effective mass theory yields the following 
expression[27, 28] for interband transitions with electrons and holes in the same 
orbitals (e.g. 1Sh1Se, 1Ph1Pe, …): 

 ( ) χ
ε

⎛ ⎞
= + + −⎜ ⎟

⎝ ⎠

2 2 2

2 * *
2 1 1 0.9opt nl

nl g
e h in

eE D E
D m m D
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where nl are the quantum numbers of the electron and hole orbitals and χnl are 
roots of the spherical Bessel function. Neglecting the last term, we find the 
following slope of the energy with respect to D-2: 
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Figure 3-16 Optical transitions as indicated in Figure 3-14 and Figure 3-15 for PbSe 
nanocrystals of different sizes, ranging from 3.4 nm to 9.8 nm in diameter. The transitions 
were grouped based on the order and shape of the transitions in the second derivatives of 
the absorption spectra. The dotted lines are fits of the data points with eqn. 3-4. The solid 
line is a tight-binding calculation of the 1Sh1Se transition energy from ref. [22]. 
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Corrections to the above expressions lead to a weaker dependence of energy on 
diameter, but it is clear that the slope of the curves in Figure 3-16 should increase 
with increasing quantum number of the orbitals involved, and should reflect the 
effective masses of electrons and holes. 

In addition to the effect of quantum confinement the energy of the transitions 
may be influenced by coupling of hole levels in different valleys of the band 
structure, and by the anisotropy in the effective mass[23]. This may explain why 
most transitions in Figure 3-16 do not scale linearly with the energy of the lowest 
transition. The same observation was made for the optical transitions in CdSe 
nanocrystals [24]. We have fitted all transitions to the following heuristic function: 

 0 2
1( )E D E

aD bD c
= +

+ +
 3-4 

The fits are shown as the dotted lineS in Figure 3-16. All parameters were left free, 
including E0. The fits to ** and *** diverged with the above formula, so b was set to 
0 for these two transitions. 

The slope of the curves in Figure 3-16 gradually increases on going from 
transition α to ζ, is more or less constant for ** and *** and suddenly drops to a 
much smaller value for the transitions η and θ.  Interestingly, transition η is again 
almost linear on a D-1.5

 scale. If we extrapolate the curves to the y-axis we find the 
corresponding bulk energy, which is close to the literature value of 0.278 for 
transitions α to **,  while we find ~1.6 eV for transition η. Clearly the behaviour of 
the highest-energy transitions is very different from the lower energy transitions. 

We propose that η, θ and ι in Figure 3-16 correspond to optical transitions in 
another valley of the band structure of PbSe. In the band structure of bulk PbSe 
there is a second valley at the Σ point with a bandgap of 1.60 eV[22, 29], in 
excellent agreement with the experimental value of ~1.6 eV for transition η. It has 
been calculated that the hole levels show strong intervalley coupling[23]. The 
electron levels, however, should be unperturbed, since the energy separation 
between the conduction band valleys is much larger than between the valence 
band valleys. We assign η to a direct transition between a hole in the Σ valley and 
an electron in the Σ valley, probably having S envelope functions. θ and ι are 
probably transitions between higher energy envelope functions in the Σ valley. 

The significantly smaller slope of transition η compared to transition α in Figure 
3-16 is an indication that the effective masses are larger at the Σ point than they at 
the L point. Although the size dependence of the lowest energy transition is 

−∝ 1.5E D  we will make the bold assumption that we can still equate the right part 
of eqn. 3-3 to the slope. In that case we can estimate the ratios of the effective 
masses of the L and Σ valleys from the slopes in Figure 3-16: (1/m*

e + 1/m*
h)Σ = 0.67 

ä (1/m*
e + 1/m*

h)L. If we assume electron-hole symmetry (i.e. m*
e = m*

h) we can 
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deduce that m*e, Σ = m*h, Σ = 1.5 m*
e, L = 0.15. In view of the simplifying assumptions 

this should be regarded as a rough estimate. 

3.7 Conclusions 
We have shown that acetate, naturally present in insufficiently dried reaction 

mixtures, is a key factor in the growth mechanism and the final PbSe NC shape 
and size. The controlled addition of acetate can be used to synthesize 
monodisperse star-shaped and octahedral nanocrystals over a wide range of sizes. 

It was shown that it is possible to obtain self-assembled monolayers of star-
shaped nanocrystals with crystalline domains of several µm2. Two different 
structures were identified in the monolayers: a hexagonal packing with the NCs in 
the <111> projection and a hexagonal-like packing with the NCs in the <110> 
projection, which is distorted in the <100> direction. We have also demonstrated 
long-range nearly defect-free self-assembly of spherical nanocrystals in two and 
three dimensions. Monolayers and bilayers of cubic nanocrystals are observed in a 
cubic arrangement with the NCs in the <100> projection. Thicker layers of cubic 
NCs show a surprising preference for the <110> projection, possibly resulting from 
a self-stabilizing growth mechanism. 

By performing wide angle electron diffraction measurements, we have shown 
that there is a high degree of atomic alignment in the self-assembled structures of 
spherical, cubic and star-shaped nanocrystals. The direction of atomic alignment 
was shown to coincide with the nanocrystal alignment in the self-assembled layers. 
It is clear that the self-assembly of PbSe nanocrystals is crystallographically 
defined. 

Both the directionality of oriented attachment in the synthesis of star-shaped 
nanocrystals and the atomic alignment of the nanocrystals in self-assembled 
structures provide indirect evidence for the existence of a sizeable dipole moment 
in PbSe. Direct evidence for this dipole moment was obtained by Cryo-TEM 
analysis. Spherical, cubic and star-shaped PbSe nanocrystals were all shown to 
form chains in dispersions, as a result of a balance between dipolar interactions 
and thermal motion. 

Finally, we have performed an analysis of the optical absorption of PbSe 
nanocrystals ranging from 4.8 nm to 13 nm in diameter. We have identified in total 
12 distinct optical transitions. By plotting all transitions as a function of nanocrystal 
size we found that the energy of the transitions changes as E ∂ D-1.5. High-energy 
transitions were shown to originate from the Σ valley in the band diagram. By 
extrapolation, we find a bulk bandgap of ~1.6 eV for this valley and obtain an 
estimate of the effective mass in this valley of m*

e, Σ = m*h, Σ = 1.5 ä m*e, L = 0.15. 
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Chapter 4  
Orbital occupation in electron-charged CdSe 
quantum-dot solids 

 
We have prepared assemblies of monodisperse CdSe quantum dots and employed 
a combination of electrochemical gating and electrical and optical techniques to 
study orbital occupation in these quantum-dot solids. Electron occupation in 
localized states is important in some cases and can be unambiguously 
distinguished from occupation of the nanocrystal eigenstates. In addition, all 
excitonic transitions show a red-shift in the transition energy, due to the presence 
of electron charge. We infer that the energy of the S-electrons is determined by the 
quantum-confinement energy and by Coulomb repulsion between the S-electron 
and all other electrons in the assembly. By using a simple electron-repulsion model 
we explain observed differences in the electron-addition energy for different 
samples, the broadening of the electron occupation as a function of electrochemical 
potential, and the strong dependence of the electron-addition energy on 
nanocrystal diameter.  

 

“Nothing exists except atoms and empty space; everything else is opinion.” 
Democritus 
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4.1 Introduction 
A semiconductor quantum dot with one - or more - electrons in the S, P, ... 

conduction orbitals can be considered as an artificial atom. Study of the electronic 
transport properties of electron-charged quantum-dot solids, determined by the 
orbital occupation, is of great fundamental interest. In addition, electron-charged 
quantum-dot solids may become important in the opto-electronics industry, e.g. 
for LED’s,[1-3] low-threshold lasers[4] and solar cells.  It is therefore important to 
control and study the electron-occupation in these systems. 

It has been shown that “electrochemical gating” provides a reversible and well-
controlled method for charging quantum-dot solids with electrons[5-7] or holes[8]. 
The method depends on compensation of the electron charge by positive ions 
filling the voids of the assembly and is described in detail in chapter 1. Quantum-
dot solids comprising colloidal CdSe nanocrystals form an important case for 
fundamental study. The electronic structure[9] and the optical properties[10, 11] of 
CdSe have been studied in detail.  This has led to an understanding of the 
fundamental and higher-energy excitonic transitions in terms of the nanocrystal 
eigenstates. CdSe can be considered the benchmark material for II-VI 
semiconductor nanocrystals. 

Here we present a detailed study of electron-charged CdSe quantum-dot solids, 
consisting of nanocrystal building blocks with a diameter between 3 and 9 nm.  
This work was motivated by a number of unanswered questions on the nature of 
the electron states, the influence of electronic occupation and electron charge on 
the fundamental and higher-energy exciton transitions, and the thermodynamic 
aspects of electron injection. Since preliminary measurements suggested that 
localized electron levels, i.e. traps, could play a role in the charging characteristics 
and in the optical properties, we have employed a combination of electrochemical 
(differential capacitance), electrical (conductance), and optical (absorption 
spectroscopy) techniques to study the orbital occupation. It will be shown that 
electron occupation in localized states is important in some cases and can be 
unambiguously distinguished from occupation of the delocalized nanocrystal 
eigenstates. Second, we demonstrate that all excitonic transitions show a red-shift 
in the transition energy, due to the presence of electron charge. Third, in order to 
investigate the factors which determine the energetics of electron charging, we 
monitored the electron occupation of the LUMO (S-type conduction orbital) by 
measurement of the absorption quenching as a function of the electrochemical 
potential. We show that the energy of the S-electrons is determined by the 
quantum-confinement energy, and by Coulomb repulsion between the S-electron 
and all other electrons in the assembly.  
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4.2 Experimental information 
Colloidal CdSe nanocrystals were prepared by a high temperature 

organometallic synthesis, as first described by Murray et al.[12]. The exact 
conditions were those used by de Mello Donega et al.[13]. The entire synthesis and 
subsequent steps were carried out in the inert atmosphere of an argon-purged 
glovebox. This procedure yields particles with an average diameter of 2.9 nm, a 
high luminescence quantum yield (40-80%) and a narrow size-distribution (<10% 
standard deviation). To obtain larger particles appropriate amounts of Cd(CH3)2 
and Se dissolved in TOP were added dropwise to the solution with 2.9 nm 
particles at 240ºC. With this method CdSe nanocrystals were synthesized ranging 
in diameter from 2.9 nm to 8.4 nm. The quantum-dot solution was washed by 
adding a small amount of anhydrous methanol, which caused the nanocrystals to 
precipitate. Size-selective precipitation techniques were not applied to these 
samples. The capping layer of TOP-TOPO-HDA was replaced with pyridine by 
dispersing the nanocrystals in pure pyridine and heating this solution to 60ºC 
overnight, to decrease the average distance between the CdSe nanocrystals in the 
assembly[14, 15].  Figure 4-1 shows a monolayer of quantum dots of 6.2 nm and 8.4 
nm (insert).  

Quantum-dot solids were prepared by drop-casting a dispersion of CdSe 
nanocrystals in methanol:pyridine (1:1 v/v). The concentration of nanocrystals, 
determined via the optical density[16], was roughly 2 µM. A few drops of this 
solution were placed on a conducting substrate. The substrate was either an 
untreated ITO electrode, or a gold electrode (with a source-drain geometry), 
treated with 1,6-hexanedithiol. After the quantum-dot assembly had dried, it was 
treated with 1,6-heptanediamine, which serves to cross-link the nanoparticles. This 

 
Figure 4-1 TEM image of a monolayer of 6.2 nm CdSe nanoparticles. The insert shows a 
magnified image of a monolayer of 8.4 nm CdSe nanocrystals. 
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cross-linking procedure very likely decreases the distance between the quantum 
dots; it leads to a much higher conductivity in these samples[14, 15, 17]. The 
electrode with the assembly was held in a 10 mM solution of the cross-linker in 
acetonitrile for 1 minute. Subsequently, it was annealed at 70ºC for one hour and 
placed under vacuum overnight to remove any residual traces of solvent. The 
thickness of the nanoparticle films, determined by the optical density and 
profilometry (Tencor Instruments alphastep 500), ranged from 200 to 500 nm.  

The electron occupation of the quantum-dot assemblies was controlled by  
”electrochemical gating”[18]. The setup used for these experiments is described in 
detail in chapter 1. All experiments were performed in an air-tight Teflon cell with 
quartz windows for optical measurements. The electrolyte solution was 0.1M 
LiClO4 in anhydrous acetonitrile. The silver pseudo-reference electrode was 
calibrated before each experiment with the ferrocene/ferrocinium couple and the 
potential was converted to the normal hydrogen electrode (NHE) scale [19]. The 
cell was loaded inside an argon-purged glovebox to ensure water and oxygen-free 
conditions. With conventional electrochemical techniques (such as cyclic 
voltammetry) slow dynamics could prevent the system from reaching 
electrochemical equilibrium. To ensure steady-state conditions, differential 
capacitance measurements were performed by applying a small (25 mV) step in the 
potential of the working electrode and monitoring the current. The integrated 
current corrected for a Faradaic background current gives the charge that is 
introduced into the sample after the potential step. The injected charge is 
proportional to the differential capacitance at the electrochemical potential of the 
working electrode: C(V) = ∆Q/∆V. This is a direct measure of the density of states 
of the CdSe quantum-dot assembly[20]. 

The electrochemical gating setup allows in situ optical and electrical 
measurements. For optical measurements the working electrode consisted of a 
quantum-dot assembly deposited on an ITO substrate. Absorption spectra were 
obtained with a Perkin-Elmer Lambda 16 UV/VIS spectrophotometer. Time-
resolved optical measurements were obtained with a home-built setup that 
consisted of a 75 W Oriel Instruments Xe lamp, an Oriel Instruments Corner Stone 
74001 1/8 m monochromator and a Farnell BPW34 Si photodiode. The optical 
signal was recorded via the photodiode and a Hewlett-Packard 3458A multimeter, 
and read out on a personal computer. The time-resolution of this setup was 
checked to be better than 0.35 ms. The current was recorded simultaneously with 
the potentiostat. 

For conductance measurements a gold source-drain geometry was used which 
allows measurement of the electronic conduction through the film. The width of 
the gap was 2 µm and the length was 2 cm. At low charge concentrations the 
conductance was measured with a Princeton Applied Research 366A bi-
potentiostat in combination with a Krohn-Lite 5200 function generator and a 
Tektronix TDS 420 digitizing oscilloscope. The function generator was used to 
apply a small (10 mV) and slow (8 Hz) ac bias and the oscilloscope was used as a 
lock-in amplifier. This allowed more sensitive measurement of the conductance.  
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The conductance was not frequency-dependent at these low frequencies. The 
source-drain current was always linear with applied bias. This Ohmic behaviour 
ensures that the measurements were done under near-steady-state conditions. At 
high charge concentrations the conductance was also measured with a dc bias and 
was found to be identical to the conductance determined in the ac mode.  

 

4.3 Results and discussion 

4.3.1 Differential capacitance and electronic conductance vs. 
electrochemical potential 

Electron storage in CdSe quantum-dot solids was first examined by differential 
capacitance measurements. Results are shown in Figure 4-2A for 6.4 nm CdSe 
quantum dots on an ITO substrate. Upon lowering the electrode potential, 
electrons are injected into the quantum-dot solid, or stored at the ITO/electrolyte 
interface. To obtain the differential capacitance of the quantum-dot solid, a 
measurement was also performed on an identical, bare ITO substrate and this 
(constant) background, multiplied by a scaling factor to allow for the reduced free 
surface area of the ITO, was subtracted. The resulting differential capacitance 
clearly shows three waves; note that the forward and the reverse scans are almost 
identical. This illustrates the quantitative determination of charges injected into – 
and extracted from - the quantum-dot assembly. Electron injection starts at around 
-0.45 V vs. NHE, independent of the size of the CdSe nanocrystals in the assembly 
(feature I in Figure 4-2). At more negative potentials a second (II) and a third (III) 
wave are observed. Onset of these waves occurs at more negative potential as the 
size of the CdSe nanocrystals decreases. 

The shape and relative amplitude of the second and third waves are reasonably 
reproducible from sample to sample. The amplitude of the first wave, however, 
can show significant differences for different samples. In addition, the onset of the 
second and third waves is subject to some variation, in some cases up to 300 mV. 
We remark that a variation in the potential of the reference electrode cannot 
explain these differences; the reference was always carefully calibrated before and 
after each measurement. Significant differences in the charging potentials were 
also observed by Yu et al.[15]  

The absorption quenching of the 1S3/21Se transition is also shown in Figure 4-2A. 
This is a direct measure of the 1Se orbital occupation (see below). It is clear that the 
electrons injected in the first wave do not lead to quenching of this transition and 
therefore do not occupy the 1Se conduction orbitals. Figure 4-2B shows the 
differential capacitance together with the room-temperature conductance of a 
second sample of 6.4 nm CdSe nanocrystals. The conductance does not increase 
with the first wave in the differential capacitance, but with the second. 
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Furthermore, there is a second rise in the conductance that appears together with 
the third wave in the differential capacitance curve.  

From both the conductance in Figure 4-2B and the 1S absorption quenching in 
Figure 4-2A, it is clear that electrons are injected into the assembly that do not 
occupy conduction orbitals. We conjecture that the first wave in the differential 
capacitance is due to electron injection into localized states in the bandgap of the 
nanocrystals. These states are very likely related to the nanocrystal surface. These 
results differ from those obtained with assemblies of ZnO quantum dots, where the 
onset of electron injection coincides with that of electronic conduction and 1S 

 
Figure 4-2 Differential capacitance scans (solid squares in A and B, two different samples) of 
6.4 nm CdSe quantum dot assemblies under steady-state conditions. Also shown are the 
normalized 1S absorption quenching (open circles in A) and the long-range electronic 
conduction (open triangles in B). The Roman numbers indicate the different features in the 
charging characteristics. The first wave of electron injection (feature I) clearly occurs before 
the onset of both the 1S absorption quenching and the electronic conduction; its magnitude 
is strongly sample-dependent. 
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absorption quenching, showing that electron occupation of localized bandgap 
states is not important in that material (see chapter 5).  

To investigate the nature of the localized states and to assign electrons injected 
at lower electrode potential, in situ optical measurements were performed. 

4.3.2 Optical absorption of charged nanocrystal assemblies 
The visible absorption spectrum of CdSe quantum dots is characterized by sharp 

features that originate from different excitonic transitions. The absorption 
spectrum of a CdSe quantum-dot assembly retains these features. An absorption 
spectrum of an assembly of 6.4 nm CdSe quantum dots is shown in Figure 4-3A. 
The second derivative of this spectrum (Figure 4-3B) indicates the different optical 
transition energies, that can be assigned on the basis of work by Norris et al.[10]. 
Figure 4-3C shows the second derivative of the absorption spectrum of a 
dispersion of the same batch of nanocrystals. It is clear that the spectra of the 
dispersion and the assembly are virtually identical. Electronic coupling between 
the nanocrystals in the assembly is, thus, weak. The four lowest energy transitions 
in the absorption spectrum are due the 1S3/21Se, 2S3/21Se, 1P3/21Pe and 2S1/21Se 
excitons. These transitions are indicated in Figure 4-3C. When the electrode 
potential is lowered, electrons are injected into the assembly. The added negative 
charge can lead to quenching of transitions in the absorption spectrum and to a 
red-shift of transition energies. 

Such a red-shift is caused by the Coulomb interaction of the added electrons 
(also called spectator charges) with the exciton electron and hole. The spectator 
electrons can occupy either conduction orbitals or localized states. The positive and 
negative Coulomb interactions with the exciton hole and exciton electron, 
respectively, largely cancel each other. Since the hole orbitals are more localized 
than the electron orbitals, the attractive Coulomb energy between the spectator 
electrons and the exciton hole is larger than the repulsive Coulomb energy 
between the spectator electrons and the exciton electron (see also Figure 4-4A)[11]. 
This leads to an effective red-shift of all optical transition energies.  

Quenching of optical transitions occurs when the injected electrons occupy 
conduction orbitals in the nanocrystals. These electrons then block transitions 
involving this conduction level. The case in which two electrons occupy the 1Se 
conduction level is depicted in Figure 4-4B. There is no possibility to optically form 
an exciton with the electron in the 1Se level; the three transitions involving this 1Se 
level are thus quenched. This effect, coined Pauli-blocking, has been observed for 
many different semiconductor nanocrystals[21-25]. 

The changes in the absorption spectrum of an assembly consisting of 8.4 nm 
CdSe quantum dots upon lowering the electrode potential are shown in Figure 4-5. 
In A the different optical transitions of the uncharged assembly are indicated by 
the second derivative of the absorption. B-E show the absorption difference at 
different electrode potentials, with respect to the absorption of the uncharged 
assembly.  
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Figure 4-3 (A) Absorption spectrum of an assembly consisting of 6.4 nm CdSe quantum 
dots. In this spectrum several different features can be resolved. (B) Normalized second 
derivative spectrum of absorbance with respect to energy. Negative peaks in the second 
derivative spectrum indicate the different optical transition energies[26, 27]. Also shown is 
the second derivative for an absorption spectrum of a dispersion of nanocrystals of the same 
size (C). The transitions are assigned according to Norris et al.[10]. It is clear that the 
absorption spectra of assemblies and dispersions are identical, indicating only weak 
electronic coupling between nanoparticles in these CdSe nanocrystal assemblies. 
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At a potential of -0.46 V one feature can be resolved in the absorption difference 

spectrum: an oscillation between 1.8 and 2.0 eV, due to a red-shift of the 1S3/21Se 
transition energy.* The amplitude of this oscillation is small, roughly a hundred 
times smaller than the maximum amplitude of the quenching feature at lower 
electrode potential (see below). Red-shifts in optical transitions have been observed 
before[7, 23], but only at more negative electrode potentials, where they were 
always found together with strong quenching of optical transitions; they were 
therefore attributed to Coulomb interactions between the exciton and electrons in 
conduction band states. Furthermore, all previously reported red-shifts were only 
visible as an induced absorption, i.e. there was only a maximum and no minimum 
in the difference spectrum. This was probably caused by overlap of the minimum 
with quenching features that were the dominant signal in those measurements. In 
B there is a clear red-shift without any sign of absorption quenching, indicating 
that there are no electrons occupying conduction orbitals. The observed red-shift 
therefore provides additional evidence that electrons can be injected into the 
assembly before the 1Se energy level becomes occupied. Since there are no 
electrons in the conduction orbitals, the red-shift of the 1S3/21Se excitonic transition 
must mean that electrons are present in localized states.  

                                                           
* In Figure 4-5B the maximum and minimum of the red-shift feature are separated by ~100 
meV and the minimum of this feature is visible at a higher energy than the maximum of the 
1S3/21Se quenching feature. When a Gaussian function is shifted the separation in the 
difference signal is larger than the shift until the original and new Gaussian are "fully 
separated". For a shift in energy that is much smaller than the Gaussian width the center of 
the difference signal is a more accurate approximation of the original maximum than the 
minimum in the difference spectrum. Since the centre of the difference spectrum is 
blueshifted with respect to the center of the 1S quenching feature, it appears that the shift in 
energy is most apparent in the smaller nanocrystals in the distribution. This can be 
explained by the fact that the effect of a surface charge on a small nanocrystal is larger than 
on a big nanocrystal.  

 
Figure 4-4 (A) Scheme of Coulomb interactions between a negative spectator charge on the 
surface of a quantum dot and an exciton electron and hole. The dotted lines are the single-
particle energy levels (neutral quantum dot). Since in CdSe the hole is more localized than 
the electron, the net effect of the Coulomb interactions will be a red-shift in the exciton 
transition energy[11]. (B) Scheme of Pauli blocking due to electron occupation of the 1Se 
conduction level. If two electrons occupy this level all transitions involving the 1Se 
conduction state will be quenched. 
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A zoom-in on the absorption difference at -0.76 V vs. NHE is shown in D and 
reveals five oscillations that correspond to a red-shift of the 1P3/21Pe, 1Pso

1/21Pe (see 
below for an assignment of this level) and higher energy transitions; these red-
shifts are mainly caused by spectator electrons in the 1Se level. A red-shift in so 
many optical transitions has not been observed before. This illustrates that all 
excitonic transitions are affected by the additional charges in a similar manner. 

At an electrode potential of -0.96 V vs. NHE two new quenching peaks are 
found (red line in E). We believe that these correspond to Pauli-blocking of the 
1P3/21Pe and the 1Pso

1/21Pe transitions. The energy of the larger of these features 
corresponds to the energy of the 1P3/21Pe transition for this size of quantum dots, 
as determined by Norris et al.[10]. Since the potential dependence of these two 
quenching features is the same, the smaller must also involve the 1Pe level. Norris 
et al. assigned this absorption peak to the 4S3/22Se and/or 1S1/22Se and/or 1Pso

1/21Pe 
transitions. The electrochemical gating technique provides evidence that this 
absorption feature is, at least partly, due to the 1Pso

1/21Petransition. This is in 
agreement with a previous assignment by Guyot-Sionnest et al.[14]. 

A comparison of Figure 4-2 and Figure 4-5  makes it possible to assign the 
different waves in the capacitance function: the first wave (I) is caused by electron 
injection into localized states, the second wave (II) reflects the occupation of the 1Se 
conduction level with in total 2 electrons, while the third wave (III) is due to the 
charging of the 1Pe conduction level. 

 

4.3.3 Time-resolved absorption quenching 
Additional evidence for the presence of localized states can be obtained from the 

charging and discharging rates of the conduction levels. A scheme showing how 
trap states can influence these rates is shown in Figure 4-6. In the forward direction 
electrons are injected into empty conduction levels. Possible trap states are also 
unoccupied. The injected electrons first fill the trap states before they occupy the 
conduction orbitals. Since transport occurs between conduction levels the sample 

Figure 4-5 (A) Second derivative of an absorption spectrum of an assembly of 8.4 nm CdSe 
quantum dots. The four best resolved transitions are indicated. (B) Absorption difference 
spectrum of the same quantum-dot assembly at -0.46 V vs. NHE, before the onset of 
conductance. No quenching features are observed, only a red-shift of the lowest energy 
transition. This red-shift is a result of Coulomb interactions with localized spectator 
electrons. (C) Absorption difference at moderate electrode potential (-0.76 V vs. NHE). The 
two dominant features are the quenching of the 1S3/21Se and 2S3/21Se transitions. Also 
shown is a magnification of part of the same spectrum (D), showing a red-shift of the 
1P3/21Pe and higher energy transitions. (E) Shows the absorption difference at -0.96 V vs. 
NHE with respect to the uncharged state (black line) and with respect to -0.86 V vs. NHE 
(red line). The 1Se transitions are fully quenched and new features appear, corresponding to 
quenching of the 1P3/21Pe and 1Pso

1/21Pe transitions (see text).  
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only becomes conductive when all the trap states are filled. Thus, trapping of 
electrons slows down the charging of the quantum-dot conduction orbitals 
significantly. When the potential is stepped back, electrons are first withdrawn 
from filled conduction orbitals. Emptying of trap states may take significantly 
longer, but is not “visible” in the absorption quenching. 

Figure 4-7 shows the experimental time dependence of the absorption 
quenching of the lowest-energy exciton of an 8.4 nm quantum-dot assembly, for 
different potential steps. This is a probe of the occupation of 1S conduction-orbitals 
only. When the potential is changed from a value within the bandgap (close to 
open circuit) to a more negative value, the change in absorption is quite rapid. 
When the potential is changed to moderate values (more positive than ~ -0.8 V vs. 
NHE) the resulting curve can be fitted accurately with a single exponential 
function, with a 1/e value of ~0.2 s. When the potential is switched back to the 
initial value, the absorption also changes back to the original value. This reverse 
process is much faster than the forward process. It is even too fast to measure 
accurately. The change in absorption is complete within 4.8 ms, which is only 3 
datapoints in the experiment. This difference in charging and discharging rates is 
evidence that trap states are involved.   

If the quantum dots are charged with electrons and the cell is disconnected, the 
absorption returns to the neutral state. Thus, the quantum dots are “leaky”, and 
the electronic occupation can only be maintained by a current flow in the 
electrochemical cell. It is known from experiments at low temperature that 
electrons remain in the conduction levels, even when the cell is disconnected, if the 
electrolyte solution is frozen[28]. This suggests that, when the electrolyte is not 
frozen, a species from the solution reacts with the electrons in the conduction 
orbitals, either directly or with a trap state as intermediate. 

The charging or discharging time of a film of CdSe quantum dots can be 
estimated from the mobility (µ) of the electrons in the assembly. A typical value for 
the mobility at room temperature and n1S ~ 1 (thus in a trap-filled sample) is 10-4 

 
Figure 4-6 Scheme to show the effect of trap states on the charging and discharging rate of 
the conduction levels of the quantum dots. When electrons are injected they are initially 
trapped in localized states, slowing down the charging rate. When electrons are withdrawn 
they come from the conduction levels directly, since all localized states are occupied. 
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cm2/Vs†. Charge transport in quantum dot assemblies is mainly diffusion driven. 
The diffusion coefficient (D) can be obtained from the mobility via the Einstein-
Smoluchowski relation 

 µ= Bk TD
e

 4-1 

and since diffusion is related to displacement x through 

 τ=x D  4-2 

the time τ  it takes injected electrons to diffuse through a layer of thickness x is 
given by 

 τ
µ

=
2

B

x e
k T

 4-3 

For a mobility of 10-4 cm2/Vs and a film thickness of 500 nm this yields 0.94 ms, 
somewhat faster than the experimentally determined value of 4.8 ms. The 

                                                           
† Determined from the conductivity σ by taking the derivative dσ/dN, where N is the 
charge density in C/cm3. 

 
Figure 4-7 Time resolved absorption quenching of an assembly of 8.4 nm CdSe quantum 
dots. The potential is stepped from +0.4 V (close to open circuit potential) to different 
negative values. After 30 seconds the potential is stepped back to the initial potential. The 
change in absorption after the potential is stepped back is much faster than after the initial 
step. At potentials of -0.9 V and more negative a second component is clearly visible. All 
potentials are vs. NHE. 
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relatively long experimental value might reflect the RC-time of the electrode, 
limiting the timescale of charging the assembly. 

If the potential is changed to a value more negative than ~ -0.8V vs. NHE a 
second feature appears in the quenching vs. time curves. At these negative 
potentials there is an effect that leads to an increased absorption (or rather 
extinction). We have observed a strong scattering with a λ-4 dependence in the 
absorption spectra, when the potential of the assemblies is lowered, that also 
extends into the optical bandgap of the quantum dots. Upon changing the 
electrode potential back to open circuit potential, this scattering disappears 
completely. The origin of the scattering was not systematically investigated; it does 
not depend on the type of substrate or electrolyte. The curve in Figure 4-7 at -
1.1 V is accurately described (R2 = 0.998) by a double exponential function with 
(1/e) time constants of 0.24 s and 10.5 s for the quenching and scattering 
respectively. It is clear that the scattering effect appears on a much longer time-
scale than the initial quenching of the absorption. We speculate that charging of the 
film may cause it to swell and that the increased thickness leads to a roughness on 
the order of the wavelength of light.  

 

4.3.4 The energetics of electron charging: measurement of the 
occupation of 1Se conduction states 

The degree of quenching of a given excitonic transition is a direct measure of the 
electron occupation of the conduction energy level involved in this transition. If all 
the quantum dots in the assembly have their 1Se state completely filled, the 1Se 
transitions must be completely quenched. To quantify the orbital occupation, it is 
thus appropriate to look at the relative quenching RQ:  

 = −∆ = 1
1 1 1 , 12( ) ( )/ ( )S S S neutral SRQ V A V A n V  4-4 

Here n1S is the average number of electrons in the 1Se state per nanocrystal and the 
proportionality constant of ½ comes from the two-fold degeneracy of this level. 

Although the relative quenching should reach 1 for a 1Se orbital occupation of 2, 
the highest value observed in practice was ~0.85. There are several possible reasons 
for this. First, for the smaller nanocrystals the potential at which the average 
number of electrons per quantum dot is 2 might be outside the window of 
electrochemical stability. When the samples are held at potentials below -1.4V vs. 
NHE, changes in optical properties of the assembly are no longer reversible. A 
second reason is that higher energy transitions overlap with the 1S3/21Se transition, 
leading to a non-zero absorption at this energy, even when the 1S3/21Se transition is 
fully quenched. Finally, there is a strong induced scattering when electrons are 
injected, already mentioned in section 4.3.3 that probably results from swelling of 
the film. This scattering is the main reason why the observed relative quenching 



Orbital occupation in electron-charged CdSe quantum-dot solids
 

 105 

maximum is smaller than one. Upon changing the electrode potential back to open-
circuit potential, the scattering disappears completely. 

To correct for variations in the relative quenching, the curves in Figure 4-8 and 
Figure 4-10 have been normalized. This is justified by the fact that often the 
quenching of 1Pe transitions still increased after the 1Se quenching was saturated, 
suggesting that the 1Se level is indeed fully occupied. Normalizing the 1S3/21Se 
relative quenching leads to the curves shown in Figure 4-8A, where the occupation 
of the 1Se level is plotted for different sizes of quantum dots. Here, the potential 

 
Figure 4-8 Potential dependence of the electron occupation of the 1Se level per quantum dot 
in an assembly of CdSe nanocrystals. The symbols are experimental data points, the solid 
lines are fits obtained with the model outlined in the text. The upper graph (A) is an 
overview of three different sizes of nanocrystals showing that, in general, smaller quantum 
dots show quenching at lower potentials. The lower graph (B) shows a comparison of two 
samples of 8.4 nm CdSe quantum dots, exhibiting a strong variation in the quenching 
potential (see text). 
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dependence of the quenching is quantified by the potential at which the number of 
1Se electrons per quantum dot is 1: the “quenching potential”.  

As was previously shown by Wang et al.[22], it is more difficult to charge 
smaller quantum dots. For small quantum dots the quenching potential is more 
negative than for large quantum dots. Although there is a clear trend in the results 
of Figure 4-8A, the exact quenching potential is not completely reproducible. 
Figure 4-8B shows a comparison of two samples with quantum dots of the same 
size, showing a remarkable difference in quenching potential. The same difference 
can be observed in the corresponding differential capacitance scans (not shown); 
there is a difference of ~0.3 V in the onset of the second wave of electron injection. 
We conjecture that such anomalies are due to the effect of electrons trapped in 
bandgap states, probably at the surface of the quantum dots; negative charges lead 
to a shift of the electrochemical potential for electron addition in the 1Se level. 
Different samples may have a different average number of such electron states. 
This will be discussed below.  

In Figure 4-9 the quenching potentials of assemblies consisting of CdSe quantum 
dots with diameters ranging from 5 to 9 nm are plotted as a function of the 
theoretical single particle confinement energies[29]. The line is a guide to the eye. If 
the electrochemical potential of electron addition (i.e. the quenching potential) 
were only determined by the single-particle addition energy of the nanocrystals, 
the slope of the red line in Figure 4-9 should be close to -1. In fact, it is almost -3, 
indicating that besides the quantum-confinement energy, there are other important 
factors determining the electron addition energy for the 1Se level in assemblies. The 
strong dependence of the electrochemical potential of electron injection on the 
confinement energy must be caused by Coulomb repulsion. 

 
Figure 4-9 Quenching potential of CdSe quantum dot assemblies of different nanocrystal 
sizes, as a function of the single-particle electron-confinement energy. The line is a guide to 
the eye that illustrates the strong dependence of the quenching potential on the confinement 
energy: the slope of this line is ~ -3. This is an indication that, besides confinement energy, 
there are other important factors that determine the electrochemical potential of electron 
addition. 
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The broadening of the electrochemical potential for electron addition to the 1Se 
level (see Figure 4-8) can be due to several effects: (i) the homogeneous linewidth 
of the 1Se level, (ii) the size-dispersion in the ensemble of nanocrystals, leading to 
inhomogeneous broadening and (iii) Coulomb interactions with charges present in 
the assembly. If the first two effects are the only causes of broadening they can be 
taken into account by assuming that the energy level is a Gaussian function of 
width w. The relation between the number of 1Se electrons per quantum dot and 
the electrochemical potential (µ~e) is then given by:  

 
Figure 4-10 1Se orbital occupation as a function of potential for an assembly of 8.4 nm 
quantum dots shown on a linear scale (A) and a logarithmic scale (B). The symbols are 
experimental data points, the solid line is a calculated curve based on the inhomogeneous 
broadening of the 1Se level. The dashed curve is obtained with a model that includes 
electron repulsion within the assembly (see text). 
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where E1S is the center of the broadened 1Se energy level. The Gaussian width w 
can be estimated from the absorption spectrum of a dispersion of quantum dots. In 
these spectra, the first transition peak is well resolved. The width of this absorption 
feature is determined by the homogeneous widths of the 1Se conduction level and 
the 1S3/2 valence level and by the inhomogeneous broadening due to size 
dispersion. We assume the latter to be the main cause of broadening. Since the 
effective mass of holes in CdSe is significantly larger than that of electrons, the 
inhomogeneous broadening of the hole level will be smaller. The Gaussian width 
of the optical transition can, therefore, be used as an upper estimate for the 
Gaussian inhomogeneous width of the 1Se level. 

Figure 4-10 shows the 1Se electron occupation for an assembly consisting of 8.4 
nm CdSe quantum dots. The Gaussian width of a dispersion of the quantum dots 
shown in Figure 4-10 is 56 meV. The black curve is obtained by entering this value 
as the Gaussian width w in equation 4-5. Clearly, the real charging curve has a 
different shape and is more broadened than the calculated curve. It is thus evident 
that there are more causes of broadening than the homogeneous linewidth and the 
polydispersity of the ensemble of quantum dots. It has been noted previously that 
the dependence of charging on potential can be fitted accurately with an “effective 
temperature” of 620 K but no satisfactory explanation has been put forward[14]. It 
has also been suggested that the additional broadening may be caused by the 
charging energy of the nanocrystals, since the 1Se state can accommodate two 
electrons[14]. However, since the broadening is also apparent at low electron 
occupation where there is less than one electron per quantum dot, the intra-particle 
electron-electron repulsion (i.e. the charging energy) alone cannot explain the extra 
broadening. Below, we propose a simple model that takes into account the 
Coulomb repulsion of the injected electron with all electrons that are present in the 
assembly; thus not only the electrons present within one given quantum dot. 

 

4.3.5 The energetics of electron charging: a model based on 
electronic Coulomb repulsion 

In the electrochemical charging of thin films it is usually assumed that counter 
ions from the electrolyte permeate the whole film and effectively screen all charges 
from their surroundings[5, 18, 20, 21, 30].  An observed Coulomb blockade has in 
this view been attributed to electrostatic repulsion within a single nanoparticle. We 
propose here that the electrolyte screening is effective, but not complete. If this is 
so, the Coulomb repulsion between electrons on neighbouring quantum dots will 
not be negligible.  
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Consider a model case of a perfect face-centered cubic (fcc) quantum-dot lattice 
with 1 electron per quantum dot. The charge of the electrons injected into the 
quantum dots is compensated by positive ions in the octahedral or tetrahedral 
holes. It is obvious that these holes must be interconnected to allow for three-
dimensional charge insertion. If we assume that a positive ion resides in each 
octahedral hole the assembly will be overall neutral. This charge-ordered system 
mimics a rock-salt ionic lattice; the electrostatic energy of each electron would then 
be described by an equation similar to that of the lattice energy, i.e.  

  
2

4 o QD

eE M
rπεε

−
=  4-6 

where rQD is the radius of the quantum dot and M is the Madelung constant typical 
for the lattice. The Madelung constant for a rock-salt lattice is 1.748. For a 
nanocrystal radius of 2 nm and a dielectric constant of 10 eqn. 4-6 yields a 
stabilizing Coulomb interaction of -125 meV per injected electron. However, a 
stabilizing Coulomb interaction cannot explain the observed broadening of the 1S 
orbital occupation; from the experimental charging curves in Figure 4-8Figure 4-10 
it is clear that the net Coulomb interaction is repulsive. The net Coulomb repulsion 
rather than attraction suggests that the distribution of the positive ions is not fully 
uniform. This is no surprise, since the assemblies themselves are no perfect fcc 
supercrystals but have a significant degree of disorder. To calculate the resulting 
Coulomb repulsion we evaluate the interactions between the injected electrons 
only and account for the electrolyte by an effective dielectric constant screening 
this repulsion. 

We assume an equilibrium situation, where the electrostatic repulsion in the film 
is minimized. This means the electrons will be distributed such that their mutual 
separation is largest, i.e. in an fcc arrangement. The electrons may reside in 
conduction band energy levels or in localized states. For simplicity, we make no 
distinction between these cases and assume that their Coulomb potential is the 
same. A further simplification is that we take into account only the electron 
repulsion between nearest neighbours, i.e. the nearest injected electron, not the 
nearest nanocrystal. As mentioned above, screening by the electrolyte is taken into 
account as an effective static dielectric constant εeff of the whole film (nanoparticles, 
solvent and counterions). The interaction between next-nearest neighbours and 
electrons at even larger distances can be calculated, but will only lead to a larger 
effective dielectric constant, not affecting the main results of this model. When the 
number of electrons per nanocrystal is more than 1 there is additional repulsion 
between electrons within the nanocrystal. This intraparticle repulsion has been 
calculated for CdSe nanocrystals by Lannoo et al.[29] and is expressed by 

 
ε ε πε
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Here dnc is the nanocrystal diameter, εin is the dielectric constant of the CdSe 
nanocrystals, which is taken to be 8.9[29, 31] and εout is the static dielectric constant 
outside the nanocrystals. The latter will be some value determined by the solvent 
(acetonitrile, ε = 37.5), the organic capping layer (pyridine, ε = 12.5) and the 
counterions. We have used the dielectric constant of acetonitrile for the calculations 
described here but note that the electron repulsion is very insensitive to this value 
as long as it is larger than ~10. 

The final function describing the number of electrons per quantum dot that 
reside in a 1Se level now becomes 
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A full derivation of this equation is available in appendix I. The electron repulsion 
Erep depends on the total number of electrons per nanocrystal n=n1S+nloc; nloc is the 
number of electrons per nanocrystal trapped in bandgap states. For n§1 the 
repulsion energy is given by   
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while for n>1 it becomes 
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Equation 4-8 was solved self-consistently, since n appears on both sides, with a 
program written in C++. In this model there are two system parameters: the 
effective dielectric constant εeff and the number of localized states per nanocrystal 
nloc. These two parameters determine the shape of the charging curves shown in 
Figure 4-8 and Figure 4-10, and also determine the shift of the electron addition 
energy with respect to the single-particle addition energy (see Figure 4-9). The 
same unique combination of these parameters invariably leads to best description 
of the experimental data. 

The dashed curve in Figure 4-10 was calculated using equation 4-8 with a 
dielectric constant of 40 and 0.05 localized states per quantum dot. Figure 4-8A 
shows the occupation of the 1Se orbitals as a function of potential, for different 
sizes of quantum dots, with their matching fits according to equation 4-8. This 
simple electron repulsion model describes the experimental data very well, 
especially at low electron occupation. It is clear that electron-electron repulsions, 
also those between electrons not present in the same nanocrystal, have to be 
included to explain the charging of CdSe quantum-dot solids.  

The best fits require a variation in the dielectric constant εeff and the number of 
localized bandgap states nloc from sample to sample. εeff varies from 20 to 60, values 
that seem reasonable compared to the dielectric constant of the solvent 
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(acetonitrile, ε = 37.5). In principle, we would expect the dielectric constant of the 
film to increase with increasing charge concentration. This is in fact observed in 
measurements of the temperature dependence of conduction (see chapter 7) but 
has been disregarded in the present model. 

The variation from sample to sample in the electrochemical potential of electron 
injection in the CdSe quantum-dot solids can be explained by the variation in the 
density of localized states. The electron repulsion shifts the electron addition 
energy to values higher than one would expect on the basis of the single-particle 
addition energy.  Indeed, the larger number of localized states and the smaller 
effective dielectric constant necessary to describe the shape of the left curve in 
Figure 4-8B (diamonds), largely explains the lower quenching potential of this 
sample. The trend seen in Figure 4-8 and Figure 4-9 of steeply increasing electron-
addition energy with decreasing nanocrystal size is also qualitatively explained by 
the model: the electron repulsion is larger for smaller diameters, shifting the 
electron addition energy to higher values. 

 

4.4 Conclusions 
In summary, we have measured electrons injected into CdSe quantum dot 

assemblies and assigned their electronic state by using a combination of optical 
and electrochemical techniques. We have shown that this combination can be used 
to distinguish unambiguously between localized and delocalized orbital 
occupation. Furthermore, we have shown that charge interactions shift the energy 
of all excitonic transitions to the red and that this effect is clearly visible in the 
absorption spectra of quantum dot systems charged with electrons in both 
localized and delocalized orbitals. 

Finally, we have shown that Coulomb repulsion between electrons in different 
nanocrystals cannot be neglected in the charging characteristics. Repulsion leads, 
in principle, to a uniform spreading of the electrons over the 1Se orbitals in the 
assembly. Our simple electron repulsion model can explain the observed 
differences in the electron addition energy of different samples, the broadening of 
the electron occupation as a function of potential and the strong dependence of the 
electron addition energy on diameter.  

In general we have shown that the charge located in electron traps plays an 
important role in the charging characteristics of the assembly, and in shifts of the 
excitonic transitions. The strong variation in the density of these electron traps that 
we encountered suggests that they are not intrinsic to the CdSe quantum dots. We 
believe that the electron traps are related to chemical impurities such as O2 and H+ 
that adsorb on the nanocrystal surface in the assembly, for instance O2+e-VO2

-. 
Although all measurements were performed under inert conditions, traces of 
gaseous impurities are present. It is clear that such effects must be avoided in 
future opto-electronic applications based on quantum dot assemblies. 
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Appendix I  Mathematical derivation of the electron 
repulsion model 

We assume an equilibrium situation where the Coulomb repulsion between the 
electrons in the film is minimized. The electrons will be distributed to give 
maximum separation, i.e. in a face-centered cubic arrangement. In this case one can 
attribute a sphere with volume Ve to each electron: 
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Here N is the total number of electrons injected into the assembly and γfill is the 
filling factor (or packing fraction) of the fcc geometry. N can be expressed as a 
function of the number of electrons per nanocrystal n: 
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where n is the total number of electrons per quantum dot, including localized 
states (n=n1S+nloc). Using these equations we can write the volume per electron as: 

 
π

µ
µ

=
3

( )
6 ( )

nc
e e

e

dV
n

 4-13 

where dnc  is the nanocrystal diameter. This gives a  radius re per electron of 

 µ µ−= 1/31
2( ) ( )e e nc er d n  4-14 

In this model we only take into account the electron repulsion between nearest 
neighbours. Screening by the electrolyte is taken into account by an adjustable 
effective dielectric constant of the film, εeff. Calculating the interaction between 
next-nearest neighbours and electrons at even larger distances can in principle be 
done and will lead to a larger value of εeff. Using only the 12 nearest neighbours of 
an fcc geometry the repulsion between one electron and its surroundings is 

 µ
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The electrostatic contribution to the electron addition energy Eee is given by 

 = + + −( ) ( 1) ( 1) ( )
2 2ee i i
N NE N U N U N  4-16 

Since the assembly consists of a large number of quantum dots, N>>1 and Ui(N) º 
Ui(N+1)  so that Eee can be written as 
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When the number of electrons per nanocrystal is larger than 1 there is additional 
repulsion between electrons within one nanocrystal. This intra-particle repulsion 
has been calculated for CdSe nanocrystals by Lannoo et al.[29] and is expressed by  
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Here εin is the dielectric constant of the CdSe nanocrystals, which is taken to be 
8.9[29, 31], εout is the static dielectric constant outside the nanocrystals. The final 
function for the number of electrons per quantum dot in a 1Se level now becomes 
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Erep is the total electrostatic contribution to the electron addition energy. It depends 
on the total number of electrons per nanocrystal n. For n§1 it is given by 

 µ µ=( ) ( )rep e ee eE E  ;n§1 4-20 

while for n>1 it becomes 

 µ µ= + − ⋅( ) ( ) ( 1)rep e ee e eeE E n J  ;n>1 4-21 
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Chapter 5  
Electrochemical doping of ZnO quantum-dot 
solids: higher electronic levels, solvent effects and 
ghost electrons 

 
Electron storage in ZnO quantum-dot solids was studied by electrochemical 
methods, combined with in situ optical absorption and electronic transport 
measurements. Charging of these QD solids leads to reversible occupation of 1S 
and 1P conduction levels. We give spectroscopic evidence for the occupation of 
these states and present an analysis to determine the number of conduction 
electrons per nanocrystals based on in situ optical measurements. With an electron 
repulsion model we explain the potential dependence of electron injection in 
different electrolytes and derive an effective dielectric constant of 69 in water, 60 in 
acetonitrile and 20 in tetrahydrofuran. In addition, it is shown that only half of the 
electrons occupy conduction orbitals when water is used as a solvent, while this is 
not the case for the other solvents. We speculate that the missing “ghost electrons” 
are related to the formation of hybridized conduction / hydrogen levels caused by 
protons at the surface of the NCs. Conductance measurements show a weak 
signature of 1S and 1P electron tunneling regimes, which agrees well with previous 
results of Roest et al.[1]. Finally, we conclude that there is strong local coupling 
between the nanocrystals and that electronic conduction is dominated by long-
range disorder. 
 

 

“Ghost electrons may be the ultimate limit of undeterminism.” 
Peter Liljeroth 
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5.1 Introduction 
The possibility of assembling nanocrystals (NCs) into ordered or glassy arrays 

allows them to be used as technological devices in many (opto-)electronic 
applications, from low-threshold lasers[2] to field-effect transistors[3]. Many, if not 
all, of these applications depend on the control of the orbital occupation of the 
nanocrystals. Charge carriers can be introduced chemically by internal[4] or 
external doping[5, 6]. Alternatively, one may try to dope the nanocrystal arrays 
reversibly in a field-effect transistor[3]. However, the highest degree of control has 
been obtained by electrochemical gating. This technique is applicable to many 
different nanocrystals[1, 6-8] and can be used to introduce up to ~10 electrons per 
nanocrystal in a reversible way. The technique relies on external charge 
compensation by ions from an electrolyte solution which occupy the voids between 
the nanocrystals and screen the charge of the carriers. On a macroscopic scale the 
assembly is therefore uncharged. However, questions remain with regard to the 
details of the energy landscape. 

Roest et al. reported the introduction of up to 11 conduction electrons per 
nanocrystal in arrays of ZnO quantum dots in an aqueous electrolyte[1]. This 
number was strongly contested by Shim and Guyot-Sionnest[9] who argued that 
there were, at the most, 2 conduction (1Se) electrons and that the remaining 
electrons occupied trap states. In the first part of this chapter we provide 
spectroscopic evidence for the occupation of 1Pe states. Roest et al. put forward a 
hypothesis that in aqueous electrolytes protons are responsible for the 
exceptionally efficient charge compensation[10]. It was conjectured that the 
protons act as shallow donor states, in agreement with recent theoretical[11] and 
experimental[12] evidence. We present here a detailed optical study of 
electrochemically charged ZnO nanocrystals in aqueous and different non-aqueous 
electrolytes. We show that the screening by the electrolyte is indeed more efficient 
in water than it is in non-aqueous systems. However, we also show that there are 
large differences between different non-aqueous electrolyte solutions and conclude 
that the dielectric constant of the solvent is the determining factor. We use a simple 
model that takes into account the electron-electron repulsion between 
neighbouring charged nanocrystals[7], and are able to estimate the effective 
dielectric constant of the charged quantum-dot assemblies. 

 

5.2 Experimental 
The ZnO nanocrystals were prepared by a modification of the synthesis 

described in ref [13]. An ethanolic zinc-precursor solution was prepared by adding 
1.10g (5 mmol) of Zn(Ac)2·2H2O (98%, Aldrich) to 50 ml of boiling ethanol (p.a. 
Merck).  This mixture was allowed to boil for >30 minutes and was cooled to room 
temperature. 0.29 g (7 mmol) of LiOH·H2O (95%, Aldrich) was ultrasonically 
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dissolved in 50 ml of ethanol. This solution was quickly added to the zinc acetate 
solution under vigorous stirring. Nucleation and growth are immediate; the size of 
the nanocrystals could be controlled by the growth time. Figure 5-1 shows the 
evolution of the absorption spectrum of the nanocrystals with growth time. After 
~15 min cold hexane was added to the reaction mixture (3:1), the nanocrystals 
precipitated and the reaction stopped. The precipitate was collected, redispersed in 
ethanol and washed once more with hexane and once with acetone. Precipitation is 
accelerated by gentle centrifugation (1500 rpm, 3 min). Higher rotation speeds lead 
to precipitates that cannot be fully redispersed in ethanol. The nanoparticle 
dispersions were stored at -20ºC, to prevent further growth. 

The absorption spectra shown in Figure 5-1 contain two distinguishable 
features. The maxima of these features can be found by taking the second 
derivative spectrum (gray dash-dotted line in Figure 5-1) and identifying the 
minima; this yields 3.80 eV and 4.51 eV for the spectrum taken after 12 minutes. If 
it is assumed that these features correspond to the 1Se1Sh and 1Pe1Ph excitonic 
transitions of the NCs, the difference between the maxima corresponds to the SP 
intraband energy-difference of electrons and holes combined:  ∆SPe+∆SPh.* 
Meulenkamp has published a calibration curve relating the wavelength at half 
maximum of the first exciton λ1/2 to the diameter of the nanocrystals [14] . After 12 
minutes of growth λ1/2 = 323 nm which, according to the calibration, corresponds to 
a diameter of 2.65 nm.  The confinement energies of the conduction electrons were 
calculated in the tight-binding approach by Niquet [15]. For 2.65 nm ZnO 
nanocrystals they find ∆SPe = 0.54 eV. Using the effective masses of electrons and 
holes (m*e = 0.24, m*h = 0.59 [16]) we can estimate ∆SPh to be 0.24/0.59*SPe = 0.22 eV. 
Thus, the 1Se1Sh and 1Pe1Ph excitons for this size of nanocrystals should be 

                                                           
* It was assumed that the exciton binding-energy and electron and hole self-polarization 
energies are the same for the S and P levels. 

 
Figure 5-1 Optical absorption spectrum of a dispersion of ZnO nanocrystals in ethanol at 
different growth times.  Also shown is the second derivative of the absorption after 12 min. 
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separated by 0.76 eV, very close to the experimentally determined value of 0.71 eV. 
It is therefore reasonable to assume the second feature corresponds to the 1Pe1Ph 
excitonic transition. 

The quantum-dot solids where prepared by a modified drop-casting procedure. 
An electrode (ITO or interdigitated gold on glass) was placed in a tight-fitting 
plastic container and 750 µl of concentrated NC dispersion was added. The 
container was closed (but not air-tight) to saturate the atmosphere with solvent. 
The films took roughly one day to dry. The substrates were subsequently heated to 
60ºC in an oven for 1 hour to further dry the film. This resulted in uniform films 
with a thickness that scaled linearly with the applied volume of dispersion 
(determined with a Tencor Instruments alphastep 500 Profilometer). Thicker films 
resulted in more reversible electrochemical charging and discharging. However, 
films that were thicker than ~1 µm could not be used for optical measurements 
since the absorption was too strong. Good results were obtained with films 
between 750 nm and 1 µm thick. 

All measurements were carried out in a home-built, air-tight, electrochemical 
cell. The electrode with the quantum-dot solid was used as working electrode, the 
counter electrode was a platinum sheet and the reference electrode was a standard 
calomel electrode (SCE, aqueous electrolyte) or a silver wire (non-aqueous 
electrolytes). The potential of this silver wire was calibrated with the 
ferrocene/ferrocenium couple, when necessary. The electrolyte was a nitrogen 
purged pH 8.0 phosphate buffer (prepared by adding 500 ml of 0.1 M KH2PO4 in 
demineralized water to 461 ml of 0.1 M KOH in demineralized water) or 0.1 M 
LiClO4 in anhydrous and oxygen-free acetonitrile (ACN) or tetrahydrofuran (THF). 
The cell was loaded and sealed inside a N2 purged glovebox. The potential was 
controlled with a CHI832b electrochemical analyzer. 

The density of states of the quantum-dot solids was determined via potential-
step differential capacitance measurements. A small step was applied in the 
potential of the working electrode and the current was monitored. The integrated 
current corrected for a Faradaic background current gives the charge that is 
introduced into the sample after the potential step. The injected charge is 
proportional to the differential capacitance at the electrochemical potential of the 
working electrode: C(V) = ∆Q/∆V. This is a direct measure of the density of states 
of the quantum-dot assembly[17]. Figure 5-2A shows the differential capacitance 
together with a cyclic voltammogram (CV) of an assembly of 3.6 nm ZnO 
nanocrystals in phosphate buffer. Although the CV is quite symmetric for this 
sample, the differential capacitance plot is even more symmetric and reveals more 
structure, pointing to the reversible injection and extraction of electrons. The 
accumulated charge can be determined from these measurements, as shown in 
Figure 5-2B. The injected charge measured by the differential capacitance method 
is considerably higher than that determined from the CV. This is a result of the fact 
that in the scanning mode there is not enough time for the electrons to reach 
electronic equilibrium. Therefore, we have always used differential capacitance 
measurements to quantitatively determine the injected charge. 
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For in situ optical measurements ITO on glass was used, or a specially designed 
“optical window” on an interdigitated electrode, which consisted of a grid of gold 
bars with a separation of 100 µm. In the latter case the substrate was 0.5 mm 
borosilicate glass, thin enough to allow some transmission of light down to ~200 
nm. Absorption spectra were obtained with a Perkin-Elmer Lambda 16 UV/VIS 
spectrophotometer. For conductance measurements the same home-built 
interdigitated electrodes were used. Each electrode had two different non-
conducting gaps for two sensitivity ranges. The most sensitive gap that was used 
had a width of 3 µm and a total length of 13.6 m.  More details about the 
electrochemical cell and interdigitated array electrodes can be found in chapter 1. 

 

5.3 Orbital occupation determined via in situ optical 
spectroscopy 

As mentioned above, Roest et al. claimed to be able to charge ZnO nanocrystals 
with up to 11 electrons, sequentially filling the 1Se, 1Pe and 1De conduction 
orbitals[1]. The debate that followed that publication focussed on the assignment of 
electrons in conduction levels higher than the 1Se level [9]. It was argued that there 
is no spectroscopic evidence for the occupation of 1Pe levels, and that the 
electrochemically determined charge could partly reside in trap states. In this work 
we present a more detailed spectroscopic investigation of the orbital occupation. 
We were able to determine the total number of conduction electrons per nanocrystal 

 
Figure 5-2 Electron charging and discharging of an assembly of 3.6 nm ZnO nanocrystals in 
phosphate buffer, measured in scanning mode (full lines, 100 mV/s) and in steady state 
(solid squares, 25 mV steps). A) The cyclic voltammogram and the differential capacitance of 
the same sample. Although the CV is quite symmetric, the differential capacitance plot is 
even more reversible and reveals more structure. B) The total injected charge determined 
from the cyclic voltammogram (full lines) and from the differential capacitance (solid 
squares) shown for charging and discharging. The charge determined from the differential 
capacitance is much more “reversible” and more importantly, significantly larger. 
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from spectroscopic measurements and we show that there is spectroscopic 
evidence of 1Pe occupation. 

Figure 5-3 shows absorption spectra of a dispersion of 3.3 nm ZnO nanocrystals 
(full squares) and a film prepared from this dispersion (solid line). It is well known 
that the absorption spectrum of a film of ZnO nanocrystals exhibits a red-shift with 
respect to that of NCs in dispersion [1, 18]. This is in contrast to assemblies of CdSe 
NCs where no observable red-shift was encountered (see chapter 4). Since we have 
used very moderate temperatures to dry the films (60ºC), and since the absorption 
spectrum still exhibits quantum confinement and retains the excitonic features of 
the dispersion, we believe that the films still consist of individual nanocrystals and 
that sintering has not occurred. The red-shift results from overlap of the 
conduction and valence orbitals of neighbouring quantum dots; i.e. there is 
considerable coupling between the dots. The red-shift shown in Figure 5-3 
corresponds to an increase in the “effective diameter” of the nanocrystals from 3.3 
nm to 4.0 nm. 

Absorption spectra of the same film are also shown in Figure 5-3 for potentials at 
which electrons are injected into the film. As described in chapter 4, injecting 
electrons into conduction orbitals has two effects. The injected “spectator” 
electrons quench the optical transitions involving the now occupied conduction 
levels and induce a red-shift of other transitions, since the Coulomb attraction 
between spectator electrons and exciton holes is larger than the Coulomb repulsion 

 
Figure 5-3 Absorption spectra of a dispersion of 3.3 nm ZnO nanocrystals in ethanol (solid 
squares) and a film prepared from the same dispersion (solid line). When a sufficiently 
negative potential is applied to the film (-1.00V vs. SCE, dashed line, -1.25V vs. SCE, dotted 
line), electrons are injected into conduction orbitals and absorption quenching occurs (see 
text). Also shown are the absorption differences between the charged and neutral films. 
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with exciton electrons (see Figure 4-4 and ref. [19]). Quenching of the first exciton is 
clearly observed, as well as an increase in the absorbance at higher energies, visible 
as a positive maximum in the absorption difference in Figure 5-3.  

In analogy to the red-shift in the optical transitions in CdSe (chapter 4) one 
could assign the observed increase in absorption to a red-shift of the 1Pe1Ph 
transition. There is, however, no clear sign of a negative absorption difference at 
higher energy that would accompany such a red-shift (see Figures 4-5C and D). 
Therefore it cannot be ruled out that the increase in absorbance is caused by 
another effect. For example, the addition of electrons to the nanocrystals may lead 
to an increased oscillator strength of the 1Pe1Ph transition. However, it is expected 
that the injected electrons weaken the other optical transitions. The spectator 
electrons will repel the electron and attract the hole of a newly generated exciton, 
thereby separating it spatially and reducing its intensity[20]. Another possibility is 
optical transitions of the injected 1Se electrons to higher levels in the conduction 
band. This is shown schematically in Figure 5-4. It is known that the 
electrochemical injection of electrons induces transitions in the near infrared (e.g. 
1Se to 1Pe) [21]. At higher energies the conduction levels are more densely spaced. 
It may be possible optically to excite a 1Se electron to this so-called conduction-
band manifold. This transition would occur in the visible or UV. Since there are 
many conduction levels in the manifold the corresponding absorption should be 
very broad. However, there is no evidence for transitions in the bandgap between 
900 nm and 360 nm. Only at ~310 nm an induced absorption is visible which has a 
width comparable to the 1Pe1Ph interband absorption. Therefore, the increase in 
absorption cannot be ascribed to an intraband transition. 

The black squares in Figure 5-5 show the integrated relative quenching (relative 
absorption difference integrated over the whole spectrum, Û[∆A(E)/A(E)]dE) as a 
function of  injected charge. The integrated relative quenching is well described by 
a straight line that passes through the origin. At higher charge concentrations the 
integrated quenching again gives a straight line, albeit somewhat less steep. As 
noted before by Roest [18] the fact that the absorption quenching starts as soon as 

 
Figure 5-4 Scheme of possible intraband transitions after addition of a conduction electron. 
Transition a is in the NIR. Transition b would be in the visible or UV. 
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charge is injected implies that no electrons are lost in bandgap states. The same can 
be concluded from the prompt increase in conductivity with the injection of 
electrons (see section 5.5).  

As explained in the previous chapter, the occupation of a conduction orbital can 
be determined by the relative quenching (RQ) at a wavelength corresponding to an 
excitonic transition involving that orbital. For the 1Se occupation the following 
relation holds: 

 1
1 1 1 , 12( ) ( )/ ( )S S S neutral SRQ V A V A n V= −∆ =  5-1 

where n1S is the number of 1S electrons per nanocrystal. The 1Se occupation is 
probed by monitoring the relative quenching at the first exciton maximum (1Se1Sh 
exciton), which is at 347 nm for this assembly of 3.3 nm nanocrystals. This is shown 
as the open circles in Figure 5-5. As a result of coupling between NCs the “effective 
diameter” in the assembly is 4.0 nm (λ1/2 = 355 nm). Using the SPe separation from 
tight binding [15] and estimating SPh from the effective masses, we estimate the 
1Pe1Ph exciton to be 0.40 eV higher in energy than the 1Se1Sh exciton, at 312 nm. We 
have also included the relative absorption difference at this wavelength, as a probe 
of the 1Pe occupation (open triangles in Figure 5-5). 

At low charge concentration the occupation of 1Pe levels is negligible. As a result 
the relative quenching is completely caused by 1Se electrons and the relative 
quenching of the first exciton is linear with injected charge. At higher charge 

 
Figure 5-5 The integrated relative quenching (the absorption difference integrated over the 
whole spectrum), as a function of injected charge (solid squares). The relation is linear and 
passes through the origin, indicating the absence of bandgap states. The relative absorption 
difference (-∆A/A) at the first exicton (347 nm, open circles) and second exciton (312 nm, 
open triangles) are also shown. At low charge concentration, the occupation of 1P states is 
negligible and the relative quenching of the first exciton is linear with injected charge. 
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concentration 1Pe levels are also filled causing a deviation of this linear relation. 
We can use the linear relation at low charge concentration to determine the 
number of 1Se charges per nanocrystal and, since we know that the total number of 
conduction electrons is linear with injected charge, we can extrapolate this value to 
obtain the average number of conduction electrons per nanocrystal, <n>, at any 
charge concentration: 

 ( )
<

< >= ⋅1

1 0.3
2 ( )S

SRQ

dRQn V Q V
dQ

 5-2 

For the assembly used in Figure 5-5, the slope of the 1S relative quenching is 
2040 C-1, which corresponds to 1.5·1015 NCs in the assembly†. Extrapolating, we 
find <n> = 2 at 0.48 mC (vertical dashed line). 

There are two causes of uncertainty in the determined value of <n>. First, there 
is the uncertainty of the total injected charge, i.e. the uncertainty in the 
measurement of the differential capacitance. With ZnO NC assemblies, for which 
the background currents are small and the differential capacitance plot is 
completely symmetric, we believe this error to be no more than a few percent. The 
second cause for uncertainty is the size (and site) dispersion of the nanocrystals. 
This results in a spread of 1Se1Sh energies. Probing the 1S relative quenching at 
different energies leads to different potential (or charge concentration) 
dependencies and, hence, to a different value of <n>. If a wavelength of 5 nm 
lower or higher than the maximum is used the determined value of <n> is 25% 
lower and 40% higher, respectively. To minimize this error we have used the 
energy at the maximum of the transition, determined via the second derivative 
spectrum, to probe the 1S relative quenching.  

If we turn to the relative quenching of the 1Pe1Ph transition we see that it is, in 
fact, negative at low charge concentrations. This is caused by the increase in 
absorption at energies above the first exciton discussed above. At higher charge 
concentration (above <n>~2) filling of the 1Pe levels dominates and quenching of 
the 1Pe1Ph transition is observed. The smaller slope of the integrated relative 
quenching at electron concentrations <n> > 2 reflects a smaller oscillator strength 
of the 1Pe1Ph transition, compared to the 1Se1Sh transition, as expected from tight-
binding theory [22]. 

In previous work the number of electrons per nanocrystal was determined from 
the electrochemically injected charge in combination with an estimate of the 
number of nanocrystals in the sample [18, 23]. This estimate was obtained by 
elemental analysis of the zinc content of the film, combined with the average 

                                                           
† This number seems reasonable, as the film was prepared from 750 µl of NC dispersion. 
Assuming all nanocrystals are deposited in the film we obtain 3.3 µmol/l as a lower limit of 
the concentration of this dispersion. This is comparable to typical concentrated dispersions 
of other types of nanocrystals; the extinction coefficient (and thus the concentration) of ZnO 
NCs is unfortunately not known. 
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diameter and size-dispersion from TEM measurements. The uncertainty in the 
determined value of <n> is large (50%), as a result of uncertainties in the exact size, 
shape and dispersion of the NCs and uncertainties in the measurement of the zinc 
content (e.g. unreacted ZnAc2 may influence the results). 

We would like to stress a few benefits of using the optical analysis described 
above to determine the orbital occupation. First and foremost, the optical analysis 
determines the number of conduction electrons, in contrast to the total number of 
electrons, which may include trap states. Second, we estimate the error in <n> to be 
significantly less than 50%. Third, the optical analysis provides the orbital 
occupation of 1S electrons and 1P electrons separately (assuming 1D occupation is 
small) and fourth, the optical analysis can be performed in situ, without the need 
of elaborate posterior chemical analysis. 

The optically determined number of electrons per nanocrystal is plotted together 
with the differential capacitance of an assembly of 3.3 nm ZnO nanocrystals in 
Figure 5-6. Also shown is a fit to three Gaussian functions (dotted lines: Gaussian 
components; solid line: sum) to get a rough idea of the 1S and 1P densities of 
states. The determined value of <n> corresponds well to the Gaussian fit of the 
differential capacitance, since we find that <n> = 2 when the 1S level is almost 
filled, and at the most negative potential the 1P levels appear partially filled, as 
<n> = 5.3. It should be noted that the values of <n> are a factor of two lower than 

 
Figure 5-6 The differential capacitance (black squares) of an assembly of 3.3 nm ZnO 
nanocrystals in phosphate buffer. Also shown are a fit to three Gaussian functions (dotted 
lines: Gaussian components; solid line: sum) and the optically determined number of 
electrons per nanocrystal (open circles). The potential at which <n> = 2 is indicated by a 
vertical dashed line. 
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those determined by Roest[18], who found <n>~11 at -1.2V vs. SCE. The reason for 
this difference will be discussed below. 

As a final evidence for the occupation of 1P conduction levels, we show the 
differential absorption ∆A/∆V‡ at two different potentials in Figure 5-7. Two well-
separated potentials are selected: -0.6V (solid squares) and -1.2V vs. SCE (open 
circles). The first of these corresponds to the lowest potential at which electrons are 
injected. It is therefore expected that the resulting differential absorption 
corresponds to the 1Se1Sh optical transition. At -1.2 V this transition is completely 
quenched and it is expected that the differential absorption correspond to the 
1Pe1Ph transition. The latter has a maximum that is ~0.25 eV higher in energy and a 
width that is roughly 3 times that of the differential absorption at -0.6V. The energy 
difference is not quite as large as the theoretically expected difference between the 
1S and 1P excitons (0.40 eV), but it seems too large to be explained by 1S excitons 
from NCs of different sizes. In addition, the considerably increased width of the 
differential absorption at -1.2V agrees well with the broader 1Pe1Ph feature in the 
absorption spectrum of uncharged NCs, which is also roughly three times as large 
as the 1Se1Sh transition (see Figure 5-1 and Figure 5-3)§. The larger width of the 

                                                           
‡ The differential absorption is obtained by taking the change in absorption ∆A for a single 
potential step of 25 mV and dividing this by ∆V (0.025 V). 
§ Since the density of states is lower at -0.6 V than at -1.2 V roughly three times fewer 
electrons are responsible for the differential absorption at -0.6 V. However, when the 

 
Figure 5-7 (A) The differential absorption ∆A/∆V shown for a 25 mV potential step at -0.6V 
(filled squares) and -1.2V vs. SCE (open circles). The differential absorption at -1.2V has a 
maximum that is 0.25 eV higher in energy. Both energy and width of the curves suggest that 
at -0.6V 1S electrons are injected, while at -1.2V 1P electrons are injected (see text). 
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1Pe1Ph transition is perhaps caused by asymmetry in the NC shape, which may lift 
the degeneracy of the 1P orbitals. 

In conclusion, we have shown in this section that charging of assemblies of ZnO 
nanocrystals leads to reversible occupation of 1S and 1P conduction levels. We 
have presented spectroscopic evidence for the occupation of 1P states and have 
presented an analysis to determine the number of conduction electrons per 
nanocrystal based on in situ optical measurements. 

 

5.4 The energetics of electron charging: effect of the 
solvent 

The fact that charging of ZnO quantum-dot solids in aqueous electrolyte is much 
easier than in non-aqueous electrolyte has been ascribed to the presence of protons, 
either on the surface or in the core of the nanocrystals, leading to particularly 
efficient screening [18]. In the previous chapter we have shown that the density of 
states for electron charging of CdSe quantum-dot solids undergoes a significant 
broadening from the repulsion between electrons on different nanocrystals and 
that the extent to which this repulsion is screened depends on the effective 
dielectric constant in the film. To investigate whether such interparticle repulsion 
is relevant for charging of ZnO NCs we have performed a comparative study in 
different electrolytes.  

We measured the differential capacitance and the in situ optical absorption to 
characterize the orbital occupation in three different electrolytes: a pH 8.0 
phosphate buffer (denoted as “water”), 0.1M LiClO4 in acetonitrile (ACN) and 
0.1M LiClO4 in tetrahydrofuran (THF). The same assembly of 3.3 nm ZnO 
nanocrystals was used for all experiments. To check that damage to the film did 
not influence the results, we repeated the experiment, reversing the electrolyte 
sequence. From the fact that very similar results were obtained we conclude that 
damage to the film was negligible. We also checked that the results did not depend 
on the cation used (Na+, K+, Li+ or tetrabutylammonium). 

Figure 5-8A shows the differential capacitance measured in the three different 
electrolytes. The potential window of electrochemical stability is much larger in 
acetonitrile and tetrahydrofuran than in water, allowing measurements down to 
considerably more negative potentials. It is clear that the differential capacitance is 
much smaller in ACN than it is in water, while it is again much smaller in THF. As 
the same sample is used for all measurements, the differential capacitance values 
can be directly compared. Thus, in the same interval of the electrochemical 
potential much more charge can be injected when water is the solvent.  

                                                                                                                                                    
differential absorption with respect to injected charge (∆A/∆Q) is plotted the same ratio of 
widths is obtained. 
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The current response after a potential step of 25 mV, at a potential of -1.0 V vs. 
SCE is shown in Figure 5-8B. The background current was subtracted and the 
current was normalized. It is clear that the current response is fastest in water, a 
little slower in acetonitrile and much slower in THF. It takes 30 s for the current to 
reach a steady-state value in THF. For this reason the integration times used to 
measure the differential capacitance were 6 s for water, 10 s for acetonitrile and 30 
s for THF. The current response represents the RC time of the assembly. Since the 
RC time in THF is ~10 times larger, and the (differential) capacitance is ~10 times 
smaller than in water, the resistance for charging of the film is ~100 times larger in 
THF. Again, it is clear that it is much more difficult to charge the assembly in THF 
than it is in water, while ACN represents an intermediate case. Since the difference 
between ACN and THF is unmistakable it seems unlikely that the presence of 
protons is the determining factor, as they are virtually absent in both organic 
solvents. 

Qualitatively, the differences can be explained by the static dielectric constants 
of the three solvents, which are given in Table 5-1. Water has a significantly higher 
dielectric constant than acetonitrile (~two times as large) and a much higher 
dielectric constant than tetrahydrofuran (~ten times as large). A larger dielectric 
constant will lead to a more efficient screening of the Coulomb repulsion between 
electrons on different NCs, requiring a smaller increase in the electrochemical 
potential for the addition of the same number of electrons. The relevant parameter 
in this context is an effective dielectric constant, which is determined by the solvent 
(Table 5-1), the ZnO NC cores (static dielectric constant of 8.35), and the cations in 
the voids of the assembly. Qualitatively we can conclude that the effective 
dielectric constant will decrease on going from water to ACN to THF. 

 
Figure 5-8 (A) The differential capacitance of a film of 3.3 nm ZnO nanocrystals in 
phosphate buffer (black squares), acetonitrile (open circles) and tetrahydrofuran (crossed 
open triangles). (B) Normalized current response following a potential step of 25 mV at -
1.00V vs. SCE. The response is fastest for phosphate buffer, a little slower for acetonitrile and 
much slower for tertahydrofuran is used. 
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To investigate the potential dependence of charge injection more quantitatively 
we look at the number of 1S electrons, n1S, determined via the relative quenching of 
the first exciton absorption. Figure 5-9A shows n1S as a function of potential, in the 
three different electrolytes. We have applied the electron repulsion model derived 
in the previous chapter to these experimental curves. An extensive explanation of 
the model can be found in section 4.3.4, and the mathematical derivation is 
included as Appendix I in chapter 4.  

Briefly, we assume an equilibrium situation in which the Coulomb repulsion 
between all electrons is minimized by maximizing their separation. This separation 
decreases with increasing electron concentration, resulting in an increasing 
Coulomb repulsion. The function describing the number of electrons per quantum 
dot in a 1Se level is: 
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E1S is the 1S addition energy without repulsion, w is the Gaussian width of the 
inhomogeneously broadened 1S level** and Erep is the total electrostatic contribution 
to the electron addition energy. Erep depends on the total number of electrons per 
nanocrystal n and, for n § 1, it is given by 
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where dnc is the NC diameter and εeff is the effective dielectric constant of the film. 
For n>1 the intraparticle electron-electron repulsion is included[24]: 
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Here εin is the static dielectric constant of the ZnO nanocrystals, which is taken to 
be the bulk value of 8.35, and εout is the static dielectric constant outside the 

                                                           
** As explained in chapter 4 w is estimated from the low energy side of the 1Se1Sh exciton in 
the absorption spectrum of a dispersion of the nanocrystals. 

Table 5-1 Dielectric constants of the solvents used in this paragraph 

Solvent Static dielectric constant 
(25ºC) 

Effective dielectric 
constant 

(from simulations) 
Water 78.5 69 
Acetonitrile 37.5 60 
Tetrahydrofuran 7.6 20 
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nanocrystals. The number of electrons per nanocrystal n is derived self-consistently 
with a program written in C++. For ZnO only conduction electrons are considered. 

The solid lines in Figure 5-9A and B were calculated with this model. At high 
charge concentrations, the experimental curves clearly deviate from the simulated 
curves. The reason for this is most likely the following: in the simulations only 1S 
electrons are included. At low charge concentration the difference between total 
electron occupation and 1S occupation is negligible, but as soon as 1P states are 
occupied this causes an additional Coulomb repulsion, making it more difficult to 
occupy the final 1S states. Alternatively, it is possible that eqn. 5-5 underestimates 
the intraparticle repulsions. For this reason the simulations focussed on the region 
below n1S = 1 (see Figure 5-9B). Here the agreement between the model and the 
experimental data is satisfactory. 

Only two parameters were varied to obtain the simulations shown in Figure 5-9: 
the exact position of the 1S energy level with respect to the Standard Calomel 
Electrode (E1S) and the effective dielectric constant of the film. E1S may vary 
slightly as a result of different polarization energies in the different solvents [25] or 
errors in the calibration of the potential of the Ag quasi-reference electrode. We 
found only a minor variation (80 mV) that appears to be within the experimental 
error of the reference calibration. The variation in the effective dielectric constant is 
much larger: we found εeff = 69 for water, εeff = 60 for ACN and εeff = 20 for THF.†† 
The trend in the effective dielectric constants agrees with the trend in the dielectric 

                                                           
†† In principle the dielectric constant of the film changes with potential, as electrons are 
introduced into the nanocrystals and cations into the voids. This effect was not included in 
the simulations. 

 
Figure 5-9 The number of 1S electrons per quantum dot n1S, determined via the relative 
quenching of the first exciton in the absorption spectrum and measured on a single 
assembly of 3.3 nm ZnO nanocrystals in water (solid squares), acetonitrile (open circles) and 
tetrahydrofuran (crossed triangles). A and B show the same curves; B focuses on the region 
below n1S = 1. The solid lines are simulated with equation 5-3. At high charge concentrations 
the experimental curves deviate from the fits (see text). Therefore the simulations focus on 
the region below n1S = 1. The simulation parameters εeff and E1S are given in the legend. 
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constant of the solvents, as listed in Table 5-1. The obtained values do not seem 
unreasonable, since the cations in the voids of the assembly can increase the 
dielectric constant to a value well above that of the solvent. 

In Figure 5-10 the integrated relative quenching is plotted as a function of 
injected charge for the three different electrolytes. As was already mentioned 
insection 5.3, the curves are linear below <n> = 2 (horizontal dashed line) and cross 
the origin. Above <n> = 2, the curves are again linear with a smaller slope, 
representing a smaller oscillator strength of the 1P excitons. While the relative 
quenching is very similar for ACN and THF, there is a striking difference with the 
relative quenching in water, in which twice the number of electrons is required to 
achieve the same quenching level. This same ratio was found by Roest for 
quenching in propylene carbonate and water[18]. There is only one possible 
conclusion: when phosphate buffer is used as electrolyte half of the electrons that 
are injected into the assembly do not occupy conduction orbitals. They must reside 
in localized states. Surprisingly, these localized states are not occupied before 
electrons are injected into the conduction band, since quenching and conductance 
occur as soon as electrons are introduced. In addition, the ratio of conduction 
electrons to “ghost” electrons (1:1) is constant in the entire range of the 
electrochemical potential that was investigated, since the relative quenching is 
linear with injected charge. Thus, the localized states have the same density as the 

 
Figure 5-10 The integrated relative quenching as a function of the injected charge for a single 
assembly of 3.3 nm ZnO nanocrystals in water (solid squares), acetonitrile (open circles) and 
tetrahydrofuran (crossed triangles). The slopes of the (linear) curves are very similar for 
acetonitrile and tetrahydrofuran and have close to twice the value of the slope in water. The 
horizontal dotted line indicates the integrated relative quenching where <n> = 2, 
determined with the optical analysis as described in section 5.3. 
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conduction levels (both in energy dependence and in absolute value), they can be 
filled and emptied fully reversibly and they only exist in the aqueous system. We 
do not know their exact nature; at this point we can only speculate. We tentatively 
propose that the localized states may be related to protons at the surface of the NC. 
These protons may capture an electron to form hydrogen. The corresponding 
chemical reaction would be the following: 

 [ ] [ ]−+ −− + −2core coreZnO H e ZnO H 5-6 

Considering the observed properties of the localized state this is only possible if 
hybridization of the hydrogen energy levels and the conduction energy levels 
occurs.  

As mentioned before it is known that hydrogen in bulk ZnO can act as a shallow 
donor [11, 12], with a Bohr radius of between 1.1 and 1.7 nm [26]. Such a shallow 
donor would be fully delocalized over a ZnO nanocrystal. The resulting 
conduction orbital would in fact be determined by the confinement potential and 
the Coulomb potential of the proton, drastically altering the “proton-free” orbitals, 
especially if the proton does not reside in the center of the nanocrystal. We expect 
this to change the absorption spectrum significantly. Since such a change was not 
observed we do not believe protons act as shallow donors in these experiments. In 
addition, the occupation of such a hybridized shallow donor/conduction orbital 
would be accompanied by the quenching of excitonic transitions, similar to the 
occupation of the conduction levels. 

On the other hand, hydrogen localized at the surface of the nanocrystal with a 
much smaller Bohr radius (i.e. closer to atomic hydrogen) will most likely not be 
optically active. We believe this to be the case; this surface-bound hydrogen is still 
coupled to the conduction orbitals in the core of the NC. Such a state would have 
three of the properties observed experimentally: occupation of the localized states 
only occurs in combination with occupation of conduction levels, it is reversible 
and only occurs in aqueous electrolytes. However it would not explain why the 
ratio between filling of conduction levels and localized states is 1:1, as one can 
easily imagine more than one proton forming such a state on a single nanocrystal. 
Additional experiments will be required to positively identify the mysterious ghost 
electrons. 

Finally, we present in Figure 5-11A the differential 1S occupation, dn1S/dV. This 
is obtained from the relative quenching of the 1Se1Sh exciton (dn1S/dV = 
2·dRQ1S(V)/dV). As the curves correspond to the number of electron injected in a 
potential step of 25 mV, they are proportional to the differential capacitance of the 
1S level only. When compared to the (very different) differential capacitance 
measurements in Figure 5-8 it seems surprising how similar the dn1S/dV curves are 
for acetonitrile and water. The curve for acetonitrile is only slightly broadened and 
shifted a little to more negative potentials, representing the marginally less 
efficient screening in acetonitrile. The large differences in the differential 
capacitance are caused by the “ghost electrons” in water. 
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As a result of the relatively inefficient screening in THF, fewer electrons are 
injected. We estimate that at the most negative potentials 3 to 4 electrons are 
present per quantum dot (see Figure 5-10). As a result, the differential capacitance 
for THF contains mainly the 1S charging function. The differential capacitance and 
dn1S/dV curve for THF are compared in Figure 5-10B. The fact that they are very 
similar suggests only limited 1P occupation. Thus the electrochemical and optical 
measurements present a fully consistent picture. 

 

5.5 Conductivity and electron mobility 
The source-drain geometry of the interdigitated electrodes allows measurement 

of the conductivity of the quantum-dot solids. There are different ways to measure 
this conductance. The first was used by Roest et al. [1] and is a steady state 
technique. The potential of both source and drain is changed in small steps and a 
suitable waiting time is chosen to allow the charge concentration to reach a steady 
state. Subsequently the potential of the source electrode is scanned from -10 mV to 
+10 mV with respect to the potential of the drain electrode. If the bias range is 
small enough and the charge concentration is in a steady state, the resulting 
current-bias curve is linear, and the slope yields the conductance. The conductance 
determined this way will be called the steady-state conductance. Alternatively, the 
potential of source and drain electrode can be scanned with a fixed bias between 
them. The current from both electrodes is recorded separately with a 
bipotentiostat. The sum of these currents is equal to the cyclic voltammogram of 
the whole sample, while half of the difference between them gives the 
conductance. This will be called the scanning conductance. The second approach 

 
Figure 5-11 A) The change of the number of 1S electrons per 25 mV step (dn1S/dV) in water 
(solid squares), acetonitrile (open circles) and tetrahydrofuran (crossed triangles). B) The 
differential capacitance in THF (open diamonds) shown together with the differential 1S 
occupation. The two experimental curves are very similar, suggesting only limited 1P 
occupation in THF. 
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has been used in the literature to measure the conductance in CdSe and PbSe 
quantum-dot solids [8, 27, 28]. 

Figure 5-12 shows the steady-state conductance and the scanning conductance 
(at 100 mV/s scan rate) of an assembly of 3.6 nm ZnO nanocrystals in acetonitrile 
at 230 K. The conductance is shown both for the forward and reverse scan.‡‡ There 
are clear differences between the scanning conductance and the steady-state 
conductance. First, the highest observed conductance is seven times higher in the 
latter case. This is caused by the fact that in the scanning mode there is not enough 
time for the electrons to reach steady state; i.e. the electron concentration is higher 
in the steady-state case (see also section 5.2). Second, there is a clear difference 
between forward and reverse directions in the scanning conductance. This 
hysteresis is absent in the steady-state conductance. The number of NCs in 
electrochemical contact to the electrode is not necessarily the same for the source 
and drain. This causes differences in the cyclic voltammograms of the two 
electrodes that create hysteresis when subtracting the currents to determine the 
conductance. In addition, the difference between source and drain electrode may 
lead to artificial features in the conductance.  Due to these difficulties, caution 

                                                           
‡‡ The conductance below -0.6V was measured with a sensitive interdigitated gap with a 
width of 10 µm and a length of 5.43 m. The conductance above that potential was measured 
with a gap of the same width and a length of 6 mm, which was included on the same 
electrode. The difference in sensitivity is a factor 905 and this factor is used to convert the 
conductance measured with the less sensitive gap. This is the reason that a conductance of 6 
S is possible. The contact resistance of the film (46 Ω for this sample), which is in series with 
the film resistance, will limit the experimentally determined conductance to 0.021 S. 

 
Figure 5-12 Conductance of an assembly of 3.6 nm ZnO nanocrystals in acetonitrile at 230 K. 
The conductance is measured on the same sample in steady state (black squares) and by 
scanning at 100 mV/s (scanning conductance, open circles). The inset shows the same 
curves on a logarithmic scale. 
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should be exercised when using the scanning technique. We have measured the 
steady-state conductance since it ensures that the above problems are  avoided. 

The conductivity is related to the linear conductance through the geometry of 
the measurement setup: 

 σ = ⋅
⋅
d dI

l h dV
 5-7 

Here d is the source-drain distance (gap width), l is the gap length and h is the 
height of the film, all expressed in cm, yielding the conductivity is S/cm. The 
electron mobility can be determined from the conductivity and the charge 
concentration N, which is obtained by dividing the injected charge by the film 
volume§§. There are two definitions of the mobility that are commonly used. The 
first is the differential mobility: 

 /µ σ=dif d dN  5-8 

which can be interpreted as the mobility of the last electron added to the sample. 
This definition has been widely used in papers on the mobility in quantum-dot 
solids [1, 8, 27, 28]. It has the benefit of enhancing small features in the 
conductivity. There is however a problem with this definition, since adding an 
electron to a quantum-dot solid changes the mobility of all electrons already 
present, by decreasing the number of available hopping levels (for more details, 
see chapter 7). The differential mobility should in fact become negative in an ideal 
quantum-dot solid if either the 1S or the 1P levels are more than half filled.  

A more appropriate definition is the average mobility: 

 µ σ= /av N  5-9 

Since σ is always positive the average mobility can never be negative. In an ideal 
monodisperse quantum-dot solid with <n> > 2, the electrons occupying 1Se levels 
are immobile and only the 1Pe electrons contribute to the conductivity. In such a 
situation, one could even consider the average shell mobility, where only the 
electrons in the highest occupied shell are taken into account in determining the 
mobility. In practice however there is always significant overlap between 1Se and 
1Pe levels of the assembly, making it more appropriate to look at the average 
mobility. 

Figure 5-13 shows the steady-state conductivity (solid squares) together with the 
differential (open circles) and average mobility (open triangles) for an assembly of 
3.6 nm ZnO NCs in acetonitrile as a function of the number of electrons per 
nanocrystal. It is clear that the conductance rises quickly as soon as charge is 
injected into the assembly. As was mentioned in section 5.3, this indicates the 
absence of localized bandgap states. There is little structure in the conductance vs. 

                                                           
§§ The charge concentration N obtained this way contains all electrons, including trapped 
electrons.  
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<n> curve. Some features are noticeable only when the differential mobility is 
plotted (open circles in Figure 5-13). This differential mobility agrees well with that 
reported by Roest et al.[18]; the leveling of of the mobility at <n> = 2 results from 
the filling of 1Se levels, before conductance between 1Pe levels fully takes over. The 
different quantum regimes in the conductance are significantly less pronounced in 
these ZnO quantum-dot solids than they are in CdSe quantum-dot solids (chapter 
4, ref. [6]) and PbSe quantum-dot solids [8]. This is a result of the larger size 
dispersion of the ZnO nanocrystals, which is ~20% [14] as compared to ~5% for 
CdSe [29] and PbSe [30] nanocrystals. The effect of the size dispersion on the 
conductance, investigated by Monte Carlo simulations, will be reported in the next 
chapter. 

From the measured value of the electron mobility the coupling energy hΓ can be 
estimated by making use of the Einstein-Smoluchowski relation: 

 µ= Bk T
D

e
 5-10 

where D is the diffusion coefficient. Diffusion is related to displacement x through 

 τ=x D  5-11 

where τ  is the average time between two tunneling steps, i.e. τ = Γ-1. Thus, the 
coupling energy is related to the mobility through: 

 1
2
µτ −Γ = = Bhk Th h

x e
 5-12 

 
Figure 5-13 Steady state conductivity (black squares) as a function of the number of 
electrons per nanocrystal, for an assembly of 3.6 nm ZnO nanocrystals in acetonitrile at 230 
K. Also shown are the differential and average electron mobility (open circles and open 
triangles respectively). 
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The highest (average) mobility shown in Figure 5-13 is 0.03 cm2/Vs. Using the 
nanocrystal diameter as the displacement x of a single tunneling step (i.e. assuming 
nearest neighbour hopping) we obtain a coupling energy of 19 µeV, 3 orders of 
magnitude  smaller than kBT  at 230 K. Thus, the value of the mobility shows clearly 
that there is only weak coupling between the quantum dots. This is in agreement 
with the activated temperature dependence of conductivity (see chapter 7), but in 
sharp contrast with the considerable coupling observed in the optical absorption 
spectra of assemblies. The assembly shown in Figure 5-3 exhibits a red-shift of ~140 
meV with respect to a spectrum of a dispersion of the same NCs. It appears that 
locally there is strong coupling between the quantum dots. However, the dc 
conductivity is determined by the rate-limiting step in a percolation network 
between the source and the drain electrode. Thus, long-range disorder, which has 
little effect on optical absorption measurements, is very important for the 
conductivity. We conclude that there are clusters of NCs that are strongly coupled. 
These clusters will consist of nanocrystals that, by chance, are closely spaced and of 
similar size (and thus similar energy).  As a result of disorder in size and packing 
the clusters will have a finite size; the coupling does not extend over the source-
drain distance of ~3 µm. A similar situation occurs e.g. in OC1C10 PPV, where at 
high charge concentration the absorption spectrum clearly shows that the sample is 
metallic, while the conductivity is thermally activated (see chapter 8). 
 

5.6 Conclusions 
We have shown in this chapter that charging of assemblies of ZnO nanocrystals 

leads to reversible occupation of 1S and 1P conduction levels. We have presented 
spectroscopic evidence for the occupation of 1P states and have presented an 
analysis to determine the number of conduction electrons per nanocrystals based on 
in situ optical measurements.  

Applying this analysis to the charging of ZnO nanocrystals in three different 
electrolytes we found that screening of the electron charge is most efficient in 
water, slightly less efficient in acetonitrile and markedly less efficient in 
tetrahydrofuran. Using a simple electron repulsion model to explain the results we 
have derived an effective dielectric constant of 69 in water, 60 in acetonitrile and 20 
in tetrahydrofuran. In addition, we have shown that only half of the electrons 
occupy conduction orbitals when water is used as a solvent, while this is not the 
case for the other solvents. This may be related to the formation of hybridized 
conduction / hydrogen levels caused by protons at the surface of the NCs. 

Conductance measurements show a weak signature of 1S and 1P electron 
tunneling regimes, which agrees well with previous results of Roest et al.[1] 
Finally, we conclude that electronic conduction is dominated by long-range 
disorder but that, locally, nanocrystals couple strongly, as evidenced by a red-shift 
in the optical absorption spectrum of several times the thermal energy kBT. 
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Chapter 6  
Electron transport in quantum-dot solids: Monte 
Carlo simulations of the effects of shell-filling, 
Coulomb repulsions, and site disorder 

 
A Monte Carlo model is presented for the hopping conductance in arrays of 
quantum dots. Hopping is simulated using a continuous-time random-walk 
algorithm, incorporating all possible transitions, and using a non-resonant 
electron-hopping rate based on broadening of the energy levels resulting from 
thermal fluctuations. Arrays of identical QDs give rise to electronic conductance 
that depends strongly upon level filling. In the case of low charging energy, metal-
insulator transitions are observed at electron occupation levels, <n>, that 
correspond to the complete filling of an S, P or D shell. When the charging energy 
becomes comparable to the level broadening, additional minima in conductance 
appear at integer values of <n>, as a result of electron-electron repulsion. A 
distribution in QD diameters leads to disorder in the energy levels, resulting in a 
washing out of the metal-insulator transitions and a net reduction in conductance. 
Simulation results are shown to be consistent with experimental measurements of 
conductance in arrays of ZnO and CdSe QDs that have different degrees of size 
disorder; this allows us to quantify the degree of size disorder. Simulations of the 
temperature dependence of conductance show that both Coulombic charging and 
size disorder can lead to activated behaviour and that size disorder leads to 
conductance that is sublinear on an Arrhenius plot.  

 
 
 
 
 

“Education is an admirable thing, but it is well to remember from time to time that 
nothing that is worth knowing can be taught.” 
Oscar Wilde 
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6.1 Introduction 
Semiconductor quantum dots (QDs) small enough that electronic wavefunctions 

are confined within the nanocrystal volume may be considered as “designer 
atoms” on account of the possibility of controlling the electronic structure by 
controlling the QD size. Assemblies of QDs can, in an analogous way, be 
considered as artificial or designer solids and can be prepared nowadays from 
many different nanocrystals, including ZnO, CdSe[1-4] and PbSe[5]. Electronic 
conductance in such solids is a function of the electronic interaction between QDs 
in the assembly, i.e. of the separation, intervening medium (barrier material), 
mechanism of charge transfer, and of the degree of disorder (in both size and 
packing) in the assembly as well as of the degree of shell filling due to conduction 
band electrons. The range of these parameters offers the possibility to explore 
electronic conductance in different physical regimes and, interestingly, the 
transitions between these regimes.  

In assemblies of ZnO semiconductor QDs, the electronic transfer integral 
between neighbouring QDs, hΓ, is expected to be only a fraction of a meV at room 
temperature[6] and therefore charge transport occurs by incoherent hopping 
between neighbouring QDs. Within this weak coupling regime, hopping 
conductance depends upon level filling, giving rise to “filling controlled” metal-
insulator transitions (MITs) with additional structure (bandwidth controlled MITs 
of the Mott-Hubbard variety[7]) introduced when the charging energy is 
significant. Conductance-level filling behaviour is further influenced by disorder in 
site energies and hopping distance. Thus by control of a few parameters, the 
characteristics of different transport regimes can be probed.  

The dependence of conductivity on level filling in QD solids has been studied 
experimentally by several research groups [8, 9] using the simple and elegant 
electrochemical gating method[10], whereby the electronic Fermi level is controlled 
through an applied electrochemical potential, whilst conduction is probed via a 
small (~ 10 mV) bias applied between two metal electrodes. Such studies have 
shown that QD solids display a dependence of conductance on <n> that is 
compatible with the filling of electron shells. In ZnO QD solids, conductance 
within the S shell is distinct from that via the P levels and reflects the expected 
degeneracy of those shells[8]. With solids of CdSe nanocrystals, higher 
conductance was again observed for P-type conduction than S shell conduction, 
and a maximum in the S-shell conductance was found at <n> = 1[3]. These effects 
are completely analogous to the filling-controlled MITs that have been studied in 
transition metal compounds in which the electron occupation of narrow D bands 
was varied by means of chemical doping[7].  

In order to interpret the experimental results that have been reported and to 
explore possible novel conductance regimes which have not yet been accessed 
experimentally, a theoretical framework for electron transport in QD solids is 
desired. In the strong coupling regime, relevant e.g. for metal nanoparticles, the 
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different transport regimes can be described via a band structure calculation using 
the Mott-Hubbard Hamiltonian in the tight binding approximation[11], but such 
studies are restricted to small systems with small occupation numbers. In the 
weak-coupling regime explicit modeling of disordered systems is considerably 
easier, since each state is localized on a single QD. Monte Carlo (MC) methods are 
well suited to the study of such systems as they readily allow the degree of 
disorder in QD size and packing to be varied, as well as the charging energy, 
occupation level and other parameters. Until recently, MC methods had been used 
only in a trivial way, to simulate hopping conduction in systems with only one 
level per nanocrystal[12]. Recently van de Lagemaat[13] presented a MC model for 
conduction in QD solids at room temperature. His simulations focused on the 
Einstein relation between mobility and diffusion constant. The simulations were 
based on a limited set of energy levels per quantum dot, which limits accuracy, 
and were restricted to room temperature. 

In this chapter, we present a Monte Carlo-based study of electron transport in a 
small three-dimensional QD array. Conduction proceeds by hopping between the 
orbitals on neighboring quantum dots, according to the tunneling rate based on 
thermal fluctuations in the energy levels, which was derived in chapter 2. A 
continuous-time random-walk algorithm is used to handle the multiple particles 
and levels in the system, and only single orbital occupancy is allowed. We monitor 
the linear conductance as a function of <n> in order to study the effects of shell 
filling, and address the behaviour both in the regime of the monodisperse and 
perfectly ordered QD solid and in the regime of disordered arrays. In each limit we 
study the effects of Coulomb blockade on the transport characteristics by varying 
the on-site repulsion energy with respect to kT.  We also study the temperature 
dependence of conduction in the different cases, and show how features resulting 
from size disorder and from Coulombic repulsion are manifest in the T 
dependence. Finally, we interpret the experimental data for ZnO and CdSe QD 
solids in terms of the model.  

We stress that Variable Range Hopping (VRH) mechanisms are not included in 
this model, since only hops to nearest neighbours are allowed. At a constant 
temperature the outcome of the simulations is expected to be very similar when 
VRH is included. This is especially the case at room temperature where VRH is 
relatively unimportant. Although we believe VRH to be important in the 
temperature dependence of electronic conductivity, many effects (of e.g. size 
disorder) are already visible in the nearest neighbour hopping picture presented in 
this chapter. Not including VRH in fact helps to clarify different effects on the T 
dependence of conductivity, which may be “hidden” by the T dependence of VRH. 
In chapter 7 we explicitly consider different VRH mechanisms. 

The present chapter is the result of a close collaboration with Rosemary 
Chandler and Jenny Nelson from Imperial College London. The actual Monte 
Carlo simulations were performed by Rosemary; the design of the physical model 
and the interpretation of the results as well as the comparison with experimental 
data were a joint effort. 
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6.2 Formulation of the model 

6.2.1 Model of electron conduction in a quantum dot lattice  
The quantum-dot assembly is modeled as a cubic lattice of dimensions X, Y, Z 

where each of the M = X × Y × Z sites contains a QD of diameter D centred on that 
lattice point. We consider only QD solids with a fully occupied valence band and 
conduction orbitals of various occupation. In such a system conduction is due to 
the motion of electrons only. Each QD can accommodate up to Nlevels electrons in a 
set of Nlevels singly degenerate orbitals with electron addition energies EN(D), 
measured relative to the conduction band edge of the bulk crystal. We consider 
systems containing up to 34 orbitals (two S-levels, six P-levels, ten D-levels, two S*-
levels and fourteen F-levels). For ordered systems all QD diameters are identical; 
otherwise the diameters D are distributed on a Gaussian distribution of width σD, 
truncated such that none of the dots’ energy levels exceed the vacuum level of Evac 
with respect to the conduction band edge (in this chapter we use Evac = 3 eV).  

The system is used to simulate electron conduction in a miniature 
electrochemically gated QD assembly as follows. All QDs in the first (z = 1) lattice 
plane, representing the electron injecting electrode, are assigned a quasi-Fermi 
energy of /2e sdeVµ + , while all QDs in the final (z = Z) lattice plane are assigned a 
quasi-Fermi energy of /2e sdeVµ − , where eµ  is the applied electrochemical 
potential (which is equal to the Fermi level of the system), e is the electronic charge 
and Vsd the applied source-drain bias; Vsd is only a small perturbation of the 
electrochemical potential. eµ  is determined by the mean occupation number <n> 
of the QDs and is obtained by solving the following equation: 

 ( ) µ−
= =

⎛ ⎞
⎜ ⎟
⎜ ⎟
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=
+

∑ ∑ ( )/1 1
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E D k Tm i
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Ei(Dm) is the electron addition energy of the ith level of the mth QD, kB is 
Boltzmann’s constant and T is temperature. The quasi-Fermi energies of the 
electrode planes thus specify both the applied source-drain bias Vsd and the mean 
QD occupation <n>.  To simulate conductance as a function of temperature, we 
choose to keep <n> constant and recalculate the value of eµ  at each temperature. 
This approach is appropriate for a system where the electrolyte is frozen after 
charging by the gate bias, or where the charging level is set by chemical doping. 

For given values of Vsd and <n>, the steady-state source-drain current density Jsd 
is obtained as follows. At the start of the simulation, the orbitals of all non-
electrode or ‘central’ QDs are occupied at random, roughly according to their 
Fermi-Dirac occupation probabilities, to achieve a mean density of <n> electrons 
per QD.  Each orbital of each QD in each of the electrode planes is assigned a 
fractional occupation according to the Fermi-Dirac function 
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( )( )/( , ) 1/ 1FE E kT
Ff E E e −= + , given the orbital energy E and the quasi-Fermi energy 

EF for that electrode, and maintains that occupation throughout the simulation.  
At the start of the random walk the transition frequencies, Γa→b, are calculated, 

as defined below, for all possible electron transitions from initial level a to final 
level b. Transitions are allowed from any occupied or partially occupied orbital of a 
QD to any unoccupied or partially occupied orbital in each of the six nearest-
neighbour QDs.  Hops to further neighbours are not taken into account. A wait 
time ta is calculated for the electron in each occupied or partially occupied level, 

 
1

ln /
transN

a a i
i

t γ →
=

= − Γ∑  γ≤ <0 1  6-2 

where Ntrans is the number of possible transitions for the electron in level a. 
Following the continuous-time random-walk model developed by Nelson and 
Chandler [14-16], the electrons are sorted into the order of their wait times and the 
electron with the shortest wait time t1 is selected.  For this electron, a relative 
probability is defined for each possible transition: 

 1b b bP γ γ −= −  6-3 

where 
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A particular transition, B, is selected by generating a random number, γ, between 0 
and 1 and determining B such that 1B Bγ γ γ− ≤ ≤ .The transition to level b is then 
performed, imposing periodic boundary conditions in the x and y directions. Note 
that if the transition implies electron extraction from or injection into one of the 
electrode planes, only the occupation of QDs in the central (i.e. non-electrode) 
planes is actually changed; the fractional populations in the z = 1 and z = Z planes 
are maintained.  The simulation time is advanced by t1 and this walk procedure is 
repeated. The source-drain current density Jsd is sampled at intervals of 10 times 
the nearest neighbour hopping time from a singly occupied to an empty QD, using: 

 
electronic charge net electron transitions from 2 to z  3

time interval cross sectional areasd
z

J
× = =

=
×

 6-5 

The random walk is continued until Jsd reaches a steady state value to within a 
tolerance of 10% and this value, averaged over 50 time intervals, is recorded.  The 
process is repeated many (103 - 106) times for different realizations of the lattice 
with the same Vsd and <n>, and an average Jsd is obtained. We have found Jsd to 
vary linearly with Vsd in all cases studied, for –10 mV ≤ Vsd ≤ 10 mV. Therefore we 
use the value of Jsd at Vsd = 10 mV as a standard measure of conductivity 

/sd sdZ I Vσ = × . The whole procedure is then repeated for different values of <n>, 
charging energy, size disorder, or temperature, to study these influences on σ.  
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6.2.2 Calculation of the electron addition energies 
The electron addition energies, EN(D), representing the energy of the Nth electron 

added to a QD of diameter D are calculated from the expression 

 ( ) ( ) (2 1) ( )N N cE D D N E Dε= + − 6-6 

where εN(D) is the kinetic confinement energy, i.e. the difference between the single 
electron energy in a nanocrystal and in a bulk crystal of the same material, and Ec 
is the Coulombic charging energy. We use values of εN(D) that have been 
calculated using a tight binding approach[17] for the S, P, D, S* and F levels in 
approximately spherical ZnO nanoparticles. The parametric forms used for εN(D) 
are given in Appendix I. Although the values given there are specific to ZnO, the 
order and degeneracy of the levels is similar for all other wurtzite and zinc-blende 
quantum dots (such as CdSe, CdTe and ZnSe). For semiconductor nanocrystals 
with a rocksalt structure (e.g. PbSe) the electronic structure is different; in that case 
the lowest energy level is eight-fold degenerate[18]. 

The second term in eqn. 6-6 represents the sum of two terms: the polarization 
energy and the electron-electron repulsion energy (see also chapter 1). Because the 
Coulomb interaction between two electrons is only weakly dependent on the 
angular momentum quantum number and because correlation effects between 
electrons are small (few meV) the polarization energy is well approximated by the 
Coulombic charging energy Ec upon addition of one electron to a QD of 
capacitance C, Ec = e2/2C. If correlation effects between electrons are neglected, the 
repulsion energy due to the N – 1 electrons already in the QD is given by 

 
Figure 6-1 The family of electron addition energy curves (S-, P- and D-levels) for N = 1 up to 
N = 18, and A = 0.28 eV nm, calculated according to eqn. 6-6using the formulae from 
Appendix I for the kinetic confinement energies of ZnO nanocrystals.   
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~ 2(  -  1) cN E . This corresponds to the constant capacitance of electron addition, 
also known as the “standard model”[19]. For a spherical QD Ec is inversely 
proportional to the QD diameter, hence  

 /c cE A D=  6-7 

where Ac is a parameter incorporating the effect of the dielectric environment, and 
is inversely related to the relative permittivity of the QD material and the polarity 
of the surrounding electrolyte. The value of Ac is smaller for more polar 
experimental systems where Coulomb interactions are more easily screened. (See 
chapter 5). Figure 6-1 shows the electron addition energies as a function of D for 
the S, P and D levels of a ZnO QD calculated using the formulae for εN(D) given in 
appendix I and Ac = 0.28 eV nm[2].  

To simulate size disorder, a Gaussian distribution in QD diameter is applied to 
the QDs in the assembly. We parametrize the resulting energetic disorder λ as the 
half width at half maximum of the (slightly asymmetric) distribution in the lowest 
confinement energy (ES1) that results from the Gaussian distribution in diameters. 
For example, a Gaussian distribution with σD = 1 nm around a mean D of 4.5 nm 
leads to λ = 0.087 eV. 

 

6.2.3 Calculation of transition rates 
For resonant tunneling between a level a in system A with density of states (i.e. 

degeneracy) ga and a level b in system B with density of states gb, the electron 
transfer rate Γa→b is given by  

 ( ) ( )( , ) ( ) ( , ) [1 ( , )]a b F a F b F a bE E g E f E E g E f E E Eβ→ →Γ = ⋅ −  6-8 

where βaØb is the resonant tunneling rate through the intervening (barrier) 
medium. Equation 6-8 expresses that the tunneling rate from a to b depends on 
both the concentration of electrons in the initial level and the concentration of 
vacancies in the final level. Under equilibrium conditions, the transition rate from a 
to b is equal to the transition rate from b to a, as required by detailed balance.  

If the initial energy level Ea and final level Eb are not resonant, phonons have to 
be absorbed or emitted during the transition from a to b, in order to conserve 
energy. We use a model that allows statistical fluctuations of energy (through 
absorption of emission of a phonon) around an equilibrium value, as introduced 
by Einstein [20]. A full derivation of this model can be found in section 2.2. 
Electron-phonon interactions lead to a Gaussian broadening of the energy levels 
such that the probability of the level a being found at energy E is given by[21]: 
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where Ea is the unbroadened energy level and Cv is the average single-phonon heat 
capacity of the nanocrystal material (for a discussion see section 2.2). Cv can be 
calculated using the Debye model for the density of phonon states (see appendix 
II). pa(E) may be considered as the time-averaged density of states associated with 
level a. A similar expression applies for the probability of the level b being found at 
E. Using values typical for ZnO nanocrystals, the level broadening represented by 
eqn. 6-9 is several tens of meV at room temperature.  

The transition rate from a to b in the non-resonant system is then obtained by 
substituting the effective density of states functions, pa(E) and pb(E) for ga and gb in 
eqn. 6-8 and integrating over energy:  

 ( ) ( ) ( ) ( ) ( ) ( ), [1 , ]β
∞

→ →−∞
Γ = −∫a b F a A F b B b F a bE p E f E E p E f E E E dE  6-10a 

The above integral cannot be solved analytically, but it is well approximated by the 
following expression:  
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6-10b 

The Boltzmann factor in the rate ΓaØb results from the requirement that the system 
obeys detailed balance at equilibrium. The expression in equation 6-10a was 
evaluated numerically for a range of parameters representative of the systems 
studied here, and it was confirmed to agree with the approximation in eqn. 6-10 to 
within a few percent. The shape of the function described by eqn. 6-10b is very 
similar to the lineshape of the conductance through a single quantum dot obtained 
by Beenakker[22]. 

According to the Wentzel-Kramers-Brillouin (WKB) approximation, the 
resonant tunneling rate βaØb  is given by  
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where m* is the electron effective mass, and ∆xedge is the shortest edge-to-edge 
distance between the original and final QD. It is assumed that βab is weakly 
dependent on the resonant transition energy, and the mean of Ea and Eb is taken as 
a representative value. Γ0 is the rate at vanishing barrier height or width. The 
dependence on level energies of the transition rate Γa→b is mathematically 
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analogous to the expression for small polaron hopping from Marcus theory[23], 
with a reorganisation energy of CvT. 

In the simulation, when calculating the transition rates using equations 6-10b 
and 6-11, we determine the fractional occupation factors f for all levels of QDs in 
the electrode planes using the quasi-Fermi level for that electrode. For a level in a 
central (non-electrode) QD, f is set equal to 1 or 0 depending on whether that level 
is occupied or not at that instant.  

 

6.2.4 Tests of the model 
The very large number of possible transitions even with a small assembly of 

QDs restricts the assembly size that can be simulated in practice. Therefore we 
have carried out preliminary tests in order to study the sensitivity of results to the 
system size and to the number of levels included. In Figure 6-2(a) the simulated 
differential mobility, i.e. µdiff(<n>) ~ dσ/d<n>, is shown as a function of occupation 
level for assemblies of 2x2x3 and 3x3x4 identical QDs, including S, P, D, S* and F 
levels. Small differences in the conductivity will be enhanced in the differential 
mobility, which therefore serves as a sensitive probe. The figure shows that µdiff 
(<n>) is virtually independent of system size and of the number of levels included 
for the systems studied. As size disorder is increased small deviations in µdiff (<n>) 
appear at high <n>. Figure 6-2 2(b) shows simulated conductivity as a function of 
<n> for a size-disordered system incorporating different numbers of orbitals. This 

 
Figure 6-2 (a). Differential mobilities calculated from 4th order polynomial fits to the 
simulated conductivity data for an array of 2x2x3 identical QDs with SPDS*  levels and a 
3x3x4 identical QD array with SPDS*F levels. The QD diameter is D = 4.5 nm, and charging 
energy Ec = 2.2 meV [Ac = 0.01 eV nm ).  (b) Conductivity as a function of <n> for a size 
disordered system with 2x2x3 QDs and σD = 1 nm [λ = 87 meV], as a function of the number 
of levels included. Increasing numbers of levels are needed to calculate conductivity 
correctly at high <n>. The two curves for S, P, D, S* and F are for assemblies of 2x2x3 (open 
triangles) and 3x3x4 (open stars) QDs, showing excellent agreement. Full lines are to guide 
the eye. The QD diameter is D = 4.5 nm, and Ec = 2.2 meV.  
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shows that all of the S, P, D, S* and F levels must be included to calculate 
conductivity correctly for size-disordered systems with occupation numbers 
greater than seven. Simulations including such large numbers of levels are very 
costly to run and required the use of a distributed processing grid. Therefore, we 
have dealt with smaller occupation numbers, and therefore smaller total numbers 
of levels, wherever possible. Figure 6-2(b) again shows agreement between 
conductivity using assemblies of 2x2x3 and 3x3x4 QDs, in the case of the S, P, D, S* 
and F levels . The two comparisons give confidence in the use of small systems to 
simulate properties of experimental QD assemblies, and also show that large 
numbers of levels are needed to properly simulate size disordered systems with 
large <n>. We emphasize that although the systems are small, the fact that we 
studied many realizations (103-106) of the system allows us to investigate the effects 
of size-disorder (see below). 

 

6.3 Results and Discussion 

6.3.1 Effects of shell-filling and charging energy on the 
transport characteristics in ideal QD solids 

First we consider the effects of level filling and charging energy in the case of an 
ideal assembly of quantum dots without any size-dispersion and no packing 
disorder. Figure 6-3(a) shows the conductivity at room temperature as a function of 
<n> for a system of identical 4.5 nm QDs for low (Ec = 2.2 meV) and high (Ec = 62 
meV) values of the charging energy. In the case of a very small charging energy 
(upper plot in Figure 6-3(a)) three regimes are visible: a regime between 0 and 2 
electrons per quantum dot, corresponding to the S conduction orbitals, a regime 
between 2 and 8 electrons per quantum dots (P orbitals) and a regime of 8 or more 
electrons per quantum dot (D orbitals). Within the shown range of <n>, there are 
two metal-insulator transitions (MITs), where the conductivity is strongly 
decreased. The system becomes insulating when, for every level in the system, 
either the initial state is empty or the final state is full. At <n>=2, all S orbitals are 
full and all P orbitals are empty, apart from the small overlap between the S and P 
levels due to phonon broadening, and so conductivity is very small.  

A very different behaviour is observed when the charging energy is larger than 
kT (lower plot in Figure 6-3(a), Ec = 62 meV). Here conductivity reaches a minimum 
at every integer value of <n>, leading to ten MITs over the range of <n> shown. 
Likewise, σ is maximised at every half integer value of <n>. Now, because Ec > kT, 
the energy separation between orbitals within a given shell has become significant, 
i.e. the degeneracy of the shells is lifted. Every time an orbital is completely filled 
(integer <n>), the resonant transitions are shut off, and the conductivity is minimal. 
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For example, at <n> = 1, at low kT, there is exactly one electron in every QD in 
the array. Then transitions within the first S level, S1, are closed because (1 - f) = 0; 
transitions within S2 and higher levels are closed because f = 0, and the only 
possible transitions, which involve adding a second electron to an occupied QD, 
require an energy input of Ec. This type of MIT, which results from the charging 

 
Figure 6-3 (a) Room-temperature conductivity as a function of the mean occupation number 
<n> for an array of ideal 2x2x3 identical QDs of 4.5 nm diameter, for charging energies of  Ec 
= 2.2 meV, (filled squares) and Ec = 62 meV (open circles). (b) The variance in the electron 
occupation of a QD in the central plane of the array as a function of charging energy, 
showing that a high charging energy leads to ordering of electrons in the array. The insets 
show schematic snapshots of the electron distribution: the left lower snapshot corresponds 
to large charging energy and low variance; the right upper snapshot corresponds to small 
charging energy and high variance. (c) Arrhenius plot of conductivity for the system in part 
(a) with Ec = 2.2 meV, at different electron occupation levels: <n> = 0.1 (squares), 0.5 
(circles), 1.0 (upward triangles) and 2.0 (downward triangles). (d) Arrhenius plots of 
conductivity for the system in part (a) at <n> = 3 with different charging energies, Ec = 0 
(filled squares), 2.2 meV (open circles), 11 meV (upward triangles) and 44 meV (downward 
triangles). In all plots, full lines are to guide the eye.  
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energy, is known as a Mott-Hubbard MIT. Similar Mott-Hubbard type MITs were 
observed in simulations by van de Lagemaat[13]. 

To illustrate the influence of the underlying density of states (DOS) on 
conductance, we have calculated the distributions of S and P level energies in a 
system of ZnO QDs of mean diameter 4.5 nm, for different values of Ec. For each of 
the S and P levels, the mean level energy was calculated using eqn. 6-6 and a 
Gaussian broadening applied to each level using eqn. 6-9. This thermal 
broadening, of 42 meV, is the same for all levels at room temperature. Figure 6-4(a) 
shows that for a system of identical QDs with Ec = 0, the density of states is 
strongly peaked at the S and P energies, but drops towards zero at an energy 
intermediate between the S and P bands. The low DOS at this intermediate energy 

 
Figure 6-4 Calculated density of states functions for the S and P levels of an assembly of 
ZnO QDs of mean diameter 4.5 nm, at room temperature. (a),(b) No size disorder and (a) Ec 
= 0 and (b) Ec = 62 meV. (c),(d): As for (a), (b) with a standard deviation of 0.5 nm in QD 
diameter, corresponding to a size disorder parameter of 52 meV. 



Electron transport in quantum-dot solids: Monte Carlo simulations 
 

 151 

explains why non-resonant tunneling between S and P levels is highly unlikely, 
and as a result the conductance is minimized at <n> = 2, as shown in the 
conductance plots in Figure 6-3(a). Figure 6-4(b) illustrates the case of identical 
QDs when Ec = 62 meV. The effect of the charging energy in separating out the S 
and P levels is evident. The minima in the DOS in between each level are 
responsible for the minima in the conductance at integer <n>, shown in Figure 
6-3(a) for Ec = 62 meV. Figure 6-4(c) and (d) illustrate the effect of size disorder on 
the density of states in each case. Strong size disorder washes out the minima in 
the DOS, resulting in higher probability of transitions between different bands, as 
we shall see below. 

The effect of increasing charging energy on the electron distribution in a QD 
solid is demonstrated in Figure 6-3(b). This figure shows the variance in electron 
occupation for a QD in the central plane of a dot in a 2x2x3 array as a function of Ec 
when <n>=1. For low Ec the variance is large, corresponding to frequent changes in 
the electron occupation. For large Ec, the variance is small; multiple occupation of 
any QD corresponds to a large energy cost. It is clear that, for a QD solid with no 
size disorder, the effect of a large Ec is to tend to equalise the orbital occupation 
(lower left inset panel in Figure 6-3(b). This charge ordering is similar to that in a 
Wigner crystal. 

Interestingly, the maximum values of the conductivity can be related to the 
relevant degeneracy of states in the low Ec and high Ec limit. For Ec >> kT, only the 
highest unfilled orbital contributes to conduction at any <n>, so the maximum 
transition rate occurs when <n> - int(<n>) = 0.5 (f = 0.5) and is proportional to 
0.25βaØb (see eqn. 6-8), since the degeneracies of the initial and final state are one. 
For Ec << kT, all the orbitals in the unfilled (two-fold degenerate) shell contribute to 
conduction. Therefore the maximum conductance in the S shell is expected to occur 
when <n> = 1 (f = 0.5) and to be proportional to 1.0βaØb. Similarly the maximum 
conductance for the P shell when Ec << kT is expected to be proportional to 9βaØb.  

The simulation results in Figure 6-3(a) show clearly that, when Ec << kT, the 
ratio between the maximum of the S shell conductivity and the maximum of the P 
shell conductivity is 1:9, while the maximum of conductivity in the high Ec (Mott 
Hubbard) case is one-quarter of that for the S shell conductivity in the low Ec case. 
This suggests that the relative magnitude of conductivity at different <n> is a good 
indicator of the degeneracy of levels taking part in the conduction. 

We now address the temperature dependence of the conductance. As discussed 
in chapter 2, the transition rates depend on the heat capacity Cv. To evaluate the 
appropriate heat capacity, we need to know which phonons couple efficiently to an 
electron occupying the energy-level under investigation. We are currently working 
on including microscopic electron-phonon coupling into our model. For the 
moment, we have to make an estimate of the real heat capacity. For this reason, 
and to more clearly distinguish the effects of level filling, charging energy and size-
dispersion on conductance we use a temperature independent (room-temperature) 
Cv based on the Debye model (see appendix II).  
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The presence of MITs leads to strong variations in the temperature dependence 
of the conductance. This is illustrated in Figure 6-3(c), which shows an Arrhenius 
plot for an ideal array of 2x2x3 identical QDs when Ec = 2.2 meV (filling controlled 
regime). At an orbital occupation that corresponds to a critical point in an MIT, the 
conductivity increases with increasing temperature: at <n> = 2.0 the conductivity 
exhibits almost perfect Arrhenius behaviour (the difference will be discussed 
below), with an activation energy of ~110 meV. In this situation conduction is only 
possible by adding an electron to a P orbital, thus by overcoming an energy barrier 
that is similar to the S-P separation. In such a situation, the expected activation 
energy is equal to the difference between the first P orbital energy and the Fermi 
level. Taking into account only the S and P levels, and given that the S-P energy 
gap is much larger than kT, the Fermi-energy is given by 

 ln
2 2

SS P
F

P

gE E kTE
g

+
= +  6-12 

where gS (gP) is the degeneracy of the S (P) shell. Using the energy levels for ZnO at 
D = 4.5 nm, this leads to a Fermi-energy of 133 meV below the first P level at 300 K, 
in good agreement with the observed activation energy.  

At <n> values not corresponding to filled shells, conductivity depends weakly 
on T and actually decreases with increasing temperature over the range 25 K to 300 
K. As T is increased transitions against the electron concentration gradient 
introduced by the applied bias become relatively more likely. Thus, thermal 
diffusion increasingly washes out the small bias used for these simulations. It 
should be noted that electron-phonon scattering, which could alternatively explain 
the negative T dependence of conduction, is not incorporated in our simulations.  

Figure 6-3(d) shows conductivity curves at <n> = 3 for different values of the 
charging energy. It is clear that as Ec is increased, conductivity becomes more 
strongly activated, with an activation energy that is similar to Ec. For example, the 
activation energy of the simulation with Ec = 44 meV is 21 meV, which is in 
excellent agreement with the expected value of ½Ec, given that the Fermi level 
should lie midway between the two S levels when <n> = 1 (eqn. 6-12). Such 
behaviour has been observed experimentally, where charging energy was varied 
through choice of electrolyte in an electrochemically gated system (see ref. [6] and 
chapter 7). The data in Figure 6-1(d) clearly indicate that Coulombic charging alone 
can cause activated conduction. At high T the inverse T-behaviour becomes more 
prominent, clearly indicating competition between two mechanisms, with the 
activated behaviour due to Coulombic charging becoming more prominent as the 
Mott-Hubbard gap develops. Activated behaviour due to charging is also seen in 
the data in Figure 6-3(c) when taken to lower temperature (10 – 20 K). In this 
regime σ increases with increasing temperature for <n> = 0.5 and <n> = 1.0, with 
an activation energy of ~ 2 meV. Using equation 6-12 with equal degeneracy for 
the different levels, the Fermi energy at <n> = 1 is midway between S orbitals and 
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the expected activation energy is ½Ec, which corresponds to 1.1 meV, in reasonable 
agreement with the simulated value.  

In general, three domains can be identified in the temperature dependent 
conductivity of arrays of identical QDs: an activated domain (insulator) where a 
shell is completely occupied, resonant transitions are blocked and the energy 
difference between different shells has to be overcome; an activated domain 
(insulator) where an orbital within an unfilled shell is filled, resonant transitions 
are blocked and the charging energy has to be overcome by the thermal energy; 
and (if none of the above applies) a non-activated domain (metallic conductor) 
where resonant transitions are always allowed.  

 

6.3.2 Effects of size-dispersion on the transport 
characteristics 

To investigate the effects of size disorder, we carried out conductance 
simulations on arrays of QDs whose diameters are drawn from a Gaussian 
distribution of width σD. As described above, we use the half-width at half 
maximum, λ, of the resulting distribution in 1S energies as a parameter for the size 
disorder. Figure 6-5(a) shows simulated conductance as a function of <n> for four 
different values of λ for a 3×3×4 array of QDs with Ec = 2.2 meV. To allow for wide 
variations in site energy the full set of energy levels, S, P, D, S* and F were 
included. As shown in the figure, the effect of increasing size disorder is to 
decrease the magnitude of the conductivity and to wash out the minima in 
conductance at the critical (filling controlled) occupation levels. The reduced 
conductance at mid-shell <n> values results from the difference in energy levels of 
neighbouring QDs such that tunneling is in general non-resonant and never 
reaches the ideal rate given by eqn. 6-8. The loss of the clear MIT features is due to 
the overlap of the distributions of S and P shells, such that no value of <n> exists 
which results in completely filled shells. This is evident from the density of states 
functions of the size disordered system shown in Figure 6-4(c) and (d), where it is 
clear that there is no energy in the S – P regime where the transition rate vanishes 
at room temperature, irrespective of the value of Ec.  We find that for a size 
disorder of λ ~ 2kT the MITs are still visible, whereas above this size disorder all 
features of the transitions are gone. If the charging energy is sufficiently low 
(Ec<<kT) the conductance vs. <n> plots can give an idea of the degree of energy 
level disorder in the solid. 

One additional reason for the decrease in conduction observed in Figure 6-5(a) is 
illustrated in Figure 6-5(b). Here, the time-averaged occupation of a QD in the 
central plane of an array with <n>=1 is shown as a scatter plot against the lowest S 
orbital energy, ES1, of the QD. Small QDs, i.e. those which have ES1 larger than the 
ES1 that corresponds to the mean QD diameter (marked by the arrow), have a much 
lower occupation than the mean value of 1. Since such nanocrystals are hardly ever 
populated by an electron, they form “hostile” sites in the conduction path, similar 
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to impurity scatterers in a metal or semiconductor, and tend to decrease the 
average current through the array. A final reason for the lower conductivity in the 
disordered system is the “trapping” of electrons in lower lying levels of large dots. 
The net effect of size disorder is thus to decrease the transition rate and to increase 
the spread of rates and also to distort the conduction pathways through the 
system.   

The washing out of filling controlled MITs can also be seen experimentally in 
ZnO QD arrays at room temperature (see also ref. 10). Figure 6-6(a) shows the 
conductance (filled squares) and differential mobility (open circles) of an array of 
3.3 nm ZnO nanocrystals as a function of the mean electron occupation <n>. 
(Experimental details are given as appendix III.) The conductivity (solid squares in 
Figure 6-6(a)) shows little structure. Only when the differential mobility is plotted 
(open circles in Figure 6-6(a)) some features are noticable. The experimentally 
observed conductivity strongly resembles the simulated curve with λ = 87 meV 
which corresponds to a size-dispersion of 22%. The size dispersion of the 
experimental ZnO particles is estimated to be 20%[24]. In systems with a smaller 
size dispersion some features of the MIT are retained in the conductivity. This is 
the case for arrays of CdSe particles as shown in Figure 6-6(b) (see also ref. 3) and 
has also been shown for arrays of PbSe nanocrystals[5]. In Figure 6-6(b) the 
conductance is shown for an array of 6.4 nm CdSe nanocrystals with a size 
dispersion of ~10%. A shoulder is visible in the conductance and a clear minimum 
is observed in the differential mobility at <n> ≈ 2, corresponding to a fully 

 
Figure 6-5(a) Conductivity as a function of the mean occupation number at 300 K for an 
array of 3×3×4 QDs with Ec = 2.2 meV and different size-disorder parameters: no disorder (λ 
= 0 meV, filled squares), weak disorder (λ = 28 meV, open circles), medium disorder (λ = 56 
meV, filled upward triangles) and strong disorder (λ = 87 meV, open downward triangles). 
The filling controlled MITs become increasingly washed out as the size disorder increases. 
(b) The average QD occupation as a function the S1 energy level for QDs in the central plane 
of a 3×3×4 array with Ec = 2.2 meV and λ = 87 meV. The vertical arrow shows the value of 
ES1 for a QD with D = 4.5 nm. Small QDs, with a higher ES1, quickly become unpopulated 
and do not participate in conduction. 



Electron transport in quantum-dot solids: Monte Carlo simulations 
 

 155 

occupied S shell. The experimental conductance resembles the simulated curve 
with λ = 56 meV in Figure 6-5(a), corresponding to a size-dispersion of ~11%, 
although some caution should be taken in comparing experimental results for 
CdSe QDs with simulations that are based on ZnO nanocrystals. 

Disorder in site energies is expected to lead to activated conduction, because the 
transition rate for non-resonant tunneling increases with increasing thermal 
fluctuations. The temperature dependence of conductivity is shown in Figure 
6-7(a) for a size-disordered 2×2×3 QD array with Ec = 2.2 meV and λ = 87 meV, at 
<n> = 1 (black squares). Weakly activated behaviour is shown with an activation 
energy of around 10 meV. This value may be influenced by both disorder and 
Coulombic charging. Therefore also shown on Figure 6-7(a) are the temperature 
dependent conductance data for this system with Coulombic charging alone, and 
with size disorder alone. Although the small Ec is insufficient to lead to activated 
behaviour in the temperature range shown, it does appear to enhance the 
activation energy of the size-disordered system. Simulations of size-disordered 
systems with larger values of Ec show qualitatively similar behaviour with weak, 
sublinear T dependence on an Arrhenius plot. The case of large charging energy 
and large disorder at <n> = 1 is shown in Figure 6-7(b) (open circles) and 
compared to the case of large charging energy and no size dispersion (black 
squares Figure 6-7, same curve as Figure 6-3(d)).The strong effect of Ec on 
activation energy that is observed for ordered systems with filled levels (Figure 
6-3(d)) is lost in size-disordered systems, where the energy step for conductance in 
a filled-level system is no longer well defined. From these studies it is clear that the 
influences of Ec and size disorder are complex and cannot, in general, be resolved 
from the experimental T dependence of conduction alone. 

The sublinear behaviour of the Arrhenius plots of conductance can be 
understood as follows: the effective activation energy Ea is determined by 
pathways that are responsible for the largest fraction of the current. At low 
temperature the conductance is dominated by the pathway with the lowest 

 
Figure 6-6 Room temperature conductance and differential mobility in arrays of (a) ZnO 
nanocrystals of mean diameter 3.3 nm and large size dispersion of ~0.7 nm (>20%) and (b) 
CdSe nanocrystals of mean diameter 6.4 nm and small size dispersion of ~ 0.6 nm (<10%). 
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activation energies. As the temperature increases, the low activation-energy 
pathways become T independent (kT >> Ea) and other pathways become important 
as well. This means that the average activation energy increases with increasing T. 
Hence, a plot of log conductance vs. 1/T is sublinear. 

In Figure 6-7(d), the experimental temperature dependence of the conductance 
of an electrochemically gated array of 3.3 nm ZnO nanocrystals at two different 
electron concentrations are shown (experimental details can be found in appendix 
III). The behaviour is clearly sublinear on an Arrhenius scale, with a low-
temperature activation-energy of <10 meV. The trend is the same for the two 
different electron concentrations shown, and the activation energy decreases with 
increasing <n>. Thus, the experimental T dependence of conductivity exhibits 
qualitatively similar behaviour to the simulated curves. However, the magnitude 

 
Figure 6-7 (a) Arrhenius plot of conductivity for a system of 4.5 nm ZnO quantum dots at 
<n> = 1 with both size disorder and charging energy (squares), with size dispersion only 
(circles) and with charging energy only (triangles). (b) Arrhenius plot comparing the effects 
of charging energy only (black squares) or of both charging energy and disorder (open 
circles) at <n> = 1. (c) Simulated conductance for an array of 3.3 nm QDs with Ec = 60 meV 
and size disorder λ = 50 meV, for <n> = 5 (open circles) and <n> = 1 (full squares). (d) 
Experimental conductance data for an electrochemically gated 3.3 nm QD array at two 
different values of the mean occupation level, <n> = 0.3 (solid squares) and <n> = 3.9 (open 
circles). In all plots lines are guides to the eye. 
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of the slope of the Arrhenius plot is not reproduced here; the experimental 
conductivity has a stronger dependence on T than the simulated one. 

 

6.4 Conclusions 
We have shown that the electronic conductance of an array of semiconductor 

quantum dots is a complex function of the QD dimensions, electrostatic 
environment (i.e. charging energy) and the degree of disorder. Monte Carlo 
simulations of electron hopping, using a non-resonant tunneling rate based on 
thermally induced level broadening, predict distinct regimes of conductance 
behaviour: metal insulator transitions for ordered systems with filled shells, with 
additional MITs for filled levels if the electron-electron repulsion is sufficiently 
high; while size disorder washes out these transitions and reduces overall 
conductance. The model is capable of distinguishing the conductance behaviour in 
experimental systems that are known to possess a different degree of size disorder, 
and producing a reasonable quantitative estimate of that disorder. The comparison 
shows that reduced dispersion in QD size is a clear objective, in order to obtain 
higher conductance and sharper dependence of conductance on level filling, a 
feature that could be exploited in devices.  

The temperature dependence of conduction is key in determining the nature of 
charge transport at a microscopic level. In this chapter we have shown that the T 
dependence of conduction in a QD solid is the result of several cooperative or 
competing factors: thermal activation due to charging, thermal activation due to 
site energy disorder, and inverse temperature behaviour due to thermal diffusion.  
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Appendix I Formulae for confinement energies in ZnO NCs 
Formulae used for calculation of kinetic confinement energies of conduction 
electrons in ZnO nanocrystals [17]: 

 ( )ε =
+ +2

1
N D

aD bD c
 6-13 

where D is the nanocrystal diameter in nm. The parameters a, b and c for different 
values of the number of electrons per nanocrystal, N, are listed in Table 6-1. 

Table 6-1 Parameters used in the calculation of the kinetic confinement energies in ZnO 
nanocrystals (eqn. 6-13) 

N a b c 
1 - 2 (S levels) 0.137447 0.285964 -0.0606154 
3 – 8 (P levels) 0.0685045 0.145631 0.00965402
9 – 18 (D levels) 0.0464297 0.0741516 0.0572599 
19 – 20 (S* levels) 0.0373006 0.0722844 0.05072 
21 – 34 (F levels) 0.0304077 0.060675 0.0582783 

Appendix II Debye model for the heat capacity 
The heat capacity can be calculated with the Debye model for the phonon density 
of states [25]. This model yields: 

 ( )
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−
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Here N is the number of atoms in the sample, x = Ñω/kBT, xD = θ/T and the Debye 
temperature θ is given by: 
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with V the sample volume. The heat experimental heat capacity of ZnO [26] and 
the heat capacity calculated with the Debye model (with experimentally obtained 
Debye temperature of 430 K)  are shown in Figure 6-8A and B, respectively. 

From the ZnO bulk density of 5606 kg/m3 and molecular weight of 81.38 g/mol 
[27] one can calculate that a nanocrystal of 4.0 nm diameter contains ~1400 ZnO 
units. From this number and eqns. 6-14 and 6-15 one obtains a heat capacity of the 
nanocrystal of 0.59 eV K-1 at room temperature. However, the conduction electron 
(and valence hole) wavefunctions are delocalized over the whole nanocrystal. The 
electron density related to a conduction energy-level is therefore much lower than 
the density of unit cells and the electron-phonon coupling will be diluted. 
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Assuming this coupling scales with the electron density, and since the average 
electron density is 1/V, we arrive at a heat capacity of ~0.2 meV K-1 at 300 K. This is 
equal to the average heat capacity per phonon, since N = 1 in eqn. 6-14. Using this 
heat capacity together with eqn. 6-9 yields a Gaussian width of 42 meV of the 
broadened energy level at 300 K, in fair agreement with experimental estimates [28, 
29] . 

In the above calculation it has been assumed that all acoustic phonons available 
in the nanocrystal contribute to the heat capacity of the subsystem, i.e. that they 
couple with efficiency 1 to the tunneling electron. This sets an upper limit to the 
Debye temperature. A lower limit can be estimated by assuming only one phonon 
couples efficiently. This would make the term N/V in eqn. 6-15 2800 times smaller 
than the experimental heat capacity for ZnO*, and the Debye temperature would 
be ~14 times lower. The resulting heat capacity is shown as the solid squares in 
Figure 6-8B. Although the heat capacity at room temperature is not very different, 
the temperature dependence is. In the latter case the heat capacity is more or less 
constant above ~25K, whereas in the “bulk ZnO case” it is only constant well 
above room temperature. 

Appendix III Experimental information 
The ZnO and CdSe nanocrystals were synthesized following refs. [24] and [30] 

respectively. The ZnO assemblies were dropcasted from a concentrated dispersion 

                                                           
* Since every atom contributes an acoustic phonon the number of phonons is 

twice the number of ZnO units: 2800. 
 

 

 

0 50 100 150 200 250 300
0

10

20

30

40

50

B

C
v (

J 
m

ol
-1
K-1

)

Temperature (K)

 Single phonon
 Full phonon DOS

0 50 100 150 200 250 300
0

10

20

30

40

50

A

Below 30K:
Cp=8E-5T3

Above 30K:
Cp=0.98(T-30)0.68C

p (
J 

m
ol

-1
K-1

)

Temperature (K)

 
Figure 6-8 A) Experimental heat capacity of a bulk ZnO single-crystal. From tabulated 
values in ref. [26]. B) Heat capacity of bulk ZnO from the Debye model with a Debye 
temperature of 430 K (open circles) and a Debye temperature of 30 K (solid squares) 
corresponding to bulk ZnO [26] and a single phonon mode per nanocrystal of 4.0 nm radius 
respectively. 
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in ethanol; the CdSe nanocrystals had a pyridine capping and were dropcasted 
from a concentrated dispersion in methanol-pyridine 1:1 (v/v). For more details 
see chapter 4 (CdSe) and chapter 5 (ZnO). 

The conductance measurements were carried out in a home-built, airtight, 
electrochemical cell. The working electrode was a home-made interdigitated array 
electrode with two different gaps for two sensitivity ranges. The most sensitive gap 
had a width of 3 µm and a total length of 13.6 m. The counter electrode was a 
platinum sheet and a silver wire was used as a (calibrated) quasi-reference 
electrode. A silicon diode (Lakeshore SD670) was integrated into the cell at ~1 mm 
from the working electrode to provide accurate temperature measurements. The 
electrolyte was a pH 8.0 phosphate buffer for the ZnO assemblies and 0.1 M LiClO4 
in acetonitrile for the CdSe assemblies. The potential of both working electrodes 
was controlled with a CHI832b electrochemical analyzer. The density of states of 
the assembly was measured with a differential capacitance measurement and 
correlated to the number of electrons per quantum dot using in-situ UV-VIS 
absorption measurements[4]. For temperature dependent measurements, the cell 
was loaded inside a helium flow cold-finger cryostat. Linear bias scans were taken 
at different temperatures and the slope at zero bias was determined to obtain the 
conductance. 
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Chapter 7  
A revised variable-range hopping model explains 
the peculiar T-dependence of electronic 
conductivity in ZnO quantum-dot solids 
 
The temperature dependence of electrical conductivity of assemblies of ZnO 
nanocrystals was studied with an electrochemically gated transistor. The 
conductivity is best described by the relation σ = σ0 exp[-(T0/T)x] with x = 2•3    over the 
whole temperature range, from 7 K to 200 K. This is found to be true independent 
of charge concentration or dielectric environment. To explain this temperature-
dependence, we propose a reappraisal of the existing Efros-Shklovskii variable-
range hopping model with a non-resonant tunneling expression that includes 
thermal broadening of the energy levels involved in electron transfer. Applied 
within the ES-VRH framework this expression yields exactly the temperature 
dependence that is observed experimentally. The parameters of the model, i.e. the 
localization length and the effective dielectric constant, are in good agreement with 
theoretical estimates and independent measurements. 
 

“Logic brings you from A to B, imagination takes you everywhere.” 
Albert Einstein 
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7.1 Introduction 
Semiconductor nanocrystals self-assembled into films constitute a relatively new 

class of solid-state materials[1]. The properties of such quantum-dot solids depend 
on the properties of the nanocrystals in the film (and thus on their size and shape) 
and on parameters such as the distance and barrier material between the 
nanocrystals and the disorder due to distributions in size and packing geometry. 
These materials enjoy a growing interest with possible applications ranging from 
low-threshold lasers[2] to field-effect transistors[3].  

For many of these applications it is important to have a detailed understanding 
of the mechanisms of charge transport. However, since these materials have only 
been widely available for less than 10 years, the number of studies is limited. There 
has been work on the photoconductivity[4, 5] and a significant number of 
publications appeared on electrochemically doped nanocrystal films[6-8]. Most of 
these studies were limited to room temperature, and the exact mechanism of 
charge transport could not be deduced from these measurements. 

The number of studies that appeared on the temperature dependence of charge 
transport in quantum-dot solids is even more limited. Roest et al. studied electron 
transport in ZnO NC assemblies in a limited temperature range[9] and explained 
their results in a framework of nearest neighbour hopping, dominated by the 
charging energy of the nanocrystals (Coulomb blockade). The limited temperature 
range studied did not allow a more detailed analysis of the transport mechanisms. 
Yu et al.[10] and Wehrenberg et al.[8] studied the temperature dependence of 
electrochemically charged CdSe and PbSe nanocrystal assemblies respectively, in a 
temperature range of ~10 K to ~150 K. They concluded that the conductivity σ has 
a ln σ ∂ T-1/2 dependence and explained this result in the framework of the Efros-
Shklovskii variable-range hopping model (see chapter 2). However, as will be 
discussed below, the determination of the exponent x in ln σ ∂ T-x is a critical 
procedure, prone to a considerable uncertainty. For instance, Talapin and 
Murray[3] studied the T-dependence of conductivity in PbSe NC arrays using a 
FET setup, and found a ln σ ∂ T-1/4 dependence, thus different from that reported 
by Wehrenbergh et al. They consequently explained this by Mott variable-range 
hopping, in the absence of significant Coulomb interactions. We will highlight the 
subtle differences in the temperature dependence of the conductivity and show 
that care has to be taken in assigning a specific exponent based on experimental 
data. 

The energetic landscape of an array of nanocrystals is inherently disordered. 
Small differences in size and shape of the nanocrystals, and differences in the exact 
position of the nanocrystals, lead to differences in the energies of electrons (or 
holes) occupying the quantum-confined orbitals on the NCs. The resulting 
differences in energy of the quantum-dot envelope orbitals will be called site-
dispersion. Even in a close-packed array or supercrystal, such as shown for PbSe 
NCs in chapter 3, where on first inspection the order in the packing appears 
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perfect, the spread in energies of the individual NCs will be sizeable, and larger 
than both the thermal energy kBT and the coupling energy hΓ*. Thus, in 
investigating the conductivity in these arrays we enter the realm of charge 
transport in disordered systems. When the disorder is larger than the quantum 
mechanical coupling energy it prevents coherent transport and an Anderson 
insulator results[11]. In addition, if the energy cost of adding an electron to a 
nanocrystal is larger than kBT and hΓ, the system may be a Mott insulator (see 
chapter 6 for more details). 

One of the most studied aspects of disordered systems is the temperature 
dependence of their dc conductivity. In disordered systems electron or hole 
transfer is non-resonant. Therefore the conductivity depends sensitively on the 
activation energy of the most important current paths. The current paths carrying 
most of the current may be different for different temperatures, thereby altering 
the temperature dependence of conductivity. Thus, the exact temperature 
dependence of the conductivity contains a lot of information about the charge 
transport mechanisms. 

The temperature dependence in disordered solids has been extensively studied 
both theoretically and experimentally, mostly for impurity conduction in doped 
semiconductors. The seminal contributions to this field were made by Miller and 
Abrahams[12] who predicted Arrhenius behaviour of conductivity 
( σ ∝ −ln /a BE k T ), N.F. Mott [13] who predicted Variable-Range Hopping (VRH) 
which in 3D systems leads to ( )σ ∝ − 0

1/4ln /T T  and Efros and Shklovskii[14] who 
pointed to the importance of Coulomb interactions in the transport and predicted a 

( )σ ∝ − 0
1/2ln /T T  behaviour (ES-VRH). The last contribution in particular has been 

much debated in the literature (see e.g. ref. [15] and references therein), as it should 
be valid only at low temperatures and low charge concentrations and disregards 
correlations in hopping sequences. The derivation of the temperature dependence 
of conductivity in the models mentioned above can be found in chapter 2 of this 
thesis. 

An extensive treatment of the electron-transport properties based on nearest 
neighbour hopping can be found in chapter 6. In the present chapter we will 
present detailed measurements of the electronic conductivity as a function of 
temperature in quantum-dot solids built from ZnO nanocrystals. The results will 
be discussed on the basis of the above models. Since none of the existing models is 
able to fully account for our observations we also propose a new model, where the 

                                                           
* The PbSe nanocrystals with the narrowest size distribution that were used in this thesis 
had a FWHM of 56 meV of the first exciton in the absorption spectrum of a dispersion (see 
chapter 3). This is more than two times kBT at room temperature. In an array of (charged) 
nanocrystals the FWHM is expected to be larger as a result of positional disorder that leads 
to disorder in coupling and Coulomb energies. An estimate of the coupling energy hΓ can be 
obtained from the mobility, using the Einstein-Smoluchowski equation (see ref.[9]). From 
the highest reported mobility for PbSe, 0.95 cm2 V-1 s-1 in 9.2 nm NCs[3], one obtains a 
coupling energy of ~0.1 meV. 
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Miller-Abrahams expression for activated electron transport is replaced by an 
expression that takes into account the thermal broadening of the energy levels 
involved in electron transport. 

 

7.2 Experimental information 
The ZnO nanocrystals were made via a modification of the synthesis of ref. [16]. 

More details can be found in chapter 5. The NCs were washed twice by the 
addition of hexane and acetone, followed by precipitation of the NCs. They were 
then redispersed in ethanol. The quantum-dot solids where prepared by placing an 
electrode in a tight-fitting plastic container and adding 750 µl of concentrated NC 
dispersion. The container was closed (but not air-tight) to saturate the atmosphere 
with solvent. The films took roughly one day to dry. The substrates were 
subsequently heated to 60ºC in an oven for ~1 hour to further dry the film. This 
resulted in uniform films of 500-1000 nm thickness, determined with a Tencor 
Instruments alphastep 500 Profilometer. 

Conductance measurements were carried out in a home-built, airtight, 
electrochemical cell. The working electrode was a home-made interdigitated array 
electrode with two different non-conducting gaps for conductance measurements. 
The most sensitive gap had a width of 3 µm and a total length of 13.6 m. The 
counter electrode was a platinum sheet and a silver wire was used as a quasi-
reference electrode, which was calibrated with the ferrocene/ferrocenium couple 
where necessary. A silicon diode (Lakeshore SD670-B) was integrated into the cell 
at ~2 mm from the working electrode to provide accurate temperature 
measurements. More details about the electrochemical cell and interdigitated array 
electrodes can be found in chapter 1. The electrolyte was a nitrogen purged pH 8.0 
phosphate buffer or 0.1 M LiClO4 in anhydrous and oxygen-free acetonitrile (ACN) 
or tetrahydrofuran (THF). The cell was loaded and sealed inside a N2 purged 
glovebox. 

The potential of the two working electrodes was controlled with a CHI832b 
electrochemical analyzer. The cell was placed inside a helium flow cold-finger 
cryostat to control the temperature between 8 K and 300 K. The temperature was 
lowered to just above the melting point of the electrolyte. At this temperature the 
differential capacitance was measured. The number of charges per nanocrystal was 
obtained with an optical analysis such as described in chapter 5. Briefly, the 
differential capacitance was compared to the differential capacitance of a reference 
sample (in some cases the same sample) on which in situ UV-VIS measurements 
had been performed. This is shown in Figure 7-1B and C. The relative absorption 
quenching integrated over the whole spectrum (solid squares in Figure 7-1C) is 
linear with injected charge over the entire range of charge concentrations. At low 
charge concentrations all electrons are stored is 1S orbitals and the experimental 
relative quenching at 350 nm is also linear with injected charge (open circles in 
Figure 7-1C). The slope of this curve multiplied by two (to  
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Figure 7-1 (A) Optical absorption spectra of 3.3 nm ZnO nanocrystals dispersed in ethanol 
(solid line) and in an assembly on ITO (dashed line). (B) The differential capacitance of one 
of the samples used for the measurements described in this chapter (downward triangles), 
compared to the differential capacitance of a reference sample (upward triangles). Also 
shown are the 1S (solid squares) and 1P (open circles) relative absorption quenching 
measured at 350 nm and 316 nm respectively. (C) The integrated absorption difference (solid 
squares) and the relative quenching at 350 nm (open circles, 1S occupation fraction) as a 
function of injected charge. At low charging levels (<0.6 electrons per NC) the 1S occupation 
is linear with the injected charge. The slope of this linear curve allows determination of the 
number of electrons per NC at higher occupation.
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account for the degeneracy of the 1S level) times the injected charge at a given 
potential gives the number of electrons per nanocrystal at this potential: 

 ( ) 1

1 0.3
2 ( )

<
< >= ⋅S

SRQ

dRQn V Q V
dQ

 7-1 

At a selected potential, linear bias scans were performed by keeping the 
potential of the drain electrode constant while the potential of the source electrode 
was scanned around this value, typically from -10 to +10 mV with a scan rate of 2 
mV/s. The slope of the current-bias plot gives the conductance. Such a plot is 
shown in Figure 7-2. The open symbols represent the current measured on both 
working electrodes above the melting point of the electrolyte (see below). In the 
small bias range used the conductance is Ohmic and both working electrodes give 
exactly the same slope. There is however a clear vertical offset: at zero bias the 
current is negative as a result of Faradaic side-reactions.  

Once the electrolyte is frozen, those Faradaic reactions are no longer possible, 
because the ions in the electrolyte are immobile and the electrical circuit to the 
counter electrode is open. Current can only flow between the two working 
electrodes. What results is a solid state device. This is shown as the solid symbols 
in Figure 7-2. The scan rate used was 40 mV/s, but the obtained current is 
independent of scan rate up to 1 V/s (although at high scan rates the data can 
become noisy). At this point the quantum-dot film can no longer be charged or 
discharged. Diffusion of ions in the frozen electrolyte is very slow and as a result 
the concentration of charge carriers can no longer be controlled by the potential of 

 
Figure 7-2 Current – Bias plots of an assembly of 3.3 nm ZnO quantum dots in aqueous 
electrolyte at 153 K (solid symbols) and 239 K (open symbols). The potential of working 
electrode 1 (squares, upward triangles) is listed on the x-axis. The potential of working 
electrode 2 (circles, downward triangles) is constant at -1.005 V. Below the melting point of 
the electrolyte (full symbols) all background currents are eliminated. 
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the working electrode. Instead the concentration is determined by the Coulomb 
potential set by the counterions in the pores of the assembly. The system resembles 
a chemically doped semiconductor.  

In contrast to the approach taken by Yu et al.[10] and Wehrenberg et al.[8] the 
potentiostat is not disconnected during the freezing of the electrolyte. These 
authors were afraid that uncontrolled large currents might flow when the working 
electrode is disconnected from the reference electrode; this could damage the 
quantum dots. We argue that when the working electrode is disconnected from the 
reference electrode, it is also disconnected from the counter electrode, so that no 
damage can occur. Figure 7-3 shows two cyclic voltammograms on a ZnO QD 
assembly in tetrahydrofuran. The black squares correspond to a measurement at 
180 K, before the sample is frozen in and the conductance is measured between 8K 
and 160 K. The open circles correspond to a measurement at 180 K after this series. 
The difference between the two CVs is slight. Differences of this order always 
occur when measurements are performed on a sample for some time and probably 
arise from small mechanical changes in the film geometry. It is clear that keeping 
the potentiostat connected during the freezing of the electrolyte does not damage 
the film. Since these quantum-dot assemblies spontaneously discharge, there are 
two benefits of keeping the potentiostat connected during freezing: a higher charge 
density can be reached in the frozen state and this charge density can be controlled 
at a chosen number of charges per nanocrystal. Regarding the last point, it has to 
be mentioned that there is some uncertainty as to the exact charge density as a 
result of a possible shift in the reference potential when the temperature decreases. 

 
Figure 7-3 Cyclic voltammograms of a ZnO QD assembly in tetrahydrofuran at 180 K. The 
scan rate was 100 mV/s. At this low temperature and high scan rate the CVs are not very 
symmetric: there is a significant lag between charging and discharging. Between the two 
experiments the sample was frozen at -1.0V (<n>~3) and the conductance was measured 
from 8 K to 160 K. 
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An interesting observation is that the temperature at which the quantum-dot 
assembly operates as a solid-state device is much lower than the melting point of 
the electrolyte. Figure 7-4 shows the conductance of an assembly of 3.3 nm ZnO 
quantum dots, as the temperature is changed from well below to above the melting 
point. Starting from low temperature the conductance typically starts to decrease 
well below the melting point, reaches a minimum and than increases strongly. The 
temperature at which the conductance first starts to decrease possibly corresponds 
to the temperature at which the electrolyte solution in the pores of the quantum-dot 
assembly starts to melt. As a result of the high concentration of ions in the pores 
there may be a strong melting point reduction. We have observed melting point 
reductions as large as 70 K in water (Figure 7-4A) and 45 K in tetrahydrofuran 
(Figure 7-4B). We emphasize that the T-dependence we discuss further is recorded 
below the melting point. 

 

7.3 Results and discussion 

7.3.1 T dependence of conductivity 
The temperature dependence of conduction in ZnO QD assemblies below the 

melting point of the permeated electrolyte was measured at different charge 
concentrations, in different electrolytes and for quantum dots of different 
diameters. Figure 7-5A shows the conductivity of an assembly of 3.6 nm ZnO QDs 
in aqueous electrolyte, between 7 K and 200 K at two different potentials, and of an 
assembly of 3.3 nm ZnO QDs at yet another potential. The conductivity σ is 
obtained from the conductance G through  

 
Figure 7-4 The conductance of assemblies of 3.3 nm ZnO quantum dots as a function of 
temperature in the region around the melting point in different electrolytes (phosphate 
buffer (A) and tetrahydrofuran (B)). Fluctuations in the conductance occur during the phase 
transition. As a result of the high concentration of ions in the film the real melting point is 
significantly lower than the melting point of the solvent. 
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where d is the source-drain distance (gap width), l is the gap length and h is the 
height of the film, all expressed in cm, yielding the conductivity is S/cm. The 
charge concentrations were 0.3, 3.9 and 5.5 electrons per nanocrystal. The solid 
lines in Figure 7-5A are fits of the data to following expression: 

 0
0ln

xTA
T

σ ⎛ ⎞= − ⎜ ⎟
⎝ ⎠
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As explained in chapter 2, this expression is commonly encountered in the 
temperature dependence of dc conductivity in disordered systems, where the 
exponent is typically found to be ½ or ¼. In the fits of Figure 7-5A, A0, T0 and x 
were free fitting parameters. The exponent x was 0.654 for the curve at -0.65 V, 
0.651 for the curve at -1.00 V and 0.665 for the curve at -1.40 V. The absolute value 
of the conductivity is higher at higher <n>, and the constant T0 is lower, but it 
appears that the temperature dependence at different charge concentrations is 
identical. 

As explained in chapter 6, one may expect the chance of conductivity with 
changing temperature to depend on the exact position of the Fermi-level in the 
density of states of the system (see Figure 6-4). If the Fermi-level is between two 
levels separated by either the charging energy (Mott insulator) or the S-P energy 
difference (filling controlled insulator), there is a large activation energy for each 

 
Figure 7-5  A) The natural logarithm of the conductivity of ZnO QD solids in phosphate 
buffer at three different charge concentrations as a function of T. The solid lines are fits of 
eqn. 7-3. The solid squares and open circles were measured on the same sample of NCs with 
a 3.6 nm diameter. The open triangles were measured on a sample of 3.3 nm NCs. The 
potentials mentioned in the legend are with respect to the Ag quasi-reference electrode. B) 
The natural logarithm of the conductivity of three different ZnO QD assemblies in 
electrolytes with different solvents: water (black squares), tetrahydrofuran (open circles) and 
acetonitrile (open triangles), plotted as a function of T-2/3. 
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hopping step. On the other hand, there are only minor features in the conductivity 
vs. <n> dependence of these ZnO QD assemblies (see chapter 5). This indicates that 
the disorder is large enough to wash out the minima in the density of states. It is, 
therefore, not surprising that we found no trace of metal-insulator transitions in 
the temperature dependence of the conductivity. 

Figure 7-5B shows σ as a function of temperature in different electrolytes. For 
reasons that will be discussed below, the natural logarithm of conductivity is 
plotted on a T-2/3 scale. On this scale ln σ is linear in all of the electrolytes that were 
investigated. The curves in Figure 7-5B were chosen because they have comparable 
charge concentrations of <n> ~ 3 in acetonitrile and tetrahydrofuran and <n> = 3.9 
in phosphate buffer. Since <n> is similar, it is justified to compare the obtained 
values of T0.  We found that T0 is comparable in water and ACN (~360 K) but that 
it is significantly larger in THF (875 K). The difference will be discussed below. 

All curves in Figure 7-5 contain the conductivity for both decreasing and 
increasing temperatures. The two scanning directions are indistinguishable, which 
illustrates the stability of the newly created solid-state device. In addition it proves 
that there is no significant temperature-lag during the measurements and that the 
measured temperature is reliable. We found that the stability in phosphate buffer 
was extremely good: significant differences between the scanning directions were 
never observed. In THF, differences occasionally occurred. In roughly one out of 
three measurements the conductivity was lower during the reverse scan (i.e. the 
scan for increasing temperature). Often the difference in conductivity was a 
constant factor. This may correspond to part of the film losing electrical contact 
with the electrode. In acetonitrile the situation was much worse: in ~four out of 
five measurements the conductivity showed several discrete changes.  

A possible explanation for these observations is given in Table 7-1, which lists 
the relative polarities of different solvents. Since ZnO nanocrystals are charge-
stabilized, they are well dispersed in relatively polar solvents. While ZnO NCs 
dissolve in ethanol, it is known that they are insoluble in water and acetone. These 
solvents can, in fact, be used as a non-solvent to precipitate the particles. 
Apparently, water is too polar, while acetone is not polar enough. Acetonitrile has 
an intermediate polarity. Although a film of ZnO NCs does not fully dissolve in 
acetonitrile the forces between the nanocrystals may be weakened, making the film 
more susceptible to mechanical damage. 

Table 7-1 Relative polarities of different solvents [17]. 

Solvent Relative polarity
Water 1.000 
Ethanol 0.654 
Acetonitrile 0.460 
Acetone 0.355 
Tetrahydrofuran 0.207 
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The exact determination of the exponent in eqn. 7-3, which is the topic of the 
next section, depends very sensitively on small errors in the data. Changes in the 
conductivity during a temperature scan are unacceptable as they can change 
significant the exponent obtained. Therefore the complete overlap of the falling 
and rising temperature directions has been used as a test of the reliability of the 
measurements: all measurements that showed a difference between the scanning 
directions have been discarded.  

At higher bias, the conductivity is not fully diffusion driven, but becomes field-
assisted. Figure 7-6A shows current-bias curves from -3 V to +3 V at different 
temperatures. At low temperature the curves become strongly non-linear. The field 
dependence was not analyzed in detail but is qualitatively similar to that observed 
by Yu et al. [10] and Wehrenberg et al. [8] in CdSe and PbSe QD solids. At high 
field these authors assume a linear voltage drop over the sample and account for 
the fact that tunneling is field-enhanced by writing 

 02exp
8 B

Tr a eErG A
a T r k T

⎛ ⎞−
= ⋅ − +⎜ ⎟

⎝ ⎠
7-4 

Here T0 is the constant in the ES-VRH hopping model (see chapter 2). The second 
term in the equation is the Coulomb gap over kBT and the third term represents the 
field-assisted lowering of the activation energy. When the field term is larger than 
the Coulomb term, the conduction is field-dominated and becomes temperature 
independent: 
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E
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with 

Table 7-2 Relative polarities of different solvents 

Solvent Relative polarity[17]
Water 1.000 
Ethanol 0.654 
Acetonitrile 0.460 
Acetone 0.355 
Tetrahydrofuran 0.207 

 

 
Figure 7-6 A) Current-bias plots for an assembly of 3.6 nm ZnO QDs in acetonitrile at 
<n>~0.2 electrons per nanocrystal. The inset shows the same graph at smaller currents. B) 
Field dependence of the conductance obtained from the curves in A. The dotted line 
corresponds to the temperature-independent conductance described by eqn. 7-5. 
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and T0 from the ES-VRH model. To determine the value of Eo we need to estimate 
the localization length a. The definition of a in the effective mass approximation 
can be determined directly from the WKB expression of the tunneling probability 
(eqn. 2-1): 

 

 
( ) 1/ 2*2 barriera m E

−
=  7-7 

where m* is the effective mass of the charge carrier and Ebarrier is the barrier height. 
For electrons in ZnO m* is 0.19 times the free electron mass. The barrier height can 
be estimated from the electrochemical charging of the nanocrystals with an onset at 
-0.6 V vs. SCE (see chapter 5); this corresponds to ~4 eV below the vacuum level 
[18]. With this barrier height, one obtains a localization length of 0.63 nm†. Fitting 
the linear conductance to T-1/2 below 100 K, we obtain a reasonable fit with T0 = 
1301 K, which yields an E0 value of 8.9·107 V/m for the sample shown in Figure 
7-6. Equation 7-5 is shown (with adjusted constant A and the determined value for 
E0) as the dotted line in Figure 7-6B. According to the model of Yu et al. all curves 
should approach this line at high field. The experimental field dependence seems 
to be in reasonable agreement with this model. 

 

7.3.2 Determination of the exponent x 
Since the measurements in phosphate buffer were the most reliable they will be 

used in this section to determine the exponent in eqn. 7-3. The exponent was very 
reproducible: from 4 different measurements (on 3 different samples) the value 
was found to be 0.655 ≤ 0.004.‡ The measurement that gave the highest fitting 
accuracy had an exponent of 0.658 and a goodness-of-fit parameter R2 = 0.99992. 
Based on recent literature we would expect to find an exponent of ¼ [3] or ½ [10], 
since these values were reported for assemblies of PbSe and CdSe NCs. In a nearest 
neighbour hopping scheme, where a single activation energy dominates, one 
would find x = 1.  We remark here that the determined exponent of 0.655 is very 
close to the geometrical factor 2•3    and we conjecture that it could reflect a specific 
variable-range hopping mechanism, to be explained below. 

Figure 7-7 shows a logarithmic conductivity dataset on three different 
temperature scales: T-1, T-1/2 and T-2/3. From this figure it is clear that x = 2•3    gives the 

                                                           
† The localization length is not very sensitive to the exact barrier height. Taking a barrier 
height of 2 eV yields, for example, a = 0.89 nm. 
‡ Note that eqn. 7-3 was used to obtain the exponent, and not the exponential form 

( )0 0 /exp xT Tσ σ −= . In a least-squares optimization the exponential form strongly 
underestimates the low temperature part. 
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best fit to the dataset over the entire temperature range, distinguishably better than 
x = 1 and x = ½. We must conclude that the ES-VRH model and nearest neighbour 
hopping cannot explain the conductivity over the full temperature range. To our 
knowledge an exponent 2•3   has not been theoretically predicted but, remarkably, an 
exponent of 0.65 was found recently by Zabet-Khosousi et al. [19] for conductivity 
in disordered films of gold nanoparticles. The authors give no explanation for this 
exponent, but remark that the fact that the exponent lies between ½ and 1 suggests 
that it results from a combination of ES-VRH and Arrhenius behaviour. They 
conclude that at low temperatures the VRH dominates, while at higher 
temperatures the system shows Arrhenius behaviour. This was, in fact, also the 
explanation given by Yu et al.[10] for the temperature dependence of conductivity 
in CdSe NC assemblies and by Beverly et al. [20] for 2D arrays of silver 
nanoparticles. 

We may ask what could induce a transition of ES-VRH to Arrhenius behaviour 
and whether we can indeed observe such a transition in the temperature 
dependence. In the ES-VRH there are two possible transitions between different T 
dependences. The first is a transition from ES-VRH to Mott-VRH with increasing 
temperature, which results from the thermal closing of the Coulomb gap. 
However, this would be a transition from x = ½ to x = ¼, and it would lower the 
observed exponent to below ½. Another possibility is “saturation” of the Variable-
Range Hopping. As the temperature increases the average hopping distance 
decreases until it corresponds to 1 site and nearest neighbour hopping results. In 

 
Figure 7-7 Logarithmic conductance of an assembly of 3.3 nm ZnO QDs in phosphate buffer 
at <n>=5.5, plotted on three different temperature scales, as indicated. 
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the ES-VRH model the temperature at which the transition occurs from VRH to 
nearest-neighbours hopping depends on the dielectric constant and the localization 
length. It should, therefore, be different in different solvents and at different 
charging levels and consequently the obtained value of the exponent in eqn. 7-3 
should also be different. Since this is not the case we can discard a transition from 
variable-range hopping to nearest-neighbour hopping. 

The second question we may ask is whether we can observe a change in 
temperature dependence between low and high temperatures, as proposed by Yu 
et al. [10] and Zabet-Khosoui et al. [19]. In both papers the logarithmic conductivity 
is plotted vs. T-1/2 and T-1 and a straight line is fitted to the low T part of the T-1/2 
plot and to the high T part of the T-1 plot. From Figure 7-7 it can be seen that this 
results in fairly good fits. However, reversing this assignment (i.e. concluding that 
ln G ∂ T-1 at low temperatures and ln G ∂ T-1/2 at high temperatures) results in 
equally good fits. One has to be careful, since the logarithmic conductance can 
appear linear for every exponent when fitted in a sufficiently small temperature 
range.  

A more elaborate analysis is presented in Figure 7-8. If, in a certain temperature 
range a single exponent x describes the data well, the plot of ln R vs. T-x (R is the 
film resistance, ln R = - ln G) should be straight and the derivative of this curve 
should be a constant. Thus, a transition from T-1/2

 to T-1 should show up as a 
deviation from this constant at the transition temperature. This is presented in 
Figure 7-8A, which shows d(ln R)/d(T-x) for different values of x. The curves with x 
= ½ and x = 1 are not constant at any temperature, while the curve with x = 2•3    is 
constant over the entire T range.  

  
Figure 7-8 A) The derivative of the logarithmic resistance of a 3.3 nm ZnO nanocrystal 
assembly in phosphate buffer with <n>=5.5 with respect to T-1/2 (open circles), T-2/3 (solid 
squares) and T-1 (triangles). This last curve was divided by 2 to show all curves in one 
graph. A five point adjacent averaging was applied to the curves to remove most of the 
noise. B) The fitted value of the exponent (solid squares) and T0 (open circles) in 
temperature ranges of 10 K. To obtain reliable fits over this small range the parameter A0 in 
eqn. 7-3 was fixed to the value obtained by fitting the full temperature range. The values of x 
and T0 obtained for the full range are shown as solid lines. 
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Another way to analyze a possible transition between different exponents is by 
fitting the conductance separately in different temperature ranges. This is shown in 
Figure 7-8B. The temperature is divided into 10 K intervals and the exponent is 
determined by fitting these intervals to eqn. 7-3. In order to obtain reliable fits in 
such a small T range the constant A0 is fixed to the value obtained by fitting the 
entire T range. Both the exponent and T0 determined this way are quite constant. 
There is some scatter, but no systematic deviation from x =2•3   . From this analysis it 
is clear that there is no transition between different temperature dependences. It is 
possible that the same is true for the measurements presented in refs. [19], [10] and 
[8], since plots of the logarithmic conductance vs. T-1/2 in these papers are in fact 
very similar to the curve in Figure 7-7 with that exponent.  

In a paper by Remacle et al. [21] on 2D arrays of Ag NCs, following ref. [20], the 
interpretation of activated conductance with an exponent between ½ and 1 is 
different. The authors assume that VRH and thermally activated conductance 
coexist. This means there is no transition between the two regimes, but a more 
gradual change described by the following expression: 
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The microscopic basis for the above assignment is depicted in Figure 7-9. Near the 
bottom of the conduction “band” the energy-levels are well separated and will be 
non-resonant as a result of site-dispersion. Transport between these levels thus 
occurs by hopping. At higher energy the spacing between the levels is much 
smaller and the manifold of levels may approach a continuum. If a charge carrier is 
thermally excited into this quasi-continuum the resulting transport will be 

 
Figure 7-9 Schematic drawing of the energy levels of two quantum dots of different sizes. 
For simplicity the conductance and valence levels are drawn symmetrically. The energy 
levels around the Fermi-level (dashed line) are non-resonant resulting in transport by 
hopping (curved arrow). However, at high energy the manifold of energy levels is much 
more dense and a level of equal energy can always be found, resulting in thermally 
activated resonant transport (straight arrow). 
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resonant. Since the thermal activation limits this process an Arrhenius dependence 
will result. 

In a system of metallic NCs, in which the level spacings are small (charging 
energy < 100 meV) the activation energy for this resonant transport process may be 
moderate. Remacle et al. find activation energies of 20-25 meV for the activated 
transport, which seems to be in agreement with theoretical predictions [21]. As a 
result of this moderate activation energy their 2D arrays are metallic above ~200 K. 
However, in semiconductor nanocrystals the energy-separations are much larger. In 
3.3 nm ZnO NCs the separation between the S and P levels is expected to be 0.39 
eV[22]. The expected activation energy for resonant nearest-neighbour tunneling is 
several times the S-P separation (see Figure 7-9), of the order of an eV.  

We have fitted the curves shown in Figure 7-5A with eqn. 7-8. The resulting fits 
are quite good, but have a lower R2 value than those with a single x = 2•3    exponent 
which, in addition, has one less free fitting-parameter. The fitting parameters and 
R2 values are listed in Table 7-3. To distinguish the different models the T0 values 
have been labeled Tx, where x is the exponent of the temperature dependence in 
the particular model. We obtain thermal activation energies of the order of 10 meV, 
which is much smaller than the expected value. In addition, we observe only a 
small difference (3.7 meV) between the activation energies obtained at potentials of 
-0.65 V and -1.40 V, while the difference in Fermi-energy is 750 meV. Finally, we 
remark that metallic behaviour was not observed at any temperature (see also ref 
[9]), while this would be expected for an activation energy of ~10 meV. These 
observations support the conclusion that the model proposed by Remacle et al. [21] 
does not explain our results. 

Furthermore, if the temperature dependence results from a competition between 
the two mechanisms described above, the exact dependence will change with the 
Fermi-level, the size of the nanocrystals, the charging energy and the degree of 
disorder, yielding a different exponent in eqn. 7-3 for different values of these 
parameters. We have studied the temperature dependence of conductivity at 
different positions of the Fermi-level, different charging energies (through choice 
of the solvent), for 2 different diameters (3.3 nm and 3.6 nm) and for different 
degrees of disorder, since different samples inevitably have different size and site 
dispersions. In all these cases we found the conductance to be best described by 
eqn. 7-3 with an exponent very close to 2•3    . 

In addition, there is the remarkable observation that for the very different 
system of metallic Au NCs the same exponent was found[19]. It would be too much 

Table 7-3 Parameters obtained from fitting the data in Figure 7-5A with eqn. 7-3 and x = 2•3     
(3rd and 4th columns) or eqn. 7.8 (last three columns). 

Potential <n> T2/3 (K) R2 T1/2 (K) Eact (meV) R2 

-0.65V 0.3 590 0.99971 2683 13.4 0.99934 
-1.00V 3.9 370 0.99896 1516 9.7 0.99824 
-1.40V 5.5 259 0.99985 977 6.8 0.99800 
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of a coincidence that in these very different systems the competition between ES-
VRH and activated transport always leads to the same exponent of  2•3   . Hence, the 
results of [19] and ours require a reappraisal of the existing variable-range hopping 
models. This is presented in the next paragraph. 

 

7.3.3 A variable-range hopping model with thermal 
broadening of the energy levels 

In chapter 2 an expression for the tunneling rate between non-resonant energy 
levels is derived by considering fluctuations in the internal energy of a small 
system, as first outlined by Einstein[23]. These fluctuations result in thermal 
broadening of the energy levels involved in electron transfer, which in turn has a 
strong effect on the tunneling rate. When the heat capacity of the small subsystem 
coupled to the energy level does not (strongly) depend on the temperature, the 
resulting tunneling rate between an occupied and an unoccupied level with energy 
difference ∆E is given by 
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The dependence on ∆E is different from the Miller-Abrahams expression that is 
commonly used. This leads to a different balance between tunneling distance and 
energy mismatch and therefore a modification of the standard VRH models. A full 
derivation can be found in chapter 2; an overview of the results is given in Table 
7-4. We stress that the resulting temperature dependence is determined by both the 

Table 7-4 T dependence, T0 and typical hopping distance R* for different models, in the 
thermal broadening approach 
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power of ∆E and the power of T in the exponent. As explained in chapter 2, there 
are many non-resonant electron transfer models that incorporate a thermal 
broadening of the energy levels involved in electron transfer. In contrast to the 
Miller-Abrahams expression, they have a Gaussian dependence on energy-
mismatch [24, 25] (see eqn. 2-4 and 2-5). In section 2.2 it was shown that, when the 
Fermi-occupation of the energy-levels is taken into account (eqn. 2-25), all thermal 
broadening models result in the same expression:  

 
2

'
0

( )exp
4 B

E
k T
λ

λ
⎡ ⎤− ∆ +

Γ = Γ ⎢ ⎥
⎣ ⎦

7-10 

The various models differ only in the interpretation of the reorganization energy λ. 
Marcus does not present a temperature dependence of λ [24], Hopfield assumes a 
temperature independent λ (λ = kx2) [25] and the model based on Einstein 
fluctuations gives λ = CvT. For the results presented in Table 7-4 the latter linear 
dependence of λ on T is essential. This also means that the temperature 
dependences listed in Table 7-4 only hold for a T-independent heat capacity. There 
is some uncertainty as to the correct interpretation of the heat capacity of the 
system , i.e. the electron coupled to lattice phonons and, thus, to the temperature 
range in which it can be considered constant (for a discussion see chapter 2).  With 
these limitations in mind (i.e. keeping Cv constant) we can analyze the 
experimental temperature dependence with the thermal broadening version of 
VRH. In the case of a constant DOS in three dimensions (Mott-VRH) the 
temperature dependence becomes ln σ ∂  -(T0/T)2/7

. For a DOS fully determined by 
the Coulomb gap (ES-VRH) the temperature dependence in the Einstein-
fluctuation VRH becomes ln σ ∂ -(T0/T)2/3, exactly the dependence that is 
experimentally observed. 

In the classical limit we can write Cv = 3NkB[26], where N is the effective number 
of unit cells in the sample and, using as before N = 1 (i.e. normalizing the volume 
of the nanocrystal with respect to the density of the tunneling electron, see section 
2.2), we obtain the following expression for T0:  
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Different values of T0 therefore correspond to either different localization lengths, 
or different dielectric constants. Without an independent measurement of one of 
these parameters, it is not possible to determine both of them. We will try to make 
some estimates of the localization length. 

Previously, some authors have assumed the localization length to correspond to 
one nanocrystal radius [8, 10]. However, since a represents the decay of the 
wavefunction outside the nanocrystals, and since we expect it to change with e.g. 
energy disorder we prefer to make an independent estimate of the localization 
length. The definition of the localization length in the effective mass approach has 
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already been given in eqn. 7-7. As mentioned before, the ZnO effective electron 
mass (0.19 me) and an estimated barrier height of 4 eV yield a localization length of 
0.63 nm increasing to 1.3 nm for a barrier height of 1 eV. From these estimates of 
the localization length, the dielectric constant can be calculated. The dielectric 
constants determined for the measurements in phosphate buffer at different charge 
concentration are shown in Table 7-5. The dielectric constants determined the same 
way, but in the ES-VRH model are also shown (lower 4 rows). 

For Ebarrier = 4 eV and at the lowest charge concentration of <n> = 0.3, we find ε = 
67. This value increases to ε = 157 at <n> = 5.5. Although these dielectric constants 
are ~3 times larger than those obtained with the ES-VRH model they do not seem 
unreasonably large, since water has a dielectric constant of ~80 at room 
temperature which increases significantly on going to lower temperatures (ε = 171 
for ice at -120ºC[27]). In addition, the high concentration of ions in the voids of the 
quantum-dot assembly may add to the dielectric constant. We have, in fact, 
determined the effective dielectric constant for ZnO QD solids at room 
temperature in section 5.4; this applies to low charge concentrations, <n> d 1, and 
was 69 for assemblies in phosphate buffer. This value agrees well with the value of 
67 found here. Thus, we conclude that the thermal broadening VRH model gives a 
more accurate estimate of the dielectric constant and that the estimated barrier 
height of 4 eV is reasonable. 

Therefore we have used this barrier height for the analysis of the T-dependent 
conductance measured in different electrolytes. The resulting dielectric constants 
are given in Table 7-6. In the TB-VRH model we obtain dielectric constants that are 
comparable in water and acetonitrile (107 and 112 respectively) and significantly 
lower for tetrahydrofuran (45). This is in qualitative agreement with the results 
obtained in chapter 5, which are also listed in Table 7-6 and apply to a lower 
charge concentration (and thus to a lower dielectric constant). Since we expect the 
localization length to be independent of the dielectric constant, we have also 
calculated the localization length in the different solvents, using the dielectric 
constants determined in chapter 5. The resulting localization lengths are listed as 
the final column in Table 7-6 and range from 1.0 nm in water to 1.4 nm in 
tetrahydrofuran. It appears that the localization length is indeed fairly constant in 
different electrolytes. With the same analysis in the ES-VRH model, the determined 
localization lengths are ~3 times smaller, but again fairly constant for the different 
electrolytes.  

In the thermal broadening VRH model the average hopping distance can be 
estimated from the following expression: 
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Using the values of the dielectric constant obtained above (i.e. assuming a = 0.73 
nm) we obtain a hopping distance of 5.9 nm at 5K for the <n> = 0.3 case in 
phosphate buffer, decreasing to 3.6 nm (one NC diameter) at 11K. If this estimate is 
correct, the transition to activated transport should occur near that temperature 
and in most of the temperature range that was investigated Arrhenius dependence 
should result. The fact that this behaviour was not observed indicates that the TB-
VRH model outlined in chapter 2 is not completely consistent. The assumption that 

Table 7-5 Static dielectric constants determined from the fitted value of T0 in the thermal 
broadening VRH model (A, upper 4 rows) and in the ES-VRH model (B, lower 4 rows). The 
dielectric constants are shown for the results in phosphate buffer at various charge 
concentrations. Different barrier heights were used as indicated. The final column shows the 
estimated localization lengths where it was assumed that the dielectric constant is 69, as 
determined in chapter 5. 

A 
TB-VRH 

<n> T2/3 
(K) 

ε 
Ebarrier = 2 eV 

ε 
Ebarrier = 3 eV 

ε 
Ebarrier = 4 eV 

a (nm) 
ε  = 69 

 0.3 590 47 58 67 0.6 
 3.9 370 76 93 107 1.0 
 5.5 259 108 132 153 1.4 

B 
ES-VRH 

<n> T1/2 
(K) 

ε 
Ebarrier = 2 eV 

ε 
Ebarrier = 3 eV 

ε 
Ebarrier = 4 eV 

a (nm) 
ε  = 69 

 0.3 2906 13 16 18 0.14 
 3.9 1705 22 27 31 0.25 
 5.5 1009 37 45 53 0.41 

 
 

Table 7-6 Static dielectric constants determined from the fitted value of T0 in the thermal 
broadening VRH model (A, upper 4 rows) and in the ES-VRH model (B, lower 4 rows). The 
dielectric constants are shown for different electrolytes, at comparable charge concentration 
(<n> ~ 3). A barrier height of 4 eV was assumed. Also shown are the localization length a 
determined using the dielectric constants as indicated, which were determined in chapter 5. 

A 
TB-VRH 

Solvent T2/3 (K) ε 
Ebarrier = 4 eV 

εfitted 
(chapter 5) 

a (nm) 
 

 water 370 107 69 1.0 
 ACN 353 112 60 1.2 
 THF 875 45 20 1.4 

B 
ES-VRH 

Solvent T1/2 (K) ε 
Ebarrier = 4 eV 

εfitted 
(chapter 5) 

a (nm) 
 

 water 1705 31 69 0.28 
 ACN 1391 38 60 0.40 

 THF 5296 10 20 0.32 
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the heat capacity is constant and can be approximated as Cv = 3NkB may be 
incorrect. This would result in a different numerical constant in eqn. 7-12 and thus 
a different temperature for the transition to nearest neighbour hopping. 

The variable–range hopping model with thermal broadening is, to our 
knowledge, the only model which can explain the peculiar temperature 
dependence of conductivity in ZnO and Au nanocrystal assemblies. Its T0 value is 
consistent with that calculated from independent experiments and the derived 
localization length is in line with electron tunneling. The main point of concern is 
the precise definition of the electron-level subsystem and the question if its heat 
capacity is T-dependent. 
 

7.4 Conclusions 
The temperature dependence of conduction in ZnO quantum-dot solids is best 

described by the relation σ = σ0 exp[-(T0/T)x] with x = 2•3    .  This was shown to be true 
in different dielectric environments, at different charge concentrations and for 
quantum-dots of different diameters. 

We have shown that there is no change of the temperature dependence in the 
range of temperatures studied, between 7 K and 200 K. In addition, we conclude 
that a coexistence of variable-range hopping and activated transport is unlikely 
since the activation energy obtained with such a model is an order of magnitude 
too small. Noting also that the same temperature dependence was observed in 
monolayers of Au nanoparticles [19] we conclude that it is highly unlikely that a 
competition between VRH and activated transport is responsible for the observed 
temperature dependence of conduction. Instead, we think that it results from a 
single, distinct transport mechanism. 

Since there is, to the best of our knowledge, no transport mechanism that 
predicts a temperature-dependence of this form, we propose a reappraisal of the 
existing Efros-Shklovskii VRH model. We use a non-resonant tunneling expression 
that includes thermal broadening of the energy levels involved in electron transfer. 
This expression was derived using Einstein-fluctuations and is similar to the 
Marcus expression for small-polaron hopping. When we use this expression within 
the ES-VRH framework we derive exactly the temperature dependence that we 
observed experimentally. This expression holds in the VRH regime dominated by 
the Coulomb gap, and for a constant heat capacity. The parameters of the model, 
i.e. the localization length and the effective dielectric constant are in good 
agreement with theoretical estimates and independent measurements. 

Using either the ES-VRH model or the thermal broadening VRH model we show 
that the dielectric constant of the quantum-dot solid increases with increasing 
charge concentration and that it is drastically different in different electrolytes. In 
contrast we find the localization length to be insensitive to the electrolyte that is 
used. 
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Chapter 8  
The effects of Coulomb repulsion and disorder on 
the Density-of-States and electronic properties of 
Poly(p-phenylene Vinylene) 

 
 

Using an electrochemically gated transistor, we achieved controlled and reversible 
hole doping of poly(p-phenylene vinylene) in a large concentration range. Our 
data reveal a wide energy-window view on the density of states (DOS) and show, 
for the first time, that the DOS is Gaussian as a result of disorder. We observe two 
Gaussian levels in the DOS and use in situ optical spectroscopy to identify these 
levels as polaron and bipolaron formation. The center of the polaron distribution is 
0.23 eV lower in energy than the center of the bipolaron distribution. 
At the highest doping levels the absorption spectrum has the characteristics of a 
metal, while the conductivity remains activated and follows the T-1/4 Mott variable-
range hopping law; the hole mobility even decreases. We conclude that disorder 
and interchain hopping are the limiting factors for the hole mobility in poly(p-
phenylene vinylene). 
 

“Nothing shocks me. I’m a scientist.” 
Harrison Ford, as Indiana Jones 
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8.1 Introduction 
Charge transport in disordered conjugated polymers like poly(p-phenylene 

vinylene) (or PPV), polypyrrole and polythiophene [1], and disordered systems in 
general [2-5] usually proceeds via thermally activated hopping allowing the charge 
carriers to move from one site to the next. In this process, the density of states 
(DOS) and the charge mobility (µ) (or the diffusion constant (D)) are two key 
parameters. The energy distribution of the charge carriers is often assumed to be 
Gaussian [5-7] or exponential [8] and both shapes have been applied with success 
to explain transport properties under different conditions [9-12]. In devices such as 
polymeric light emitting diodes (LEDs), where the carrier concentration is low, 
only the tail of the DOS is directly involved in the charge injection. In field-effect 
transistors (FETs) the carrier concentration c is orders of magnitude larger and the 
DOS closer to the center of the level distribution is important. These examples 
show that, for a proper understanding of the electronic properties of polymeric 
devices, a direct experimental determination of the shape of the DOS function over 
a large range of energy (or charge concentration) is essential. Until now, only a few 
measurements have been reported.  

One attempt to determine the DOS (of the valence states) in OC1C10-PPV, the 
workhorse in light emitting diodes, has used the temperature and concentration 
dependence of the hopping conductivity with FeCl3 as a dopant[13]. In another 
approach it is assumed that the DOS is Gaussian shaped. From the experimental 
determination of the mobility as a function of temperature the width σd of the 
distribution was determined[14, 15] (for a discussion of some of the simplifying 
assumptions see [13, 16]). Recently, concentration-dependent DOS and µ data were 
obtained in a FET and a LED configuration [14]. All of the above mentioned 
experiments showed the mobility to be strongly concentration dependent. In the 
charge carrier concentration range covered by chemical doping with FeCl3 the DOS 
increased linearly with c [13], while for the analysis of the FET and LED 
experiments [14, 15] an exponential and Gaussian DOS were assumed, 
respectively. It can be concluded that there is no consensus on the DOS of PPV in a 
broad energy range. The same is true for the exact nature of the charge carriers. 
While it is generally accepted that charge injection is followed by the formation of 
polarons and bipolarons there is an extensive discussion in the literature as to 
which of these two species is formed [17-27]. 

This chapter reports on detailed investigations of the DOS, optical absorption 
and conductivity of thin spin-coated PPV films in a wide, well-defined energy 
range. The data are obtained using an Electrochemically Gated Transistor (EGT). 
Using the impressive energy range of the EGT, we show for the first time that the 
DOS is Gaussian, and composed of two distinct Gaussian levels. We use in situ 
optical spectroscopy to study the change in the absorption spectrum which results 
from the charges. These results are in favor of the model of polaron and bipolaron 
formation. In addition, conductance measurements were performed over a wide 
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carrier concentration range and show that the hole mobility is strongly energy-
dependent. The temperature dependence of conductivity was also determined and 
was found to obey the T-1/4 Mott variable-range hopping law. 

 

8.2 Experimental information 
The electrochemically gated transistor offers a unique possibility of studying the 

transport properties of polymers as a function of doping in a reversible way. 
Important advantages of electrochemical gating over the conventional field-effect 
transistor are the uniform charging [28, 29] of the PPV film together with a wider 
doping range. Films of OC1C10-PPV were spin-coated at 1000 rpm on interdigitated 
electrodes that were designed for sensitive conductivity measurements. These 
substrates were composed of three separate electrodes that could be used as source 
and drain in conductivity measurements. Optical measurements were preformed 
through a specially designed “optical window” on the electrodes, which consisted 
of a grid of gold bars separated by 100 µm. The substrate was 0.5 mm Borosilicate 
glass (thin enough to allow optical transmission down to ~200 nm). The thickness 
of the films was typically ~200 nm and was determined by profilometry (Tencor 
Instruments alphastep 500). The spin coated sample was placed as the working 
electrode in a three-electrode electrochemical cell. The cell was loaded and sealed 
inside an Ar or N2 purged glove-box. 

The electrochemical potential µ~e of the sample was controlled with respect to a 
Ag quasi reference electrode (QRE) by means of a bipotentiostat (CHI832B). The 
PPV layer is in electrochemical equilibrium with the Au source-drain electrodes. 
Any change in potential with respect to the Ag electrode is followed by charge 
transfer from the Au electrodes to the PPV or vice versa and current flow to the Pt 
counter electrode (CE). When the potential is changed to within the conduction 
band or valence band electrons and holes are injected, respectively. The charge is 
balanced by counter ions from the electrolyte solution* which permeates the PPV. 
The number of charges stored in the PPV film was determined by making small 
steps in the potential and integrating the current. This yields the differential 
capacitance C(µ~e) = ∆Q(µ~e) /∆V. Just after a potential step the optical absorption 
spectrum was recorded and/or the conductance was determined by sweeping the 
source-drain voltage (from -10 to +10 mV) and taking the derivative of the 
resulting linear I-V curve. The injected charge, optical absorption and conductance 
are, thus, obtained truly in situ. The potential of the Ag quasi reference electrode 
(QRE) was calibrated vs. the ferrocene/ferrocenium couple. Note that several Ag 
electrodes, with different reference potentials, were used for the experiments 

                                                           
* Tetrabutylammonium perchlorate (TBAP), tetrabutylammonium hexafluorophosphate 
(TBAPF6) or LiClO4 (all Fluka >99%) in acetonitrile (Aldrich, anhydrous 99.8%). 
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described in this chapter. A typical value of the potential of a QRE was -5.00 V 
below vacuum. 

The temperature dependence of the hole conductivity was measured by placing 
the electrochemical cell in a helium-flow cold finger cryostat, charging the PPV 
film to a controlled hole concentration and quickly lowering the temperature 
below the melting point of the electrolyte. Once the electrolyte is frozen the 
concentration of charge carriers can no longer be controlled by the potential of the 
working electrode. Instead the concentration is determined by the Coulomb 
potential set by the counter ions in the film (see also chapter 7).  More details about 
the electrochemical cells and electrodes can be found in chapter 1. 

 

8.3 The density of states 
Cyclic voltammetry (CV) is a technique that is commonly applied to study the 

oxidation (hole injection) and reduction (electron injection) of conducting polymers 
and to determine the HOMO and LUMO levels [19, 20, 30, 31]. A cyclic 
voltammogram of OC1C10-PPV in 0.1 M TBAP in acetonitrile, with a scan rate of 
100 mV/s, is shown in Figure 8-1A. The scan starts at 0 V. The positive peak at 
positive potentials corresponds to the injection of holes; the negative peak at 
negative potentials to the injection of electrons. Hole injection is very stable and 
reversible. Scans can be repeated many times and are identical. In contrast, the 
injection of electrons leads to irreversible changes to the polymer film; electron 
injection is not very reversible or reproducible.  

More information can be obtained from the DOS, obtained via a differential 
capacitance measurement. The volume Vp of a typical polymer film was 0.045 mm3 
(accuracy ~5%). The density of states g(µ~e), was obtained from the charge ∆Q 
stored in the PPV film: 

 
Figure 8-1 A) Room temperature cyclic voltammogram on a film of OC1C10-PPV on a Au 
electrode. The scan rate was 100 mV/s, the electrolyte was 0.1 M TBAP in acetonitrile. B) 
DOS determined from a differential capacitance measurement. 
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The DOS is, therefore, determined directly; no assumptions are required†. This is 
shown in Figure 8-1B. The DOS obtained this way is more reversible than the CV 
and Faradaic background currents are eliminated. The electrochemical bandgap is 
determined by extrapolating the tangential to the DOS peaks, and is found to be 
2.2 ± 0.1 eV. Since the polymer film is not stable at potentials corresponding to 
electron doping we focused on the hole doping regime. All measurements reported 
in this chapter are for p-type PPV. 

The density of states is shown in more detail in Figure 8-2A at room temperature 
(293 K; full squares) and just above the melting point of the electrolyte solvent, at 
230 K (open circles). At room temperature charge injection starts at ~0.2 V vs. Ag, 
which corresponds to -5.2 eV below the vacuum level. At around 0.3 V a shoulder 
is visible and a clear maximum is observed at ~0.55 V. At around 0.8 V the DOS 
starts to rise again. The charge injection is extremely reversible. We have measured 
efficiencies Qin/Qout of  100%. When the temperature is lowered to 230 K (open 
circles in Figure 8-2) the shoulder at 0.3 V becomes more pronounced.‡ The two 

                                                           
† To calculate the number of states per monomer this number has to be divided by the 
monomer density Nmon. From the density ρ of OC1C10-PPV (0.989 g/cm3) and the atomic 
mass of the monomer (288.47 g/mol), one determines a monomer density of 2.06 nm-3. 
‡ The small shift in potential may reflect a shift in the reference potential with decreasing 
temperature. 

 
Figure 8-2 A) The density of states measured via a potential step capacitance scan at two 
different temperatures. The electrolyte was 0.1M LiClO4 in acetonitrile. The volume of the 
film was measured to convert the capacitance to density of states. B) Detailed DOS 
measured at 239 K in steps of 10 mV and with a 15 s integration time. The DOS is clearly 
composed of several contributions that are well described by Gaussian functions (also 
shown, solid lines). At potentials more positive than ~ 0.8 V the DOS rises strongly. 
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curves were obtained on the same sample. A more detailed low T DOS, with a 10 
mV potential step, is shown in Figure 8-2B.  

In a previous publication we reported that the DOS was well described by a 
Gaussian function[32]: 
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where g0 is the total number of states integrated over the Gaussian. We found a 
Gaussian width σd of 0.19 eV, while the tail contained additional structure. From 
the present measurements it is obvious the “tail” of the DOS represents another 
level that is charged before the “core”. Both levels in the DOS are well described by 
Gaussian functions. A fit is included in Figure 8-2B: one Gaussian centered at -5.32 
eV below the vacuum level, one Gaussian centered at -5.55 eV and a broad 
increasing background, again described by a Gaussian function. 

The separation between the two peaks was obtained from 5 independent 
measurements and was found to be 0.23 ± 0.01 eV.  For the largest of the two 
Gaussians we find a width of σ = 0.19 eV, in agreement with the previously 
determined value[32]. The smaller Gaussian is sharper; it has a width of 62 meV. 
Typical values for σd reported in the literature [14, 15] are around 0.1 eV, 
intermediate between the widths of the Gaussian functions found here. 

The measurements presented in Figure 8-2 correspond to the DOS of the doped 
polymer. In analogy with scanning tunneling spectroscopy this may be called the 
shell-filling DOS, in contrast to the shell-tunneling, or single-particle DOS. 
Coulomb interactions in the charged film may broaden the DOS with respect to the 
single-particle case (see also chapters 4 and 5 for similar effects in quantum-dot 
solids). In addition, the ions in the dielectric may influence the energy landscape 
and broaden the DOS[11]. However, the data presented here compare well with 
those of Tanase et al.[14], where no ions are present in the film (see also ref. [32]).  

The literature value for the HOMO level in OC1C10 PPV is -5.2 eV [30, 31], 
determined by cyclic voltammetry. On inspection of the DOS in Figure 8-2 it is 
clear that the assignment is relatively arbitrary. The value of -5.2 eV corresponds to 
the point at which a strong increase in DOS is observed. However, many states are 
already available before this point. This means that in LED applications (i.e. at low 
charge concentrations) a deviation of the ’’HOMO level’’ of several tens of an eV 
from the cyclic voltammetric value is possible. This has to be included in 
quantitative descriptions of charge injection and carrier mobility in devices[11]. 

Figure 8-3A shows a cyclic voltammogram (CV) at 230 K and 10 mV/s. At this 
low temperature there is clear hysteresis in the CV which increases with increasing 
scan rate (Figure 8-3B); this indicates that the rate of charge injection is comparable 
to the scan rate. The fact that the hysteresis is absent in the differential capacitance 
measurements means that after each potential step a true steady-state situation is 
reached. There is also a marked difference between the first cycle of a CV and any 
subsequent cycle. This difference is only visible on the forward scan. It appears 



The density-of-states and electronic properties of PPV  
 

 191 

that the introduction of holes is followed by a structural rearrangement of the 
material, which has not fully relaxed by the time the second cycle starts. Waiting a 
few minutes and repeating the scans completely reproduces this effect. Just as in 
the differential capacitance measurement, there is a clear shoulder visible below 
the maximum of the current. 

Charge injection in conducting polymers with a non-degenerate ground state 
(NDGS polymers such as PPV) is usually explained in terms of polaron and 
bipolaron formation[19]. The addition of extra charge to the polymer chain is 
followed by a considerable rearrangement of the electronic density and the 
molecular structure around the charge. A (bi)polaron is a so-called self-localized 
excitation and, since it can move along the polymer chain, it is considered a quasi-
particle. Figure 8-4A shows the chemical structure of a positive polaron (+e) and 
positive bipolaron (+2e) in PPV[23]. In the neutral polymer all carbon rings have 
benzenoid character, while in the (bi)polaron state there is local quinoid character. 
Since a positive polaron has an odd number of electrons, it can be regarded as a 
radical cation; it has spin ½. A positive bipolaron is analogous to a dication[26].  

It is predicted on theoretical grounds that a bipolaron is more stable than two 
polarons[19, 25]. Thus, in an equilibrium situation the charge carriers in doped 
NDGS polymers are expected to be bipolarons. There is, however, significant 
experimental evidence that polarons are important [20, 24, 26] and the coexistence 
of both polarons and bipolarons has been suggested for p-doped PPV 
derivatives[20]. We will return to this discussion later. 

The appearance of two distinct Gaussian features in the DOS of p-doped PPV 
suggests that we may be witnessing the successive injection of polarons and 
bipolarons. Disorder makes both the density of polaron states and the density of 
bipolaron states Gaussian in energy, but the center of distributions is different by 
0.23 eV. Since the (bi)polaron levels induce optical transitions, optical spectroscopy 

 
Figure 8-3 A) Cyclic voltammogram at 230 K with a 10 mV/s scanrate. There is clear 
hysteresis. There is also a clear difference between the first cycle of a scan and any 
subsequent cycle. In all cycles, and all scanning directions, a shoulder is clearly visible 
before the maximum.  B) The first cycle of cyclic voltammograms at different scanrates v, 
plotted as I/v. The hysteresis increases strongly with increasing scanrate.  
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is a much used tool to study the formation of self-localized charges [17, 19-21]. In 
situ optical absorption measurements are presented in the following section. 

 

8.4 In situ optical absorption measurements 

8.4.1 Transitions induced by polaron and bipolaron states 
We have measured the optical absorption spectrum of p-type OC1C10-PPV in 

situ during electrochemical doping. Spectra are shown in Figure 8-5A for doping 
levels ranging from 0 to ~0.25 holes per PPV monomer. The neutral polymer (0.2 V 
curve in Figure 8-5A) shows several distinct features. Three (or perhaps four) 
transitions are observable: at 2.48 eV, 3.76 eV, 4.82 eV (and one that has a 
maximum just outside of the measurement range). These peaks are characteristic of 
PPV derivatives [33] and, although the exact assignment is still under debate, are 
usually attributed to optical transitions between different molecular orbitals in the 
valence and conduction band [34-41]. In the literature the peaks are labelled with 
increasing energy as peak I, II, III and IV. We will adopt the same labelling. When 
approximated by Gaussian functions the width σopt of all transitions is ~0.4 eV. 

As soon as holes are injected into the PPV film two transitions appear in the 
optical bandgap. This is illustrated in Figure 8-5B, which shows the absorption 
difference (defined as the absorption at a given potential minus the absorption at 
open circuit) of the film at 1.1V. At ~0.6 eV and at ~1.6 eV two positive peaks are 
clearly visible, which will be called i1 and i2, respectively. These transitions are 

 
Figure 8-4  Chemical structure of a polaron (A) and a bipolaron (B) in PPV derivatives (after 
Sakamoto et al.[24]). A- represents an anion. Only the change in electron density is shown, 
although there is also a redistribution of atomic positions. The charges and radicals are 
depicted as being localized on one carbon atom, but it has to be borne in mind that they 
extend over several monomers. The formation of a (bi)polaron is accompanied by two new 
levels that are symmetric in the bandgap. This is shown in C and D for polarons and 
bipolarons, respectively. The possible optical transitions are indicated in the figure. 



The density-of-states and electronic properties of PPV  
 

 193 

well known in the literature and are assigned on the basis of the polaron and 
bipolaron energy level schemes which are shown in Figure 8-4C and D, 
respectively. 

The formation of a (bi)polaron is accompanied by two new electronic levels: n- 
and n+. These levels are located in the bandgap and are symmetric around the 
center of the gap [19]. A hole polaron corresponds to the occupation of the n- level 
by a single electron: n- = 1, n+ = 0. A positive bipolaron has n- = n+ = 0. A hole 
polaron is predicted to induce three optical transitions, which are shown in Figure 
8-4C [19]. Transitions 4 and 5 are resonant as a result of the symmetry of the 
polaron levels. Since in a positive bipolaron the n- level contains no electrons, the 
transition n-  n+ cannot occur and only two transitions should be induced. As a 
result of this prediction the nature of the charge carriers has often been assigned on 
the basis of the number of induced transitions seen in the optical absorption 
spectrum [19, 26]. Based on the above argument the charge carriers in OC1C10-PPV 
should be bipolarons. 

However, there is an intense debate in the literature about the validity of such 
an assignment[17-27]. For example, it was pointed out by Onoda et al. that the 
transitions 2 and 3 in Figure 8-5B may occur at (almost) the same energy[20]. In 
addition, there is the so-called “intensity anomaly”: the two optical transitions in 
bipolarons should have very different oscillator strengths, while the intensity of 
both induced absorptions is similar. Furukawa has proposed that transitions 4 and 
5 are, in fact, optically forbidden such that the number of expected transitions is 2 
for polarons and 1 for bipolarons[26]. 

Furthermore, it was found by resonance Raman and EPR measurements that 
polarons are the dominant charge species in PPV[24], at least at low doping 
concentrations[20]. In those experiments, as in the experiments presented here, 
only two electronic transitions were induced by hole doping. The dependence of 
polaron and bipolaron formation on doping concentration was studied by Onoda 

 
Figure 8-5 A) The optical absorption spectrum of a film of OC1C10-PPV at different doping 
levels, ranging from 0 to ~0.25 holes per monomer. At the highest doping levels the 
absorption is featureless, indicative of free carrier absorption. B) The absorption difference 
spectrum at 0.75 V (0.05 holes/monomer). Four quenching features and two induced 
absorption features can be distinguished. The energies at their extrema are indicated. 
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et al., using electron spin resonance measurements[20]. They found that up to a 
doping concentration of ~2.2% per monomer, the magnetic susceptibility of 
C2H5O-PPV increased, corresponding to the formation of a spin-carrying particle 
(i.e. a polaron), while it decreased at higher concentrations. 

We may hypothesize that the two Gaussians seen in the differential capacitance 
correspond to the formation of polarons followed by the formation of bipolarons at 
more positive potential. The formation of a bipolaron involves the injection of a 
hole (seen as the larger Gaussian in the DOS) and the removal of an existing 
polaron§. Thus, we can estimate the net density of polarons as a function of 
electrochemical potential, or doping concentration. The net formation of polarons 
should correspond to the value first Gaussian function minus that of the second 
Gaussian function in the DOS. This function is shown as the dotted line in Figure 
8-6. Also shown are the differential capacitance (solid squares) and the doping 
concentration (open circles). Up to a doping concentration of 3.4% per monomer 
there is a net formation of polarons, while at higher doping levels more polarons 
are annihilated than formed. This is in good agreement with the ESR experiments 
by Onoda et al.[42]. We, therefore, assign the two Gaussian features in the DOS to 
the sequential occupation of polaron and bipolaron states.  

It is often assumed that polarons are present because there is a kinetic barrier to 
the formation of bipolarons[25]. It is important to realize that the structure in the 
DOS, as shown in Figure 8-1 and Figure 8-2, cannot be due to a kinetic barrier. 

                                                           
§ This represents one limiting case of bipolaron formation. The other limiting case is that a 
bipolaron is always formed from two freshly injected charges and, hence, does not 
annihilate a polaron. 

 
Figure 8-6 The differential capacitance at room temperature (full squares) fitted by two 
Gaussians and a background (solid lines). The dotted line is the difference between the first 
and second Gaussian, which corresponds to the net formation of polaron states (see text). 
The open circles give the doping concentration (both forward and reverse scanning 
directions are shown). This figure shows that up to a doping concentration of 3.4% (vertical 
arrow, net polaron formation is zero) the density of polarons increases. 



The density-of-states and electronic properties of PPV  
 

 195 

Kinetic effects play a role in cyclic voltammograms, as is shown if Figure 8-3, but 
the fact that the differential capacitance is completely symmetric is a clear sign that 
a steady state is reached in the measurements and that the charge injection in both 
Gaussian components is completely reversible.  

The above assignment of the observed levels in the DOS implicates that, in 
OC1C10-PPV, polarons are ~ 0.23 eV more stable than bipolarons. When two 
polarons combine to form a bipolaron, the total energy decreases as a results of the 
minimized lattice distortion, but it increases due to the increased Coulomb 
repulsion that results from the closeness of the two charges (see Figure 8-4A and 
B). The balance between these two effects will determine which of these species is 
the more stable. As the density of polarons in the PPV increases, Coulombic 
repulsion may add to the energy of the polarons. Since there is already Coulomb 
repulsion between polarons (on different conjugated segments), the increase in 
Coulomb repulsion upon bipolaron formation is smaller. Thus, there will be a 
critical charge density separating polarons and bipolarons as the more stable 
species in the material. The widths of the polaron and bipolaron levels, as observed 
in the DOS, are a direct result of disorder. We note here that the large widths of the 
levels imply that the conjugated segments that are occupied by (bi)polarons are 
smaller than the extend of the (bi)polaron states in an infinite conjugated chain. If 
this were not so the disorder in conjugation length would have little effect on the 
(bi)polaron wavefunctions and the levels would not be significantly broadened. 

We return to the evolution of the absorption spectrum with increasing dopant 
concentration. We assign peaks i1 and i2 to transitions involving polarons. The 
optical transitions of the neutral polymer (peaks I, II and III) are all quenched when 
holes are injected and exhibit a blueshift**. The quenching results from the removal 
of valence band levels as more and more polarons (and later bipolarons) are 
formed. The blueshift is a direct result of the disorder in chain lengths: the largest 
conjugated segments, with the lowest HOMO energies, are occupied first. In 
contrast to the peaks I, II and III, transition i2 shows a redshift upon further 
charging. This is in contrast to previous reports on electrochemical doping of PPV 
derivatives [20], where a blueshift was reported. Peak i1 is not sufficiently resolved 
to determine whether it shows a shift of the peak energy. 

At doping levels above ~0.13 holes per monomer the induced transition i2 starts 
to decrease while the change in all other transitions saturates. At the highest 
doping levels (of 0.25 holes/monomer) the spectrum no longer contains distinct 
transitions, but is a continuum, characteristic of the free-carrier spectrum of a 
metal. This has been observed previously for polythiophene [18, 19] and means 
that at this high doping level, the wavefunction overlap between the states is so 
strong that they are fully delocalized. It is interesting to note that at similar doping 
levels the charge transport is still activated, as will be discussed in section 8.5. 

                                                           
** The peak at 2.5 eV, which is visible at the highest doping is an artefact that results from an 
imperfect background correction. In measurements on another setup it was absent, and it is 
also not visible in the absorption difference spectra.  
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Apparently, charge transport is still dominated by long-range disorder and 
interchain hopping, while the optical absorption spectrum is dominated by the 
short range delocalisation of the charge carriers.  A similar observation was made 
for arrays of ZnO quantum dots (chapters 5 and 7). 

 

8.4.2 The apparent discrepancy between optical and 
electrochemical polaron levels 

The optical bandgap, determined by extrapolating the tangential to peak I in 
Figure 8-5, is 2.1 eV. As mentioned above, the electrochemically determined gap in 
the DOS between n-doped and p-doped levels, found by a similar extrapolation of 
the tangentials of the peaks, was determined at 2.2 eV. At first sight there seems to 
be agreement between the measurements. However, it was concluded in the 
previous paragraph that the injection of charges leads to the formation of polaron 
states. Based on the induced optical transitions between these states, the polaron 
levels are placed well within the bandgap of the neutral polymer (Figure 8-4C). If the 
lowest induced absorption, which occurs at ~0.6 eV (Figure 8-5), is indeed the 
valence band to p-polaron transition, the separation in energy between the p-
polaron and n-polaron levels is expected to be around 2.1 - 2 0.6 = 0.9⋅ eV.†† Since 
the DOS is determined in steady state, and the measurements are almost 
completely symmetric (i.e. there is no hysteresis) the measured DOS must 
correspond to the equilibrium polaron energies. 

Thus, there is an apparent discrepancy between the polaron levels determined 
from optical absorption measurements (with a gap of ~ 0.9 eV), and the position of 
these levels in the electrochemically determined DOS (with a gap of 2.2 eV). This 
discrepancy is the result of the deceptive representation of the polaron levels in 
Figure 8-4C. It was already mentioned that the formation of a polaron state is 
accompanied by considerable lattice rearrangement[25], as is usual for charge 
transfer reactions in molecular materials. This can be represented in a 
configuration coordinate diagram as a horizontal shift between the neutral 
polymer and the polaron (Figure 8-7A). In an optical transition the redistribution of 
electron density is much faster than the structural rearrangement (Franck-Condon 
principle): optical transitions are vertical in Figure 8-7A. It is easily seen that the 
optically determined energy Eopt for a transition from the valence band (neutral 
polymer) to a polaron (transition 2 in Figure 8-4C) can be much larger than the 
difference in equilibrium energies ∆Epol.  One cannot, in general, determine the 
difference ∆Epol from the optical transition energy. ∆Epol must be negative, since it is 
the driving force for polaron generation, but it does not have to be larger than 
~kBT. The polaron levels depicted in Figure 8-4C are the optical energies at the 
lattice configuration that corresponds to the neutral polymer. 

                                                           
†† This holds if the width of the polaron levels in the DOS is similar to that of the HOMO-
LUMO optical transitions. 
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The electrochemically determined gap in the DOS is the so-called “quasi 
bandgap”, in contrast to the optical bandgap. The quasi bandgap is related to the 
single particle bandgap sp

gapE via: 

 = − ∆ − ∆squasi p e h
gap gap pol polE E E E  8-3 

where e
polE∆  and h

polE∆  are the equilibrium stabilization energies of an electron 
polaron and a hole polaron, respectively. The optical gap is also related to the 
single particle gap, via 

 s
,

opt p
gap gap e hE E E= −  8-4 

where Ee,h is the electron-hole interaction (i.e. the exciton binding energy). If the 
combined polaron binding energies are smaller than the exciton binding energy, 
for which literature values range from 65 meV to 1 eV [41], the quasi gap can even 
be larger than the optical gap. 

The transition depicted in Figure 8-7A corresponds to a charge-transfer reaction 
from a localized polaron to a (neighbouring) neutral segment of the polymer. This 
is the fundamental step in polaron-based charge transport. From Figure 8-5B we 
estimate the optical energy of this transition to be ~ 0.6 eV, in agreement with 
literature values[20, 25]. According to Marcus, the thermal activation energy Eact is 
related to the reorganization energy via [43, 44] 

 ( )2

4
pol

act

E
E

λ

λ

− ∆
=  8-5 

 
Figure 8-7 A) A configuration coordinate representation of  a neutral polymer and a polaron. 
Since the formation of a polaron leads to significant lattice relaxation the equilibrium 
coordinates are different. Optical transitions are vertical in the diagram. The optical energy 
difference Eopt is much larger than the equilibrium energy difference ∆Epol The thermal 
activation energy Eact and the reorganization energy λ are also indicated. B) The current 
response at two different temperatures following a potential step of 25 mV at -5.6 eV vs. 
vacuum. The curves are fitted to an exponential decay function (solid lines). 
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For a small polaron binding energy, which we expect on the basis of the measured 
quasi bandgap, Eact ≈ λ/4 ≈ Eopt/4 = 0.15 eV. 

Electrochemical charge injection also proceeds via the transition in Figure 8-7A. 
and is thermally activated: the injection is much slower at lower temperatures. This 
is illustrated in Figure 8-7B, which shows current response following a potential 
step of 25 mV at the maximum of the DOS at two different temperatures. To obtain 
an estimate of the charging rate the curves were fitted with an exponential function 
(solid lines). From the ratio of the 1/e times τ at the different temperatures the 
activation energy can be estimated: 

 2

1 2 1

( ) 1 1exp
( )

actT E
T k T T

τ
τ

⎡ ⎤⎛ ⎞
= −⎢ ⎥⎜ ⎟

⎝ ⎠⎣ ⎦
8-6 

Using the temperatures and τ values as indicated in Figure 8-7B we obtain an 
activation energy of 0.13 eV, in excellent agreement with the expected value of 
~0.15 eV. Similar activation energies are obtained from the temperature 
dependence of the conductivity near room-temperature, which is discussed below.  

8.5 Hole conductivity 
The conductivity of films of OC1C10-PPV was measured in situ by scanning the 

source-drain voltage between -10 mV and +10 mV. The slope of the resulting linear 
I-V curve gives the conductance of the sample. The conductance was corrected for 
the (measured) contact resistance, which was at least an order of magnitude 
smaller than the film resistance‡‡. The conductivity σ is related to the linear 
conductance through the geometry of the measurement setup: 

 σ = ⋅
⋅
d dI

l h dV
 8-7 

Here d is the source-drain distance (gap width), l is the gap length and h is the 
height of the film, all expressed in cm, yielding the conductivity is S/cm. The 
conductivity of p-doped OC1C10-PPV at room temperature as a function of the hole 
concentration is shown in Figure 8-8A. When holes are injected, the conductivity 
immediately rises quickly. This shows that the polarons, in the first Gaussian level 
of the DOS, are mobile charge carriers. Also shown in Figure 8-8A is the 
differential hole mobility  

 
σµ =dif

d
dN

 8-8 

                                                           
‡‡ The contact resistance of these spin coated films is typically 15 Ω and is connected in series 
with the film resistance. To prevent this contact resistance from limiting the experimental 
conductance, the measurements at high doping levels were performed on electrodes with a 
source-drain gap of 1 mm. 
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where N is the charge concentration, which is obtained by dividing the injected 
charge by the film volume. The differential mobility can be interpreted as the 
mobility of the last charge carrier added to the sample. When the dopant 
concentration reaches ~0.18 holes per monomer the conductivity levels off, the 
differential mobility reaches a clear maximum and subsequently decreases. It 
appears that the charge carrier concentration is no longer the limiting factor of the 
conductivity.  

The temperature dependence of conductivity is shown in Figure 8-8B for 
different dopant concentrations, ranging from 1% to 18% per monomer. We have 
fitted the experimental data in Figure 8-8B below 150 K with the function 

( )0ln / xT Tσ ∝  and determined the exponent x to be 0.28, 0.27 and 0.27 for the 
measurements at 0.03, 0.07 and 0.18 holes/monomer, respectively. We conclude 
that the conductivity is well described by the following function§§: 

 σ ⎛ ⎞∝ −⎜ ⎟
⎝ ⎠

1/4
0ln T

T
 8-9 

This temperature dependence of conductivity is a signature of Mott variable-range 
hopping (VRH) in three dimensions. The underlying assumptions are a constant 
DOS and the absence of significant Coulomb interactions. A derivation of the Mott 
VRH law can be found in chapter 2. 

                                                           
§§ The determined average exponents are between 1/4 and 2/7, which are the expected 
exponents for Mott VRH with an exponential and Gaussian energy dependence of the 
hopping conductivity, respectively. See chapters 2 and 7 for a discussion. Here, we will use 
the literature expression for Mott VRH. 

 
Figure 8-8 A) The conductivity (full squares) and differential mobility (open circles) of 
OC1C10-PPV as a function of dopant concentration. Around 0.15 holes/monomer the 
conductivity levels off and the differential mobility has a maximum. B) The temperature 
dependence of the conductivity at different dopant concentrations. The logarithmic 
conductivity is approximately linear on a T-1/4 scale. This is a signature of Mott variable-
range hopping. 
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At the lowest doping levels the fit to a T-1/4 function is not very accurate. This 
may result from the fact that a T-1/4 dependence is only expected for a constant 
DOS. Constant means, in this context, that the DOS does not change over an 
energy-range of ≤ kBT. This corresponds to roughly one data point in the DOS of 
Figure 8-2A. From that figure it is obvious that the DOS at low doping is not 
constant. Near the maximum of the DOS (e.g. the curves for 0.07 and 0.18 holes per 
monomer) the fits of 1/4

0ln  ~ (T /T)σ  are much better. In addition, the low 
conductivity at low doping levels made it impossible to measure down to low 
temperatures. 

The constant T0 depends on the density of states g0 and the localization length a 
and is given by [45] (see chapter 2): 

 0 3
0

24
π
=

B

T
k g a

 8-10 

where kB is Bolzmann’s constant. Since we have already determined the DOS, all 
parameters in the above equation are known and it is possible to determine the 
localization length for the curves in Figure 8-8B. The results are given in Table 8-1. 

At the very lowest doping levels this analysis is probably not reliable, as the 
DOS is not constant and the temperature dependence is not well described by T-1/4 
dependence. Once the electrochemical potential is well within the DOS the 
localization length appears more or less constant at 0.2 nm, in agreement with 
typical literature values[46]. At the highest doping levels the localization length is 
significantly greater, which is a sign of increased wavefunction overlap between 
the states involved in charge transport. This is probably a result of the higher 
Fermi-energy of the holes, which increases by 0.35 eV on going from 0.03 to 0.18 
holes per monomer, leading to a smaller activation energy.  

As mentioned before, the optical absorption spectrum at high doping levels has 
the characteristics of a metal. The conductivity is, however, clearly not metallic, as 
it remains thermally activated. The localization length has doubled with respect to 
doping densities in the rising part of the DOS and the conductivity starts to level 
of. The differential hole mobility even decreases. Long-range charge transport is 
dominated by disorder and by interchain hopping, while the optical absorption 

Table 8-1 Determined values of the localization length 

Energy vs. 
vacuum  

(eV) 

Doping density 
(holes/monomer)

DOS 
(eV-1 nm-3) T0 (K) a(nm) 

-5.35 1% 0.305 4.6E9 0.04 
-5.45 3% 0.479 1.9E7 0.21 
-5.55 7% 0.862 8.0E6 0.23 
-5.80 18% 0.911 1.3E6 0.42 
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spectrum is dominated by the short range delocalisation of the charge carriers. The 
limiting factor of the dc conductivity is no longer the charge carrier concentration. 
Metallic conductivity has been observed in PPV derivatives, in highly doped and 
oriented samples along the polymer chain direction [47]. On those samples the 
conductivity perpendicular to the chain direction was comparable to the 
conductivity shown in Figure 8-8A. Thus, it is indeed likely that at high doping 
levels disorder and interchain charge transport are limiting the conductivity in the 
otherwise metallic samples. 

 

8.6 Conclusions 
We have measured the density of states of spin coated samples of OC1C10-

poly(p-phenylene vinylene) in a wide energy range and have shown, for the first 
time, that disorder leads to a Gaussian shaped DOS. The DOS is composed of two 
distinct Gaussian levels which were assigned to polaron and bipolaron formation 
based on in situ optical spectroscopy and literature data[20, 26]. The center of the 
polaron distribution is 0.23 eV lower in energy than the center of the bipolaron 
distribution. The electrochemically determined quasi bandgap was compared to 
the optical bandgap and it was concluded that they are very similar. 

The temperature dependence of conductivity is well described by Mott variable 
range hopping, when the Fermi-level is well within the density of states. Using no 
assumptions but the Mott law, we determined the localization length and found 
that it increases strongly at high doping concentration. 

At the highest obtained doping levels (0.25 holes/monomer) the optical 
absorption spectrum has the characteristics of a metal. In contrast, the conductivity 
is still activated and the differential hole mobility even decreases. We conclude that, 
while the dc conductivity is limited by long range disorder and interchain 
hopping, the optical properties are metallic, as a result of significant wavefunction 
overlap between states on the same polymer chain. 
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Samenvatting in het Nederlands 
 
In het dagelijks leven zijn we gewend dat de eigenschappen van voorwerpen 

niet afhangen van hun grootte. Een ijsblokje dat twee keer zo klein wordt is nog 
steeds gewoon een koud stukje bevroren water. Een stuk ijzer dat in tweeën breekt 
is nog steeds een stuk ijzer: het glimt, geleidt stroom en warmte en kan roesten. 
Zulke grootte-onafhankelijke eigenschappen worden ook wel materiaal-
eigenschappen genoemd. Wanneer voorwerpen zeer klein worden gaat dit niet 
meer op. Bij afmetingen van enkele nanometers (een nanometer is een miljardste 
van een meter) bepaalt de grootte van het voorwerp voor een belangrijk deel de 
materiaaleigenschappen. De kleur van de CdSe nanokristallen die worden 
beschreven in hoofdstuk vier verandert bijvoorbeeld van blauw naar rood, als de 
diameter van de kristallen groeit van 2 tot 5 nanometer. Dit effect wordt “kwantum 
opsluiting” genoemd. Hoewel dit in eerste instantie verrassend lijkt, is het goed 
beschouwd niet zo vreemd. De eigenschappen van chemische verbindingen 
hangen altijd af van hun exacte samenstelling; en dus ook van hun grootte. Butaan 
is bijvoorbeeld het gas dat o.a. wordt gebruikt om op de camping te koken, terwijl 
het vloeibare octaan een hoofdbestanddeel van benzine is. Het enige verschil is dat 
octaan twee keer zo groot is als butaan. 

Dat neemt niet weg dat het verschijnsel dat de eigenschappen van materialen 
afhangen van hun grootte zeer nuttig kan zijn. We kunnen namelijk de afmetingen 
van nanokristallen goed beheersen en daarmee hun eigenschappen zo maken als 
we willen. Dit is een van de redenen waarom nanokristallen technologisch 
interessant zijn en er al meer dan twintig jaar veel onderzoek naar gedaan wordt. 

De nanokristallen die in dit proefschrift worden beschreven zijn allemaal 
halfgeleiders. Een halfgeleider is een materiaal dat aanzienlijk minder goed stroom 
geleidt dan een metaal, maar nog altijd een stuk beter dan een isolator. Een 
belangrijke eigenschap van halfgeleiders is dat hun geleiding enorm toeneemt als 
ladingsdragers (elektronen of zogenaamde “gaten”) worden toegevoegd. Het 
bekendste voorbeeld van een halfgeleider is natuurlijk silicium dat tegenwoordig 
voor een groot deel ons leven bepaalt. Halfleider nanokristallen worden ook wel 
kwantum dots genoemd omdat de kwantum opsluiting die hierboven wordt 
genoemd in deze materialen bijzonder sterk is. 

Naast kwantum dots worden in dit proefschrift experimenten aan geleidende 
polymeren beschreven. In eerste instantie lijken geleidende polymeren compleet 
anders dan kwantum dots. Polymeren bestaan uit zacht, organisch materiaal dat 
zeer wanordelijk (ofwel niet kristallijn) is, terwijl kwantum dots bestaan uit 
kristallijn, anorganisch materiaal. De eigenschappen van deze systemen komen 
echter wonderbaarlijk sterk overeen. Om te beginnen zijn het allebei halfgeleiders 
waarvan de geleiding enorm toeneemt als ladingen worden toegevoegd. Hoe sterk 
die geleiding is wordt in beide systemen aanzienlijk beïnvloed door de mate van 
wanorde in de structuur en in de energetische eigenschappen. Verder speelt in 
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beide systemen kwantum opsluiting een grote rol. De eigenschappen van 
polymeren worden namelijk voor een groot deel bepaald door de lengte van de 
polymeerketen, net als de eigenschappen van kwantum dots worden bepaald door 
hun afmeting. 

Er wordt veel beloofd over de toepassingen die kwantum dots in de toekomst 
zullen hebben. Er wordt gesproken over nieuwe lasers, LEDs, beeldschermen, 
zonnecellen, transistoren en nog veel meer. Geleidende polymeren hebben voor 
een groot deel dezelfde toepassingen, waarvan sommige al werkelijkheid zijn. Een 
voorbeeld is de PolyLED, een goedkope en efficiënte lichtbron. Voor alle 
genoemde toepassingen is het belangrijk om de kwantum dots of geleidende 
polymeren te ordenen tot een vaste stof met goed beheersbare kenmerken. Is deze 
vaste stof eenmaal gemaakt dan hangen de bovenstaande toepassingen sterk af van 
de mogelijkheid om ladingen in te brengen (ladingsinjectie) en van de 
beweeglijkheid van die ladingen in het materiaal (ladingstransport). Het 
onderzoek naar deze fundamentele en technologisch zeer belangrijke 
eigenschappen staat in dit proefschrift beschreven. 

De hierboven beschreven effecten van kwantum opsluiting en wanorde in 
kwantum dots en geleidende polymeren staan, zo eenvoudig en volledig mogelijk, 
beschreven in hoofdstuk 1 van dit proefschrift. Dit wordt gevolgd door een 
theoretisch hoofdstuk over het effect van wanorde op de geleiding van ladingen. 
Dit hoofdstuk 2 beschrijft bestaande theorieën die aanzienlijk zijn uitgebreid met 
nieuwe modellen om de experimentele resultaten te kunnen verklaren. 

Van alle verschillende typen kwantum dots is loodselenide (PbSe) een van de 
interessantste, omdat het effect van kwantum opsluiting er sterker is dan in bijna 
alle andere materialen. Hoofdstuk 3 beschrijft de synthese van PbSe nanokristallen. 
Dit onderzoek lijkt op spelen met een blokkendoos want door te kiezen hoe lang 
we de deeltjes laten groeien kunnen we sferische of kubische PbSe kwantum dots 
maken en door een klein beetje azijnzuur toe te voegen tijdens te synthese krijgen 
we schitterende stervormige deeltjes. Deze verschillende “blokken” kunnen zich 
schikken in geordende lagen. Dit kan in 2 dimensies (een zogeheten “monolaag”) 
en in 3 dimensies (“superkristallen”). Het blijkt dat de nanokristallen zich niet 
alleen qua positie schikken in deze geordende structuren maar dat ook hun 
kristalroosters dezelfde oriëntatie hebben. Deze verrassende waarneming 
suggereert dat de nanokristallen een elektrisch dipoolmoment hebben. Dit 
dipoolmoment zorgt er ook voor dat nanokristallen in oplossing ketens vormen in 
plaats van als losse deeltjes rond te zweven. 

Zoals gezegd verandert de kleur van kwantum dots met hun grootte. Voor PbSe 
hebben we dit in detail bestudeerd door het absorptiespectrum (wat de kleur 
bepaalt) te analyseren voor veel verschillende diameters (van 3 tot 10 nm). De 
absorptiespectra van PbSe bevatten veel informatie. Soms zijn wel 11 pieken te zien 
die allemaal worden veroorzaakt door verschillende optische overgangen. Het 
blijkt dat de gecompliceerde “bandenstructuur” van PbSe belangrijk is voor de 
optische eigenschappen. Overgangen bij hoge energie (in het zichtbare deel van het 
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spectrum) worden veroorzaakt door een ander deel van de “Brillouin zone” dan 
overgangen bij lage energie.  

In hoofdstuk 4 en 5 wordt beschreven wat er gebeurd als elektronen worden 
toegevoegd aan lagen van CdSe en ZnO kwantum dots. Deze elektronen worden 
toegevoegd in een elektrochemische cel, door een elektrische spanning aan te 
leggen. Hoeveel elektronen kunnen worden toegevoegd hangt onder andere af van 
het elektrolyt (een oplosmiddel met daarin een opgelost zout) dat wordt gebruikt 
in de cel. De reden hiervoor is dat de elektronen elkaar afstoten, maar dat die 
afstoting gedeeltelijk kan worden gecompenseerd door positieve ladingen in het 
elektrolyt. De mate waarin die compensatie plaatsvindt verschilt per oplosmiddel. 
Een model dat zowel de afstoting van de elektronen als de compensatie van het 
elektrolyt beschrijft kan de oplading van de kwantum dots als functie van de 
aangelegde spanning verklaren. In het geval van CdSe blijk een aantal elektronen 
op het oppervlak van de nanokristallen te zitten in plaats van erin. Bij ZnO is dit 
niet het geval, maar is er iets vreemds aan de hand. Wanneer de laag in een 
waterig oplosmiddel zit blijkt de helft van de elektronen kwijt te raken. Deze 
spookelektronen gaan netjes de kwantum dots in, komen er ook weer netjes uit, 
maar zijn in de tussentijd spoorloos. 

Wanneer elektronen zijn toegevoegd aan de lagen van kwantum dots neemt hun 
vermogen om stroom te geleiden toe. In hoofdstuk 6 worden computersimulaties 
beschreven die verklaren hoe dat precies gebeurt. Een enkel elektron per kwantum 
dot leidt tot een sterke geleiding, maar bij twee elektronen is die geleiding weer 
verdwenen. Dat is tenminste het geval voor een ideaal systeem van kwantum dots 
die allemaal precies even groot zijn. De reden is dat geleiding plaatsvindt tussen 
zogeheten 1S toestanden, waarvan er 2 per kwantum dot zijn. Als alle 1S 
toestanden vol zijn kunnen elektronen niet meer van de ene naar de andere 
kwantum dot springen. Er staat als het ware file. In de praktijk staat die file nooit 
helemaal stil, omdat de deeltjes allemaal verschillende groottes hebben en er 
daardoor altijd wel enkele lege toestanden zijn waar de elektronen doorheen 
kunnen. 

De temperatuursafhankelijkheid van de stroomgeleiding is bestudeerd voor 
lagen van ZnO nanokristallen tussen -266°C en -70°C (hoofdstuk 7). Daarvoor 
werd een laag kwantum dots opgeladen en vervolgens bevroren in vloeibaar 
helium. De geleiding neemt sterk af als de temperatuur afneemt. Hoe die afname 
precies verloopt hangt in detail af van hoe de elektronen tussen de nanokristallen 
bewegen. Een elektron springt van kwantum dot naar kwantum dot. Dit zou 
eigenlijk niet moeten kunnen omdat er tussen de deeltjes een “energiebarrière” zit, 
maar vanwege een kwantummechanisch verschijnsel kunnen de elektronen door 
de barrière heen “tunnellen”. Het vreemde is dat de elektronen bij lage 
temperatuur vaak niet tunnellen naar de dichtstbijzijnde kwantum dot, maar naar 
één die verder weg ligt. Grote stappen, snel thuis zeg maar. De exacte manier 
waarop we vonden dat de geleiding afhangt van de temperatuur was nog niet 
eerder goed beschreven. Door in detail te bekijken hoever de elektronen springen 
bij verschillende temperaturen kunnen we precies verklaren hoe de geleiding 
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verandert met veranderende temperatuur. Het model dat we hebben ontwikkeld 
lijkt niet alleen van belang voor systemen van kwantum dots, maar zou algemeen 
moeten gelden voor geleiding in wanordelijke systemen. 

Hoofdstuk 8 beschrijft tenslotte experimenten aan het geleidende polymeer 
poly-(fenyleen vinyleen), kortweg PPV. Dit polymeer is al vaak gebruikt om de 
beweeglijkheid van ladingen, en de temperatuursafhankelijkheid daarvan, te 
meten. De modellen die voor de verklaring van zulke metingen zijn ontwikkeld 
gingen altijd uit van een bepaalde “toestandsdichtheid” (density of states, DOS) 
van de ladingen. Deze DOS was echter tot nu toe niet direct meetbaar en werd 
meestal verondersteld een “Gaussische” of exponentiele afhankelijkheid van de 
energie van de ladingsdragers te hebben. Wij hebben de DOS rechtstreeks gemeten 
over een zeer groot energiegebied door PPV electrochemisch op te laden. Het blijkt 
dat de DOS inderdaad een Gaussische vorm heeft, maar dat is niet het hele 
verhaal. Bij lage oplading is er slechts één lading per geconjugeerd ketensegment 
(het kleinste deel van een polymeer zonder defecten). Wanneer meer ladingen 
worden toegevoegd komen twee ladingen samen op een segment. Doordat deze 
ladingen elkaar afstoten is de energie hoger en dit leidt tot een kenmerkende 
structuur in de toestandsdichtheid. Door tegelijk de DOS en de 
temperatuursafhankelijkheid van de geleiding te meten verkrijgen we een grote 
hoeveelheid informatie over één en hetzelfde systeem. Dit maakt de analyse van de 
geleiding een stuk helderder. Tenslotte hebben we de optische absorptie gemeten 
van het polymeer tijdens het opladen. Tot onze verbazing vonden we dat bij de 
hoogste oplading de absorptie duidelijk de kenmerken van een metaal heeft, 
terwijl de stroomgeleiding nog steeds karakteristiek is voor een isolator. Deze 
schijnbare tegenstelling kan worden verklaard doordat de lading van 
polymeerketen naar polymeerketen moet tunnellen om geleiding te veroorzaken. 
Dit is een trage stap die voorkomt dat het polymeer echt een metaal is. Eén enkele 
polymeerketen is echter wel metallisch en dat is wat de optische eigenschappen 
bepaalt. Vergelijk het met een berg ijzeren naalden die elkaar net niet raken: ze 
zien er uit als een metaal, maar er zal geen elektrische stroom van de ene kant van 
de berg naar de andere stromen. 
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