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1
General Introduction
It’s a dangerous business, Frodo, going out your door. You step onto
the road, and if you don’t keep your feet, there’s no knowing where you
might be swept off to.
— J.R.R. Tolkien

Optoelectronic devices based on semiconductors are widespread and satisfy the energetic needs of modern society: From solar cells to power our homes, to light-emitting
diodes to provide lighting, to transistors to compose our computers, semiconductors
have shaped the world in the last 50 years. Yet, novel approaches are needed to fabricate cheaper and more efficient devices. In this introductory chapter, I will describe
the fundamental principles at the basis of nanotechnology, and the advantages thereof.
Using a top-down approach, I will proceed from a semiconductor single crystal to a
nanocrystal, and highlight the novel properties that arise at the nanoscale, and how
we can use them to target the technological needs that classical approaches may not
satisfy. Further, I will describe the colloidal properties of semiconductor nanocrystals, and the different pairwise interactions we can exploit to fabricate novel, artificial
solids.
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1.1

Going nano

1.1.1

Setting the stage

Modern society relies heavily on semiconductors: Light-emitting diodes provide
lighting for our environments, solar cells power our homes and transistors compose
our computers. Life as we know it would not exist without semiconductors. This is
truly surprising when considering that less than a century ago, Wolfgang Pauli expressed his frustration with the understanding of semiconductor physics at the time:
One should not work on semiconductors. They are a mess. Who knows
whether semiconductors exist at all. (1931) [1]
This pessimistic scenario dramatically shifted with the development of a clear theory of semiconductors that can successfully explain and predict the physics exploited
in devices. Yet, novel effects develop when semiconductors become very small. How
small? This thesis is concerned with the optoelectronic properties of semiconductors
at extremely small scales when compared to our daily lives: The unit scale of this
small world is 0.000000001 meters, or 1 nanometer. To give the reader a ballpark of
how small a nanometer is, the printed full stop at the end of this sentence is about
300000 nanometers wide. The suffix nano is routinely used to describe objects and
effects at this particularly small scale. What makes this scale so special?

1.1.2

Motivation of this thesis

Crystalline semiconductors of nanometric dimensions are known as semiconductor nanocrystals. Usually, the electronic properties of semiconductors do not depend
on size; this changes at the nanoscale. For the last 30 years, the size-dependent optoelectronic properties of nanocrystals have fascinated scientists. From a fundamental
point of view, nanocrystals provide a text-book example of the particle-in-a-box problem, allowing the investigation of novel quantum effects. [2, 3] From a more practical
perspective, these nanostructures are relevant to the development of novel optoelectronic devices and present several advantages against bulk semiconductors.
It is well known that the chemical composition of a semiconductor determines its
bandgap. Consequently, alloying has been employed successfully to tune the bandgap
of a semiconductor, a typical example being In1 – x Gax As where the bandgap can be
varied between 0.36 and 1.43eV . The use of nanocrystals completely removes this
limitation by introducing a size-dependent bandgap: For instance, the bandgap of
CdSe nanocrystals can be tuned continuously between 1.7 and 3.1eV , the whole visible spectrum, by simply changing the nanocrystal size. [4] The physical origin of this
effect is exclusively quantum, and therefore absolutely general. [5]
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Changing the bandgap of a semiconductor is of interest to solar applications, where
thermodynamics poses a severe limit to the power conversion efficiency of a single
bandgap device, known as the Shockley-Queisser limit. [6] Losses result mainly from
photons with energy ~ω lower or much higher than the bandgap Eg . In the former
case, light is not absorbed; in the latter, the excess energy ~ω − Eg is lost as heat
during thermalization of charge carriers. Using a tandem device employing multiple
sub-cells varying in bandgap decreases these losses by providing a better match to
the solar spectrum while complicating device architecture. [7] Yet, nanocrystals can
provide a simple and unique solution to reduce thermalization losses: Multiple exciton
generation. Through this process, the absorption of a single photon of energy nEg can
generate n thermalized excitons. [8] These excitons can then be separated by applying
an electric field to yield n free electrons, to obtain an external quantum efficiency of
n × 100%. [9]
A size-dependent bandgap implies a size-dependent emission spectrum. This has
immediate consequences for lighting applications, allowing to fabricate a white lightsource by employing a single material and three different sizes of nanocrystals. [10]
Furthermore, the discrete density of states makes nanocrystals naturally suited as gain
medium in lasing applications. [11]
Nanocrystals also present structural advantages against bulk semiconductors. While
bulk semiconductors are brittle, nanocrystals can be deposited as thin films on flexible substrates, providing a low-cost and scalable solution to future wearable electronics. [12] Furthermore, the fabrication methods of bulk semiconductors traditionally rely on slow and expensive high-temperature processes, such as the Czochralski
method, tailored for single-crystal growth. Instead, nanocrystals can be synthesized
via quick and inexpensive chemical methods, [13] representing the ideal building
blocks for the miniaturization of optical components.
However, one of the main hurdles to the implementation of any application lies
in the reproducible assembly of nanocrystals into close-packed superstructures. Advances in this regard have so far been limited by our understanding of interparticle
interactions at the nanoscale. With the intent of bridging this gap, this thesis investigates the driving forces of nanocrystal assembly and the resulting superstructures.
To provide the reader with a sufficient theoretical background to appreciate the content of this thesis, in this chapter we will explore the fundamentals of semiconductor
nanocrystals and the pairwise interactions that govern their assembly at the nanoscale.

1.1.3

From bulk to nano

Bulk semiconductors are characterized by two sets of closely-spaced electronic
states: One of these is entirely filled with electrons, and is known as the valence band;
the other one, instead, is entirely empty, and is known as the conduction band. [14]
These two bands are separated by an energy gap, Eg , where no electronic states are
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present: The bandgap. An electron excited to the conduction band can recombine by
emitting a photon of energy equal to the bandgap. These properties are intrinsic to
the material, and generally do not depend on size. However, the quantum effects arising from restricting the motion of charge carriers to nanoscale volumes fundamentally
modify the energetic structure of the material, imposing discrete valence and conduction bands. Importantly, the energy of the available electronic states, the value of the
bandgap, and therefore light absorption and emission properties, all become intrinsically dependent on the degree of confinement. In the next sections we will review
the physical origin of these properties of matter at the nanoscale, deriving from the
so-called quantum confinement effect.

1.1.4

The quantum confinement effect

Consider a perfect and infinite crystal of semiconductor material. Then, according
to Bloch’s theorem, an electron excited across the bandgap can travel freely and his
motion is described by a wave function ψ, that is the product of a plane wave and a
function u with the same periodicity as the crystal:
ψ(r) = eik·r u(r)
where r and k are vectors in the real and reciprocal space, respectively. Suppose
now to be able to carve out a small volume from the infinite crystal, of average linear
dimensions σ = (σx , σy , σz ); let the crystalline order inside the volume to be unaffected by the carving and the outer surfaces be perfectly reflecting for electrons. For
simplicity, we first consider the motion of the electron along the x-axis. Heisenberg’s
uncertainty principle states that if we confine a particle to a region ∆x in space, this
introduces an uncertainty in its momentum given by:
∆px ∼

~
∆x

Therefore, the confinement of the electron, otherwise free, along the x-axis will result
in an increase in kinetic energy: [15]
Ec,x =

~2
(∆px )2
∼
2me
2me σx2

(1.1)

where me is the effective mass of the electron. To get a feeling of the magnitude of
this increase, we compare it to the thermal energy associated with a single degree of
freedom:
1
Ec,x ∼ kB T
2
where kB is Boltzmann’s constant and T is the temperature. Simple algebra can show
that, for the confinement energy to be significant, that is, comparable to the thermal

4
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energy, there is a condition on the size of the confining length scale:
~
σx ∼ √
me kB T

(1.2)

In cadmium selenide (CdSe), me = 0.13m0 , where m0 is the mass of the free electron,
yielding:
σx ≤ 5.5 × 10−9 m = 5.5nm
at room temperature. This simple calculation shows that:
• If the confinement size decreases linearly, the confinement energy increases
quadratically (equation 1.1);
• confinement effects become increasingly important for lower temperatures and
effective masses (equation 1.2);
• since the effective mass typically lies in the range of 0.01m0 (InSb) ≤ m ≤
1m0 (Si), the confinement size is also restricted to 1.7nm ≤ σx ≤ 17nm,
showing that confinement effects intrinsically reside at the nanoscale;
The increase in kinetic energy due to the confinement of a particle is known in the
literature as the quantum confinement effect. The confinement energy goes to effectively increase the bandgap of the semiconductor Eg → Eg + Ec . The immediate
consequence of the quantum confinement effect is the possibility of tuning the material’s bandgap just by decreasing σx and therefore increasing the confinement energy.
So far we have considered the case of a particle confined along one direction of motion and free along the rest. We can identify semiconductor nanostructures according
to their degree of confinement:
√
• quantum wells feature 1D confinement: σx ≤ ~/ me kB T ;
√
• quantum wires, or nanowires, feature 2D confinement: σx , σy ≤ ~/ me kB T ;
√
• quantum dots, feature 3D confinement: σx , σy , σz ≤ ~/ me kB T .
Confinement of charge carriers also affects the density of states g(E) = dN/dE, that
is, the number of states available per unit energy. A simple calculation can show that
g(E, i) = E 1/2(1−i) , where i = [0, 1, 2] is the degree of quantum confinement. [15]
In the case of 3D confinement, the density of states becomes a collection of Dirac’s
P
deltas, g(E, 3) = j δ(E − Ej ) (see Figure 1.1 and section 1.1.10).

1.1.5

Discretization of electronic states

In the previous section we have followed a simple yet effective line of argument
to disclose the quantum confinement effect and its importance at the nanoscale. We
will now show that confining an electron also imposes a dramatic modification to the

5
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Figure 1.1: Density of states of quantum confined objects. Dependence of the density of states g(E) on the degree of confinement. From left to right: Bulk, quantum
well, quantum wire, and quantum dot. Note how the increase in the degree of confinement transitions the density of states from continuous to discrete, while increasing the
effective value of the bandgap.

electronic states available. Consider now a slab of semiconductor crystal of thickness
√
√
σx ≤ ~/ me kB T and lateral dimensions σy , σz  ~/ me kB T . Consequently, the
electron is free along the y- and z-directions and confined along x: A quantum well.
Let us consider the quantum well along the x-axis as an infinite potential well for the
electron. We can therefore write:

V (x) =

(
0

if 0 ≤ x ≤ σx

+∞, otherwise

Since the particle is confined only in the x-direction and the well is infinitely deep,
we can write the wave function for the electron as: [16]
Ψ(x, y, z) = φ(x)ψ(y, z)

(1.3)

We can then treat separately the electron’s confined motion in the x-direction and the
free motion in the y-z plane. The energy of a free particle can be written as
Ef ree (k) =

~2 k2
2me

and its motion is described by plane waves of the type
ψ(y, z) ∝ eik·r

6

where r and k span the 2D real and reciprocal spaces, respectively. What about the
motion of the particle along the x-direction? Since the potential well is infinitely deep,
we can reasonably assume that the probability for the particle to escape is negligible:
φ(x) =

(
?

if 0 < x < σx

0, otherwise

where φ(x) = 0 at the walls because of continuity arguments. Therefore the timeindependent Schrödinger equation becomes:
−

~2 d2 φ(x)
= Eφ(x)
2me dx2

which can be easily rewritten as:
d2 φ
+ κ2 φ = 0
dx2

(1.4)

√
where κ = 2me E/~. Note that equation 1.4 in classical physics describes the
harmonic oscillator, and a general solution can be written as
φ(x) = A cos κx + B sin κx
where A and B are constants that can be determined by boundary conditions. Since
we know that φ(0) = 0, then B = 0 and φ(x) = A sin κx. We can also use the second
boundary condition to obtain φ(σx ) = A sin κσx = 0. To have a non-trivial solution,
A > 0, and we are left with a series of quantum numbers that satisfies the problem:
nπ
κn =
(1.5)
σx
where n is a positive integer. This imposes a limitation on the energy of the states of
a particle confined in an infinitely deep well:
En =

~2 π 2 n2
~2 κ2n
=
2me
2me σx2

(1.6)

For the lowest energy state, n = 1, we obtain E1 = ~2 π 2 /2me σx2 , an expression
extremely similar to the one calculated with the simple arguments followed in the
previous section (equation 1.1). Finally, by imposing that the wave function must be
normalized,
Z
σx

|φ(x)|2 dx = 1

0

p
we obtain that A = 2/σx . Therefore the motion of an electron in a infinitely deep
well can be described by the envelope functions:
r


2
nπ
φn (x) =
sin
x
(1.7)
σx
σx
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The solution of the quantum problem of a particle confined in an infinitely deep well
is not dissimilar from the solution of the classical problem of a string of length σx
and confined at its extrema. The excited states of the electron are standing waves
increasing in frequency as a function of energy, and of alternating parity.

1.1.6

Electrons and holes

Bulk semiconductors are characterized by a fully occupied valence band and an
empty conduction band at an energy offset Eg . When an electron is promoted to the
conduction band, it leaves a positively charged hole behind. Until now we have considered only 1D confined electrons; however, holes are subject to quantum confinement as well. Typically, the effective mass of a hole is larger than that of an electron,
with the notable exceptions of silicon and germanium. In CdSe for instance, the effective mass of the electron amounts to me = 0.13m0 while for the hole mh = 0.45m0 .
A larger effective mass has influence on the confinement properties of the particle, as
follows directly from equations 1.1, 1.2, and 1.6. Specifically, a larger effective mass:
• Decreases the confinement energy (equation 1.1);
• Makes it experimentally more challenging to observe confinement effects, as
we need to work with smaller volumes (equation 1.2);
• Decreases the spacing between discrete energy levels En (equation 1.6);
A cartoon illustrates these concepts for the effective masses of electron and hole of
CdSe in Figure 1.2.

1.1.7

Absorption probability and selection rules

Let us now consider the probability of promoting one electron from the valence to
the conduction band; let the excess energy we need be supplied by incident photons
of energy ~ω, propagating along the x-direction, the electric field polarized along the
y-direction. In a quantum well, we are actually considering the transition between a
quantum-confined state in the valence band identified by a quantum number n and a
state in the conduction band identified by a quantum number n0 . According to Fermi’s
golden rule, the corresponding transition probability can be written as:
2π
Wi→f =
| hi| − er · E|f i |2 g(~ω)
~
where e is the electron’s charge and r is the position vector of the electron, E is the
electric field vector, and g is the joint density of states of electron and holes. The latter
term simply means that there must be available states for the transition to take place
at all, and the more available states the higher the transition probability. By following
equation 1.3, the initial and final states can be written as:
1
Ψi ≡ |ii = √ φhn (x)ψv (y, z)eiky,z ·ry,z
V
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Figure 1.2: Energy levels of a quantum confined 1D system and comparison to
bulk properties. (Left) Discrete energy levels for electrons and holes confined in a
1D box of size σx . The position of the energy levels En is generated from equation
1.6. The envelope functions φn (x) are also displayed (equation 1.7). For simplicity,
this cartoon is limited to the four lowest energy states. (Right) Comparison with a bulk
system. Note the lower bandgap. The continuous color shade indicates the density of
states.

0
1
Ψf ≡ |f i = √ φen0 (x)ψc (y, z)eiky,z ·ry,z
V

where V is a normalization constant. Note that the plane waves describe the free
motion of electrons and holes only in the y-z planes, as appropriate. We are therefore
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left with matrix elements of the type
Z
M = hf |y|ii =

Ψ?f yΨi d3 r

which through separation of variables can be easily split into:
M = Mcv Mnn0
where
Mcv = hψc |y|ψv i
Mnn0 = hen|hn0 i
The term Mcv describes the probability of an interband electronic transition for the
constituent material, for instance CdSe. Since these transitions are usually strongly
allowed electric dipole transitions, we can assume Mcv > 0. Instead, the term Mnn0
describes the probability of a transition between the valence and conduction states
characterized by ∆n = n0 − n. This term is a simple 1D integral:


 0 
Z σx
nπ
nπ
2
0
sin
x sin
x dx
Mnn =
σx 0
σx
σx
yielding the selection rule
∆n = 0

(1.8)

Therefore, a transition between the confined states of a hole and an electron is only
allowed if it takes place between states of equal quantum number n. This selection
rule now allows us to consider the light absorption properties of a quantum confined
system. Figure 1.2 shows us that the energy needed to excite an allowed interband
transition is
~ω = Eg + Een + Ehn
which we can rewrite by using equations 1.6 and 1.8 as:


1
~2 π 2 n2
1
~2 π 2 n2
+
= Eg +
~ω = Eg +
2
2σx
me
mh
2m? σx2

(1.9)

where m? = me mh /(me + mh ) is the reduced effective mass of electron and hole.

1.1.8

Excitons

Up to now we have treated the behavior of electrons and holes separately. This is
only acceptable if their Coulombic interaction is negligible compared to the confinement energy, that is, when the confinement size is smaller than the size of a bound
electron-hole pair, also known as exciton. The Bohr model can give a rough estimate
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of the size of an exciton, provided we correct for the reduced effective mass of the
electron-hole pair m? and the dielectric constant of the medium :
aX =

4π0 ~2
e2 m ?

(1.10)

For CdSe, this gives aX = 5.4nm for the size of an exciton, or the exciton Bohr
radius. We can therefore distinguish the following confinement regimes:
• strong confinement, when σx < aX and the confinement energy dominates
over the Coulombic component;
• weak confinement, when σx > aX , viceversa.
Interestingly, the estimate we made in equation 1.2 about the minimum size below
which we should expect confinement effects, agrees very well with the exciton Bohr
radius.

1.1.9

Light emission

An electron excited to the conduction band and a hole in the valence band can
recombine through the emission of a photon. Quantum confinement increases the
probability of this process by increasing the overlap of electron and hole wave functions in the quantum confined object. Simply, the two charge carriers have nowhere
else to go. Suppose to have an electron and a hole excited in the n-th state, with n > 1.
The charge carriers can relax, or cool down, to the lowest energy state in the conduction and valence bands, corresponding to n = 1, through the emission of phonons,
vibrations of the atomic lattice. Then, the electron and hole can recombine radiatively
through the emission of a photon of energy
~ω = Eg + Ee1 + Eh1 = Eg +

~2 π 2
2m? σx2

We can therefore unveil another advantage of quantum confinement: by changing the
confining dimension σx we can tune not only the effective energy gap, but also the
emission energy. These concepts are illustrated in a cartoon in Figure 1.3.

1.1.10

Quantum dots

So far we have considered the case of a quantum well, where quantum confinement
is only significant along one direction of motion of electron and holes, while motion
is not constricted along the other two directions. Though quantum wells represent the
simplest example of quantum confined objects and are of interest to this thesis, we
will now consider the case of 3D quantum confinement. Nanostructures where the
charge carriers are confined along all three directions of motion are usually described
as quantum dots. In the case of a 3D and infinitely deep potential well, we can treat the
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Figure 1.3: Intraband relaxation of electrons and holes and radiative recombination. Electrons and holes can relax to the first excited state, n = 1, through the
emission of phonons of energy ~ωph equal to the energy spacing. After full relaxation, electrons and holes can recombine radiatively through the emission of a photon
of energy ~ω = Eg + Ee1 + Eh1 = Eg + ~2 π 2 /2m? σx2 .

problem separately along each direction of motion and the confinement energy adds
up to:

Enx ny nz = Enx + Eny + Enz

12

~2 π 2
=
2me

n2y
n2x
n2z
+
+
σx2
σy2
σz2

!

The confinement energy increases for each additional direction of motion along which
the electron is confined. In the case of a cubic box σx = σy = σz = σ:
Ec =

~2 π 2
(n2 + n2y + n2z )
2me σ 2 x

An identical result is valid for the hole with the substitution me → mh A few considerations are due:
• Like in quantum wells, also in quantum dots the bandgap Eg of the material
increases by an amount 3~2 π 2 /2m? σ 2 which is inversely proportional to the
square of the size of the quantum dot σ. Consequently, the energy of emitted
photons through radiative recombination of an electron-hole pair will also be
tunable through the same mechanism;
• unlike in quantum wells, the motion of charge carriers is confined along all
directions, resulting in zero degrees of freedom. The energy spectrum of a
quantum dot is therefore entirely determined by the vector n = (nx , ny , nz )
and therefore, discrete. For this reason, quantum dots are sometimes referred
to as artificial atoms;
• the discrete nature of the density of states has a very interesting advantage on
charge carrier cooling. The cooling of an electron from the n-th excited state
to the one below must result in the emission of a phonon with a specific energy
En −En−1 . It is therefore possible that this requirement may slow down charge
carrier cooling, allowing the extraction of extra energy that is otherwise quickly
lost as heat. This effect is known in the literature as phonon bottleneck; [17]
• the character of confined electronic states increases the probability of radiative recombination even more through the increase in wave functions’ overlap,
making quantum dots very promising photon emitters; [18]
• quantum dots are usually rather spherical-like than cubic. The solution of
the time-independent Schrödinger equation for the case of a sphere can conceptually follow the same steps as in section 1.1.5, but the symmetry of the
problem suggests a change of coordinate system from rectangular to spherical;
rather than the product of three sinusoidals, the envelope functions φ(r) are
best described by a product of spherical harmonics and a radial Bessel functions. [5] Therefore, the mathematical problem and therefore its solutions resemble closely that of the hydrogen atom: The energy levels for the confined
electron can be written as:
2~2 χ2nl
(1.11)
Enl =
me σ 2
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Here χnl are the roots of the Bessel function and depend on the principal n and
azimuthal l quantum numbers. It is therefore not surprising that the symmetry
of the wave functions of an electron confined in a spherical quantum dot resemble the orbitals of the hydrogen atom. For this reason, also in quantum dots the
electronic states are generally described by the value of the quantum number n
and a letter describing the symmetry (S, P, D). One may speak of a state 1Se ,
for instance.

1.1.11

Colloidal quantum dots

Quantum dots were first discovered and studied independently by Brus and Ekimov in the early 80’s. [19, 20] After three decades spent improving fabrication methods and our physical understanding of these systems, quantum dots-based applications
landed on the market, the most successful example probably being the quantum dot
television by Samsung, QLED. [21]
Although at the beginning quantum dots were produced as a dispersion in a glassy
matrix, today they are mostly synthesized as a colloidal dispersion. While the core
properties remain essentially unaffected, the surface acquires a fundamentally important role in mediating the interaction between the core and surrounding solvent
molecules, neighboring quantum dots, and contacts. If we consider a sphere, the surface per unit volume increases with 1/σ for decreasing diameter; by using this simple
argument on a CdSe quantum dot of diameter σ = 5.4nm, we can estimate that
∼ 53% of the quantum dot volume is taken up by atoms within a lattice constant from
the surface. In solid-state physics, the surface of a crystal is often regarded as a very
large defect, since by definition it represents an interruption of the lattice. The same
is true with quantum dots: undercoordinated surface atoms can act as recombination
centers for electrons and holes, introducing localized states deep within the bandgap
that act as traps. To counter this effect, a set of ligand molecules can be introduced
with the following functions:
• Passivating surface traps;
• providing the insulating barrier that allows for quantum confinement;
• setting the distance between neighboring particles;
• allowing dispersibility in a solvent;
• mediating the interaction between neighboring quantum dots.
The role of the ligands in mediating the interaction between neighboring quantum dots
is especially important in the assembly properties of these systems. The assembly of
quantum dots is fundamentally important to the development of novel artificial solids.
In the next section we will explore further these concepts.
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Artificial solids based on quantum dots

The optoelectronic properties of quantum dots intrinsically descend from confining charge carriers to small volumes comparable in size to the exciton Bohr radius
aX . Similarly to atoms, quantum dots can assemble into dense phases such as amorphous and crystalline solids. As the interdot distance decreases, the overlap between
neighboring quantum dot wave functions can become significant, and the unperturbed
electronic states can interact to form hybridized molecular states or orbitals. When
forming a solid composed of a large number of quantum dots, the discrete electronic
states can hybridize to form electronic bands; to distinguish these bands from those deriving from the electronic coupling of atoms, we will address them as minibands. [22]
Minibands are of fundamental importance to the development of novel optoelectronic
devices based on quantum dots: Through minibands, the wave function of an electron
excited within a single quantum dot can spread throughout the whole quantum dot
solid, allowing for faster conduction of charges. [23–26] A cartoon illustrates these
concepts in Figure 1.4.
However, some of the characteristics of quantum dots make miniband formation
harder to achieve and exploit with respect to the atomic case: [27, 28]
• Energetic and structural disorder: Even though modern fabrication techniques
have achieved remarkably high and consistent sample uniformity, size polydispersity lies in the way of producing strongly coupled quantum dot solids.
The distribution of quantum dot diameters is usually described in terms of the
polydispersity as ∆σ/σ, the width of the diameter distribution divided by the
average diameter. The lowest polydispersity values achieved today lie in the
range of ∆σ/σ ≈ 3%. [29] From equation 1.11, we know that a linear increase in diameter will result in a quadratic negative shift in energy therefore
leading to energetic disorder. For CdSe, we can easily compute that a polydispersity of 6% introduces a maximum energy barrier of Ea ≈ kB T for the
first electronic excited state across the ensemble. If two states are separated
in energy by Ea > kB T , then charges need to hop from one dot to another
and the probability of this process quickly decreases with Ea and interparticle
√
distance d according to phop ∝ e−βd−Ea /kB T , where β = 2 2me VB /~ is the
wave function attenuation through a barrier of width d and height VB . [27, 30]
The expression for phop pictures a road map to improving electronic coupling
in quantum dot solids. Employing shorter ligands decreases d, but may also
change β. For insulating alkane ligands β ∼ 11nm−1 , [31] while employing phenyl ligands can halve this value. [30] Using organic conjugated ligands
or inorganic solders should allow for even lower β values, therefore improving electronic coupling. [32] Specifically, the use of molecular solders should
ideally bring VB to zero because of the composition-match.
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Figure 1.4: Electronic coupling of individual quantum dot states into minibands.
At large interdot distances, quantum dot states cannot couple efficiently because of the
reduced overlap of their wave functions. For shorter interdot distances, it is predicted
that individual quantum dots states can couple to form bands.

• Electronic traps: The access to a miniband does not imply that the carriers
will be able to live long enough to increase macroscopic conductivity. If a
secondary recombination channel is available, such as localized states deep
within the bandgap, charges may be temporarily or permanently removed from
the conductive channel. Surface defects on the surface of QDs can provide
such recombination centers, that therefore need to be removed through efficient
surface passivation or doping. [25]
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• Colloidal nature: Colloidal quantum dots need to be assembled in a closepacked solid with short surface-to-surface distances to experience strong coupling effects. To do so, the pairwise interactions that control the assembly must
be properly exploited. [33] In the next section, we will review these interactions.

Despite the mentioned practical complications, the prospect of building novel artificial solids is attractive. The emerging electronic properties of the artificial solid built
from the bottom-up with colloidal quantum dots will be defined by the choice of quantum dot material, size, superlattice constant, and surface chemistry. It is possible to
imagine that specific combinations of quantum dots may yield materials with novel
properties with respect to ordinary atomic solids.

1.2

Pairwise interactions in colloidal science

Quantum dots in solution form a colloidal dispersion, in which the particles can
interact through a number of forces. The most basic colloidal interaction that describes
the stability or aggregation of colloidal dispersions is given by the DLVO theory.

1.2.1

DLVO theory

The DLVO theory is named after Boris Derjaguin and Lev Landau, Evert Verwey
and Theodor Overbeek, who independently developed it in the 40’s. The DLVO theory can quantitatively address the stability of colloidal dispersions by considering the
effective potential experienced by the dispersed particles as a superposition of shortranged attractive and long-ranged repulsive interactions. Specifically, the attractive
interaction is based on van der Waals forces, while the repulsive component describes
screened electrostatics. Their superposition yields a potential of the type shown in
Figure 1.5. Depending on the relative magnitude of the attractive and repulsive components, the shape of the DLVO potential can vary dramatically. The dominance of
the attractive component will yield an attractive potential with a single, deep, primary
minimum at contact; conversely, a strong interparticle repulsion will yield a repulsive
potential. Instead, carefully balanced interactions can yield more complex scenarios
such as the one shown in the figure, showing a two minima separated by an energy
barrier, Eb . The probability for the particle to cross the barrier decreases exponentially
with Eb : p ∼ e−Eb /kB T . In the following sections we will review the fundamentals
of these interactions.
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Figure 1.5: Schematic of typical DLVO pair potentials. The superposition of the
repulsive screened electrostatic interaction (red) with the attractive van der Waals component (blue) yields an effective potentials of the type shown here (green). The DLVO
potential can show a deep primary minimum, of depth  kB T descriptive of the dominance of the van der Waals component at short length scales, and a shallow secondary
minimum, usually of depth ∼ kB T . A potential barrier separates the two minima.

1.2.2

Van der Waals interactions

Let us consider the Bohr model once again, where the electron circles around a
proton in fixed orbits, the smallest of which has a radius a0 known as the Bohr radius:
a0 =

4π0 ~2
m0 e2

(1.12)

If we define the dipole moment as δ = a0 er then it will be clear that the average in
time of the dipole moment hδi = 0. However, at any given time t, δ(t) 6= 0. The
electric field of this dipole can polarize a second neutral atom nearby, giving rise to an
attractive interaction between a dipole and an induced dipole. These interactions are
well-known in electrostatics and the energy of this interaction is given by:
UL = −

δ 2 α0
(a0 e)2 α0
=−
2
6
(4π0 ) d
(4π0 )2 d6

where α0 is the polarizability of the second atom and d is the interparticle distance.
This interaction energy is known as the London energy, and is one of the three con-
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tributions to the van der Waals interaction. The other two components involve the
electrostatic interaction between one permanent dipole and one polarizable atom or
molecule, known as the Debye energy, and between two permanent freely rotating
dipole, Keesom energy. [34] Since all of these interactions involve two dipoles or two
polarizable atoms or molecules through London’s interaction, they all share the same
d−6 behavior. By considering the electrostatic interaction as instantaneous, and therefore by neglecting any retardation effects due to information travel time from dipole to
polarizable atom or molecule, Hugo Christiaan Hamaker in 1937 derived the general
interaction energy for two spheres of radii r1 and r2 separated by a distance d: [35]
A
UvdW (d) = − ×
6


2r1 r2
2r1 r2
(2r1 + 2r2 + d)d
+
+ ln
(1.13)
(2r1 + 2r2 + d)d (2r1 + d)(2r2 + d)
(2r1 + d)(2r2 + d)
where A is known as the Hamaker constant, typically in the ballpark of 10−19 J.
In case the of r1 = r2 = σ/2 equation 1.13 simplifies to:


A
σ2
σ2
(2σ + d)d
UvdW (d) = −
+
+ 2 ln
(1.14)
12 (2σ + d)d (σ + d)2
(σ + d)2
This interaction is surprisingly strong and short-ranged. By taking A = 10−19 J and
σ = 5.4nm, Uvdw = −0.3kB T at d = 2nm, but quickly increases in magnitude to
reach −18kB T at d = 0.2nm. The actual calculation of the Hamaker constant in the
case of two media 1 and 2 interacting through a third medium m has been performed
by Lifshitz, to yield the following expression: [36]

A≈

3
1 − m 2 − m
3
kB T
+ ~
4
1 + m 2 + m
2

Z

+∞

kB T /~

1 (iν) − m (iν) 2 (iν) − m (iν)
dν
1 (iν) + m (iν) 2 (iν) + m (iν)

where 1 , 2 , m are the static dielectric constants of the three media, and (iν) are
the values of the dielectric response at imaginary frequencies. In the symmetric case,
1 = 2 = p , this expression reduces to:

2
2
Z +∞ 
3
p − m
3
p (iν) − m (iν)
A ≈ kB T
+ ~
dν
(1.15)
4
p + m
2 kB T /~ p (iν) + m (iν)
The first term, the zero frequency component, describes the Debye and Keesom interactions, while the second term describes the London contribution. Solving this
integral depends critically on the type of medium we are considering. Since usually
the medium is a dielectric, we will briefly consider the cases of dielectric or metallic
particles interacting in a dielectric medium.
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• for dielectric particles we can write d (iν) = 1 + (n2 − 1)/(1 + (ν/νe,d )2 ),
where n is the refractive index of the dielectric and νe,d is the main electronic
absorption frequency in the UV, typically around 1015 s−1 . For instance, the
main alkanes Cn Hn+2 , 5 ≤ n ≤ 16 and water all have νe,d = 3×1015 s−1 . [34]
In this case, equation 1.15 yields the following expression for the Hamaker
constant:

2
3hνe,d (n2p − n2d )2
p − d
3
√
A ≈ kB T
+
4
p + d
16 2 (n2p + n2d )3/2
• p
for metallic particles instead, metal (iν) = 1+(νe,metal /ν)2 where νe,metal =
ne2 /0 me /2π is the plasma frequency and n the electron density. Notable
examples of νe,metal are: 2.7 × 1015 s−1 for Indium, 3.7 × 1015 s−1 for Aluminum, 4.6 × 1015 s−1 for Copper, and 6.2 × 1015 s−1 for Gold. [37] In the case
of metallic particles the solution of equation 1.15 yields: [38]
√
√
3
3hνe,metal ( 2 + c)3 − ( 2 + 2c)(n2d − 1) + (n2d − 1)2 /c
√
√
A ≈ kB T +
4
16 2
(( 2 + c)2 + n2d − 1)3/2
where c ≡ νe,metal /νe,d .
Since the value of the Hamaker constant for CdSe is important to this thesis, we report the values calculated for quantum dots interacting through three notable media:
vacuum ACdSe,vac,CdSe = 1.6 × 10−19 J ≈ 39kB T , hexane ACdSe,C6 H14 ,CdSe =
0.5 × 10−19 J ≈ 12kB T , and chloroform ACdSe,CHCl3 ,CdSe = 0.4 × 10−19 J ≈
9kB T . [39]
Typically, van der Waals forces lead to a strongly attractive minimum in the pair
potential of colloidal particles that causes particles to quickly assemble irreversibly
and fall out of solution. To ensure the dispersibility and colloidal stability of colloidal particles, it is therefore necessary to introduce a repulsive interaction to contrast
the van der Waals attraction and yield colloidally stable particles. Electrostatic and
steric interactions can help prevent irreversible aggregation in, respectively, polar and
nonpolar solvents.

1.2.3

Electrostatic interactions

The surface of a particle can become charged in one of the following ways:
• dissociation of surface groups. Ligands bound to a QD can feature a functional
group that can lose or gain z protons upon exposure to a solvent in basic or
acidic conditions. The ligand becomes therefore charged with a charge ze, and
the sum of all charges from all ligands amounts to the surface charge of the
quantum dot: πzeΓσ 2 .
• adsorption or binding of ions from solution;
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Figure 1.6: Schematic describing charged surfaces in a polar solvent. (Left)
Two charged surfaces in a polar solvent with dielectric constant  and charge density zeΓ, separated by a distance d. A certain concentration of dissociated counterions
are present between the two surfaces. (Right) Counterion density profile ρ(x) and
electrostatic potential V (x) are schematically shown, together with their values at the
surface, ρS and VS . Figure adapted from the literature. [34]
• charge exchange. This is the case when two surfaces are close to each other and
ze charges can hop from a neighboring surface resulting in oppositely charges
surfaces.
Let us consider the first case. The counterions are either transiently bound to the
surface within the so-called Stern layer, or form a cloud of rapidly diffusing ions
surrounding the surface in the so-called electric double-layer. The counterions are
attracted to the surface via electrostatics but this contribution is balanced by the gain
in free energy due to the increase in configurational entropy in the dissolved state. The
chemical potential of any ion bearing a charge ze can be written as
µ(x) = zeV (x) + kB T ln ρ(x)
where V is the electrostatic potential and ρ is the charge density (see Figure 1.6). If
two surfaces are separated by a certain distance, we can set V (0) = 0 at the midplane
x = 0, where for simplicity we are considering only the 1D case. Since at equilibrium
the chemical potential must be equal for all points in space, we can write that the
chemical potential at the midplane must equal the chemical potential at any point x:
µ(x) = µ(0)
which yields
zeV (x) + kB T ln ρ(x) = kB T ρ(0)
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solving which we obtain that:
ρ(x) = ρ(0)e−zeV (x)/kB T

(1.16)

which is known as the Nernst equation. This equation states that the charge density
due to the counterions in solution corresponds to the Boltzmann distribution. We can
use this result with the Poisson equation:
d2 V
zeρ
=−
dx2
0
to state that:

zeρ(0) −zeV /kB T
d2 V
=−
e
(1.17)
dx2
0
which is known as the Poisson-Boltzmann equation. By solving this equation we can
obtain the profiles of the electrostatic potential V , charge density ρ and electric field
−dV /dx between the two surfaces. By differentiating equation 1.16 and using 1.17
and integrating, we can obtain the charge density at the surface:
ρS = ρ(0) +

z 2 e 2 Γ2
20 kB T

This expression shows that even when the two surfaces are very far apart so that
ρ(0) → 0, there is always a residual charge density at the surface that represents
the diffuse ion double layer. The ion concentration of this double layer is proportional
to the square of the charge density zeΓ, and inversely proportional to kB T as expected
since the ions can escape if they are given enough thermal energy.
By solving the equation 1.17 in the case of parallel, flat, charged surfaces in the
presence of an ion concentration ρ, and applying the Derjaguin approximation (see
appendix to this chapter), we obtain the interaction free energy for spheres or diameter
σ: [34]
σ
(1.18)
UES (d) = Ze−d/λD
4
where Z = 64π0 (kB T /e)2 tanh2 (zeVS /4kB T ), VS is the potential at the surface,
and
r
0 kB T
λD =
2NA e2 I
is the Debye screening length, and I the ionic strength. The Debye screening length
determines the length scale of the screened electrostatic potential: For VS < 25mV
we can write V (x) = VS e−x/λD and therefore λD represents the distance at which
the potential has dropped by a factor 1/e from the surface value. In these conditions
of low surface potentials, equation 1.18 can be simplified to yield:
UES (d) =
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πσz 2 e2 Γ2 λ2D −d/λD
e
0

(1.19)

where we have made use of the approximation to the Grahame equation for low potentials, VS = zeΓλD /0 . [34] Therefore we can observe that λD controls not only
the length scale of the interaction, but also the magnitude, together with the surface
charge density. A very effective way to act on the electrostatic interaction is to screen
the potential by decreasing the value of Debye screening length λD : This is easily
done by increasing the concentration of ions in solution, therefore increasing the ionic
Pn
strength I = 1/2 i=1 ρi zi2 summed on all anions and cations of valency zi and concentration ρi present in solution. For monovalent ions we obtain I = ρ, and in case of
water at room temperature the expression for λD simplifies to
0.304

λD (nm) = p

I(moles/L)

1.2.4

Steric repulsion

Bulky ligands grafted on the surface of quantum dots can act as entropic spacers, efficiently counteracting van der Waals forces, and yielding a colloidally stable
dispersion. These ligands are essentially surfactant molecules, and can be usually
represented as long, more or less flexible, nonpolar hydrocarbon chains bound to a
polar head group. The nonpolar chain essentially functions as a spacer, keeping quantum dot surfaces far apart to prevent aggregation via van der Waals, while the head
group binds to one or multiple sites on the surface of the quantum dot. The colloidal
nature of a quantum dot is largely defined by the nature of the ligands bound to the
surface. When the bound ligand molecules are in contact with a good solvent, then the
solvent-ligand interaction is stronger than the ligand-ligand interaction, ligand chains
repel one another and dangle out in solution where they are thermally mobile: this
results in a colloidally stable dispersion. However, if the ligands are in contact with
a bad solvent, meaning that the ligand-ligand interaction is stronger than the ligandsolvent interaction, than the ligand chains will become attractive and collapse on each
other. To minimize the surface area exposed to the bad solvent, quantum dots will
coagulate and flocculate, resulting in an aggregated colloid. As a rule of thumb, if a
certain solvent is a good solvent for a specific ligand then it will be a good dispersing
medium for a quantum dot dispersion passivated by the same ligand, and viceversa.
Let us imagine then two quantum dots diffusing in a good solvent, randomly colliding in solution. The dangling state of ligand chains is entropically favored over
the collapsed state, that is to say it represents a macrostate of the system that can be
realized by a much larger number of microstates. When the two surfaces approach,
the confinement of the dangling chains will therefore restrict the number of available
microstates and result in a fundamentally entropic repulsive force driven by the increase in osmotic pressure. This force is known as steric or overlap repulsion. We
can quantify the corresponding interaction energy from the surface density of ligands
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bound to the surface, which is fundamentally limited by the number of binding sites
and by the steric hindrance of the ligands. For the case of oleate ligands bound to
−2
CdSe quantum dots, typical surface coverages are 1.5nm−2
p ≤ Γ ≤ 3.5nm , [40]
meaning the average distance between binding sites s = 1/Γ lies in the range of
0.5nm ≤ s ≤ 0.8nm. [34] We are therefore in the regime of high grafting density,
since s > Rg = 0.26nm where Rg is the gyration radius of the ligand. [41] Intuitively, we can expect the ligand chains to dangle out in solution to form a brush of
average thickness h0 that defines the length scale of steric repulsion. By following
self-consistent field theory, [42] and using the Derjaguin approximation (see appendix
to this chapter), for h0  σ, [43] we obtain the following expression:
Usteric (d) =

π 3 Γσh30 kB T
×
240N
b2
"

d
d
−45 − 30 ln
+ 54
− 10
2h0
2h0



d
2h0

3


+

d
2h0

6 #
(1.20)

where we treat the ligand as a polymer composed of N monomers of length b.
The steric interaction can efficiently stabilize colloidal nano- and microparticles
against aggregation via van der Waals forces. However, the nonpolar ligand chains
require the use of a nonpolar solvent. Instead, to guarantee a well dispersed colloid in
polar solvents, we must resort to electrostatic repulsion.

1.2.5

Depletion interaction

We have seen that entropy can play a key role in determining the magnitude of an
interaction. This is also the case for attractive depletion forces, when large molecules
are not surface-bound but rather free in solution. Imagine to have two spheres of diameter σ dispersed in a solvent, together with smaller spheres of diameter σdep < σ.
Suppose that the larger spheres collide due to Brownian motion in solution: When
their interparticle distance drops below d < σdep , the smaller spheres will be geometrically excluded from the overlap region which will become depleted of smaller
spheres (see Figure 1.7). At the same time, the total volume available to the smaller
spheres will increase by ∆V , resulting in a decrease in the free energy of the system


∆V
U = −kB T ln Q = −N kB T ln (V0 + ∆V ) ≈ −N kB T ln V0 +
V0
where Q is the total partition function of the system which in conditions of high dilution can be approximated by Q ≈ V N , where N is the number of depletant particles.
The free energy of the interaction is then given by
∆U (d) = U (d) − U (+∞) = −N kB T

∆V
V0

This simple consideration shows the main features of this interaction: [33]

24

CH. 1

1.2. Pairwise interactions in colloidal science

Figure 1.7: Schematic of depletion interaction. Nonadsorbing depletant objects of
size σdep , blue spheres, produce an attraction between larger objects of size σ, maroon
spheres, with a range of interaction comparable to σdep . The green box highlights the
depleted region.

• the depletion interaction is attractive;
• the magnitude of the interaction is directly proportional to the concentration of
depletants, ρ = N/V0 , and to the osmotic pressure P = ρkB T ;
• the length scale of the interaction can be intuitively linked to the size σdep of
the depletants, for if d ≥ σdep there is no depletion at all.
Once again we can consider the case of σdep  σ and apply the Derjaguin approximation (see appendix to this chapter), to calculate the free energy of the interaction in
the case of spheres. [34] This yields:
1
Udep (d) = − πσRg2 P
4



d
1−
Rg

2
(1.21)

which confirms our expectations that the magnitude of the interaction should depend
on the osmotic pressure and that the length scale should be related to the size of the
depletant. It also becomes clear that the best way to increase the magnitude of this
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interaction is to increase the concentration of depletants. The nature of the depletants
can range from dissolved polymer chains, to micelles, to hard spheres.

1.2.6

Critical Casimir interaction

In 1948, Hendrik Casimir predicted that two parallel and conductive plates separated by a distance d and immersed in the electromagnetic quantum vacuum should
experience an attractive force per unit area: [44]
FC
~cπ 2
=−
S
240d4
Thirty years later, Fisher and de Gennes predicted that a similar effect should arise
in the perfectly classical system of two surfaces immersed in a binary fluid mixture
close to its critical point: [45] Under these conditions, solvent density fluctuations
of average size ξ, the correlation length, arise and, when confined between the two
surfaces, induce an attractive force. This effect becomes particularly significant near
the critical point of the solvent, where ξ becomes comparable to the distance between
the surfaces d. Close to the critical point, the solvent correlation length obeys the
universal relation:
−0.63
T − Tc
ξ(T ) = ξ0
(1.22)
Tc
where Tc is the critical temperature of the solvent. In their original paper, Fisher and
de Gennes proposed that the free energy of the interaction should behave like:
UCC ≈ −

kB T −d/ξ
e
ξ2

(1.23)

To derive the free energy of the interaction in the case of spheres of diameter σ we
can use the Derjaguin approximation, valid for ξ  σ (see appendix to this chapter),
to yield:
πσkB T −d/ξ
e
(1.24)
UCC ≈ −
ξ
We can therefore infer that the correlation length of the fluctuations ξ controls both
the magnitude and the length scale of the interaction.
The critical Casimir interaction can seem somewhat more obscure compared to
well-known electrostatics and sterics; however, being a solvent-mediated interaction,
it has attracted considerable attention in recent years. [46] The reason for this is that
the critical Casimir interaction can be entirely controlled by simply changing the temperature of the near-critical solvent, leaving other interactions unaffected. The powerlaw dependence of ξ on ∆T implies continuous changes of the critical Casimir potential with temperature that can finely tuned in situ, providing a direct physical knob to
control the interaction.
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Summary

To conclude this section, we summarize the most important colloidal interactions
in the table below. They will find applications in the rest of this thesis.

Interaction
van der Waals

A
− 12

Non retarded

Sterics

max(h0 , d)  σ

Electrostatics

max(λD , d)  σ

Depletion

max(σdep , d)  σ

Critical Casimir

max(ξ, d)  σ

1.3

Interaction free energy

Validity

π 3 Γσh30 kB T
240N b2

h

σ2
(2σ+d)d

+

σ2
(σ+d)2

Equation

+ 2 ln (2σ+d)d
(σ+d)2

i


 3  6 
−45 − 30 ln 2hd0 + 54 2hd0 − 10 2hd0 + 2hd0

16σπ0 ( kBeT tanh (zeVS /4kB T ))2 e−d/λD

− 41 P σRg2 ρkB T 1 −
− πσkξB T e−d/ξ

d
Rg

2

1.14

1.20
1.18
1.21
1.24

Synergy of this thesis

This thesis explores the assembly properties of colloidal semiconductor nanocrystals and the resulting collective properties thereof. We use two model systems, spherical quantum dots and nanoplatelets, which we assemble using solvent- or ligandmediated interactions.
Part I of this thesis reviews the theoretical background needed to appreciate this
thesis, as well as the experimental techniques used.
In chapter 2, we review the main experimental details relevant to this thesis, including experimental techniques and synthetic methods. Importantly, we discuss in
detail the protocols followed for the synthesis of nearly monodisperse quantum dots
and nanoplatelets.
Part II of this thesis investigates the assembly of quantum dots into 3D spherical
supercrystals via a novel approach based on an emulsion template.
In chapter 3, we exploit the emulsion template to drive the assembly of CdSe
nanocrystals into spherical supercrystals close to single-crystal quality. By using
synchrothron-based small-angle X-ray scattering, we monitor the assembly kinetics
and study the kinetic detail of nucleation, growth and final densification of quantum
dot supercrystals.
In chapter 4, we investigate the optical properties of single spherical supercrystals
based on CdSe nanocrystals. The supercrystals sustain Mie-type modes that enhance
their absorption and scattering cross sections. By combining the results of Mie optical
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modeling with steady-state and transient optical spectroscopies, we conclude that the
enhanced intensity of the electric field sustained within the supercrystals is largely
responsible for their properties.
Part III of this thesis focuses on the surface chemistry of nanocrystals, and its
influence on the assembly properties of nanoplatelets.
In chapter 5, we investigate the influence of ligand exchange with conductive
thiostannate ligands on semiconductor nanoplatelets. We find that the ligand exchange
process may damage nanoplatelets, and that this damage can be prevented or even reversed by a careful choice of ligand exchange conditions.
In chapter 6, we drive the assembly of nanoplatelets at the air/liquid interface in
micrometer-sized patches characterized by nematic ordering. Post-assembly ligand
exchange decreases the interparticle distance while maintaining the overall order. We
find that nanoplatelets may also be assembled in the bulk of the solution by depletion
forces, forming micrometer-long nanowires.
Part IV of this thesis is concerned with the assembly of quantum dots via solventmediated interactions.
In chapter 7, we drive the assembly of nanocrystals using critical Casimir forces.
We show that the assembly kinetics strongly depend on the magnitude of the interaction and on the preferential wetting properties of solvent density fluctuations on
quantum dot surfaces.
In chapter 8, we show that by tuning the magnitude and length scale of the critical
Casimir interaction, it is possible to tune the morphology of quantum dot aggregates.
This has immediate consequences on the electron mobility of critical Casimir-grown
quantum dot thin films.
In chapter 9, we exploit the critical Casimir interaction between quantum dots dispersed in solution and a flat silicon substrate to drive the epitaxial growth of nanocrystals. By carefully tuning the interplay between electrostatic and critical Casimir interactions, we grow quantum dot monolayers tunable in morphology and surface coverage.
Part V concludes this thesis.
In chapter 10 we provide a summary of the content of this thesis. This is followed
by a personal outlook concerning future research on nanocrystals and their assembly,
chapter 11. A list of references, and of publications this thesis is based on, can be
found afterwards.
An appendix now follows to discuss the Derjaguin approximation often used in
chapter 1.
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Appendix: The Derjaguin approximation
Let us assume to have two spheres of diameters σ1 and σ2 at a distance d. If
d  σ1,2 then a simple relation exists between the force between the two spheres and
the interaction free energy per unit area between two planar surfaces separated by a
distance d. [47] This relation is general to any kind of interaction, and it is often used
since it is usually easier to derive the interaction free energy for planar geometries:
Fspheres (d) = π

σ1 σ2
Wplanes (d)
σ1 + σ2

(1.25)

which in the symmetric case σ1 = σ2 = σ simplifies to:
π
σWplanes (d)
(1.26)
2
In the framework of this approximation, known as the Derjaguin approximation, it
is then possible to derive the free energy of the interaction between sphere by simply
integrating afterwards:
Fspheres (d) =

∆Uspheres (d) = Uspheres (d) − Uspheres (+∞)
Z d
Z d
π
=
Fspheres (x)dx = σ
Wplanes (x)dx (1.27)
2
+∞
+∞
It is important to realize that to prove the validity of this approximation, we only need
to make use of the fact that d  σ, with no assumptions on the nature of the interaction
at play. Therefore the validity of the approximation is absolutely general, as we saw
in section 1.2.
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Experimental Methods
Claims that cannot be tested, assertions immune to disproof are veridically worthless, whatever value the may have in inspiring us or in exciting our sense of wonder.
— Carl Sagan

In this chapter, we review the main experimental techniques and sample preparation methods used in this thesis. We use a broad range of experimental techniques to
study the structure, optical and electric properties of nanocrystals and their aggregates. These include electron microscopy, X-ray and light scattering to determine the
structure; light absorption, emission and quantum yield measurements to gain insight
into the energetic structure and light-matter interaction of nanocrystals; time-resolved
microwave conductivity and field-effect transistors to measure the micro- and macroscopic electrical conductivities of nanocrystal assemblies. Finally, we review the synthetic protocols mostly used in this thesis, including those concerning the preparation
of nearly monodisperse CdSe quantum dots and nanoplatelets of various aspect ratios.
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2.1

Main experimental techniques

2.1.1

Light absorption

The interaction of light with matter provides a powerful probe to gain insight into
the structure and morphology of nanoparticles and their aggregates, as well as their
optoelectronic performance. In general, light can interact with matter through absorption or scattering. Measuring the absorption spectrum of a dispersion of nanoparticles
offers a unique tool to probe the energetic structure and uniformity of the ensemble,
also allowing to measure nanoparticle concentration.
Consider an incident beam of intensity I0 propagating along the z-direction and
impinging on a uniform medium. The medium can absorb light, and as a result the
intensity of the incident beam decreases with z. If we consider a small slice of thickness dz, then it is reasonable to assume that the drop in incident intensity between z
and z + dz is proportional to the thickness of the slice:
dI = I(z + dz) − I(z) = −αI(z)dz
By integrating this expression we obtain the well-known Lambert-Beer law:
I(z) = I0 e−αz

(2.1)

where α is known as the absorption coefficient and has the units of inverse length, typically cm−1 . It is often useful to work with a quantity proportional to the absorption
coefficient, the absorbance:
A(z) = log

I0
= 0.434αz
I

expressed in optical density units.
In direct-bandgap semiconductors such as CdSe, the absorption coefficient, and
therefore the absorbance, is proportional to the joint density of states g(~ω), where
~ω is the energy of the incident photons. Therefore:
(
0
if ~ω < Eg
α(~ω) =
∝ g(~ω) if ~ω ≥ Eg
p
While in bulk semiconductors g(~ω) ∝ ~ω − Eg , in quantum dots the density of
P
states is a collection of discrete states described as n,l,σ δ(~ω − Enl (σ)); however,
because of the polydispersity of the sample, the δ-peaks appear broadened (equation
1.11). For this reason, the width of the peaks in the absorption spectrum is usually
related to the sample polydispersity, with sharper peaks indicating a more uniform
sample.
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Since the absorbance of isolated colloidal nanocrystals is usually measured from
a dilute dispersion, it is important that the dispersing solvent shows a negligible absorption in the energy range of interest. For instance, hexane is an excellent choice
in the wavelength regime 300 < λ = 2πc/ω < 1000nm, where c is the speed of
light in vacuum. However when measuring in the near infrared, 1µm < λ < 10µm,
tetrachloroethylene is a much better choice.
Nanocrystals are usually measured as a dispersion with molar concentration c; it
is therefore useful to work with the molar extinction coefficient , defined as  = α/c,
expressed in units of M −1 cm−1 where M = moles/L indicates the number of moles
per liter. A greatly appreciated contribution in the literature relates the absorbance
A1 = 0.434α1 z at the spectral position λ1 of the first peak in the absorption spectrum
for CdS, CdSe, and CdTe quantum dots to the dot diameter σ and molar concentration
c. [48] In this case, z is the optical path of the cuvette used for the measurement. We
report here the empiric relation obtained in the mentioned reference for CdSe that has
been used throughout this thesis to approximately determine c and σ:
σ(nm) = 1.6122×10−9 λ41 −2.6575×10−6 λ31 +1.6242×10−3 λ21 −0.4277λ1 +41.57
(2.2)
(M −1 cm−1 ) = 5.857 × 103 σ 2.65
from which we can then extract the concentration: c = α1 / = A1 /(0.434z).

2.1.2

Light scattering

Light can also interact with matter through scattering. Imagine an electric field
E of wavelength λ incident on a particle of diameter σ  λ and refractive index n
suspended in a medium of refractive index n0 . The incident electric field will induce
a dipole δ = %E oscillating at the same frequency as the electric field, where % is the
polarizability. Since oscillating dipoles produce radiation, the dipole will emit light.
The intensity of the scattered light at a distance d from the scattering particle scales as

2
I
16π 4
%V
= 2 4
I0
d λ
4π0
where


%V = 30

(n/n0 )2 − 1
(n/n0 )2 + 2


V

is the polarizability of the particle and V = 4π(σ/2)3 /3 is the particle volume. Substituting %V we obtain:
 2
2
I
π4 σ6
n − n20
=
(2.3)
I0
4 d2 λ4 n2 + 2n20
Key consequences discend from this expression:

33

CH. 2

2.1. Main experimental techniques

Chapter 2. Experimental Methods

CH. 2

• the scattered intensity grows with σ 6 , therefore a particle twice as large will
scatter 26 = 64 times more. Consequently, it is extremely important to minimize the amount of dust when working with scattering techniques, as a few
dust particles may easily shadow the signal of millions of nanoparticles;
• the scattered intensity decreases with λ4 , meaning that radiation at smaller
wavelengths will be scattered more efficiently;
• the scattered intensity grows with the square of the difference of the squares of
the refractive index of the scattering object and that of the surrounding medium.
Therefore for instance, teflon particles, n = 1.315, will scatter very weakly in
water, n0 = 1.330.
With this preamble we will now proceed to describe the two main scattering techniques used in this thesis: Dynamic light scattering (DLS) and small-angle X-ray
scattering (SAXS).

Dynamic light scattering
Light scattering is an invaluable tool in Soft Matter and Nanoscience, being able
to determine the structure and dynamic correlation of objects of sizes ranging from
the nanometer to the micrometer scale. Specifically, static light scattering can extract
information concerning the shape, size, and assembly structure of scattering objects;
instead, dynamic light scattering exploits the Brownian motion of objects to study
their dynamic behavior in solution. For a dispersion of particles in solution, dynamic
light scattering is able to extract the distribution of particle sizes from their diffusion
in the solvent.
Let a coherent excitation source of wavelength λ, such as a laser, impinge on a
dispersion of particles of diameter σ in a solvent of refractive index n0 . The particles
can scatter light, as shown by equation 2.3 for the case of small particles, σ  λ.
The sum of the scattering wavefronts projected onto a screen at a distance d from
the sample will result in a speckle pattern due to constructive (high intensity regions)
and destructive (low intensity regions) interference. Since the particles are subject
to Brownian motion, the interparticle distance, and therefore the phase difference between the scattering wavefronts, will change as a function of time. When detecting at
a scattering angle θ, we observe that the scattered light intensity fluctuates around a
mean value. The nature of these fluctuations is directly linked to the Brownian motion
of the particles, and it is possible to harness this information by calculating the autocorrelation function of the scattered light intensity, which correlates the intensity I of
the scattered light at times t + τ and t. Intuitively, we can suppose that if τ is very
small, τ → 0, the values of I(t + τ ) and I(t) will be very similar to one another and
we say that I(t + τ ) is correlated with I(t); instead, for τ → +∞ the value of I has
significantly changed in time as a consequence of Brownian motion, and we say that
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the two intensity values are no longer correlated. The correlation function of the scattered light is a direct measure of the probability of a particle moving a given distance
in a time τ . We can formalize these concepts by defining the intensity autocorrelation
function as: [49]
Z
1 T
hI(0)I(τ )i = lim
I(t)I(t + τ )dt
(2.4)
T →+∞ T 0
where τ is the delay time. The products I(t)I(t + τ ) can be positive or negative; since
I(t)I(t) = I(t)2 ≥ 0 we must conclude that hI(0)2 i ≥ hI(0)I(τ )i. For delay times τ
large respect to the characteristic time of the fluctuations we expect that I(t) and I(t+
τ ) become completely uncorrelated so that limτ →+∞ hI(0)I(τ )i = hI(0)i hI(τ )i =
2
2
hIi . Therefore the quantity hI(0)I(τ )i decays from hI 2 i to hIi as a function of
the delay time τ . In the case of Brownian motion this decay is exponential with a
characteristic time τc so that:
2

2

hI(0)I(τ )i = hIi + (hI 2 i − hIi )e−τ /τc

(2.5)

which we can rearrange to give:
g2 (τ ) ≡

hI(0)I(τ )i
hIi

2

2

=1+

hI 2 i − hIi
2

hIi

e−τ /τc ≡ 1 + ζe−τ /τc

(2.6)

which is the normalized correlation function of the scattered light intensity. The decay
time τc is inversely proportional to the diffusion coefficient of the particles:
τc =

1
Dq 2

(2.7)

which allows the diffusion coefficient to be determined by taking the slope of the plot
of 1/τc against q 2 , where q is the scattering wavevector
 
θ
4πn0
sin
(2.8)
q=
λ
2
Using the Einstein-Smoluchowski relation we can write:
D=

kB T
3πησH

(2.9)

where η is the viscosity of the solvent and σH is the hydrodynamic diameter of the
diffusing particles. In general σH > σ as, for the diffusion through the solvent, also
the ligands and other surface-bound moieties count. By combining 2.7 and 2.9 we can
write:
kB T 2
σH =
q τc
(2.10)
3πη
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which allows us to determine in practice the hydrodynamic diameter from the decay
time τc , solvent viscosity η, temperature T and scattering angle. The larger the particle, the slower the diffusion and therefore the larger the decay time. In the case of
the coexistence of N populations of different sizes we will have multiple exponential
decays overlapping, so that:
N

g2 (τ ) − 1 X i
=
A exp(−τ /τci )
ζ
i=1

(2.11)

The excitation source used for dynamic light scattering is typically a He – Ne laser
with wavelength λ = 632.8nm. Considering that the scattering angles that can be
achieved lie in the range of 10◦ ≤ θ ≤ 150◦ , this leaves us with a range of q of
0.002nm−1 ≤ q ≤ 0.02nm−1 for water, and therefore for nanoparticles qσ  1.
However, interesting effects arise when qσ ∼ 1, as we will see in the next section.
From 2.8 we can conclude that to increase q enough to reach this regime, λ must
decrease by a factor of at least 100, which brings us to X-rays scattering.

Small-angle X-ray scattering
Suppose to have an X-ray beam of wavelength λ = 0.154nm  σ impinging
on a dilute dispersion of nanoparticles. The medium is isotropic, the interparticle
distance d  σ, and therefore we can describe the scattered light intensity according
to: [50, 51]
Z
sin qr
I(q)
4πr2 dr
=V
h∆ρ(r1 )∆ρ(r2 )i
(2.12)
I0
qr
where V is the irradiated volume, ∆ρ(r) = ρ(r) − hρi is the electronic contrast, that
is, the difference between the density of electrons at r and its average value measured
at r → +∞. In the case of particles dispersed in a solvent, hρi corresponds to the
electronic density of the solvent. The solution of this integral for the case of a sphere
of diameter σ has been given by Lord Rayleigh:

2
sin (qσ/2) − (qσ/2) cos (qσ/2)
I1 (q)
= (∆ρ)2 V12 3
I0
(qσ/2)3

(2.13)

where V1 is the volume of the sphere. In the case of N particles in the dilute limite,
where particles have no correlation with each other, we simply sum the intensity of
the scattered light over all the particles:
IN (q)
= N I1 (q)
I0
In the case of more dense dispersions, correlations in the particle positions arise, and
we need to take into account the interference between all of the wavefronts scattered
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by all the particles, and we obtain:

X X sin qrij
I(q) = I1 (q) N + 2 h
i
qrij
i
j

(2.14)

This expression can be summarized in the product:
I(q) = P (q)S(q)

(2.15)

where P (q) = I1 (q) is the form factor, and the interference term the structure factor
S(q). The form factor is sensitive to the intrinsic properties of the particles, their
shape and size, while the structure factor describes the presence of correlation in the
positions of the particles in space, if any. In the case of non-interacting particles,
S(q) → 1 over the whole q-range. This is the typical case for the scattering pattern
from a dilute dispersion of particles, or a gas. In the presence of short- or long-range
order, S(q) 6= 1. We distinguish two cases:
• Dense fluids and disordered solids: In this case there is no long-range correlation in the particle positions and most terms in equation 2.14 cancel out.
However, at short distances there is a certain degree of correlation due to the
fact that the distance between the particle centers must satisfy d ≥ σ. This
yields a broad peak in S(q) at qnn = 2π/rnn , where rnn is the average nearest
neighbor spacing. [52]
• Ordered solid: In the case of an ordered arrangement of nanoparticles, the
long-range spatial correlation will result in multiple peaks in S(q) the position
of which is determined by Bragg’s law:
2a sin θ = nλ

(2.16)

where a is the spacing between the diffracting planes and n is an integer. We
therefore see that we need λ to be the same order of magnitude as a to observe
diffraction peaks, which illustrates the need for X-rays.

2.1.3

Light emission

Electron and holes excited in a material can recombine through the emission of a
photon. If the material is excited optically with a photon of energy ~ω = hc/λexc >
Eg , then the recombination process is known as photoluminescence. Usually, electrons and holes lose their excess energy ~ω−Eg quickly with the emission of phonons,
and only recombine when they have reached their lowest energy state in the conduction and valence band, respectively. The emission spectrum can be described by a single band centered around λem , the width of which is influenced by the polydispersity
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of the sample: more polydisperse samples will result in a broader emission band. The
efficiency of photoluminescence can be quantified by the photoluminescence quantum
yield, P LQY , defined as the ratio of the number of emitted and absorbed photons:
P LQY =

Nem
Nabs

Quantifying the efficiency of the emission process in nanomaterials is fundamentally
important since it provides an insight into the microscopic mechanisms governing the
release of energy at the nanoscale. For instance, a high P LQY may suggest a wellpassivated sample, or a high crystallinity of the nanocrystals, while a low P LQY
may suggest the presence of traps and/or structural defects. Two main techniques
exist to determine the P LQY : an absolute and a relative measurement. Nem and
Nabs can be accurately determined using the absolute measurement, while the relative
measurement relies on the use of an emission standard. However, since the absolute
measurement is experimentally more challenging and time-consuming, the relative
measurement is still the most popular method. We hereby describe a relative measurement. For details concerning the absolute measurement we refer the reader to more
comprehensive texts. [53, 54] The photon flux of emitted photons can be calculated as
Z
λem
dλem
F =
Ic (λem )
hc
λem
where the integration is over the whole emission spectrum Ic after subtraction of the
blank spectrum Ib from the uncorrected spectrum Iuc and dividing by the spectral
responsivity of the instrument s(λ):
Ic (λ) =

Iuc (λ) − Ib (λ)
s(λ)

Instead, the fraction of light absorbed by the sample can be calculated as:
f=

I0 (λexc ) − I(λexc )
= 1 − 10−A(λexc )
I0 (λexc )

(2.17)

By using a quantum yield standard, absorbing and emitting in the same spectral window as the sample, we can determine the relative P LQY through:
!



n2sample (λem )
Fsample
fstandard
P LQYsample = P LQYstandard
Fstandard
fsample
n2standard (λem )
where n is the refractive index of the solvent used. A typical quantum yield standard
for the visible range is Rhodamine 6G dispersed in ethanol, with a nominal P LQY of
91 ± 4%. [53]
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Electron microscopy

Electron microscopy is a key imaging technique in Nanoscience, since it allows
for the direct observation of objects with sizes from the micrometer to the angstrom
scale. At these length scales, using electron microscopy is indispensable, since the
resolution of imaging systems is fundamentally limited by the diffraction of light to a
resolution limit comparable to the wavelength used.
An ideal optical system would image an object point perfectly as a point. However,
the diffraction of light of wavelength λ at the aperture used to collect light results in
a blur, also known as Airy disk. The size of the Airy disk is proportional to λ, and
therefore it can become the limiting factor in the resolution of the instrument. We can
define the resolution limit of an imaging system as:
∆` =

λ
2N A

(2.18)

where N A = n sin θ is the numerical aperture. If we consider visible light at λ =
500nm with an aperture of N A = 1 we obtain a resolution limit of ∆` = 250nm.
To decrease the resolution limit, and therefore increase the resolution power of the
imaging system, we need to use smaller λ. This is easily done by using an electron gun as source, since the wavelength of electrons can be decreased by increasing their kinetic energy through λ(nm) = hc/E ≈ 1240/E(eV ). Reaching a
sub-nanometer resolution of ∆` ≤ 0.1nm is therefore possible by using energies
hc/λ = 0.61hc/∆` ≥ 7564eV . Electron microscopy exploits these simple ideas to
image objects at the nanoscale, such as nanoparticles, and subnanoscale, atoms.
In this thesis we have used an scanning electron microscope (SEM) to image
nanoparticle assemblies on a substrate, as well as a transmission electron microscope
(TEM) to image details at higher resolution of nanoparticles deposited on a carboncoated TEM grid. In this instrument, a beam of monochromatic electrons of energy E
is accelerated and ejected from an electron gun, and focused by means of electric and
magnetic fields. The electron beam can interact with the bound electrons in the sample
and lose energy via several mechanisms, resulting in the emission of secondary electrons, X-rays or even visible light. A variety of detectors positioned in transmission,
reflection, or at an angle, can harvest the scattered or emitted electrons and photons.
As a result, the transmitted beam is attenuated. By scanning the electron beam across
the sample and detecting the number of electrons transmitted, we can obtain a map
of the electron density of the sample. The substrate, typically a thin carbon layer in
TEM, has a small electronic contrast and therefore it will result in a bright background
(bright-field imaging); the sample instead will result in darker areas which describe its
thickness and morphology. When collecting the electrons which have been forwardscattered at an angle θ, we obtain a dark background with a bright signal from the
sample (dark-field imaging).
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2.1.5

Electron conductivity

One of the central quantities that describe the electrical performance of a material
is the conductivity of charge carriers. The mobility of charge carriers is proportional
to the conductivity, and represents the figure of merit of reference. Given an electric
field E, charge carriers will gain a drift velocity defined by:
ve,h = µe,h E

(2.19)

where e, h specifies the mobility values of electrons and holes, respectively. We can
then define the total conductivity γ as:
γ = e(ne µe + nh µh )

(2.20)

where ne,h indicates the concentration of electrons and holes, respectively.
Probing the conductivity of a material on different length scales can yield useful insights into the microscopic processes behind charge transport. Consider for instance a two-dimensional superstructure of average crystalline domain size ξ, composed of nanoparticles of diameter σ. The ordered arrangement of nanoparticles is expected to yield improved conductivity since the average number of nearest neighbors
is higher. The conductive properties of the sample related to the ordered arrangement
of nanoparticles can be studied when probing a length scale δ so that σ < δ < ξ; however, when considering larger length scales δ > ξ, the conductivity will rather depend
on the macroscopic sample morphology, for instance on the connection between the
crystalline domains.
In this thesis we have used two different techniques to probe the conductive properties of nanocrystal assemblies on two different length scales, see Figure 2.1:
• To probe conductivity on the short length scale limit of a few nanoparticles, we
used time-resolved microwave conductivity (TRMC). We can estimate that for
CdSe the probed length scale is δT RM C = 28nm; [55, 56]
• To probe conductivity on a longer length scale, we use field-effect transistors.
In this case the length scale probed is given by the separation between the
source and drain electrodes, typically δF ET = 2.5µm.
The schematics for these two techniques are shown in Figure 2.1.

Time-resolved microwave conductivity
This technique exploits the fact that free charges moving in an oscillating electric
field absorb energy, leading an attenuation of the incident field. Optically exciting
a film of nanoparticles of bandgap Eg with a laser pulse of wavelength λ ≤ hc/Eg
results in the generation of electron-hole pairs. The charge carriers can move in the microwave field, and therefore dissipate the power reflected by the microwave. Let ∆Π
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Figure 2.1: Schematics for the conductivity techniques exploited in this thesis.

be the decrease in reflected power due to the presence of the photoexcited conductive
sample. For small photoinduced changes in the conductance, we can write: [57]
Πlight (t) − Πdark
∆Π(t)
= −K∆G(t)
=
Πdark
Π
where K is a factor dependent on the resonance characteristics of the cavity and dielectric properties of the sample and ∆G = Glight (t) − Gdark is the change in conductance. The time-dependence derives from the fact that eventually the charge carriers will recombine, and therefore ∆G → 0 in time. By definition, conductance and
conductivity are related through:
∆G = βt∆γ
where β is the ratio between the broad and narrow dimensions of the waveguide and
t is the sample thickness. [57] Assuming ne = nh = n, since we are generating
electrons and holes in pairs, and following equation 2.20, we can write:
∆G(t) = βteΣµn(t)
there Σµ = µe + µh . We can now express the concentration of photoexcited pairs n
as
n(t) = I0 f Φ(t)/t
where I0 in the incident photon fluence, f is the fraction of absorbed light by the
sample described according to equation 2.17, and Φ(t) is the number of electron-hole
pairs generated per absorbed photon at time t. [58] We can then write:
∆G(t)
= Φ(t)Σµ
eβI0 f

(2.21)

At t = 0 the change in photoconductance reaches the maximum ∆G(0) = ∆G0 =
Φ0 Σµ and then decreases as a consequence of charge recombination. Since in general
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Φ0 ≤ 1, Φ0 Σµ ≤ Σµ provides a lower limit to the sum of the mobilities of electrons and holes in the material. By increasing photon fluence I0 , the decay time of the
change in photoconductance decreases; this can be explained as follows. The photon
fluence is proportional the number of electron-hole pairs generated in a nanocrystal;
when this number rises above unity, additional recombination pathways that involve
three or more carriers can be activated, therefore increasing the probability of recombination and decreasing decay time of carriers. One of the most investigated mechanisms is the Auger effect, a three-body interaction where one electron and a hole
recombine and the excess energy is transferred to second electron. To exclude the
presence of multi-body effects, we extrapolate to I0 → 0, and estimate the sample
mobility in conditions of non-photoexcitation.

Field-effect transistors
Field-effect transistors probe charge transport over a length scale of several micrometers, by directly contacting the material and subjecting it to an applied voltage. Typically, two contacts separated by a distance d and positioned on an insulating
substrate confine the semiconductor material to be probed. The two contacts are addressed as source and drain, and the volume comprised between them as the channel.
The channel can be filled with a semiconductor material, such as a film of nanoparticles. When applying a voltage difference between source and drain VD , a current
ID will result. We can add a third contact below the insulating layer, which we will
address as the gate, Figure 2.1. We can now apply a voltage difference between the
gate and the source, which we will call VG . Let’s now choose VD > 0 and VG > 0. If
the material filling the channel behaves as a n-type semiconductor, namely electrons
are the majority carriers, ID will increase if the gate voltage exceeds a threshold Vth ,
since the electrons responsible for the conduction will be attracted into the conductive
channel. Conversely, for VG < 0 the electrons will be repelled and ID will go to zero.
This is the basic idea of a field-effect transistor.
To measure the field-effect mobility, we can either work in the linear regime, for
small VD so that ID ∝ VG , or in the saturation regime. [59] In the latter case, for each
value of VG we increase VD until ID saturates to a value ID,sat (VG ). Under these
conditions, we have that: [59]
ID,sat (VG ) = µe

CW
(VG − Vth )2
2L

where L and W are the length and the width
p of the channel, and C is the capacitance
per unit area of the insulator. By plotting ID,sat (VG ) against VG , we measure the
slope msat which is related to the mobility via:
µe = m2sat
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In first approximation, the conductivity of a thin film of nanoparticles is dictated by the
average number of nearest neighbors. [60] Close-packed crystalline structures satisfy
best this requirement. However, the nanoparticle polydispersity plays a huge role
in allowing the formation of these dense structures. A proper sample preparation is
therefore crucial, as we will see in the next section.

2.2

Sample preparation

The phase behaviour of hard-sphere colloidal particles predicts that increasing the
polydispersity suppresses crystallization. [61] This observation illustrates that to obtain close-packed ordered nanoparticle superstructures, it is crucial to start with a
monodisperse sample. After analyzing a number of synthetic protocols in the literature, we found a recipe that allowed for the production of low polydispersity CdSe
quantum dots and nanoplatelets. We hereby report these protocols. Figure 2.2 shows
a schematic of the experimental setup needed for the protocols.

2.2.1

Synthesis of CdSe quantum dots

We have followed the protocol reported by Chernomordik et al. [62] This synthetic
protocol is made of several parts outlined below in detail.
1. Preparation of the reaction flask. A 100mL three-neck round-bottom flask was
cleaned by brushing in soapy water, followed by sonication in Hellmanex solution (Hellma) and drying in the oven at 100◦ C by means of a heating mantle.
A 4mmoles = 512mg amount of cadmium oxide (CdO) was added to the
flask, together with 22mmoles = 7mL of oleic acid (OAH) and 99mmoles =
32mL of 1-octadecene (ODE). A stir bar was added, and the dispersion was
brought to a temperature of 100◦ C under vacuum, and kept for half hour. This
step is to ensure the removal of dissolved air and water, which can be confirmed
by the visible bubbling. Afterwards, the temperature was raised to 260◦ C and
the atmosphere is switched to N2 . As CdO reacted with OAH to form cadmium
oleate (Cd(OA)2 ), the reaction flask went from a maroon color to colourless.
Care should be taken in making sure all of the CdO is collected from the walls
260◦ C

of the flask. The reaction can be described as: CdO + 2 OAH −−−−→ Cd(OA)2 +
H2 O. After the contents of the flask were completely clear and no residues of
CdO were visible, the temperature was lowered to 100◦ C and the flask was
placed under vacuum for 20 minutes to remove the extra water produced. Afterwards, the atmosphere was switched again to N2 and the temperature raised
to 260◦ C.
2. Preparation of the injection syringe. An amount of 0.8mmoles = 63mg of
selenium powder (Se) was added to 5mL of ODE in a vial. The capped vial
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Figure 2.2: Experimental setup needed to synthesize quantum dots and nanoplatelets.

was then sonicated for 15 minutes. The Se powder did not dissolve, but formed
a metastable dispersion. Care should be taken that the cap of the vial does
not unscrew as a result of sonication. Before the injection, the dispersion was
transferred to a 20mL disposable syringe equipped with a 16 gauge needle.
3. Preparation of the slow-addition syringe. A 1M solution of Se in trioctylphosphine, TOP, was prepared by adding 10mmoles is Se to 10mL of TOP. Care
should be taken to ensure that the transfer of TOP is under an oxygen-free atmosphere, since this chemical is prone to oxidation to trioctylphosphine oxide
(white powder). These conditions can be ensured by using a glovebox or a
glovebag filled with N2 . After adding a stir bar, the vial containing the reagents
was capped under N2 by means of a cap with setpum. The dispersion was
stirred at room temperature until the Se powder dissolved to form a transparent, slightly yellow, solution. 3mL of the solution were added to 7mL ODE
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4. Injection. The dispersion of Se in ODE was swiftly injected into the reaction
flask and the set temperature was decreased to 240◦ C. The contents of the glass
syringe were slowly added to the reaction flask by using the syringe pump. The
first droplet reached the reaction mixture ∼ 1min after injection. The reaction
was continued for a time ∆t during which the nanocrystals grow.
5. Quenching and purification. To quickly stop the reaction, the set temperature
was decreased to below room temperature, the mantle was removed and the
flask was surrounded with a crystallization plate full of water at room temperature under stirring. The nanocrystals were isolated from ODE and unreacted
precursors by adding 5mL of reaction mixture to a 50mL centrifuge tube, followed by 20mL of hexanes, shaking, and 25mL of ethanol. The dispersion
quickly became turbid as a result of the scattering from nanocrystal aggregation
in solution. The tube was centrifuged at 3000g for 30 minutes. Afterwards, the
clear supernatant was discarded and 25mL of hexanes were added to the pellet.
After redispersing, the nanocrystals were again precipitated by adding 25mL
of ethanol and centrifuging. The procedure was repeated in total 3 times, at
the end of which the nanocrystals were dispersed in 10mL of hexanes, filtered
through a 200nm syringe filter and stored in a capped vial.
To monitor the growth of nanocrystals, we have taken 0.5mL aliquots as a function
of ∆T . These aliquots were quenched in 4.5mL hexane vials and their absorption
spectra were recorded. From the position of the lowest-energy peak in absorption
we have determined the average size of nanocrystals using 2.2. We also extracted
the half-width at half-maximum (HWHM) of the lowest energy peak which is a measure of the polydispersity of the sample. The results are reported in Figure 2.3. We
can clearly observe that the absorption spectrum of nanocrystals shifts towards longer
wavelengths, and therefore lower energy, during growth (Figure 2.3a). As discussed
in the previous chapter, the position of the lowest-energy peak is a measure of the
nanocrystal size, while the width of the peak is a measure of the polydispersity of
the sample. The average nanocrystal size increases as a function of growth time, to
plateau around σ = 6nm at 70min ≤ ∆t = 130min, and then increase further
(Figure 2.3b). At the same time, the HWHM markedly decreases to reach a minimum of HW HM = 38meV around ∆T = 60min. At nanocrystal nucleation,
which corresponds to the injection of the dispersion of Se in ODE at ∆t < 0, the
ratio of Cd : Se = 4/0.8 = 5, while at the end of the slow addition of we have
Cd : Se = 4/(0.8 + 3) = 1.05. Since the growing crystallites should have a ratio
close to stochiometric, Cd : Se ∼ 1, we argue that the reaction kinetics proceed slowly
thanks to the excess of metal precursor present in solution, therefore allowing for size
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Figure 2.3: Ex-situ measurement of nanocrystal growth kinetics. (a) Absorption
spectra of nanocrystals during growth. Data measured from aliquots removed from
the reaction flask. (b) Nanocrystal diameter values during growth, as extracted using
2.2. (c) Half-width at half-maximum of the lowest energy peak in absorption during
growth.

focusing. [63] Once all the extra Se precursor has been added and the ratio becomes
near stochiometric, the nanocrystals may grow further via Ostwald ripening, leading
to size defocusing. [13] Therefore we estimate that the best choice of ∆t to obtain
the least polydisperse sample is 60min. We illustrate the effect of polydispersity on
the absorption features of nanocrystals with figure 2.4. Here we show the absorption
spectra of four samples of CdSe nanocrystals with similar peak position, corresponding to similar average sizes, differing instead in peak width or polydispersity (Figure
2.4).
We have used small-angle X-ray scattering to relate the HWHM of the lowest
energy absorption peak of CdSe nanocrystals to their polydispersity value. The polydispersity of each sample was obtained by fitting the scattering pattern to the spherical
form factor reported in modulated by a gaussian distribution G(σ, σ0 , ∆σ) of sizes σ
centered around a mean value σ0 and of width ∆σ:
Z
IG (q, σ0 , ∆σ) ∝
0
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Figure 2.4: Effects of polydispersity on the absorption features of CdSe nanocrystals. Absorption spectra of CdSe nanocrystal samples of similar average sizes, as
shown by the similar position of the peaks, and differing in polydispersity. As the
polydispersity increases the spread in the quantum confined energy levels of electrons
and holes results in the increased half-width at half-maximum (HWHM) of the lowest
energy peak (legend). The average nanocrystal size has been computed from 2.2.

The polydispersity value was then obtained by P D = ∆σ/σ0 . This procedure also
allowed us to compare the mean diameter values to the ones predicted by 2.2. The results are shown in figure 2.5. We notice that the nanocrystal diameter values extracted
from the absorption spectrum through 2.2 compare well to the values measured with
SAXS; the results may point to an underestimation of diameters for smaller nanocrystals and an overestimation for larger nanocrystals. Instead, the polydispersity results
suggest a linear relation between absorption and SAXS data for higher polydispersity
values, P D ≥ 6.5%, which seems to becomes more uncertain for more monodisperse
samples. These results show that using 2.2 to determine size and polydispersity of
nanocrystals yields satisfactory results, although it would be interesting to investigate
any deviation from the expected trends by measuring further.

47

CH. 2

Chapter 2. Experimental Methods

Figure 2.5: Relation between absorption and scattering measurements to determine size and polydispersity of CdSe nanocrystal ensemble. (Left) Comparison
of the diameter extracted from the lowest energy peak in the absorption spectra using
2.2 and the values measured from fitting the scattering pattern of nanocrystals to 2.23.
(Right) Comparison of the HWHM of the lowest energy peak in the absorption spectra
of CdSe nanocrystals to the polydispersity values extracted from SAXS using 2.23.

2.2.2

Synthesis of CdSe nanoplatelets

To synthesize CdSe nanoplatelets we followed the protocol reported by She et
al. [64]
1. Preparation of the reaction flask. A 100mL three-neck round-bottom flask was
cleaned as described in the previous section. A 1.1mmoles = 510mg amount
of cadmium myristate (Cd(myr)2 ) was added together with 131mmoles =
42mL of ODE. A stir bar was added, and the dispersion was brought to 100◦ C
while under vacuum by means of a heating mantle. The temperature was kept
for half hour. The atmosphere was then switched to N2 and the temperature
was increased to 240◦ C. At this stage, it is important to make sure that the set
temperature does not overshoot to ≥ 260◦ C; when this would happen, the dispersion turned to a gray colour which we ascribed to the nucleation of cadmium
metal nanoparticles.
2. Preparation of the injection syringe. A 0.45mmoles = 36mg amount of Se
powder was added to 3mL of ODE and sonicated for 15 minutes to form a
metastable dispersion. Prior to injection, the dispersion was transferred to a
10mL disposable syringe equipped with a 18 gauge needle.
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Figure 2.6: Nanoplatelets with different aspect ratios (a) Absorption spectra of
NPs with different aspect ratios dispersed in hexane. The reaction time is indicated in
the legend. (b) Measured length and aspect ratio of NPs synthesized with different reaction times. Error bars represent the standard deviation values obtained by sampling
> 100 NPs for each reaction time.

3. Preparation of the second addition. A 60mg = 0.8mmoles of finely ground
cadmium acetate (Cd(Ac)2 ) was placed on a spoon that would fit through the
neck of the round-bottom flask for swift addition. Here it is important that the
Cd(Ac)2 is finely ground to ensure fast dissolution in the reaction mixture. At
the end of the reaction there should be no solids precipitates.
4. Injection. Once the temperature of the reaction flask stabilized, the dispersion
of Se/ODE was swiftly injected. After 20s of delay, the Cd(Ac)2 was swiftly
introduced. The solution was held at 240◦ C for a time ∆t.
5. Quenching and purification. The temperature of the reaction flask was rapidly
reduced by removing the heating mantle and replacing it with a water bath.
When the temperature reached 100◦ C, 24mmoles = 6mL of OAH were
added; at 70◦ C 45mL of hexanes were added. The mixture was transferred
to two 50mL centrifuge tubes and centrifuged at 4000g for 1 hour, yielding a
colored supernatant (dispersion of quantum dots) and a dark precipitate (NPs).
The supernatant was discarded and the precipitate was dispersed in 10mL of
hexane. Depending on the size of the NPs, 220nm (PTFE), 450nm (PTFE) or
800nm (MCE) pore sized filters were used to filter the dispersion.
By varying the reaction time ∆t between 5 and 30 minutes, nanoplatelets with the
same thickness and different aspect ratios (length/width) can be synthesized (Figure
2.6b, 2.7): The sharp absorption transition at λ = 514nm is indicative of a thickness
of 4.5 atomic monolayers, corresponding to 1.2nm, Figure 2.6a. [65, 66].
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Figure 2.7: Bright field STEM images of NPs synthesized with increasing reaction
times. Scale bars indicate 50 nm.
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3
Revealing Driving Forces in
Quantum Dot Supercrystal
Formation
We must accept finite disappointment, but never lose infinite hope.
— Martin Luther King Jr.

The assembly of semiconductor nanoparticles, quantum dots (QD), into dense crystalline nanostructures holds great promise for future optoelectronic devices. However, knowledge of the sub-nanometer scale driving forces underlying the kinetic processes of nucleation, growth and final densification during QD assembly remains poor.
Emulsion-templated assembly has recently been shown to provide good control over
the bulk assembly of QDs by condensation into highly ordered three-dimensional supercrystals. Here, we combine emulsion-templated assembly with in situ small-angle
X-ray scattering to obtain direct insight into the nanoscale interactions underlying the
nucleation, growth and densification of quantum dot supercrystals. We show that at
the point of supercrystal nucleation, nanoparticles undergo a hard sphere-like crystallization into a hexagonally close-packed lattice slowly transforming into a facecentered cubic lattice. The ligands play a crucial role in balancing steric repulsion
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against attractive van der Waals forces to mediate the initial equilibrium assembly,
but cause the QDs to be progressively destabilized upon densification. The rich detail
of our kinetic study elucidates the assembly and thermodynamic properties that define QD supercrystal fabrication approaching single-crystal quality, paving the way
towards their use in optoelectronic devices.
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Introduction

Colloidal semiconductor nanocrystals or quantum dots (QDs) represent an important class of materials that has drawn considerable attention in the last few years: The
possibility of bandgap tuning by varying dot size is attractive for both lighting and
energy industry, enabling applications such as full-color screens and light emitting
diodes, [67, 68] photodetectors, [69, 70] solar cells, [71] and lasers. [11] Most applications require the assembly of QDs into thin films at the highest possible packing
fraction: In lasing the threshold for stimulated emission depends linearly on the volume fraction of QDs; [72] in electronics, three-dimensional charge percolation is only
possible when the volume fraction is higher than 15 %. [73] While many different QD
superstructures have been assembled, spanning the parameter space in compositional
and structural complexity, [74–76] the nanoscale interactions directing the assembly
process remain poorly understood. Importantly, the ligands are believed to play a
crucial role in the assembly process, [77, 78] yet their function in mediating QD interactions during kinetic assembly and final aggregation remains unclear. Recently, an
emulsion droplet-templated assembly method was developed to produce high-volume
fraction nanoparticle superstructures: [79–82] The method relies on the evaporation of
a volatile hydrophobic solvent from an oil-in-water emulsion where each oil droplet
contains a dispersion of nanoparticles, and allows excellent control over slow drying
rates. After complete evaporation, the final product consists of spherical colloidal
superstructures composed of visually ordered nanoparticles, or supercrystals. The
approach is applicable to nearly any kind of nanoparticle, both hydrophobic and hydrophilic, by using respectively oil-in-water or water-in-oil emulsions. The controlled
slow evaporation sets the rate of change of volume fraction of the QD dispersions, enabling direct control over the crystallization process, which ultimately determines the
crystal quality. Consequently, this technique is uniquely suited to achieve high-quality
superstructures, and study the kinetic driving forces of their assembly in detail, unlike
other drying techniques such as drop casting or spin coating that are less controlled
and convenient to study. Understanding the driving forces in QD crystallization is
paramount to maximizing order in superstructures, which is the first step towards unraveling novel physical properties, such as minibands, [22, 25] that will ultimately set
the performance limits of QD devices. In this chapter, we use in situ synchrotron X-ray
scattering to obtain direct insight into the formation of QD supercrystals and elucidate
the underlying particle interactions during assembly. We implement a new method
to collect small angle X-ray scattering (SAXS) patterns in real time during evaporation of QD-containing emulsion droplets and follow the nucleation, growth and final
crystal densification process. By imposing a limit on the rate of evaporation, we are
able to follow key moments of the QD assembly in great detail. We find that QD supercrystals nucleate into a hexagonally close-packed lattice which slowly transforms
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into a face-centered cubic lattice and densifies. While nucleation and early growth are
consistent with effective hard sphere behavior of ligand stabilized QDs, a balance of
sterically repulsive ligands and attractive van der Waals interactions dictates the later
stages of assembly until permanent aggregation of the supercrystals. These results
demonstrate the important interplay of entropic nucleation and nanoscale interactions
in the drying-induced assembly of nanostructures.

3.2

Experimental details

Hydrophobic CdSe QDs are synthesized following a reported procedure. [62]
Oleate ligands grafted on the QD surface provide colloidal stability for several years
in apolar solvents by steric repulsion and are well suited as colloidal building blocks
for close-packed superstructures. [33, 83] X-ray scattering from a dilute dispersion of
the synthesized CdSe QDs in hexane yields a form factor consistent with spheres of
diameter σQD = 5.4nm, and a polydispersity of 7 % (Figure 3.1a). Adding this dilute
QD dispersion to an aqueous solution of surfactant, we obtain a two-phase system that
we emulsify by vortexing the container, leading to polydisperse droplets of QD dispersion suspended in water and stabilized by the surfactant (Figure 3.1b). Upon evaporation of the hexane droplets, the volume fraction, φ , of the QDs increases, eventually
forcing the system from a dilute colloidal gas phase with negligible particle-particle
interactions to a dense solid phase with interacting particles. The rate of evaporation
sets the rate of change of volume fraction in time, dφ/dt; the colloidal equivalent to
the rate of temperature quench in atomic systems which plays a crucial role in the
crystallization and final quality of atomic crystals. The evaporation rate is ultimately
defined by the temperature and solubility of the apolar solvent in the aqueous polar
phase. [84] To control the evaporation rate while simultaneously measuring SAXS,
we develop a setup in which the emulsion is continuously flowed through a 10µmwalled quartz capillary while evaporating from a thermo-stated reservoir (Figure 3.1c).
Two-dimensional scattering patterns taken at a rate of 0.6min−1 permit following the
kinetic details of the QD crystallization process.

3.3

Results and discussion

3.3.1

Assembly kinetics and structure of QD supercrystals

Scattering patterns show the evolution of the QD superstructure in Figure 3.2. Initially, we observe a diffuse pattern (Figure 3.2a), which after a few minutes of drying
at 40◦ C develops a broad ring (Figure 3.2b), followed by the sudden occurrence of
narrower and more pronounced rings (Figure 3.2c), which sharpen as they expand
outward and the diffuse background vanishes (Figure 3.2d). The initial diffuse pattern
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Figure 3.1: Quantum dot dispersions and emulsions. (a) Azimuthally averaged
scattering pattern for a 5mg/mL dispersion of oleate capped CdSe quantum dots dispersed in hexane. The intensity decay has been fit to a spherical form factor accounting
for particle polydispersity. (b) Bright-field light microscope image of a polydisperse
hexane-in-water emulsion droplets (20% hexane) stabilized by sodium dodecyl sulfate (SDS, 6g/L). The image was taken immediately after preparing the emulsion. (c)
Schematic of the custom-built setup used for the kinetic SAXS measurements. The
prepared emulsion is flowed by means of a peristaltic pump through tubing in a closed
cycle ending in a temperature-controlled reservoir.

reflects the form factors of both the micrometer-sized emulsion droplets and the dilute dispersion of nanometer-sized QDs. Subsequently, the appearance of a broad ring
indicates the emergence of short-range order within the concentrated QD dispersion.
The sudden occurrence of narrower and more pronounced rings reveals the formation
of crystals within the dense QD dispersions (Figure 3.2c); their azimuthal symmetry
indicates the presence of many supercrystals within the scattering volume, whose superposition results in a powder-like diffraction pattern. Finally, the expansion of the
rings and disappearance of the diffuse background indicates a compression of the QD
crystal lattice and simultaneous drying and vanishing of the emulsion droplets. Inspecting the final product under the electron microscope reveals spherical supercrystals of diameters between 50 and 1000nm (Figure 3.3a), exhibiting clear hexagonal
order at the surface, as shown in Figure 3.3b. The six-fold symmetry is confirmed by
the fast-Fourier-transform of the real-space image as shown in inset.
To follow the crystallization process in more detail, we plot the azimuthally averaged scattered intensity I(q, t) in Figure 3.2e. The corresponding structure factor
S(q, t) is obtained by dividing I(q, t) by the effective form factor, which arises from
the scattering of dispersed QDs within the emulsion droplets, the emulsion droplets
themselves, and the surfactant in the aqueous phase. As direct modeling of the evolving form factor is challenging due to droplet polydispersity and size-dependent rates
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Figure 3.2: In situ observation of QD supercrystal assembly. (a-d) Twodimensional SAXS patterns obtained from crystallizing CdSe quantum dots confined
in oil droplets of an oil-in-water emulsion. Patterns are recorded during drying of the
oil droplets, at (a) 0 minutes, (b) 282 minutes, (c) 312 minutes, and (d) 420 minutes.
Scale bars indicate 1nm−1 . Insets show sketches of the drying oil droplets containing
the QDs. (e) Azimuthally averaged scattering profiles I(q) of dilute quantum dots
dispersed in hexane (upper black curve), and quantum dots during crystallization in
the drying oil-in-water emulsion (colored curves). Intensity profiles have been shifted
for clarity. (f) Effective structure factor Sef f (q) of the crystallizing quantum dots extracted from the intensity I(q) in (e) (colored curves), and structure factor of the final
dried supercrystals, re-dispersed in water with surfactant (black curve). Starting from
Sef f (q) ≈ 1, typical for non-interacting particles, the structure factor develops peaks
characteristic of face-centered cubic (FCC) and hexagonal close packed (HCP) crystal
order. Ticks at the bottom demarcate the expected positions of FCC and HCP diffraction peaks for the final dried supercrystals. (g) Contour plot showing the full time
evolution of the effective structure factor Sef f (q, t) during the self-assembly process.
Color bar on the right indicates the magnitude of S(q).

of evaporation, we take Fef f (q) ≡ I(q, t = 0) as effective form factor and calculate Sef f (q, t) = I(q, t)/Fef f (q). This choice is reasonable since at the beginning of the experiment the QD dispersion is very dilute (φ ≈ 0.09%) and therefore
S(q, 0) ≈ 1. The resulting Sef f (q, t) displays the emergence of the reflections, as
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Figure 3.3: Electron microscopy of supercrystals. (a) Histogram of supercrystal
diameters extracted from the image in inset. (b) SEM micrograph of an 800nm spherical supercrystal showing highly ordered 5.4nm quantum dots. Scale bar indicates
200nm. Inset: fast-Fourier-transform of the SEM image displaying six-fold symmetry.

shown in Figure 3.2f. Reflections emerge at t ∼ 280min, and grow and sharpen
in time as shown by the full time evolution of Sef f (q, t) in Figure 3.2g. The detectable onset of nucleation at t ≈ 275min is clearly reflected in the emergence of
the first reflection of the structure factor at q ≈ 0.8nm−1 , while the s-shaped evolution of Sef f (q, t) between 300 and 310 minutes demarcates the complete phase
transition from fluid to crystal, at which the particles densify rapidly and the reflections shift to higher q. Limited by the ability to discern the broad reflections ascribed
to small crystallites, crystals can only be detected when they have reached a large
enough size, which occurs at t ≥ 275min; however the actual moment of nucleation takes place slightly earlier, around t ≈ 250min (data now shown). We also
show the structure factor of completely dried and re-suspended supercrystals in Figure 3.2f (bottom), which we extracted using S(q) = I(q)/FQD (q), where FQD (q)
is the form factor of the
dispersed
p QDs in hexane. The positions of reflections
pfully p
show ratios qi /q1 = 1, 4/3, 8/3, 11/3, 2, where qi is the position of the i-th reflection; these ratios are consistent with face-centered-cubic packing, FCC, as shown
by comparison with the reference positions of reflections. Interestingly, at early times,
additional features reveal the occurrence of a minority crystal phase. These features
are consistent with the hexagonal close-packed (HCP) crystal structure. In fact, FCC
and HCP differ from one another merely by the stacking sequence of hexagonal closepacked layers (Figure 3.4a). As their free energy difference is extremely small, of the
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order of 10−3 kB T favoring FCC, [85–87] both lattices often occur together in hard
sphere systems. Therefore either FCC or HCP could stabilize critical nuclei. From the
intensity of the relative contribution of FCC and HCP to the structure factor, we conclude that initially, HCP dominates, while at later stages supercrystals are primarily
FCC with a minority HCP phase.
We further quantify this phase change using the peak widths and heights determined by Gaussian fitting to extract, respectively, mean crystalline domain size, ξ(t),
and relative fraction of FCC and HCP crystalline phases. These are shown together
with the FCC (111) and HCP (100) peak positions in Figure 3.4b-d; the s-shaped
pattern is clearly reproduced with both crystal phases shifting synchronously towards
higher q. Remarkably, within only 30 minutes, the average crystal size quickly increases to 600nm for the FCC phase and 200nm for the HCP phase (Figure 3.4c),
each crystallite containing approximately 104 − 106 QDs. A comparison with literature values reveals that these crystal sizes are 6 − 60 times larger than what has been
achieved so far for interfacial assembly, [88] as well as spin-coating, [89] and are
comparable to early reports for complex, ultra-slow self-assembly methods. [90] The
relative fractions, fF CC and fHCP , of FCC and HCP crystalline phases (Figure 3.4d)
show that, indeed, the early stages of assembly are governed by a dominance of HCP,
fHCP ≈ 0.8, with sizes of 100nm, suggesting a critical radius of nucleation of 50nm.
Remarkably, fF CC and fHCP cross over at around 275 minutes transitioning supercrystals to mostly FCC at the end of the experiment, fF CC ≈ 0.85. These findings indicate that while FCC is the thermodynamically preferred bulk phase, HCP is the preferred phase at nucleation. The slope with which fF CC approaches the end of the experiment is small yet positive and amounts to dfF CC /dt ≈ 10−4 min−1 . Simulations
have computed the rate of growth of FCC crystals at the expense of the HCP phase for
hard spheres; [86] accordingly, this change should take only ∆tsim ≈ 1.8 × 10−1
minutes for a mixture of FCC and HCP crystal phases composed of 5.4nm hard
spheres to transition to a 1000nm FCC crystal. However, experimentally we estimate
∆texp = (1 − 0.85)/(dfF CC /dt) ≈ 1.5 × 103 min as the time for all the superstructures to show exclusively FCC ordering, a factor 8000 times larger than simulation
predictions. This discrepancy may point to the impossibility of treating QDs as hard
spheres at high volume fractions, and suggests that the role of the ligand may be crucial in the late-stage crystallization. Further insight into the crystallization kinetics is
√
obtained by calculating the lattice parameter, aF CC (t) = 2π 3/q111 (t), the surface
√
to surface distance between nearest neighbors, dF CC (t) = [aF CC (t)/ 2] − σQD ,
and the solid volume fraction φF CC (t) = (2π/3) × [σQD /aF CC (t)]3 × 100%, with
a relative uncertainty, ∆φ/φ ≤ 1%, estimated by the full-width at half-maximum
∆q111 of the FCC(111) peak as shown in Figure 3.4e-g. During densification of the
crystal, aF CC decreases from 13.8 to 10.8nm, corresponding to a decrease in dF CC
from 4.2 to 2.1nm and an increase in φF CC from 14 to 30%. The smallest dF CC
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Figure 3.4: Supercrystal size, lattice parameter and phase fraction. (a, left)
Schematic relating the CdSe quantum dots (Cd atoms in red, Se in green) with ligands to effective hard spheres. The self-assembly kinetics can be described in terms
of hard sphere behavior when including the effective ligand length ` ≈ 1nm. (a,
right) Schematic showing FCC and HCP hard sphere packing. (b) Peak position
q(t) followed in time for FCC (111) and HCP (100) peaks. (c) Average crystal domain size ξ estimated with the Scherrer formula ξ(t) ≈ 2πK/∆q(t), where K ≈ 1
for a spherical crystal and ∆q(t) is the full-width-at-half-maximum of FCC (111)
and HCP (100) peaks. (d) Phase fraction fF CC and fHCP of FCC and HCP crystals calculated as fF CC,HCP (t) = AF CC,HCP (t)/[AF CC (t) + AHCP (t)], where
AF CC,HCP (t) = IF CC,HCP (t) × ξF CC,HCP (t) and IF CC,HCP is the height of
the 111 (110) peak. (e-g) Evolution of structural parameters for the FCC phase:
√
(e) Lattice parameter aF CC (t) = 2π 3/q111 (t), (f) quantum dot surface-to-surface
√
distance dF CC (t) = [aF CC (t)/ 2] − σQD , and (g) volume fraction φF CC (t) =
(2π/3) × [σQD /aF CC (t)]3 × 100%, (black symbols). To include the ligand contribution we substituted σQD with σef f = σQD + 2` (green symbols).
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values correspond to twice the effective ligand length, `, such that σef f = σQD + 2`
represents the effective hard sphere size of the nanoparticle. An effective ligand length
of ` ≈ 1nm then results in an effective surface to surface distance def f,F CC ≈ 0nm
and effective volume fraction reaching φef f,F CC ≈ 73% at the end of the experiment (Figure 3.4f-g), which is indeed in good agreement with the highest hard sphere
packing fraction of the FCC phase of 74%. This supports the idea that at high volume
fractions, the oleate ligands bound to the QD surface behave as a ` ≈ 1nm thick, hard
shell stabilizing the QD cores. In addition to average structural parameters, our X-ray
measurements also provide insight into basic thermodynamic quantities and particle
interactions. While the hard sphere model is tempting and has been used to explain
basic packing considerations, [75] nanoscale interactions mediated by ligands play an
important role in the later stages of the dynamic assembly process. To obtain insight
into these nanoscale interactions and their impact on crystallization, we increase the
quench rate dφ/dt by raising the temperature from 40 to 80◦ C, thus increasing the
rate of evaporation of the emulsion droplets. The resulting evolution of the effective
volume fraction shows ∼ 15 times faster rate, as indicated by the earlier sharp increase
in volume fraction (Figure 3.6a). Remarkably, the characteristic shape is preserved for
all quench rates, suggesting a common mechanism of self-assembly and densification
of the QD supercrystals. To show this most clearly, we rescale the time axis using
t? = (t − tx )/t70% , where tx corresponds to the inflection point in the volume fraction curves and t70% is the characteristic time interval, in which the volume fraction
reaches 70% (see Figure 3.6d); the rescaled curves show good agreement, with growth
proceeding in a similar fashion independent of the quench rate. The crystal quality,
however, is affected: Crystal domain sizes decrease overall with increasing quench
rate, indicating deteriorating crystal quality as shown in Figure 3.6e.
The crystal quality also depends on the choice of hydrophobic solvent, QD polydispersity and surfactant concentration (Figure 3.5). Specifically:
• Choice of hydrophobic solvent: We have investigated how the use of a specific
solvent affects the crystallinity of QD supercrystals while driving the assembly
at a fixed temperature, 20◦ C (Figure 3.5a). While the overall FCC symmetry
is unaffected, we find that cyclohexane yields the largest crystals, followed
by chloroform, hexane and pentane. Our findings suggest that the solvent’s
boiling point is the main contributing factor, with pentane (boiling point 36◦ C)
yielding the smallest crystals and cyclohexane (boiling point 81◦ C) the largest.
• QD polydispersity: For a fixed temperature, 20◦ C, and average QD diameter
σQD = 5.5 ± 0.1nm, we find that the particle polydispersity greatly affects the
structural properties of QD superstructures (Figure 3.5b). For polydispersity
values P D ≤ 8% the FCC symmetry is retained, with the most monodisperse
sample yielding the largest crystals. However, for the most polydisperse sam-
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• Surfactant concentration: The surfactant SDS stabilizes the droplets of hydrophobic solvent in water. We find that increasing the concentration of SDS
also increases the crystallite size (Figure 3.5c). Increasing surfactant concentration in the bulk of the aqueous phase likely causes an increase in concentration of surfactant molecules bound to the surface of the droplet, decreasing the
surface tension. This decrease makes the liquid-liquid interface more flexible
allowing QDs to rearrange more readily at the curved interface which acts as
a defect or hindrance to crystal formation; we speculate that this effect causes
the observed improvement in crystal quality.

Figure 3.5: Influence of colloidal parameters on the crystallinity of CdSe QD
supercrystals. (a) Supercrystal structure factor measured for supercrystals prepared
from CdSe QDs of diameter σQD = 5.4nm and polydispersity P D = 7% at 20◦ C,
for different hydrophobic solvents. (b) Supercrystal structure factor measured for supercrystals prepared from CdSe QDs of the same size, σQD = 5.5 ± 0.1nm, and
different polydispersity values (PD). (c) Supercrystal structure factor measured for
supercrystals prepared from CdSe QDs of diameter σQD = 5.4nm and polydispersity
P D = 7% at 40◦ C, for different SDS surfactant concentration.

3.3.2

Thermodynamic parameters

Taking full advantage of the X-ray measurements, we use the structure factor for
q → 0nm−1 to determine the compressibility, χ, and virial coefficient, B2 , of the
crystallizing particles. The osmotic compressibility is related to the low-q limit of
the structure factor through S(0) = bχ, where b is a positive constant. [51, 91, 92]
As the volume fraction increases, the compressibility decreases monotonically from
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ple, P D = 11%, we find a fully amorphous, or glassy, superstructure. These
results are in line with the expected suppression of crystal nucleation in hard
sphere systems for increasing particle polydispersity. [61]
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Figure 3.6: Evolution of experimental thermodynamic parameters. (a-c) Effective
volume fraction of the FCC phase (a), osmotic compressibility χ (b), and negative second virial coefficient −B2 (c) as a function of time. Three quench rates are shown: fast
quench (blue, 80◦ C), medium quench (green, 60◦ C), and slow quench (red, 40◦ C).
For the fast quench rate cyclohexane has been used as apolar solvent rather than hexane because of the higher boiling point. For all quench rates, the compressibility
vanishes when the quantum dots have fully crystallized. (d) Effective volume fraction of the FCC phase as a function of rescaled time t? indicating good overlap for
the three quench rates (e) Final resulting average crystalline domain size for the three
quench rates. (f) Schematic illustrating extraction of S(0) and ∆S(0) from S(q) data.
To determine S(0), log(S) is plotted as a function of q 2 and linearly extrapolated to
q 2 = 0 using the linear fitting function h(q 2 ) (dotted line). To determine ∆S(0), the
third-degree polynomial fitting of log(S) − h(q 2 ) is extrapolated to q 2 = 0. [51]
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S(0) = 1, typical for a colloidal gas, to S(0) = 0 at time tc , when the material is no
longer compressible (Figure 3.6b). The compressibility vanishes at φ ≈ 55%, the hard
sphere melting transition, where the fluid-crystal coexistence ends and the material
has completely converted into the crystal phase. This happens consistently for all
quench rates. Furthermore, tc coincides with the inflection point in the φ(t) curves,
i.e. tc ≈ tx , indicating that further increase of the volume fraction can only occur
by compression of the crystal lattice. We further determine the virial coefficient B2 ,
a widely used measure of the thermodynamic state of attractive particles describing
the balance of repulsive and attractive particle interactions. [91] Experimentally, the
second virial coefficient B2 is determined from the deviation ∆S(0) in the low-q limit
(Figure 3.6f) according to ∆S(0) = S(0) − cB2 , [51] where c is a positive constant.
This virial coefficient is related to the effective pair potential U (r) of the QDs via
Z +∞
B2 (T ) = −2π
[exp (−U (r)/kB T ) − 1]r2 dr
0

as shown in Figure 3.6c. In the case of ∆S > 0 (B2 < 0), the dominant particle
interactions are attractive, while for ∆S < 0 (B2 > 0), the dominant interactions are
repulsive. Initially, ∆S = 0 as expected for a colloidal gas of non-interacting particles. In contrast, at later times t > tc , when the crystal lattice becomes compressed,
∆S(0) saturates at positive values, indicating attractive particle interactions. Interestingly, for the slowest quench, the particles become repulsive at intermediate times,
possibly due to a slow spatial redistribution of sterically repulsive ligands bound to
the QD.

3.3.3

Modeling of interparticle potential

We can understand the change from repulsive to attractive interactions from the
compression-induced change in effective length of the stabilizing ligands. Using standard bond lengths and angles, an oleate ligand molecule can be approximated as a
cylinder of length ` = 1.9nm. [93] However at late stages, we measure dF CC ≈
2nm ≡ 2`; therefore as the volume fraction increases during the evaporation of emulsion droplets, the effective length of the ligand chain must decrease. The effective ligand length can decrease either through ligand density redistribution around a QD, or
interpenetration of ligand chains bound to neighboring particles. [77, 78] To elucidate
these changes of particle interactions quantitatively, [33, 38] we model the effective
pair potential U (d) as a superposition of a repulsive steric component Usteric , [94]
and a short-ranged, attractive van der Waals component UvdW . [34] The resulting potential, U = Usteric +UvdW , as a function of ligand length ` for 5.4nm spherical QDs
and a ligand surface coverage of 3nm−2 , [40] shows a shallow attractive secondary
minimum arising when the ligand length ` becomes smaller than 2nm (Figure 3.7a).
This secondary minimum deepens as the ligand length decreases, until the steric repul-
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Figure 3.7: Modeled thermodynamic parameters. (a) Modeling of the pair potential U (d) of the 5.4nm spherical quantum dots subjected to van der Waals attraction
and steric repulsion for various ligand length, `, decreasing from 5 to 0.5nm in steps
of 0.5nm from right to left. (b) Comparison of measured and modeled second virial
coefficient as a function of surface-to-surface distance between quantum dots.

sion becomes insufficient and the potential is dominated by the primary van der Waals
minimum. This is indeed in general agreement with the excellent colloidal stability
of QDs stabilised with long oleate ligands, and their limited stability when stabilized
with shorter ligands. The measured surface-to-surface distance dF CC decreases until
dF CC ≈ 2nm at late times, implying ` ≈ 1nm. This causes QDs to be gently but
progressively destabilized, and subjected to increasingly attractive interactions that are
initially small enough to allow an equilibrium crystalline phase to form, but later lead
to permanent assembly. [95] A quantitative comparison of predicted and measured
second virial coefficient B2 for the slow quench (Figure 3.7b) shows good agreement
for short surface-to-surface distances, while deviating at larger particle separations,
likely due to additional repulsive components such as electrostatic interactions that
are not included in the model. This agreement at short distances indeed supports the
idea that when compressed, the QDs exhibit attractive van der Waals forces that eventually arrest them into stable supercrystals.

3.3.4

PbS QD Supercrystals

We finally investigate the generality of this assembly approach by using PbS QDs
passivated with the same oleate ligands (Figure 3.8). We synthesize σQD = 6.3nm
PbS QDs with a polydispersity of 3% following a reported procedure (Figure 3.8a,b).
[29] By driving the assembly of PbS QDs into supercrystals, we find great similarity
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with the results relative to CdSe dots illustrated above, indicating that these results are
general and not limited to a particular QD core material. In particular, PbS crystallize
in a FCC lattice with final effective volume fraction consistent with close packing
at the end of the experiment (Figure 3.8c,d). Interestingly, for the same assembly
conditions, the detectable onset of supercrystal nucleation takes place much earlier in
time with PbS QDs, t ≈ 50 minutes, respective to CdSe dots, t ≈ 100 minutes (Figure
3.6a, green curve). We attribute this effect to the polydispersity difference between the
two species of QDs: higher polydispersity results in delayed nucleation.

3.4

Conclusions

Small angle X-ray scattering proves to be an extremely sensitive technique to monitor the crystallization kinetics and energetics of colloidal QDs during the emulsion
templated process. The transitioning from a colloidal gaseous to a solid phase at an
effective volume fraction of 55% is compatible with an effective hard sphere model,
including the volume occupied by the ligands. Grown supercrystals at the end of the
assembly exhibit close to 74% effective volume fraction and 85% face-centered-cubic
packing, expected to ripen to 100% in roughly 24 hours, while late stages are governed
by increasing van der Waals attraction. This novel assembly approach yields spherical and crystalline superstructures approaching single-crystal quality and of sizes up
to one micrometer in a matter of minutes. The rapid and facile production shown
here is therefore encouraging for the large-scale realization of bottom-up QD-based
artificial solids. Additionally, through droplet microfluidics the emulsion polydispersity can be narrowed to such a degree that the resulting supercrystals may be packed
into hypercrystals, ordered on three distinct length scales. The hypercrystalline order
will lie in the range of the visible spectrum, enabling interesting photonic applications
based on all-QD devices. Furthermore, the prospect of exchanging insulating oleates
for conductive ligands while preserving the long-range order within supercrystals will
facilitate coherent electronic transport over large distances. We expect this combination of order with transport to substantially improve quantum dot devices such as solar
cells and switches.
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Figure 3.8: PbS QD supercrystals. (a) STEM micrograph of PbS QDs deposited on
a carbon-coated copper grid from hexane. (b) Azimuthally averaged SAXS pattern
of a dilute 5mg/mL dispersion of the same PbS QDs in hexane. The pattern is fit to
a spherical form factor accounting for particle polydispersity. (c) Effective structure
factor of PbS QDs dispersed in hexane droplets at a concentration of 5mg/mL and
60◦ C, during crystallization. (d) Effective FCC volume fraction in time for PbS QDs
crystallizing into a supercrystal. Inset: STEM micrograph of the resulting supercrystals.
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4
Optoelectronic Properties of
Quantum Dot Supercrystals
Life is not easy for any of us. But what of that? We must have perseverance and above all confidence in ourselves. We must believe that we
are gifted for something, and that this thing, at whatever cost, must be
attained.
— Marie Skłodowska Curie

The use of quantum dots, QDs, in optoelectronic devices holds great promise towards the development of novel optoelectronic devices. These colloidal nanoparticles
benefit from inexpensive synthetic and device fabrication techniques, such as roll-toroll processing, that greatly decrease the device cost compared to traditional epitaxial
and lithographic methods. Furthermore, the unique photophysics of QDs can enable
solar cells with efficiencies beyond the Shockley-Queisser limit and photodetectors.
However, the efficiency of these devices essentially relies on the light absorption properties of QDs. As dielectric nanoparticles with sizes much smaller than the wavelength
of light, QDs intrinsically feature low absorption cross sections. Increasing this figure
of merit is therefore desirable to enable new applications. Here, we demonstrate a
general approach to increase the absorption efficiency of QDs. In the previous chapter, we have shown how to drive the assembly of QDs into close-packed, spherical
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superstructures exhibiting face-centered cubic order, QD supercrystals. By combining electron microscopy, absorption and scattering measurements of single supercrystals with optical simulations, we show that these supercrystals exhibit Mie resonances
both in scattering and absorption. This photonic behavior leads to absorption efficiencies of QD supercrystals greater than unity in the visible regime and for a wide
range of diameters. Finally, we investigate QD coupling in supercrystals via ultrafast
spectroscopy, finding that QD supercrystals feature a transition from bound to free
biexciton as the interparticle distance decreases.
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Introduction

Semiconductor nanocrystals, quantum dots (QDs), are ideal candidates for use
in optoelectronic devices. The colloidal nature of QDs is compatible with inexpensive room-temperature solution processing, opening to upscaling of device production
through roll-to-roll technologies. Furthermore, the unique photophysics of QDs holds
great promise in decreasing thermalization losses in solar cells by harvesting hot carriers, therefore raising the theoretical power conversion efficiency limit from 33 to
66%. [96, 97] Finally, through quantum confinement, QDs feature a size-dependent
optical bandgap, enabling the fabrication of photodetectors of high spectral sensitivity from the infrared to the ultraviolet. [70] The nanometric size of quantum dots
favors these advances through material properties directly deriving from quantum confinement; however, the small sizes of QDs may actually represent a limitation to the
efficiency of solar cells and photodetectors. In fact, the working principles of these devices intrinsically rely on the probability of light absorption. This probability is often
described by the absorption cross section, Cabs . The efficiency of light absorption can
then be defined as the ratio of absorption and geometric cross sections, Cabs /Cgeo .
Physically, this means that if a uniform beam of light impinges on a QD, only the
photons crossing the area fraction Cabs /Cgeo will be absorbed. This argument naturally motivates the use of materials with high absorption cross sections to maximize
the absorption efficiency. Unfortunately, as sub-wavelength dielectric nanoparticles,
single QDs feature low absorption cross sections: for instance, a CdSe QD of diameter σ = 6nm features an absorption efficiency of Cabs /Cgeo ≈ 0.02 at an excitation
wavelength of λ = 400nm. [98] Increasing the absorption efficiency of QDs would
enable a whole new range of QD-based applications, such as QD-monolayer solar
cells and photodetectors with single-photon sensitivity. Nevertheless, maximizing the
absorption efficiency would be of no use if charges cannot be efficiently extracted.
In fact, another drawback of QDs is the confined nature of the exciton, making the
generation of free carriers a challenge. [99]
In this work, we develop a general approach to increase the absorption efficiency
of semiconductor nanocrystals. We use the droplet-templated assembly presented in
the last chapter to fabricate spherical superstructures composed of ordered QDs, or
supercrystals. We show that these supercrystals feature Mie-type optical resonances
tunable with supercrystal size. We investigate these resonances with dark-field spectroscopy, and we model in detail the photonic response of the system through Mie
theory. Our results show that QD supercrystals can reach an absorption cross section
greater than unity in a wide spectral range in the visible and for a wide distribution of
supercrystal sizes. Furthermore, to increase the efficiency of charge extraction in these
supercrystals, we decrease the interdot distance by performing a ligand-exchange reaction that does not disrupt the morphology of the crystals. By using ultrafast transient
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absorption spectroscopy, we demonstrate that the biexciton transits from a bound to a
free state as a consequence of the increased interdot coupling. These results pave the
way to a new range of optoelectronic devices featuring intrinsically photonically and
electronically coupled QD solids.

CH. 4

4.2

Experimental details

We synthesize CdSe QDs by following a published method. [62] Small-angle Xray scattering (SAXS) reveals a narrow QD size distribution, with a mean diameter
of σQD = 5.5nm and polydispersity of 7% (Figure 4.1a). We drive the assembly of
QDs by using a droplet-mediated approach, as described in the previous chapter; [79]
this technique imposes exceptionally slow rates of solvent evaporation, allowing QDs
to reach their minimum free energy configuration by assembling into supercrystals
featuring face-centered cubic ordering. [100, 101] Furthermore, the supercrystals retain the spherical morphology of the droplets. Direct imaging by electron microscopy
reveals supercrystal quality close to single-crystal, as confirmed by the appearance of
spots in the fast-Fourier transform (Figure 4.1c,d). The observation of sharp diffraction peaks in the SAXS pattern confirms this view, yielding an average crystalline
domain size of ∼ 300nm (Figure 4.1b).

4.3

Results and discussion

The interaction of light with a dielectric sphere is described by Mie theory. The
solution of Maxwell’s equations for a plane wave of wavelength λ impinging on a dielectric sphere of diameter σ and refractive index n predicts the development of optical
resonances characterized by strong local electromagnetic fields when σ ∼ λ/n. [104]
These resonances are known in the literature as Mie modes and can result in a sizedependent enhancement in absorption and scattering efficiencies. We can estimate
these enhancements by measuring the absorption and scattering spectra of individual
structures, and comparing them to theory to evaluate the cross sections. However,
while experimentally probing the absorption efficiency of individual nanostructures
represents a modern challenge, [105, 106] estimating their scattering efficiency is a
more amenable task. By using a dark-field setup we can selectively collect the light
scattered by individual QD supercrystals, see schematic shown in Figure 4.2. Using a beam splitter, the collected scattered light can be simultaneously detected by a
first CCD, allowing imaging, and after diffraction by a spectrophotometer, by a second
CCD, allowing the measurement of scattering spectra. Figure 4.3a shows the scattered
light spectra from individual QD supercrystals of various sizes, while panel c shows
the corresponding real-color dark-field images. As the supercrystal size increases, the
spectra grow in intensity and develop an increasing number of peaks. Furthermore,
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Figure 4.1: Structure and morphology of QD supercrystals. (a) Azimuthally averaged SAXS pattern of a dispersion of CdSe QDs used as building blocks for supercrystals. (b) Structure factor of QD supercrystals extracted from the SAXS pattern of
a dispersion of QD supercrystals. (c) Transmission electron micrograph of a single
QD supercrystal. Scale bar indicates 50nm. (d) Transmission electron micrograph of
a detail of a supercrystal near the surface. Scale bar indicates 10nm.

the intensity of all scattering spectra shows a strong increase for λ > 620nm, with
a local minimum corresponding to the first exciton peak of the CdSe QDs constituting the supercrystals. These observations can be rationalized: Larger supercrystals
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Figure 4.2: Simplified dark-field setup schematic. (Top) Schematics of setup’s
geometry. An incident beam of white light impinges at an angle θi on the QD supercrystals deposited on a silicon substrate. The collection angle θc < θi purposely
misses the reflected beam to allow for a dark-field measurement. (Bottom) Reresentative SEM micrographs of a QD supercrystal at intermediate (left) and high (right)
magnifications.

can support a larger number of electromagnetic multipole modes, therefore explaining
the overall increase of scattered light intensity with size. Moreover, while above the
bandgap light can interact with the supercrystals through both absorption and scattering, below the bandgap only scattering modes can be excited. Therefore, the local
maximum in absorption relative to the first exciton peak must correspond to a local
minimum in scattering. To gain further insight on these experimental results, we use
Mie theory to simulate the scattering cross section of QD supercrystals; [107, 108]
we model the supercrystals as dielectric spheres with sizes matching the real size de-
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Figure 4.3: Experimental scattering spectra and simulated scattering cross sections of individual QD supercrystals. (a) Dark-field scattering spectra of individual
QD supercrystals of various sizes (colored full lines, corresponding diameter indicated). The spectra were collected from supercrystals deposited on a lithographically
checkerboard-patterned silicon substrate to allow accurate supercrystal sizing in the
electron microscope. For reference, the imaginary part of the refractive index of dispersed QDs is shown (black dotted line). (b) Simulated scattering cross section of
individual QD supercrystals of sizes matching panel a. To reproduce the embedding
medium (air and silicon), we averaged the simulated spectra in air and in silicon. [102]
For reference, the imaginary part of the refractive index of QDs assembled in a closepacked film is shown. [103] (c) Dark-field images of the QD supercrystals investigated
in panel a. The light sent to the spectrophotometer is collected only from the solid angle subtended by a section of about 10µm at the center of the image.

termined by electron microscopy, and with the refractive index of close-packed CdSe
QDs of identical size and surface passivation as those employed here. [103] The simulated results are shown in Figure 4.3b. The simulated curves reproduce well the
main features of the experimental spectra: The increase in intensity and number of
peaks with size, the intensity increase below bandgap and even the local minimum at
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Figure 4.4: Effects of inhomogeneities in aspect ratio on the scattering cross section of individual QD supercrystals. As the aspect ratio of the sphere deviates by
more than 1% from 1, the sharpest features of the scattering spectra disappear. We
therefore conclude that we do not observe these peaks experimentally due to the supercrystals being slightly prolate. Supercrystal mean diameter: σ = 2187nm.

λ > 620nm. This confirms that QD supercrystals indeed behave as dielectric spheres
for what concerns their scattering behaviour. By taking a closer look at the largest
size of supercrystals, we notice the appearance of sharper peaks that we do not experimentally observe. However, these peaks quickly disappear as the aspect ratio of
the sphere deviates by more than 1% from 1, which we consider in line with the supercrystals produced here (Figure 4.4). At the same time, the position and periodicity
of the broader peaks, indicated by asterisks, are well reproduced in the experimental results (Figure 4.3a-b). Once established that QD supercrystals effectively behave as dielectric spheres of refractive index comparable to that of close-packed QD
films, we can go a step further and estimate the absorption efficiency through Mie
theory: The results are shown in Figure 4.5a. Below the bandgap, λ > 620nm, the
absorption efficiency drops to zero as the imaginary part of the refractive index, k,
vanishes. Instead, above bandgap, the absorption efficiency quickly increases and is
modulated by the wavelength dependence of k: The position of the first exciton peak,
λ = 620nm, represents a local maximum in the absorption efficiency map. This
should be compared to the observation of a local minimum in the same spectral position in the scattering spectra: As k increases, the absorption modes become dominant
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Figure 4.5: Absorption cross section enhancement in QD supercrystals simulated
through Mie theory. (a) Map of the absorption efficiency of CdSe QD supercrystals as a function of excitation wavelength, λ, and diameter of supercrystals, σ. (b)
Spectral cuts of absorption efficiency for various excitation wavelengths in the visible range. The inset shows that for σ  λ/n we retrieve the Rayleigh behavior,
Cabs /Cgeo ∼ σ. [107] (c) Near-field enhancement of the electric field intensity in
proximity of the supercrystal. The electric field E0 of the impinging plane wave is
polarized along the x-axis; here we plot the intensity ratio between the scattered and
the incoming fields |Ex |2 /|E0 |2 . (d) Normalized simulated absorption efficiency of
supercrystals of indicated diameters matching (c), red lines, compared to the case of
dispersed QDs, black lines.
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Figure 4.6: Size-fractionation of QD supercrystals. (Top left) A dispersion of polydisperse QD supercrystals in 6g/L sodium dodecyl sulfate, SDS, in water is gently
layered on a 1 : 1v/v mixture of water and glycerol, 6g/L SDS. Under the effect
of gravity, the polydisperse supercrystals separate according to size. The fractions
were collected after 1 hour of fractionation by gently removing 1mL of dispersion per
fraction from the top of the mixture. The excess glycerol was removed by 3 cycles
of centrifugation and redispersion in 6g/L SDS in water. (Right) SEM micrographs
of fractions of increasing average size of QD supercrystals. (Bottom left) Average
hydrodynamic diameter, σH , measured with dynamic light scattering (DLS) on the
collected fractions. The average size of supercrystals increases with fraction number until saturation. The saturation is likely due to the dominance of sedimentation
over diffusion of the largest supercrystals whose size cannot therefore be estimated by
using DLS.
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Figure 4.7: Absorption spectra of size-fractionated QD supercrystals. Details
of the fractionation process are reported in Figure 4.6.The absorption spectrum of
dispersed QDs is also reported for reference (dotted black line).

over the scattering modes, resulting in a maximum in the absorption and a minimum
in the scattering efficiencies. Interestingly, even above the bandgap, the absorption
efficiency can decrease to low values if the supercrystal volume is too small to support
Mie modes: σ = 74nm corresponds to Cabs /Cgeo ∼ 0.1 at λ = 400nm. Instead, as
the volume increases, so does the absorption efficiency. To investigate this behavior
in detail, we show spectral cuts of the absorption efficiency map in Figure 4.5b. In
the limit of supercrystal sizes small respect to the wavelength, σ  λ/n, we recover
the Rayleigh behavior and the absorption efficiency scales linearly with supercrystal
size: Cabs /Cgeo ∼ σ. [107] Beyond this regime, given a fixed wavelength above the
bandgap, the absorption efficiency sharply increases with the supercrystal diameter
and reaches a maximum. Importantly, for a wide spectral region, λ < 550nm, and
a wide range of supercrystal diameter, σ > 350nm, this maximum in absorption efficiency reaches values well above unity and up to Cabs /Cgeo = 1.25 for a diameter
σm = 550nm and λ = 400nm. From a physical point of view, this means that QD
supercrystals act as light funnels, absorbing light from an area up to 125% their geometric cross section. However, when increasing the supercrystal diameter further, the
absorption efficiency decreases. We probe the reason for this decrease by depicting the
intensity distribution of the electric field within and in proximity of QD supercrystals
of various sizes for λ = 400nm in Figure 4.5c. [107, 108] The smallest supercrystal
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Figure 4.8: Schematic of the experimental setup of transient absorption ultrafast
spectroscopy. The ultrafast 800nm pulses generated by a Ti:sapphire laser are split
by a 80% − 20% beamsplitter. The high power beam is doubled in frequency by using
a BBO crystal and used to pump the sample. The low power beam is used to generate
the white light probe beam. The dispersion of supercrystals is continously flowed
through a microfluidic cell to avoid irradiation-induced sample damage.

sizes show an electric dipole oriented along the same axis as the polarization of the
incident plane wave. As the supercrystal diameter increases, the overall intensity of
the electric field increases as well while spreading to most of the supercrystal volume.
When the supercrystal size increases beyond σm , the electric field intensity around the
center of the supercrystal starts decreasing until most of the intensity is concentrated
in a shell in proximity of the surface of the supercrystal. We attribute this effect to the
optical thickness of supercrystals with diameters larger than σm when exciting above
bandgap, causing light to be either scattered or absorbed in the outer volume of the
supercrystal. This near-field behavior is reflected in the saturation at λ ∼ 400nm
of the absorption cross section of supercrystals with sizes σ > σm , Figure 4.5d. To
compare these simulated results with the experimentally measured absorption spectra,
we separate polydisperse QD supercrystals in six fractions of increasing mean size,
Figure 4.6. Indeed, the experimentally measured absorption spectra of size-separated
QD supercrystals saturate around λ ∼ 400nm, and this saturation behavior becomes
more evident for larger supercrystals, providing a qualitative agreement with simulations, Figure 4.7. The enhancement in absorption cross section due to the photonic
nature of QD supercrystals may be exploited in optoelectronic devices provided the
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interdot coupling is sufficient to allow for long-range efficient charge transport. We
investigate this possibility by transient absorption (TA) ultrafast spectroscopy. The
working principles of this technique are as follows: An ultrafast laser pulse of wavelength λ = 400nm, the pump, excites electrons to the conduction band; after a delay
time ∆t, a white-light pulse of lower power, the probe, impinges on the sample and
is transmitted with intensity I(λ, ∆t). By comparing the sample transmittance of the
probe pulse before and after the pump we can reconstruct the dynamic differential absorbance ∆A(λ, ∆t) = log(Ibef ore (λ)/Iaf ter (λ, ∆t)). If ∆A > 0, then we speak of
photoinduced absorption, PA; instead if ∆A < 0 we speak of photoinduced bleach.
PA features mark transitions that were not available to the pump, while bleach features describe the decrease in probability of a transition. Since the TA signal is often
negative, it is convenient to speak of the negative TA signal, −∆A. A schematic of
the setup is shown in Figure 4.8. The map of the TA signal of a dispersion of CdSe
QDs as a function of wavelength and delay time is shown in Figure 4.9a. The rise
of the bleach signal at λ = 620nm describes the occupation, on ultrafast time scale,
of the first excited state of the electron, 1Se , by intraband relaxation of high energy
charge carriers initially excited by the pump: [110, 111] As the state 1Se gets populated, the probability of exciting an electron to the same state decreases. The spectral
cut shown in Figure 4.9b illustrates that this process takes place in about 2 picoseconds, in line with values reported in literature. [98] Within the first picosecond after
the pump, a PA signal develops at λ = 650nm revealing a new transition (blue feature
on Figure 4.9a). This transition in the literature has been described as the absorption
from exciton to biexciton. [110, 111] The red shift between the biexciton and 1S transition is indicative of an attractive biexciton system with binding energy ∆XX . [110]
The amplitude ratio A/B between PA and bleach features is proportional to the binding energy of the biexciton, Figure 4.9b. [110] Therefore, we exploit the magnitude
of ∆XX as a probe of the coupling between QDs. In Figure 4.9c we show the normalized TA spectra at ∆t = 0.13ps and 2.8ps, from which we calculate the values
of ∆XX indicated in panel d. The binding energy for oleate-capped dispersed QDs
amounts to ∆XX ∼ 7meV . Replacing the long oleate ligands with shorter thioglycolates does not result in a decrease of ∆XX for dispersed QDs. We then investigate
how QD condensation into supercrystals affects the binding energy. First, we isolate the smallest supercrystals with an average size of 130nm, Figure 4.10. Even in
this condensed state, the binding energy of biexcitons is almost unchanged. However,
when considering the ensemble of larger supercrystals, with sizes up to 3µm, the binding energy decreases to ∆XX ∼ 2meV . Surprisingly, after ligand-exchanging these
larger supercrystals, the PA feature vanishes, resulting in a nominally null binding
energy. Importantly, these changes cannot result from electrostatic screening effects
due to the higher dielectric constant of the matrix surrounding a QD: n-hexane and
N-methylformamide, solvents for respectively oleate- and thioglycolate-capped QDs,
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Figure 4.9: Ultrafast dynamics reveal enhanced coupling in QD supercrystals.
(a) Map of the negative TA signal for oleate-capped QDs dispersed in hexane. (b)
Spectral cuts of panel (a) showing the kinetic behavior at λ = 620nm and 650nm.
The inset shows the expected dependence of the amplitude ratio A/B on the biexciton
binding energy, ∆XX , normalized to the half-width at half-maximum (HWHM) of the
1S transition. [109,110] (c) Kinetic cuts of the negative TA signal at ∆t = 0.13ps and
2.8ps for different QD samples described in the text. (d) Values of biexciton binding
energy extracted from the data shown in (c) and the expected values shown in the inset
in (b).

have a difference in dielectric constant of ≈ 180 while still yielding similar values of
∆XX . Instead, we speculate the decrease in binding energy is a consequence of the increase in interdot coupling when transitioning from a QD dispersion to a supercrystal.
Specifically, the disappearance of the absorption transition from exciton to biexciton
may suggest that the high-energy exciton excited by the pump is able to delocalize on
neighboring dots, therefore decreasing the probability of this transition.
When dispersed, the average interdot distance is very large, and therefore the probability of coupling is minimal. On the other hand, face-centered cubic supercrystals
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Figure 4.10: Size-separated SCs with the smallest diameters available. (a) Lowmagnification scanning electron micrograph of size-separated QD supercrystals of the
smallest average size available. These supercrystals were size-separated by centrifuging the dispersion of polydisperse supercrystals at 10000g for 10min. (b) Histogram
of supercrystal diameters. Average diameter: 130nm. (Inset) Close-up of an individual QD supercrystal of ∼ 100nm diameter.

of oleate-capped QDs feature an average interdot distance of ∼ 2nm and 12 nearest neighbors, [100] increasing the probability of coupling events. The decrease in
interdot distance due to ligand-exchange enhances the coupling probability even further, effectively yielding a free biexciton system. Then, why do the values of ∆XX
differ between small and large supercrystals? Direct imaging of the small supercrystals reveals that these are mostly amorphous in nature, probably as a consequence of
the faster assembly kinetics due to the higher evaporation rates of the smaller parent
droplets, Figure 4.10b; this should be compared with the crystalline structure of larger
supercrystals, see Figure 4.1d. Due to the larger interdot distances and reduced number of nearest neighbors, superstructure disorder is probably at the origin of reduced
coupling in the smaller supercrystals.
We consider the nature of interdot coupling in supercrystals. In principle, two
known mechanisms can unfold: Charge or energy transfer. In the case of charge
transfer, an exciton splits into an electron-hole couple and carriers travel independently from dot to dot with a certain probability that depends exponentially on the
interdot distance d and energetic disorder of the sample. The hopping rate khop can
be written as khop ∼ k0 e−βd−Ea /kB T where k0 = 2N Ea /h, β ∼ 10nm−1 for
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Figure 4.11: Optical properties of QDs dispersed and condensed into supercrystals. (a) Absorption spectrum of QD supercrystals (acceptor) and normalized photoluminescence spectrum of dispersed QDs (donor). Their spectral overlap yields the
J(λ). (b) Photoluminescence decay kinetics of donor and acceptor species. The lifetime of the donor, τD ∼ 22ns is used to determine the rate of energy transfer, kET .

alkane ligands, N = 12 is the number of nearest neighbors in a FCC crystal, and
Ea = Ec + Ed is the activation barrier for the process. [27, 31] The charging energy
Ec ∼ [d/(d + σ/2)]e2 /(4π0 σ) ∼ 1.7kB T when taking  ≈ 2.5 for oleic acid, [112]
while the energetic disorder term 0 ≤ Ed ≤ 1.2kB T when considering a polydispersity of 7%. We thus estimate the hopping rate for oleate-capped dots d = 2nm apart to
−1
amount to: khop ≈ 0.05 − 0.1µs−1 , corresponding to a time scale khop
≈ 10 − 20µs.
This is much slower than the ultrafast kinetics studied here. Therefore, this mechanism of charge transfer can be ruled out. The mechanism of resonant energy transfer
allows the exciton to migrate through the supercrystal by dipole-dipole coupling resulting in the emission of a virtual photon from a donor (D) that is absorbed by an
acceptor (A) with diameters σD < σA . [113] We can estimate the rate of energy trans−1
fer by kET = τD
(R0 /RDA )6 where τD ∼ 22ns is the measured lifetime of QDs
when RDA  R0 , that is, in dispersion, RDA = 5.5 + 2 = 7.5nm is the nearest
neighbor distance between donor and acceptor in a supercrystal, and R0 = 4.6nm
is the Förster distance given by R0 (nm) = 0.0211[κ2 n−4 P LQYD J(λ)]1/6 . [114]
Here we use κ2 = 2/3 to describe random orientation of transition dipoles, n =
φCdSe nCdSe +φOA nOA ≈ 1.9 is the refractive index of the medium calculated as volume average of the refractive indexes for CdSe and oleic acid, P LQYD = 2% is the
photoluminescence quantum yield of the QD supercrystals measured with the absolute
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R
method, [53] and J(λ) = P LD (λ)A (λ)λ4 dλ is the spectral overlap between the
R
emission spectrum of the donor P LD (λ), normalized so that P LD (λ)dλ = 1, and
the molar extinction coefficient of the acceptor A (λ), see Figure 4.11a. [113] There−1
fore, we obtain kET ∼ 2.5µs−1 , corresponding to a time scale of kET
∼ 400ns.
This time scale is also too slow to explain the decrease in biexciton binding energy
extracted from ultrafast dynamics. Nevertheless, we do observe a dramatic shortening
of the photoluminescence lifetime in supercrystals, τ ∼ 6ns when compared to dispersed QDs, which is likely related to energy transfer (Figure 4.11b). [114] By using
the measured photoluminescence quantum yield of the dispersed dots, ∼ 19%, we can
solve the system of equations: [115]
(
kr
P LQY = kr +knr
+kET
(4.1)
1
=
k
+
k
+
k
r
nr
ET
τ
for QDs dispersed and condensed in a supercrystal, where k(n)r is the (non) radiative
rate and kET = 0 in the case of dispersed dots. If we assume that knr is unchanged
from dispersion to supercrystal state, then we can quantify the rate of energy transfer
in supercrystals to be kET ∼ 114µs−1 , which is about ∼ 50 times faster than what
we predicted based on Förster theory. This value is likely an upper limit to the actual rate of energy transfer, since the non radiative rate may increase in supercrystals
as a consequence of the strain on the ligand molecules induced by the close-packed
geometry. [100, 116]

4.4

Conclusions

In conclusion, we have investigated the photonic properties of QD supercrystals
and their influence on interdot coupling. By directly measuring the scattering spectra
of supercrystals and comparing to Mie theory, we have estimated that CdSe QD supercrystals can reach absorption efficiencies up to 1.25 for a wide range of excitation and
diameters. This finding is extremely promising for the development of photonic structures based on QDs, that could be used as nano light-trapping devices in solar cells
or for more efficient photon detectors. To address the potential of supercrystals to act
as nanodevices, we have investigated the coupling of QDs in supercrystals; by using
the biexciton binding energy as a probe, we have observed a transition from bound
to free biexciton when the close-packed QD supercrystals underwent ligand-exchange
for short thioglycolate ligands. However, classical mechanisms such as charge transfer and energy transfer seem to yield rates orders of magnitudes too slow to explain
this ultrafast phenomenon.
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Part III

Surface Chemistry and
Assembly of Semiconductor
Nanoplatelets

Repairing Nanoparticle Surface
Defects
There’s light enough for what I’ve got to do.
— Charles Dickens

Optoelectronic devices based on semiconductor nanoparticles require the use of conductive ligands; however, replacing the native, insulating ligands with conductive
metal chalcogenide complexes introduces structural defects within the crystalline nanostructure that act as traps for charge carriers. We utilized atomically thin semiconductor nanoplatelets as a convenient platform for studying, both microscopically and
spectroscopically, the development of defects during ligand exchange with the conductive ligands Na4 SnS4 and (NH4 )4 Sn2 S6 . We show that these defects can be repaired
via mild chemical or thermal routes, through the addition of L-type ligands or wet
annealing, respectively. This results in a higher-quality, conductive, colloidally stable
nanomaterial that may be used for active films in optoelectronic devices.
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5.1

Introduction

Colloidal semiconductor nanocrystals (NCs) represent a versatile class of materials with unique optoelectronic properties that are fundamentally defined by their nanometric confinement. The use of NCs in optoelectronic devices ranges from optical displays, [117, 118] and transistors, [26, 119] to solar cells. [120, 121] Specifically, photovoltaic devices fabricated from NCs are amenable to inexpensive room-temperature
solution processing, with the promise of yielding large-scale thin films. [122] Power
conversion by a solar cell requires, in sequence, light absorption, charge carrier separation, charge transport to, and extraction at the contacts. Whereas light absorption
can be optimized by the choice of material, for example, by tuning the NC composition, size, and shape, charge carrier separation and transport within the macroscopic
film are limited by the NC surface properties, requiring the presence of conductive
pathways, or bonds, between individual nanocrystals.
Metal chalcogenide complexes have been used as conductive surface ligands to
improve charge transport in devices; [123, 124] however, replacing the native insulating ligands requires an often detrimental ligand exchange (LE) process, which greatly
reduces the photoluminescence quantum yield, P LQY , by orders of magnitude and
decreases the long-term colloidal stability from years to days. [123, 124] Insight into
the LE process through investigation of a model system would thus be greatly beneficial.
Atomically thin semiconductor nanoplatelets (NPs) [125–128] exhibit superior
uniformity in their confining dimension, which is reflected by the coincidence of their
ensemble and single-particle PL spectra. [128] This key feature results in exceedingly
sharp excitonic absorption peaks and band-edge emission with no Stokes shift, which
was recently exploited for stimulated emission studies. [64, 129] Herein, we utilized
NPs as a model system for studying the development of structural defects during LE.
Defects in NPs become particularly apparent both topologically and in their PL spectra whereas equivalent changes in quantum dots may be concealed in their intrinsic
polydispersity, and thus NPs offer a unique opportunity for investigating LE-induced
damage. Surprisingly, we find that defects caused by LE are healed through mild treatments, leading to the recovery of the native structural integrity and most of the initial
P LQY of the NPs.

5.2

Experimental details

We synthesized CdSe NPs with monodisperse lateral dimensions of 94 ± 9nm ×
15.5 ± 1.5nm: The sharp absorption transition at 514 nm is indicative of a thickness
of 4.5 atomic monolayers, corresponding to 1.2 nm, Figure 5.1a. [65,66]. The top and
bottom facets of NPs, (001) facets of zinc blende CdSe, [129] are Cd-terminated and
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Figure 5.1: CdSe NPs before and after ligand exchange (LE) with Na4 SnS4 . (a1a5) Bright-field STEM and (a6) high-resolution HAADF images of pristine NPs with
OA as the ligand. (b) Absorbance (solid lines) and PL (dotted lines) spectra of pristine
and LE NPs. The PL intensity of the ligand exchanged NPs has been multiplied by
500. (c) DC conductivity measurements on thin films of pristine and LE NPs. (d1d5) Bright-field STEM and d6) high-resolution HAADF images of damaged NPs with
(NH4 )4 Sn2 S6 as the ligand. Black scale bars: 20 nm; white scale bars: 5 nm.
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Figure 5.2: Dynamic light scattering on CdSe nanoplatelets. Scattered light intensity correlation curves from NPs before (left) and after (right) ligand exchange.
Grey lines indicate the fit with a single exponential decay of type exp(−t/τ ) where
RH = (kB T /6πη)q 2 τ is the hydrodynamic radius of nanoplatelets, η the solvent’s
viscosity, and q the scattering wavevector.

passivated by oleate ligands (OA). OA ligands belong to the category of X-type ligands, or one-electron donors, since they can participate in a two-electron bond with an
atom on the surface of a NC by donating one electron from a ligating atom. [40, 130]
In the case of OA, the ligating atom is the deprotonated oxygen of the carboxylate
which donates its unpaired electron. These OA ligands provide NPs with colloidal
stability in non-polar solvents by steric stabilization but induce stacking of the NPs
upon drying, Figure 5.1a. Replacing the insulating OA ligands with conductive metal
chalcogenide complexes is a necessary step to achieve sufficient electronic transport
in thin films. [123, 131, 132] To this end, we used a two-phase system in which a solution of thiostannate ligands (Na4 SnS4 or (NH4 )4 Sn2 S6 ) in a polar solvent, such as an
aqueous solution of NH4 OH, was placed in contact with a dispersion of NPs in hexane. Stirring the mixture allowed for LE to proceed until the NPs had fully migrated
to the polar phase. After ligand exchange, the NPs were still well dispersed as shown
by dynamic light scattering (DLS) measurements, which revealed only minor changes
in the hydrodynamic radius between pristine and LE NPs, as shown in Figure 5.2.

5.3

Results and Discussion

5.3.1

Effects of ligand exchange

Remarkably, DC conductivity studies showed that the conductance of a non-annealed
thin film of LE NPs is up to three orders of magnitude higher than that of pristine
NPs, resulting in an electron mobility value of approximately 0.5 × 10−3 cm2 V −1 s−1
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Figure 5.3: Ligand exchange and structural consequences on NPs. (a) Schematics illustrating the L-promoted Z-type ligand displacement process described in the
text. (b) HAADF STEM image indicating the line scanned for calibrated thickness
measurement shown in (c). The line purposely crosses a macroscopic puncture in the
NP. (c) Measured intensity as a function of distance. To provide an estimate of the
total thickness variation of the NPs after ligand exchange, we analyzed STEM images
and compared them with the results of image simulations. The STEM images were
then converted to an absolute intensity scale using a detector normalization, such that
intensities in the image are a fraction of the total incident beam intensity. [133–135]

(Figures 5.1c). Concomitant with the strong increase in conductance, however, a
dramatic degradation of structural integrity was observed for the ligand exchanged
NPs, seen as punctures in the atomic crystal lattice (Figures 5.1d); at the same time,
the P LQY greatly decreased (Figure 5.1b). The direct observation of the development and propagation of surface defects is enabled by the exceptionally thin NPs as
the removal of just a few atoms from the (001) facets strains the lattice, inducing
perforations. [66] The aqueous solution of NH4 OH, itself an L-type (two-electron
donor) promoter ligand, allows the LE with thiostannate ligands to proceed rapidly,
likely following a process known as L-promoted Z-type ligand displacement (Figure
5.3a). [40] Specifically, the addition of L-type ligands can simultaneously promote
the removal of Cd(OA)2 complexes as L – Cd(OA)2 soluble species, and passivate the
under-coordinated Cd2+ sites as CdL. This process intrinsically supports NP degradation. Calibrated thickness measurements performed with HAADF STEM showed that
at least 50% of the material was removed from damaged areas (Figure 5.3b,c). These
results highlight the mobility of surface atoms in such II–VI NCs. We found this
structural and P LQY degradation to be quite general. The displacement potency of a
ligand depends on multiple attributes, such as electronic effects, chelation, and steric
properties. [40] We investigated the influence of steric effects on displacement potency by replacing NH4 OH with promoter ligands pyridine, 3-methylpyridine (3MP),
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Figure 5.4: Influence of the composition of the polar phase on the visual integrity
of ligand exchanged NPs. Bright field STEM images of NPs after LE using the
indicated solvent as polar phase during LE. Scale bars indicate 50 nm.

or 2,6-dimethylpyridine (DMP), all L-type ligands, and found that all LE treatments
resulted in perforation of the NPs; furthermore, treatment with DMP also resulted in
material rearrangement from the NP core onto the surface (Figure 5.4). This structural damage always correlated with a dramatic decrease in P LQY , to ∼ 0.02%,
with respect to the original pristine NPs with oleate ligands, 10%. We also studied
LE-induced damage in the absence of promoter ligands that may trigger L-promoted
Z-type ligand displacement, by altering the composition of the polar phase from pure
water ( ≈ 80) to N-methylformamide (NMF,  ≈ 182). Interestingly, while the use of
water still resulted in heavily damaged NPs, NMF did not induce visible perforations
(Figure 5.4). This finding supports a recent study that described the removal of OA
ligands only rather than Cd(OA)2 complexes upon LE with thiostannate complexes
when using NMF, therefore leaving the Cd-rich surface intact. [132] Nevertheless,
the P LQY dramatically decreased to approximately 0.01%. Thus while a judicious
choice of the polar component during LE can reduce structural damage, the effects on
the spectroscopic properties remain deleterious.

5.3.2

Healing strategies for nanoplatelets

We therefore studied the healing of NPs after LE in the presence of NH4 OH. Unexpectedly, upon addition of DMP to an already damaged dispersion of NPs with
Na4 SnS4 as the ligand, we observed the recovery of the structural integrity and the
healing of holes, with no measurable changes in the NP lateral dimensions (Figures
5.5a). Additionally, the P LQY underwent a tenfold increase, indicative of the recovery of crystalline integrity of the NPs together with an improved surface passivation,
and the absorption spectrum was slightly blue-shifted as a result of the effective de-
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Figure 5.5: Healing defects in the NP crystal lattice with DMP. (a1-a6) Bright-field
STEM images of repaired NPs after DMP treatment with Na4 SnS4 as the ligand. Scale
bars: 20 nm (a1-a5) and 200 nm (a6). (b) Absorbance (solid lines, normalized) and
PL (dotted lines) spectra of NPs after LE and after DMP treatment. (c) Wet annealing
(WA) of NPs at 100◦ C. Absorbance (solid lines) and PL (dotted lines) normalized
spectra for pristine NPs, after LE with Na4 SnS4 , and during WA. (d) Bright-field
STEM images of NPs after 5min (d1), 20min (d2), and 60min (d3) of WA. Scale
bars: 50 nm.
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crease in the local NP thickness through the removal of rough areas (Figure 5.5b). As

Figure 5.6: Wet annealing treatment induces NP necking. (a) STEM image of NPs
after WA (20min). The inset shows the area described by the square magnified tenfold . Necking sites are clearly visible. Scale bar indicates 200 nm. (b) Normalized
distribution function of hydrodynamic radii of NPs after WA treatment (20min). The
distribution is the result of the multi-exponential fitting of the scattered light correlation curve obtained with DLS.
an alternative to chemical treatments, we also explored temperature treatments without DMP as the healing process should depend on the thermal energy supplied. We
investigated this by performing a wet annealing treatment, WA, starting from a dispersion of damaged NPs in water and increasing the temperature of the solution to
100◦ C. Immediately thereafter, the dispersion slightly changed in color; we continued to follow the structural and spectroscopic changes by taking aliquots every few
minutes (Figure 5.5c). After 5min of WA, the absorption and PL peaks underwent a
red shift of about 10 nm, suggesting structural modification of the NPs; remarkably,
the P LQY recovered by a factor of 230 compared to the values measured after LE,
reaching 4.5%. As the WA proceeded, the absorption and PL peaks were red-shifted
by an additional ca. 5 nm after 10min; the excitonic peaks of the absorption lost
definition, the scattering was enhanced, and the PL spectrum broadened. Direct visualization of the NPs after WA by STEM revealed surface reconstruction, yielding
whole NPs (Figure 5.5d). Similarly to the DMP treatment, WA leads to NP recovery, confirming the enhancement of the surface mobility under mild conditions. The
process eventually triggered growth on side facets, bridging NPs together, as demonstrated by STEM images, where the necking sites can be easily identified, and DLS,
resulting in a distribution of hydrodynamic radii with a wide tail at high radii indicating aggregation (Figure 5.6). Allowing the WA to continue further resulted in the
lateral thinning of the NPs along the [1 -1 0] direction and in material overgrowth
(Figure 5.5d3). Side facets are more favorable to growth and more resistant towards

100

5.3. Results and Discussion
dissolution than top facets owing to both the formation of one extra Cd-Se bond [66]
and a smaller nucleation energy barrier, as shown in recent work. [136] If used in a
controlled way, this process can yield surface healing or soldering of NPs.

Spectroscopic monitoring of nanoplatelet damage and healing

Pristine NPs passivated with OA showed a second broad PL band at longer wavelengths accompanying the sharp emission profile at the band edge, Figure 5.7a, resulting from the presence of deep traps. [137] Even in pristine NPs, the P LQY of
this band is comparable to that of the main emission (ca. 5%). Further disrupting the
structural integrity of NPs should result in an increase in the number of defects, and
indeed, after LE in the presence of the L-type ligand NH4 OH, the defect band strongly
increased relative to the band-edge peak (Figure 5.7a,b). Remarkably, the nanoscale
surface recovery upon DMP addition resulted in a large decrease in the defect band
relatively to the main emission peak (Figure 5.7b). WA treatment had an even more
drastic effect on the recovery of LE-damaged NPs (Figure 5.7c): After only 5min
of treatment, the defect band had strongly decreased with respect to the main peak,
concomitant with a recovery of the PL of the primary emission. Interestingly, as the
annealing proceeded, the intensity of the defect PL band slowly increased. This evolution of the PL spectra directly relates to the structural recovery observed by STEM
(Figure 5.5d2,d3). While short annealing was beneficial to surface recovery, longer
treatment resulted in the overgrowth of material on the NP surface, generating a soldered network.
The effect of the recovery processes on the P LQY are summarized in Figure 5.7d.
Varying the composition of the polar phase during LE affects the P LQY by up to one
order of magnitude. Specifically, while for pure water the band-edge P LQY is lower
than the defect band contribution, for NMF, it is higher by a factor of 15; these results
are supported by, respectively, the presence and lack of perforations in the crystalline
structure of the NPs, topological indicators of surface quality (Figure 5.4). Still, DMPand WA-healed NPs outperform visually undamaged NMF LE NPs by at least one
order of magnitude in terms of the P LQY (Figure 5.7d). Additionally, such NMF LE
NPs can also be repaired by using the reported DMP and WA recovery routes; also
in this case, the P LQY increased significantly, consistent with the NH4 OH LE NPs
after recovery (data not shown). The effect of structural recovery on the optoelectronic
properties was further investigated by time-resolved microwave conductivity (TRMC)
measurements, which probe the conductivity within individual NPs. The mean path
length of charge carriers measured by this technique is about 30 nm; [55] therefore,
TRMC measurements uncover the dynamics of photogenerated carriers on the length
scale of a single NP. The values for charge carrier mobility in treated NPs correlate
well with the P LQY (Figures 5.8), confirming that LE introduces traps that can be
healed by a mild treatment of the NPs. Importantly, this shows that independent of

101

CH. 5

5.3.3

CH. 5

Chapter 5. Repairing Nanoparticle Surface Defects

Figure 5.7: Analysis of the photoluminescence (PL) of nanoplatelets. (a) Normalized PL spectra of pristine nanoplatelets with Lorentzian and Gaussian fits (gray lines)
for the band-edge and trap state emissions, respectively. Note the log/lin scaling. (b)
Normalized PL spectra of nanoplatelets after LE and after DMP treatment with Gaussian fits. (c) Normalized PL spectra of nanoplatelets during WA. (d) Nanoplatelet
P LQY s for band-edge (circles) and defect band (squares) emissions for all treatments.
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Figure 5.8: Comparison of photoluminescence quantum yield and mobility values. (a) Maximum charge carrier mobility values for treated NPs as measured by
TRMC compared to P LQY results for the same samples. The mobility values are
given by the maximum of the photoconductance transient shown in (b) when extrapolating to low incident photon flux. (b) Photoconductance transients for pristine NPs.
The incident photon flux increases from the yellow to the blue curves.

the extent to which the NP integrity is disrupted during LE, structural repair through
chemical and thermal routes can recover a high-quality nanomaterial. Remarkably,
the P LQY of the NPs after WA treatment nears 5%, which is only slightly lower than
that of pristine OA-passivated NPs and corresponds to a recovery by a factor of 250
with respect to post-LE NPs. This moderate loss of PL comes at the vital advantage of
endowing NPs with conductive ligands that guarantee stability in polar solvents and
improved charge transport in optoelectronic devices.

5.4

Conclusions

In conclusion, we have demonstrated that CdSe NPs can be used as a convenient
model system for studying how LE affects the structural and optical properties of
semiconductor nanostructures. While LE with conductive molecular ligands has thus
far been mostly limited to quantum dots, [131, 132] NPs provide a stringent test case
owing to their superior PL linewidth, large surface area, and convenient flat imaging
geometry. As LE on QDs results in a drop in P LQY similar to that observed for
our NPs (Figure 5.9), we believe that these results apply to QDs as well. However,
the recovery via chemical route seems to result in a P LQY enhancement relatively
lower than measured with NPs (Figure 5.9b). Even more surprisingly, the recovery via
thermal route does not result in the enhancement in P LQY but rather in a decrease.
We can tentatively justify these discrepancies with the large difference in surface area
among NPs and QDs: a NP has roughly 130 times more surface than the QDs studied
here. Further studies might be necessary to prove the validity of LE recovery routes
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Figure 5.9: Spectroscopic properties of CdSe quantum dots exposed to the surface treatments investigated in this chapter. (a) Absorption spectra of quantum dots
before LE, after NH4 OH-based LE, and after recovery with 3% and 33%v/v DMP
in H2 O. (b) Absorption spectra of quantum dots during WA treatment, as compared
to pristine and post-LE conditions. (c) P LQY of band-edge emission from quantum
dots for all the considered treatments.
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for spherical QDs.
We have established that LE reactions cause a disruption of the atomic lattice of
NCs, thereby introducing defects that quench the P LQY . The composition of the
polar phase during the LE proves to be a key parameter in minimizing structural damage, with NMF giving the best results. By understanding the LE-induced structural
disruption, we were able to drive the healing of NPs both structurally and spectroscopically by chemical (mild L-type ligands) and thermal (WA) routes. This resulted
in a higher-quality and colloidally stable nanomaterial that may be self-assembled into
novel structures such as superlattices [88, 138] to be used as active films of optoelectronic devices. Future work to microscopically investigate these recovery routes on
individual NPs may determine the exact nature of the trapped and recovered states
similar to previous works. [139]
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Morphological Control over
Nanoplatelet Thin Films and
Nanowires
The day we stop exploring is the day we commit ourselves to live in a
stagnant world, devoid of curiosity, empty of dreams.
— Neil deGrasse Tyson

The planar design of optoelectronic devices favors the use of 2D materials. However, the high fabrication costs of these materials discourage their use on the market.
The recent advances in colloidal synthesis have allowed the production of colloidal
quantum wells, semiconductor nanoplatelets (NPs), with the potential of cutting fabrication costs while keeping a high sample quality standard. To be used as active layer
in macroscopic devices, NPs must be assembled in a close-packed thin film, displaying morphological uniformity over several micrometers. Here, we assemble NPs at
the air/liquid interface in 2D patches several micrometers-large, distinctly displaying
nematic order. We show that this configuration is the most energetically favored, and
that the edge-to-edge distance between neighboring NPs can be tuned by ligand exchange. This closer packing allows a more efficient electronic coupling between NPs,
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as directly observed through the red-shift of optical resonances. Finally, we direct the
assembly of NPs into stacked superstructures by exploiting depletion interactions, to
form nanowires several micrometers-long. The degree of control over the colloidal
assembly of NPs reported here opens up new possibilities for the development of optoelectronic devices based on NPs.
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Introduction

Semiconductor NPs are 2D colloidal nanocrystals characterized by a well-defined
thickness of a few atomic monolayers, while their lateral dimensions lie in the range
of several nanometers. [125] To form the active layer of a macroscopic device, NPs
must be assembled into a thin film. While a variety of nanocrystal assembly methods
exists, [143] the evaporation-driven assembly at the air/liquid interface is probably
the most promising, having been used to grow 2D crystalline films of spherical and
rod-like nanocrystals. [144–147] In fact, this method has also recently been used to
drive the assembly of semiconductor NPs into face-down or edge-up superstructures.
[148] However, because of their large surface area per unit volume, NP assembly is
strongly biased by surface effects when compared to 3D nanocrystals; as an example,
the addition of antisolvent can result in stacks of NPs, rather than in a 2D film. [149]
While the assembly of NPs remains an active area of research, the pressing issue
of ligand exchange of the assembled superstructures has also risen. NPs are typically
passivated by organic ligands consisting of aliphatic chains connected to a functional
group bound to the surface, e.g. oleates (OA). These ligands are electronically insulating, and a ligand exchange with shorter ligands is necessary to boost film conductivity. [56, 123] Therefore, next to the assembly of NPs into 2D films, a ligand exchange
method that does not disrupt film morphology is also needed.
In this chapter, we investigate the assembly of CdSe NPs at the air/liquid interface.
We show that this procedure leads to the assembly of NPs into 2D thin films several
micrometers wide. Subsequently, we assess the influence of ligand exchange on the
morphology of NPs films. We conclude that while ligand exchange with short ligands
stabilized by thiolate or carboxylate groups does not disrupt film morphology, the use
of sulfonate groups results in a disordered film. Finally, we direct the assembly of NPs
into nanowires several micrometers-long by exploiting depletion interactions with an
excess of free ligands in solution of ≥ 102 per NP.
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Optoelectronic devices typically feature a planar design. This device architecture is ideally suited for 2D optoelectronic materials: In these materials, charges are
confined to the plane of conduction, where they can travel freely. Unfortunately, traditional fabrication methods for these materials employ slow and expensive techniques
such as molecular beam epitaxy, atomic layer or chemical vapor depositions, discouraging large-scale use. [140, 141] Recently, this scenario has dramatically shifted
with the development of efficient and inexpensive synthetic routes for semiconductor nanocrystals, with nanoplatelets (NPs) representing particularly promising candidates. [125, 142]
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Figure 6.1: Schematics of NP deposition and assembly process. (a) A dispersion of
NPs in toluene is layered on ethylene glycol. (b) The toluene phase evaporates in time.
(c) After complete evaporation, NPs form a dense film at the interface. (d) Schematic
of NP dispersion before assembly. (e) Schematic of NPs assembled in a 2D thin film.

We synthesize l = 21.3 ± 1.6nm long, w = 5.6 ± 0.8nm wide and t = 1.2nm
thick CdSe NPs passivated with OA ligands according to a procedure reported in the
literature. [129] The low aspect ratio of 3.8 was purposely chosen to minimize NP
twisting that can make the assembly in 2D films challenging. [56, 150] A 1mL volume of ≈ 1.2 × 10−8 M NP dispersion in toluene was gently layered on top of 3.5 mL
of ethylene glycol placed in a glass petri dish in the fumehood (Figure 6.1a). The petri
dish was immediately covered with a watch glass to slow down evaporation, and left
untouched for overnight (Figure 6.1b). Upon toluene evaporation, the NPs assembled
in a thin film (Figure 6.1c-e). The NP superstructures were collected by placing a
substrate in the subphase held by a tweezer and gently raising it through the air/liquid
interface. The choice of substrate ranged from carbon-coated TEM grids to quartz substrates made hydrophobic after being treated with 3-mercaptopropyl trimethoxysilane.
[151]
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Nanoplatelet assembly in 2D thin films

The microscopic investigation of the assembled film shows patches several micrometers wide, consisting of lighter and darker regions (Figure 6.2a). While the
darker regions consist of disordered multilayers, a closer inspection reveals that the
lighter regions consist of NPs lying face-down, that is, with the [001] crystallographic
direction parallel to the normal to the substrate and assembled in a one NP-thick 2D
film (Figure 6.2b). The assembled NPs show a degree of orientational and translational
order, qualifying the structure as smectic with a grain size of a few hundred nanometers. [152] The figure’s inset shows the assembled superstructure magnified. The translational order is further confirmed by the Fourier transform of the image, identifying
two dominant frequencies indicated by colored circles. The lower frequency, q1 =
0.27nm−1 , corresponds to the center-to-center distance of NPs measured along the
long-axis, resulting in an average edge-to-edge distance of d1 = 2π/q1 − l ≈ 2.0nm.
Instead, the higher frequency, q2 = 0.77nm−1 , corresponds to the center-to-center
distance of NPs measured along the short-axis, resulting in an average edge-to-edge
distance of d2 = 2π/q2 − w ≈ 2.6nm. Using standard bond lengths and angles, an
OA ligand can be approximated as a cylinder of length ` = 1.9nm: [100] Since both
d1,2 < 2`, we conclude that either OA ligands on neighbouring NPs are interdigitating, or a low ligand surface coverage characterizes the edges of NPs, allowing OAs to
bend away from the normal to the edge. [77] Recent work supports the latter scenario,
since ligands bound on facet edges appear to be the most labile. [153] In either case,
this observation suggests that ligands play an active role in the assembly of NPs. [100]
NPs can also assemble in a disordered fashion, although less frequently observed
(Figure 6.2c). This is typically the case for sub-micrometer patches such as the one
visible at the bottom-right edge of Figure 6.2a (arrow). If the rate of evaporation is too
high, nanoplatelets may not have enough time to pack in an ordered fashion and aggregate in a disordered, kinetically trapped superstructure. Interestingly though, NPs
still assemble with the same crystallographic orientation with respect to the substrate
as in the case of ordered superstructures. Irrespective of kinetics, the energetically
most favourable configuration seems to be the one that maximizes the NP surface area
in contact with ethylene glycol. This result may seem unexpected: The hydrophobic
nature of OA ligands should minimize the contact with hydrophilic ethylene glycol.
We can justify this apparent discrepancy by surface tension arguments. By laying flat,
each NP replaces an area Af lat of interface between air and ethylene glycol with an
interface between oleic acid and ethylene glycol, therefore saving Ef lat = (γair/EG −
γOA/EG )Af lat = (γair/EG − γOA/EG )(l + d1 )(w + d2 ) ≈ 7 × 10−18 J ≈ 1800kB T
in interfacial energy, where γair/EG ≈ 47.7 × 10−3 J/m2 is the surface tension of
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Figure 6.2: Nanoplatelets assembled at the air/liquid interface. (a) Lowmagnification STEM micrograph of assembled nanoplatelets. Lighter areas correspond to a monolayer of NPs, while darker areas correspond to 3D aggregates. The
arrow indicates a smaller patch consisting of NPs assembled in a disordered fashion.
(b) Intermediate-magnification micrograph of nanoplatelets assembled in a monolayer. Top inset: Ten-fold magnified detail of the monolayer. Bottom inset: Fast
Fourier transform of the original image. (c) Intermediate-magnification micrograph
of nanoplatelets assembled in a disordered fashion. Inset: Ten-fold magnified detail
of the superstructure.
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Figure 6.3: Effect of ligand exchange on ordered NP superstructures. Representative micrographs of assembled NPs ligand exchanged with TG (a), EDT (b), and
DMPS (c) ligands. (d) Influence of ligand exchange on the edge-to-edge distance of
NPs in superstructures. Insets are ten-fold magnified. (e) Light-absorption spectra of
NP superstructures before and after ligand exchange (full lines). Dashed lines indicate the absorption spectra after subtraction of the spectrum of NPs passivated with
OA. (d) and (e) do not report the data relative to ligand exchange with DMPS because
this resulted in low-density, disordered films with measured light-absorption below
the experimental detection limit.

√
√
air/ethylene glycol, and γOA/EG = ( γair/OA − γair/EG )2 ≈ 8.7 × 10−3 J/m2
that of OA/ethylene glycol, [34] kB is Boltzmann’s constant, and T is the temperature.
The same NP laying on the edge would save Eedge = (γair/EG − γOA/EG )Aedge =
(γair/EG − γOA/EG )(l + d1 )(t + d3 ) ≈ 5 × 10−18 J ≈ 1200kB T , therefore yielding
to a higher energy configuration. It should be noted that these estimates are rather
conservative since considering the area spanned by the ligands effectively decreases
the ratio Af lat /Aedge from ∼ 4.7 (no ligands) to ∼ 1.5 (ligands). Taking this into
account, we propose the intervals of confidence: Ef lat = 1100 − 1800kB T and
Eedge = 200 − 1200kB T which better illustrate that NPs laying face-down minimize
the surface energy of the system.
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Ligand exchange and film morphology

To be used as active film in optoelectronic devices, the film of NPs must be conductive. Therefore, the native insulating OA ligands must be replaced with shorter
molecules allowing for charge transport. We tested the influence of ligand exchange
on the superstructures by using three different thiolated ligands: 1,2 – ethanedithiol
(EDT), thioglycolate (TG), and 2,3 – dimercapto – 1-propanesulfonate (DMPS). The
ligand exchange was performed after superstructure formation, by adding a sufficient
volume of 0.2M solution of ligand to the subphase to obtain a final concentration of
3 × 10−3 M in ethylene glycol. The ligand exchange has a considerable effect on the
NP superstructures, as shown in Figure 6.3. ligand exchange with TG or EDT ligands
did not disrupt significantly the smectic order. Surprisingly instead, exchange with
DMPS resulted in a disordered film (Figure 6.3a-c); we tentatively attribute this effect
to the larger electron cloud of the sulfonate group providing a stronger electrostatic
inter-NP repulsion. By analyzing the Fourier transforms of the images, we extract
the distance between neighboring NPs for the different ligands (Figure 6.3d). Ligand
exchange with TG and EDT decreases the inter-NP distance dramatically, reaching a
shortest edge-to-edge distance along the short-axis of d1 ∼ 0.2nm after the ligand
exchange with EDT. This value is likely limited by the resolution of the instrument.
When nanocrystals are in such close proximity, coupling effects are expected to
arise. [26] Optical spectroscopy can be useful to probe the strength and nature of
these effects. Thus, we measure the optical absorption spectrum of NP films before
and after ligand exchange, full lines in Figure 6.3e. The spectrum of NPs passivated
with OA is characterized by a band-edge at 509nm and sharp excitonic features. After ligand exchange, these features are substantially modified, the most remarkable
effect consisting in the appearance of an additional electronic transition below the
band-edge at 529nm. This transition is present for both TG- and EDT-exchanged
samples. To harness valuable information relative to this new transition, we take the
difference between the absorption spectra after and before ligand exchange, dashed
lines in Figure 6.3e. The result consists in an absorption spectrum remarkably similar
to the film of NPs before ligand exchange, but with all transitions red-shifted by 20
nm. By taking the intensity ratio of shifted and unshifted transitions, we quantify that
a subset of 46% TG-exchanged and 44% EDT-exchanged NPs shows the observed
redshift. We associate the nature of the redshift to the decrease in inter-NP distance
induced by ligand exchange: as the long OA ligands are replaced by shorter TG or
EDT molecules, the electronic states of individual neighboring NPs can couple more
efficiently, leading to coupled states at lower energy by ∆E ≈ 92meV . [2] We can
imagine these coupled states as the nanocrystal analogue of molecular orbitals, where
electrons occupy the bonding orbital positioned at a lower energy respect to the uncoupled atomic levels. For the sake of clarity, we consider other effects that may result
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in a shift of electronic states. Ligand dipole-related effects can be easily refuted, as
they would identically affect states in the valence and conduction band, but not the absorption spectrum. [83] Another possibility could be nanocrystal-ligand state-mixing,
but this effect is not expected with the ligands under consideration here but rather with
thiostannate complexes or conjugated molecules. [131,154] We thus conclude that the
coupling between NPs is indeed the cause of the redshift of excitonic features in the
absorption spectrum.

Nanoplatelet assembly in stacked superstructures

The route to improving crystalline domain size goes through a deeper understanding of colloidal interactions. Improving the colloidal stability of NPs should allow the
superstructure more time to reach its minimum energy configuration, therefore yielding larger crystallites. At the beginning of the assembly NPs are stabilized by OA ligands; therefore, we try to increase the colloidal stability of NPs by improving surface
passivation. To do so, we add an excess of 103 OA ligands per NP to the NP dispersion
in toluene prior to the layering on the ethylene glycol phase. To our great surprise, the
microscopic investigation of the superstructures collected after complete evaporation
of the hydrophobic phase revealed a markedly different morphology: Nanowires several micrometers long, and consisting of NPs stacked along the [001] crystallographic
direction (Figure 6.4a-c). This morphology is further confirmed by small-angle X-ray
scattering, revealing diffraction peaks at q ? = 1.187nm−1 and 2q ? , Figure 6.4d. The
positions of these diffraction peaks agree well with a real-space interparticle distance
of t + d3 = 2π/q ? = 5.3nm, as indicated in Figure 6.4c.
To obtain insight into the kinetic detail of the assembly of NPs, we measure the
decay of the correlation function of the light scattered at the interface between the
hydrophobic and hydrophilic phases, as toluene evaporates (Figure 6.5a). The decay
of the correlation function, g2 (τ ), is due to the Brownian motion of the scattering
objects. Specifically, the hydrodynamic radius, RH , of scattering objects is directly
proportional to the correlation function decay time τc via RH = (kB T /6πη)q 2 τc ,
where η is the solvent’s viscosity, q = (4πn/λ) sin (θ/2) the scattering vector, n is
the solvent’s refractive index, θ = 90◦ the scattering angle, and λ the wavelength of
the laser used to probe the dynamics. [155] In time, τc shifts to longer delay times as a
result of the increase in effective size as the NPs assembly, Figure 6.5b. By fitting each
correlation function to an exponential decay with decay time τc (t), we can extract the
dynamic change of RH (t) during NP assembly (Figure 6.5c). The initial hydrodynamic radius RH (0) = 22nm is consistent with the size of NPs used here, indicating
that NPs are well dispersed at the beginning of the experiment. The hydrodynamic
radius progressively increases as a function of time over the duration of the experiment, to reach values of ∼ 500nm. We thus directly observe the assembly process
as it unfolds. We use this technique to understand more about the role of the excess
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Figure 6.4: NP nanowires. (a) Low-, (b) intermediate-, and (c) high-magnification
STEM micrographs of micrometer-long nanowires consisting of stacked NPs obtained
with an excess of 103 OA per NP. (d) Azimuthally-averaged small-angle X-ray scattering pattern of stacked NPs in toluene in the presence of excess OA ligands. Inset
illustrates the morphology of the stacked superstructures.

ligand in the assembly process. To do so, we vary the amount of excess OA added to
the toluene phase at the beginning of the experiment, in a range from 1 to 104 ligands
per NP. Changing the excess amount of ligands influences the assembly kinetics, as
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Figure 6.5: NP assembly kinetics in the presence of excess OA ligand. (a)
Schematic of the geometry of the measurement. (b) Scattered light intensity correlation function measured during the assembly for an excess of 102 OA ligands per NP.
(c) Hydrodynamic radius as a function of assembly time for samples featuring a wide
range of excess OA ligands per NP. Inset: Late time kinetics and single-exponential
fits. (d) Characteristic t? assembly times for a wide range of excess OA ligands per
NP.

demonstrated by plotting the characteristic time t? defined as RH (t? )/RH (0) = e
as a function of the number of excess ligands per NP (Figure 6.5d). For relatively
low ligand concentrations, 1 − 10 OA/NP, the characteristic growth time, t? , is unaffected; however, when adding more ligands the growth kinetics first slow down and
then speed up, ending up with overall faster assembly kinetics.
Nanoparticle assembly can be characterized by diffusion- or reaction-limited kinetics. [156] In the latter case, the average cluster size, R, increases exponentially in
time: R(t) = R0 exp(t/t? ). The aggregation process measured here is consistent with
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Figure 6.6: Influence of depletant branching. NP assembled in the presence of the
indicated excess of OA (top) and HDA (bottom) ligands per NP. Both ligands result in
similar stacked superstructures. Insets are ten-fold magnified.

reaction-limited kinetics, as shown by the exponential fits in the inset of Figure 6.5c.
Energetically, reaction-limited aggregation is described by a pair-potential consisting
of a repulsive barrier Eb that can be overcome with probability p ∼ exp(−Eb /kB T ),
resulting in irreversible aggregation. This barrier is typically the result of superposition of repulsive with attractive components. Here, the repulsive interaction can be
identified in the steric repulsion by long OA ligands grafted onto the surface of NPs.
Instead, the short-ranged van der Waals attraction eventually results in irreversibly
bound NPs. However, the observation of aggregation kinetics that depend on the molar excess of ligands suggests the presence of a second attractive interaction, that must
depend on ligand concentration: We identify this interaction as depletion, [33, 157]
with OA micelles acting as the depletant. When two NPs collide and their interparticle distance decreases below d < 2`, the volume ∆V between the surfaces of NPs
becomes depleted of micelles and results in an increase in the total volume that can
be occupied by the depletant V0 → V0 + ∆V , and therefore in a decrease in free
energy by an amount proportional to c∆V , where c is the concentration of micelles.
Hence it follows that stacked NPs represent the lowest energy configuration in presence of a depletant, since stacking results in the largest increase in depleted volume
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for this nanocrystal geometry: ∆V = 2`(l + d1 )(w + d2 ), where 2` is the diameter of
an OA micelle. Increasing the concentration of depletant should result in monotonically faster assembly, contrary to our observations for low concentrations, Figure 6.5d.
We suggest that assembly kinetics initially slow down because of the improved NP
passivation by the excess added ligands, therefore increasing the steric contribution.
Once depletion becomes the dominant interaction, the assembly kinetics do become
monotonically faster in time as expected. To exclude secondary effects, such as the
energetically favored ligand-ligand interdigitating contribution promoted by the improved surface passivation, we use a different depletant, 2-hexyldecanoic acid (HDA).
Due to the branched nature of HDA, we expect ligand interdigitation to play a minor
role in this case. Yet, microscopic investigation of NPs assembled in the presence
of 103 − 105 molar excess HDA reveals nanowires consisting of stacked NPs, very
similar to what we observed with excess OA (Figure 6.6). We therefore conclude that
depletion interaction indeed plays a key role in the assembly of NPs into nanowires in
presence of an excess amount of ligands.

Conclusions

We have shown that the assembly of NPs spans a rich phase-space of superstructure morphology. By exploiting assembly at the air/liquid interface, NPs can assemble
face-down into patches several micrometers-large featuring smectic order with ordered grains of hundreds of nanometers. Ligand exchanging these ordered superstructures results in a marked decrease in the edge-to-edge distance down to sub-nanometer
spacings; we deemed these low spacings favorable to electronic coupling, allowing the
individual NP wavefunction to leak to the nearest neighbors. Finally, by modulating
the pair potential through depletion interaction we directed NP assembly to obtain
nanowires several micrometers long consisting of stacked NPs. We anticipate that by
improving further our understanding of interparticle interactions and nanocrystal energetics we should be able to produce optical devices that actively respond to external
stimuli, simultaneously modifying superstructure and function.
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Part IV

Quantum Dot Assembly via
Critical Casimir Forces

7
Many, many rules had begun to bend at the hand of nanotechnology
[. . . ] This produced a lot of good, and a lot of bad.
— Matt Spire

The programmed assembly of colloidal inorganic nanocrystal into superstructures
is crucial to the realization of future artificial solids as well as present optoelectronic
applications. In this chapter, we present a new way to assemble quantum dots using
solvent-mediated interactions. By tuning the temperature and composition of a binary
solvent mixture, we achieve reversible aggregation of nanocrystals in solution induced
by critical Casimir forces. We study this temperature-sensitive quantum dot assembly
with dynamic light scattering. By adding salt, we show that careful screening of the
electrostatic repulsion provides a further parameter to tune the assembly.
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7.1

Introduction

Semiconductor nanocrystals, quantum dots (QDs), offer the unique possibility of
controlling optical and electronic properties by simply tuning their size. The act of
confining electronic excitations within linear dimensions smaller than the bulk exciton Bohr radius gives rise to quantum effects leading to the discretization of the
band structure and to a size-dependent bandgap. While the properties of single, noninteracting, dots have been successfully characterized, [158] recently considerable effort has been devoted towards the pursuit of well-ordered superstructures, with the
goal of understanding the collective effects therein. [77, 159] Indeed, successfully exploiting interdot coupling would improve electronic transport throughout QD-based
solar cells, therefore increasing the power conversion efficiency in such devices. To
achieve charge transport, charges need to hop from one QD to another; however,
this process is slow and inefficient because of the presence of multiple recombination channels. [160] Nevertheless, both simulations and experiments have shown
that efficient interdot coupling is possible and could improve charge extraction efficiency. [23–25, 161]
A promising route is through the formation of delocalized molecular orbital-like
states that extend over multiple dots; in this case, charges can travel by more efficient coherent resonant tunnelling. Yet, achieving this regime of transport requires
careful assembly of a very monodisperse QD dispersion. [162] Combining precise
synthetic techniques with self-assembly of colloidal QDs into superstructures would
yield bottom-up tailored material properties, while showing the beneficial transport
characteristics of bulk semiconductors. [163, 164]
In this chapter, we report temperature-dependent assembly of QDs via critical
Casimir forces. We use a binary solvent close to its critical point; in such critical
solvents, solvent density fluctuations arise and, when confined between the surfaces
of neighboring QDs, yield an attractive force that induces assembly. We use dynamic
light scattering to follow growing QD superstructures with time. By gently tuning the
composition of the mixture, salt content and temperature, we grow superstructures reversibly with direct temperature control. The assembly of colloidal particles with size
smaller than the length scale of solvent fluctuations has never previously been investigated; this regime is often addressed in literature as the protein limit and we hereby
present the very first experimental work in this regard. [165] The results shown offer
new opportunities in the self-assembly of nanostructures.
We use binary solvents consisting of a liquid mixture of water with a less polar
solvent, 3-methylpyridine (3MP). [166,167] This mixture allows solvent-mediated interactions to be exploited, which have recently attracted increasing interest in the field
of colloidal science. [168–170] A typical solvent phase diagram is shown in Figure
7.1, in which solvent phases are indicated as a function of composition and tempera-
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Figure 7.1: Schematic phase diagram of the binary solvent. The phase separation
temperature, Ts , varies as a function of the concentration of 3-methylpyridine, [3MP];
for T > Ts the mixture features two phases (blue-shaded area), while for T < Ts it
appears homogeneous. The critical point coincides with the minimum value of Ts (red
point). In the proximity of the critical point, solvent concentration fluctuations arise
(red-shaded area); on the left side of the critical point they are 3MP-rich, while on
the right side they are water-rich. Inset: Behavior of attractive Casimir (blue line) and
repulsive electrostatic (red lines) potentials with interparticle distance d calculated for
[NaCl] = 5mM (long-dash) and their sum (grey line). The electrostatic potential for
[NaCl] = 150mM is also shown (short-dash).

ture. In the case presented here, the binary mixture shows an inverted miscibility gap:
The two solvent components are homogeneously mixed at low temperatures and phase
separate into coexisting liquids at high temperatures. The two phases are differently
composed: The top phase is richer in 3MP, while the bottom one is predominantly
composed of water.
A well-controlled and universal interaction occurs close to the critical point of the
solvent, which terminates the miscibility gap, see the red dot in Figure 7.1. Close
to the critical point, solvent concentration fluctuations become long ranged, and their
confinement between particle surfaces gives rise to the critical Casimir forces: In
analogy to the quantum mechanical Casimir effect, in which the confinement of zeropoint fluctuations of the electromagnetic field between two conductive walls gives
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rise to an attractive force, [44] the confinement of solvent fluctuations in the liquid
gap between immersed surfaces gives rise to attractive critical Casimir force. [45,
168, 169, 171–173] While approaching the solvent phase separation temperature Ts
with ∆T = Ts − T decreasing, the length scale of the fluctuations, ξ, increases. An
attractive force between two particles separated by a distance d arises when ξ becomes
of the same order of magnitude as d. The value of ξ rises upon approaching the critical
point, where it diverges. [167]

CH. 7

The wetting properties of the colloidal particles set the boundary conditions of
the critical Casimir effect: Depending on the surface chemistry (charge, passivation
layer), the surfaces of the particles are preferentially wet by either the 3MP- or waterrich phase. This has important consequences on the aggregation of the particles. In
fact, the fluctuating regions are 3MP-rich when on the left side of the critical composition, and vice versa on the right side, as shown in Figure 7.1. Therefore, colloids
featuring hydrophilic surfaces, such as the QDs used in this work, very weakly aggregate on the left side, as they are not wet and only weakly confine fluctuations.
Conversely, strong aggregation is observed on the right side.
QDs in this regard represent a unique case; their diameter σQD is of the order of
a few nanometers and therefore generally smaller than ξ in any range of ∆T achieved
in this system: σQD ≤ ξ. This is a completely different regime from what has been
investigated in the literature, where σ  ξ and the minimum particle size studied is
σ = 100 nm. [174]
The unique feature of the critical Casimir effect to achieve colloidal particle assembly is its reversibility. Unlike salt-induced aggregation by van der Waals forces,
the magnitude of the attractive critical Casimir force decreases by increasing ∆T ,
and therefore the distance from the critical point. This should provide an exquisitely
sensitive temperature-dependent knob that controls the aggregation of the dispersion.
The hydrophilic QDs used in this study are charge-stabilized in pure water, exhibiting a Coulombic repulsive potential. The magnitude of the interparticle electrostatic
repulsion can be tuned by adding NaCl in solution; this decreases the Debye screen−1/2
ing length λD ∝ [NaCl]
. For high enough NaCl content, [NaCl] = 150mM ,
we observe indeed that the QDs precipitate. This is an example of the salting out
effect, as the electrostatic repulsion length scale drops and the nanoparticles become
attractive due to van der Waals forces. In contrast, the dots are stable at the much
lower salt concentration 5mM used in this work. Nevertheless, in binary mixtures
with [3 MP] ≤ 46v/v% and at this salt concentration, aggregation takes place when
tuning ∆T to increase ξ. By playing with λD ([NaCl]), ξ(∆T ), and [3 MP], we are
able to study the assembly in response to the effective potential: the sum of repulsive
and attractive contributions as represented by the inset of Figure 7.1. [171, 172]
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Experimental details

7.2.1

Quantum dot synthesis

Cadmium selenide (CdSe) QDs were synthesized according to published methods.
[175] Here, the synthesis used sodium borohydride (Na2 BH4 ) as the reducing agent,
mercaptopropionic acid as the stabilizing ligand (MPA), cadmium acetate (Cd(CH3 CO2 )2 )
and potassium selenite (K2 SeO3 ) as inorganic sources with molar ratios of 1.0 : 1.0 :
0.2 of MPA:Cd2+ :SeO3 2 – . During the formation of the QDs, the ligand partially decomposed forming S2 – and reacted with Cd2+ to form CdS, which provided a stabilizing shell and increased the quantum yield. After synthesis, the QDs are diluted with
water and used without further purification.

7.2.2

Sample preparation

Deionized water was obtained from a Milli-Qr Integral Water Purification System
(Merck Millipore) and filtered through a 25 nm mixed cellulose membrane (Merck
Millipore). 3MP (Sigma Aldrich, ≥ 99.5%) was distilled and filtered through a 100
nm PTFE membrane (Merck Millipore).
Binary mixture samples were prepared by mixing the different components in a
0.5 mL tube; when needed, we added NaCl as a 1 M solution in water. The final
volume was typically 250 µL. We transferred the mixture to a NMR tube which we
then flame-sealed, while keeping the solution in the vessel cold to minimize heating
and evaporation. The flame-sealed tube containing the final mixture was immediately
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Figure 7.2: Solvent phase diagram. Measured solvent phase diagram showing the
dependence of the phase separation temperature on the composition of the solvent
mixture, for three different concentrations of NaCl: 0 ( ), 5 ( ) and 150 ( ) mM .
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used to measure Ts or inserted in the dynamic light scattering setup. A new sample
was prepared for each measurement.
We found that the concentration of QDs has an influence on the binary solvent
phase diagram affecting the value of Ts ; we thus kept a constant QD concentration
throughout all experiments. This result is not surprising as experimental evidence
shows that altering the water and heavy water content in such a mixture can cause the
value of Ts to shift by several tens of degrees due to the different hydrogen bonding
contribution. [166] We speculate that the loose ligands present in the QD dispersion
may indeed play a role in this respect, although it is not yet clear what is the underlying
mechanism causing this shift.

7.2.3

Determination of Ts

We first study the phase separation of the solvent. We experimentally determined
the phase-separation temperature of the binary solvent containing the QDs. We used
a thermostated water bath with temperature control of 0.05K and heated the prepared
mixture, stored in a flame-sealed NMR tube, until opalescence was detected, and the
sample turned turbid. Such an effect is due to the onset of phase separation, namely
the formation of light-scattering droplets, allowing us to pinpoint phase separation
precisely.
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7.2.4

Dynamic light scattering

We then use dynamic light scattering to follow the aggregation of quantum dots
with time. Dynamic light scattering (DLS) is a well-established method to determine
the hydrodynamic radius of suspended objects. In a classical picture, when coherent
light impinges upon a region of refractive index mismatch compared to the surrounding solvent, scattering is observed. Scattered light from suspended particles shows
constructive or destructive interference depending on the phase difference between
the scattered waves; this depends on the difference in optical path of the scattered
wavefronts, and therefore on the relative positions of the scattering objects. As the
particles undergo Brownian motion, the interference pattern changes. DLS measures
the time decay of typical fluctuations in the interference pattern and relates it to the
Brownian motion of the scatterers. This is done by correlating the scattered light
intensity between different delay times τ from which an intensity correlation function g2 (τ ) − 1 is constructed. For a monodisperse sample, the intensity correlation
function decays as a single exponential with decay time τc that is proportional to the
hydrodynamic radius of the scattering objects according to RH = (kB T /6πη) q 2 τc
where kB is Boltzmann’s constant, T the temperature, η the solvent viscosity and
q = (4πn/λ) sin (θ/2) the scattering vector; for all measurements, the scattering angle θ = 90◦ and the refractive index n are kept constant. [155]
In this work, a typical DLS run lasted 60 s; scattered photons reaching the two pho-
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Results and discussion

7.3.1

Solvent phase diagram

The measured phase diagram of the binary mixture with quantum dots is shown in
Figure 7.2, where we plot the phase-separation temperature as a function of 3MP concentration. Three different phase lines reveal a clear dependence on the NaCl concentration in the mixture. We can estimate the critical composition from the minimum of
the diagram shown in Figure 7.2. [166] Taking the phase lines for NaCl content of 0M
( ) and 5mM ( ), we estimate the critical composition to be [3 MP]c ≈ 45.75 v/v%.
Based on the knowledge of particles’ preferential wettability properties, we have prepared mixtures on the left and right side of this critical composition.

7.3.2

Critical Casimir assembly

Using a binary solvent on the left side of the critical point, [3 MP] = 43.5 v/v%,
where only weak critical Casimir interactions are expected, we can readily observe
temperature-dependent QD aggregation by eye as shown in Figure 7.3. While a QD
dispersion at ∆T = 20K is stable, by contrast at ∆T = 1K the coarsening of image intensity suggests QD aggregation. Emerging spots that scatter the impinging
light indicate QD superstructures that grow in size. To investigate this aggregation
in more detail, we use dynamic light scattering to measure the size of the growing
QD superstructures as a function of time. On the left side of the critical composition, the temperature clearly controls the aggregation process in agreement with the
visual observations in Figure 7.3. The aggregation of quantum dots can be followed
by monitoring the scattered light intensity and correlation function as shown in Figure
7.4: both quantities evolve differently with time depending on ∆T . When far from
phase separation ( , ∆T = 20K), the intensity is quite stable, dropping down only
by < 10%, which indicates that particles remain suspended, as shown in Figure 7.4a.
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todetectors were cross correlated to give one intensity correlation function per measurement. We use a ALV DLS setup featuring a digital correlator and a λ = 632.8 nm
He – Ne laser (35mW ) to minimize fluorescence. By using a water circulator system,
we ensure a temperature stability of the chamber of the order of ±0.01K. We let
the chamber equilibrate at the desired working temperature for ∼ 30 min, and then
insert the tube filled with the QD dispersion. For each measurement, we discarded
the first 5 minutes, during which the scattering intensity changes due to heating or
cooling of the sample to the desired working temperature. Finally, due to the different
size of solvent fluctuations, intensity values were normalized by the initial signal to
account for different relative intensities between samples and thus allow a meaningful
comparison.
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Figure 7.3: Visual impression of quantum dot assembly in binary solvents. Photographs of the scattered light reveal uniform dispersions (a) and dispersions with
superstructures (b). (a) Far from the separation temperature (∆T = 20K), the particles remain suspended and the image looks uniform. (b) Close to the phase separation
temperature (∆T = 1K), the quantum dots aggregate, and flocks of scattered light
appear. Pictures were taken 24hrs after sample preparation.

The correlation functions nearly perfectly overlap with one another, showing a single
exponential decay with decay time τc corresponding to scattering objects with size
2.6 nm, as shown in Figure 7.4b. This value is indeed consistent with the hydrodynamic radius of the QDs in pure water. Nevertheless, the solvent fluctuations scatter
light as well and give rise to an additional decay in the correlation function, which
is fixed for a constant ∆T . Since we are not able to resolve two distinct decays in
the correlation function, we conclude that the correlation length of the solvent fluctuations is of the same order as that of the QDs, but still the solvent fluctuations are too
weak to induce particle aggregation. The situation appears completely different when
close to Ts ( , ∆T = 1K). The intensity drops by ∼ 30%, and the correlation curve
immediately shows a double decay, the second decay growing in time. Our interpretation is the following: Due to the proximity to the critical point, solvent fluctuations
become significant and cause critical Casimir forces that lead to particle aggregation.
This appears as two decays, the first one representing the solvent fluctuations, and the
second one representing the growing superstructures, the growth of which is reflected
in the shift of the second decay to longer times. Interestingly, the second decay drops
in magnitude and vanishes by the end of the observation time, 7 hrs, indicating that the
superstructures sediment to the bottom of the tube, hence escaping from the field of
view. This is reasonable, given the high density mismatch between CdSe particles and
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Figure 7.4: Dynamic light scattering of quantum dot suspensions on the left side
of the critical point. (a) Scattering intensity as a function of time at ∆T = 20K ( )
and 1K ( ). (b,c) Time evolution of the intensity correlation function at ∆T = 20K
(b) and 1K (c). Measurements were taken every hour (dark to light colour).

binary mixture, ∆ρ ∼ 4.8 g cm−3 . From the time constant of the diminishing second
decay, we determine that the superstructures reach an average radius of ∼ 700 nm.
We can estimate the maximum size of superstructures that remain suspended from the
balance of the Stokes sedimentation velocity, U0 and the diffusion coefficient, D0 . The
ratio of the two defines the dimensionless Péclet number, P e = (2aU0 )/D0 , where
a is the average superstructure size, U0 = (2a3 ∆ρg)/9η and g is the gravitational
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acceleration. Assuming a value of P e = 1, which approximates sedimentation equal
to diffusion, the calculated a(P e = 1) ∼ 375 nm corresponds well to the measured
value of a ∼ 700 nm. Therefore, the apparent size to which the superstructures grow
should be taken more as an order of magnitude.
To explore the full aggregation behavior in binary mixtures, we also use solvent
compositions on the right side of the critical point, [3 MP] = 48.0 v/v%, where
stronger critical Casimir interactions are expected to occur (Figure 7.5). From the
literature, it is known that for compositions poor in the component preferred by the
particles, corresponding in our case to compositions on the right side of the critical
point, much larger critical Casimir forces occur. Indeed, on the right side of the critical composition, the scattered light intensity shows a much faster drop in the signal by
∼ 50% even at ∆T = 20K and the correlation functions show growing superstructures. This is again reflected in the second decay evolving with time and decreasing in
magnitude. This is in stark contrast to the behavior on the left side of the critical composition at the same ∆T = 20K, where no aggregation was observed. Yet, the fact
that the second decay does not vanish completely at the end of the observation time
(cf. Figure 7.4c) indicates that the aggregation process is slower, and the resulting
aggregates have a smaller P e and remain suspended for longer time.
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7.3.3

Reversibility of the assembly

When subjecting the sample to the smaller ∆T = 1K, however, the relative scattering intensity signal drops faster and by a larger extent; the correlation functions
show that the second decay drops strongly in magnitude as aggregates sediment faster.
Visual inspection of the tube shows that indeed nearly all of the QDs flocculated to
the bottom and the solution looks clear. After leaving the vial at room temperature,
∆T ≈ 35K, for a few hours, the sediment redisperses into solution. We interpret
this observation as reversibility of the assembly: For sufficiently large ∆T , i.e. sufficiently far away from the solvent critical point, the attractive force becomes negligible
and particle resuspension is mediated by the electrostatic repulsion. These results
thus demonstrate a new, reversible way to assemble QDs with temperature as control
parameter. To quantify the extent of the redispersion, further investigation is required.

7.3.4

Reversed length scale regime

The assembly of QDs over a large temperature interval as much as 20K below the
critical point is remarkable. It demonstrates the importance of critical Casimir forces
for nano-scale objects. As shown by DLS, QDs have a strong tendency to aggregate
in solvents close to their phase separation temperature, on the left side of the critical
point as well as on the right side, where assembly happens on an even shorter time
scale. In contrast, no assembly is observed on the non-wetting side when far from Ts ,
in line with recent work on micron-scale colloidal systems. [169] It is interesting that
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Figure 7.5: Dynamic light scattering of quantum dot suspensions on the right side
of the critical point. (a) Scattering intensity as a function of time at ∆T = 20K ( )
and 1K ( ). (b,c) Time evolution of the intensity correlation function at ∆T = 20K
(b) and 1K (c). Measurements were taken every hour (dark to light colour).

we see assembly in our nanometer-scale QDs at all, as the solvent correlation length
is of the same order, or even larger than the particles themselves; this is a reversed
length scale regime to what has been studied so far, where the particles were always
larger than the solvent correlation length. The fact that assembly on the wetting side
takes place at larger ∆T compared to micron-scale colloids is likely related to these
inverted length scale conditions, which we have investigated in this Chapter.

133

Chapter 7. Assembling Quantum Dots via Critical Casimir Forces

7.4

Conclusions

CH. 7

We report reversible assembly of quantum dots via critical Casimir forces. Mastering critical Casimir forces on the nanoscale could provide a pioneering approach
for reversible, programmed, ordered assembly of nanoparticles and enable the study
of growth kinetics of superstructures as condensation takes place in solution. Importantly, the use of this technique could allow the temperature-controlled growth of
quantum dot superstructures as a bottom-up technique for new optoelectronic materials. The results are particularly significant as they take place at the crossroad between
nanotechnology, colloidal, and material science, and promote the successful interplay
among these fields. This new method opens an opportunity to assemble structures
by design, tuning key parameters such as the interparticle distances by the exquisite
temperature control over the critical Casimir interactions.

134

8
We are all apprentices in a craft where no one ever becomes a master.
— Ernest Hemingway

The assembly of colloidal quantum dots (QDs) into dense superstructures holds
great promise for the development of novel optoelectronic devices. While several assembly techniques have been explored, achieving direct and precise control over the
interparticle potential has proven to be a challenge. In the previous chapter, we have
shown that critical Casimir forces can drive the growth of QDs into superstructures.
In this chapter, we show that the morphology of QD superstructures can be controlled
by the exclusively temperature-dependent critical Casimir potential. By investigating the microscopic structural, optical and conductive properties of critical Casimirgrown QD superstructures, we find that the choice of the interparticle potential plays
a central role in maximizing conductivity across QD thin films.
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8.1

Introduction

At the nanoscale, quantum dots (QDs) act as building blocks in the development
of a wide range of optoelectronic devices converting light into electric current, e.g.
photodetectors and solar cells, or vice versa, LEDs and lasers. [176] For a device
to operate, current must flow through the QD active film provided the existence of
percolative conductive paths. [73] The threshold for percolation depends on how efficiently the QD superstructure spans space, or more specifically, on the number of
conductive bonds a QD establishes with its neighbors. [60] These bonds are enabled
by quantum mechanical coupling, [26] and can be, for instance, epitaxial, [177] or
mediated by conjugated ligands. Maximizing the number of bonds in QD superstructures represents a modern grand challenge that must be addressed by controlling the
assembly of QDs into superstructures.
Colloidal building blocks interacting via an interparticle potential offer, in principle, a large degree of control in tuning their assembly. In equilibrium, the assembly
is driven by the minimization of the free energy, giving rise to rich phase behavior.
The interparticle potential is typically described by the superposition of repulsive and
attractive components, the former preventing the building blocks from aggregating,
and the latter driving the assembly to an energetically favorable state. However, commonly used thin film fabrication techniques such as spin coating that employ fast solvent evaporation offer - while being efficient - little control over the structure of QD
films. The resulting amorphous films permit conduction but preclude faster charge
transport mechanisms requiring long-range order. [28] The short timescales imposed
by spin coating do not allow for control of QD pair potential, limiting the fundamental
understanding of QD interactions and device optimization.
Over the last decade, much progress has been made in colloidal science to tailor
colloidal particle interactions by depletion, [178] magnetic, [179] or DNA-mediated
interactions. [180] However, the long length scales of these interactions make them
incompatible with the assembly of nanometer-sized QDs into dense superstructures.
In fact, most interactions do not offer the possibility of continuously tuning their magnitude without irreversibly altering the composition of the dispersion. There is, therefore, a widespread need for an easily controllable inter-particle interaction to drive the
assembly of nanometer-sized colloidal building blocks into dense and reproducible superstructures. In the last few years, the critical Casimir effect has emerged as a novel
temperature-tunable interaction to drive the assembly of micrometer-sized colloidal
particles. [168] The tunability of this interaction resides on the exquisite role of temperature setting the length scale of solvent fluctuations, enabling direct control over
both the magnitude and length scale of the interparticle attraction. [171] In the previous chapter, we have shown that critical Casimir forces can also drive the assembly of
nanometer-sized QDs in solution. [181]
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8.2. Experimental details
In this chapter, we use critical Casimir forces to gain control over the assembly
of QD thin films. We use the temperature-dependent solvent fluctuations to tune the
particle interactions and control QD film morphology, and to study the influence of
morphology on film conductivity. The advantage of the critical Casimir force is that
the length scale of solvent fluctuations is most compatible with the small size of the
quantum dots, enabling their interaction control over a wide range of temperatures.
We find that, when subjected to critical Casimir forces, the charge-stabilized QDs assemble into superstructures and subsequently deposit onto substrates. We study the
properties of the resulting QD superstructures by optical spectroscopy and conductivity techniques. We find that while short-range conductivity between QDs is unaffected by the morphology change, the macroscopic conductivity increases by two
orders of magnitude for lower attraction, thus suggesting that weaker attractive potentials maximize the number of long-range percolative pathways in the plane of conduction. We present a qualitative pair potential model, in which superimposing attractive
critical Casimir and van der Waals components with electrostatic repulsion leads to
temperature-dependent aggregation, of both reversible and irreversible nature.

Experimental details

Hydrophobic CdSe QDs with diameter σQD = 6.5nm are synthesized according to reported procedures and dispersed in hexanes. [62, 182] The native oleate ligands passivating the QD surface are then exchanged with short thiostannate complexes
(NH4 )4 Sn2 S6 , making QDs hydrophilic and allowing dispersion in the critical Casimir
solvent. [56, 123, 131] The critical Casimir effect relies on the use of a mixture of
two solvents, here water and 2,6-lutidine (Lut). Similar to the water-3MP mixture
used in the previous chapter, the solvent mixture mixes homogeneously for temperatures T < Ts , and phase-separates into water-rich and Lut-rich phases for T > Ts ,
where Ts is the phase separation temperature (Figure 8.1a). Below and in proximity of the critical point of the dispersion, identified by phase diagram coordinates
cLut = cc = 30.2v/v% and Tc = 307K, solvent density fluctuations arise. These
fluctuations can be described as spontaneous compositional variations resulting in locally water-rich or Lut-rich regions of average size ξ, the solvent correlation length.
The confinement of solvent density fluctuations between two walls or particle surfaces
will result in a net attractive force, namely the critical Casimir force. [45] The magnitude and length scale of this interaction strongly depends on the size of compositional
fluctuations, controlled by the distance ∆T = Tc − T from the critical temperature
Tc according to ξ(∆T ) ∼ ξ0 × (∆T /Tc )−0.63 at the critical composition. [183] The
magnitude of the critical Casimir force can also be controlled by the solvent composition; choosing ∆c = cLut − cc < 0 will result in Lut-rich fluctuations while ∆c > 0
will result in water-rich fluctuations. The largest forces arise in solvents poor in the
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Figure 8.1: Schematics of quantum dot assembly via Critical Casimir forces. (a)
Schematic phase diagram of a binary mixture of water and 2,6-lutidine. The grey
shaded area indicates the solution demixed state, while the colorful shaded areas indicate approximate compositions and temperatures at which lutidine-rich or water-rich
solvent density fluctuations arise. The red line indicates the bulk phase separation
temperature. The critical temperature, Tc , and composition, cc , are also indicated. (b)
QD assembly schematic. A dispersion of ligand-stabilized QDs in the binary mixture
(left). Solvent density fluctuations, depicted as blue dots, arise by decreasing ∆T ,
driving the assembly upon confinement between QDs’ surfaces (center). The assembled superstructures sediment on a prepared substrate (right).

component preferred by the particles. Indeed, in the previous chapter we have shown
that hydrophilic QDs preferably assemble in water-poor solvents; [181] due to the increased particle-fluctuation affinity; [184]Therefore, also here, we choose to work in
a lutidine-rich solvent, cLut = 32v/v% > cc .
Hydrophilic QDs dispersed in this binary mixture are therefore expected to experience an increasingly attractive force upon approaching Tc (Figure 8.1b). Once the
QD superstructures have sufficiently grown, the assemblies sediment and deposit on
a substrate placed at the bottom of the vessel. The deposits retrieved after different
growth times show indeed growing superstructures (Figure 8.2). Already after a few
minutes of growth at ∆T = 7.8K, critical Casimir-grown superstructures are visible
on the TEM grid, ranging from tens to hundreds of nanometers in size.

8.3

Results and discussion

To harvest the kinetic details of QD assembly via critical Casimir forces, we record
small-angle X-ray scattering (SAXS) patterns (Figure 8.3). As superstructures grow
in time, the typical scattering pattern for spheres gradually changes to a power-law be-
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Figure 8.2: Micrographs of Casimir-driven aggregates during growth. (Top)
Bright-field STEM micrographs portraying a snapshot, in time, of the growing superstructures at ∆T = 7.8K after deposition on the TEM grid. As the assembly
proceeds, left to right, QD superstructures grow further to reach the micrometer scale,
and eventually sediment onto the substrate (Figure 8.1b). After 24 hours, the TEM
grid appears completely covered with QD superstructures (bottom right). (Bottom)
Higher and lower magnification micrographs. Individual QDs are clearly visible in
the inset, σQD = 6.5nm in diameter, and appear to assemble in a disordered fashion.
havior, I(q) ∼ q −df suggesting the fractal nature of growing QD superstructures with
fractal dimension df . [156, 187, 188] Unfortunately, probably due to the intense scattering background of solvent density fluctuations (Figure 8.4), we can only observe
fractal behavior in a very limited range of wave vectors, q ∼ 0.1nm−1 , making further analysis challenging. Yet, as the assembly takes place, the measured nanoparticle
density in solution decreases, indicating sedimentation. The extent of sedimentation
can be quantified by studying the Kratky plot, shown in Figure 8.3b; in conditions of
high sample dilution, the area under the curves is proportional to the concentration of
scattering objects in solution: [189]
Z
Q(t) =

+∞

q 2 × I(q, t)dq ∝ φ

(8.1)

0
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Figure 8.3: In situ small-angle X-ray scattering (SAXS). (a) Form factor P (q) for
a dispersion of CdSe QDs (σQD = 2.90nm) in hexane (black curve). Evolution in
time of the structure factor S(q) for a dispersion of the same dots in a critical Casimir
solution, colored curves (cLut = 30%, ∆T = 0.2K). The structure factor decreases
in intensity over time and changes in shape. (b) Evolution in time of the Kratky plot
(q 2 × I(q) versus q). The area under the curve is proportional to the concentration of
QDs in solution. The decrease in time indicates sedimentation. (c) Time evolution of
the fractal dimension as extracted from the slope around 0.1nm−1 in (a), circles. Time
evolution of the concentration of QDs in solution as determined from (b) following
equation 8.1, relatively to the first time point (squares).

where φ  1 is the particle volume fraction. By plotting the relative concentration
of particles Q(t)/Q(0) we conclude that superstructures begin to sediment at around
60 minutes, once reached a critical size (Figure 8.3c). [181] Interestingly, as particles
assemble into superstructures and sediment, the observed fractal dimension increases
to peak at the end of the experiment around df ≈ 1.7.
We observe a clear dependence of the aggregate morphology on the temperature
of the Casimir-driven superstructures as shown in Figure 8.5, displaying superstructures grown at ∆T = 0.1, 1.8 and 18.4K for 84 hours. While temperatures closer
to Tc induce the growth of larger, branched structures, temperatures further away induce the growth of smaller, globular structures. This suggests that the stronger critical
Casimir attraction closer to Tc causes a more ramified morphology, while the weaker
attraction further away from Tc allows more compact structures to form. These morphological differences may affect the optical and transport properties of the assembled
QD superstructures.
We, therefore, investigate the deposited superstructures by optical spectroscopy.
After growing and depositing QD superstructures on a quartz substrate, we measure
their light absorption spectra as shown in Figure 8.6a. We also show as reference
the spectrum of QDs dispersed in hexane stabilized by long, insulating oleate lig-
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ands. While the overall spectral shape and excitonic peak positions are unchanged
for samples grown at different ∆T values, demonstrating that the average QD size is
unaffected in agreement with X-ray scattering results (Figure 8.3a-b), [48] the halfwidth at half-maximum of the excitonic peaks increases from 27 to 35meV for QDs
assembled into superstructures, see inset in Figure 8.6a. This broadening is particularly evident at wavelengths around 620nm, where the first and second exciton peaks
start merging and the prominence of the third peak almost vanishes. The effect appears
to be stronger for larger ∆T corresponding to weaker Casimir attraction. The peak
broadening is likely due to electronic coupling between neighboring QDs, as opposed
to the case of dispersed QDs, suggesting the overlap of single QD electronic wave
functions promoted by the sub-nanometer size of the thiostannate ligands. [132, 190]
To investigate in more detail the interdot electronic coupling and its dependence
on temperature, we measure the electronic transport of Casimir-driven QD thin films.
The charge carrier mobility represents the figure of merit in this regard, providing further insight into the extent of electronic coupling (Figure 8.6b). We first investigate
electronic coupling on a local scale by using time-resolved microwave conductivity
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Figure 8.4: Measured solvent correlation length ξ as a function of the distance in
temperature Ts − T from the phase separation temperature Ts . ξ is experimentally
extracted from the azimuthally averaged scattering patterns I(q) of a binary mixture
recorded as a function of temperature and plotted against the square of the scattering
vector q. The Ornstein-Zernike relation predicts a behaviour of the type I(0)/I(q) =
1 + (qξ)2 . [185, 186] Inset: Raw data used to extract ξ as a function of temperature.
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Figure 8.5: Quantum dot superstructures assembled via Critical Casimir forces
for different interaction strengths. (Top) Bright-field STEM micrographs of QD
superstructures assembled via critical Casimir forces at different ∆T values corresponding to different interaction strengths, and deposited on a TEM grid for the measurement. Assembly time: 84 hours. (Bottom) Higher magnification micrographs.

(TRMC), [191] a contact-less spectroscopic technique probing charge carrier transport on a length scale of δT RM C ≈ 28nm for CdSe (Figure 8.6b). [56] Specifically,
the QD film is excited with a 630nm nanosecond laser pulse inside a resonant microwave cavity. The generation of charge carriers causes a loss in microwave power
reflected by the cavity which is directly proportional to the mobility of charge carriers. Extrapolating the photoconductance of the sample to zero photon flux yields
an estimate for the conductivity of the film. The mobility values lie in the range
of 4 − 7 × 10−2 cm2 V −1 s−1 , in good agreement with the literature, [123] and are
rather insensitive to the strength of the attractive potential used to drive the assembly
(Figure 8.6b). Charge transport on the length scale of a few QDs is thus unaffected
by superstructure morphology. We also probe the electronic transport on longer, micrometer scales by employing Casimir-driven QD thin films in field-effect transistors
(FETs, Figure 8.6b), with a channel length of δF ET = 2.5µm. We find that the
films behave as n-type semiconductors, consistent with CdSe QDs passivated by in-
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Figure 8.6: Optical and electronic transport in critical Casimir assembled structures. (a) Light absorption spectra for QDs passivated by oleate ligands and dispersed
in hexane (black curve), and QDs passivated by thiostannate ligands, assembled by
critical Casimir forces and sedimented on a quartz substrate (colored curves); curves
have been shifted for clarity. Inset: Detail of the first exciton peak for the various
samples. (b) Electron mobility values measured with TRMC and FET devices, as a
function of ∆T . Inset: transfer curves of representative devices prepared at different temperatures, measured at 25V channel bias. Right-hand side, top: Schematic
for TRMC. Right-hand side, bottom: Schematic for a FET device. The QD thin film
is deposited on silicon oxide-covered n-doped silicon substrate. Charge transport is
measured in the channel separated by two gold fingers, 2.5µm apart, representing
the drain and source electrodes, and using the silicon as gate electrode. (c-e) AFM
height maps of critical Casimir driven aggregates measured in the channel of the FET
devices. Note the difference in height range shown in the colormaps.

organic ligands, [123] with onset voltage unaffected by ∆T , indicating that the different deposition conditions do not influence the concentration of dopants, see inset
in Figure 8.6b. Remarkably, the values for the electron mobility rise strongly with
∆T , indicating that the global charge transport is strongly affected by the morphology
change, in line with the gradual broadening of the absorption peak in Figure 8.6a. At
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Figure 8.7: Critical Casimir force-dependent microstructure morphology and
fractal dimension. (a) The box-counting method applied to a QD superstructure
grown at ∆T = 7.8K. The box count decreases with box size following a power
law behavior, indicating df = 1.73. Inset: QD superstructure used for the boxcounting. (b) Two-dimensional fractal dimension histograms extracted from analyzing between 100 and 1000 fractal aggregates for each ∆T value. (c) Pair-potential of
σQD = 6.5nm CdSe QDs in binary mixture calculated as a function of ∆T .

the same time, these mobility values are orders of magnitude lower than those found
with TRMC, again demonstrating the much longer length scales probed with the two
techniques, together with the presence of electronic traps in the film. The increased
trapping probability on longer length scales strongly reduces charge transport.
In situ atomic force microscopy can investigate the origin of this conductivity increase by directly probing the QD film morphology in the FET channel (Figure 8.6ce). We find a substantial decrease in film thickness and roughness with increasing
∆T , supporting the view that weakly attractive QDs at high ∆T form more compact
superstructures. These may even deform upon deposition on the substrate, yielding
a more two-dimensional film morphology that likely explains the gradual increase of
in-plane conductivity with ∆T . While this superstructure morphology only weakly
affects the charge carrier mobility values measured by TRMC on a mean path of
δT RM C /σQD ≈ 4 QDs, the charge transport probed by FET over longer distances
of δF ET /σQD ≈ 400 QD diameters reflects the increase in the number of parallel
percolative paths available in the plane of conduction.
These percolative paths result from the space-spanning properties of the aggregate. To study this in more detail, we employ the box-counting method to investigate
the scaling of the cluster mass as a function of length, [192] see Figure 8.7a. We
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find a power-law relation over the available three orders of magnitude in length scale,
indicating the lack of a dominant length scale of the system and therefore a fractal
structure. [192] Fractals are characterized by a fractal dimension, df , describing their
space filling properties; in two dimensions, df varies between 1 and 2 to indicate,
respectively, linear and space filling planar structures. The resultant fractal dimension, in this case, is df = 1.73, consistent with values found for structures grown
with diffusion-limited aggregation with a low sticking probability (Figure 8.8). A low
sticking probability implies that the growing aggregate will explore a large number
of configurations tending to equilibrium structures, characterized by a high fractal
dimension. [156]
Measuring hundreds of superstructures for each ∆T value, we build the histograms
shown in Figure 8.7b, whose maximum is at around df ∼ 1.5, corresponding to a high
sticking probability of ∼ 1, see Figure 8.8. Since the magnitude of the Casimir interaction varies with ∆T , we expect a dependence of df on ∆T . [173] Contrary to
expectations, however, the distribution of these two-dimensional fractal dimensions
is fairly robust upon varying ∆T . A comparison between grown and simulated superstructures reveals that while the branched structures grown at lower ∆T seem unaffected by deposition on the substrates, the globular structures grown at higher ∆T
appear to deform upon sedimentation, yielding three-dimensional, thick cores surrounded by quasi two-dimensional shells (Figures 8.5 and 8.8). We attribute this to
the softness of structures grown at higher ∆T , deforming upon contact with the substrate. These morphological differences ultimately are at the origin of the different
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Figure 8.8: Superstructures simulated via diffusion limited aggregation. Measured two-dimensional fractal dimension values of superstructures generated via diffusion limited aggregation as a function of the sticking probability, p. Inset: Simulated superstructures. As the sticking probability decreases, the structures assume
more compact morphologies characterized by higher fractal dimension df .

CH. 8

Chapter 8. Critical Casimir Forces Tailor Conductivity of Quantum Dot
Films through Engineered Fractal Morphology
optical and transport properties shown in Figure 8.6.
The question then is what causes the initially weak aggregation, and its transition
to permanently assembled superstructures. The critical Casimir force is a solventbased interaction: Grown superstructures should ideally dissolve once the solvent is
removed. The observation of stable superstructures even after solvent removal suggests that eventually van der Waals forces act between the particles, binding them
together irreversibly, while the temperature dependence of the grown QD superstructures and their deformation upon sedimentation indicate that weaker critical Casimir
forces drive their initial growth. We hence hypothesize that the temperature-dependent
critical Casimir forces control the initial reversible assembly, while van der Waals
forces lead to their arrest at later stages and during drying, a mechanism we also observed in a recent emulsion-based assembly of QD supercrystals. [100] To elucidate
the transition from reversible Casimir to irreversible van der Waals interactions, we
model the pair potential using DLVO theory, describing the balance of electrostatic
repulsion and van der Waals attraction, and superimpose the temperature-dependent
critical Casimir interaction. The latter is determined via explicit critical Casimir modeling on particles of identical sizes as in our studies and correlation lengths extracted
from SAXS (Figure 8.4), [171] while the electrostatic interaction is corrected tentatively for ion-solvent fluctuation coupling (Figure 8.7c). [46] As Tc is approached,
the critical Casimir potential deepens, leading to a well-defined secondary minimum.
Consistent with this simple model, we observe that at large ∆T QDs are weakly attractive but can eventually aggregate by overcoming the energy barrier to the primary
minimum. This scenario gradually shifts at temperatures closer to Tc : QDs become
more attractive and spend more time at short interparticle distances, while irreversible
aggregation becomes more likely because of the decreased barrier height. This transition from weakly- to strongly-attractive QDs may qualitatively explain the experimentally observed marked morphological differences between superstructures grown
at different ∆T . The critical Casimir interactions thus allow to tailor the assembly
of QDs from reversible to irreversible, providing ultimate control over the assembled
structure.

8.4

Conclusion

We have shown that the critical Casimir interaction is a powerful tool to engineer
the morphology of QD superstructures. By mildly adjusting the temperature of the
solution, we can drive the assembly of QDs into superstructures that grow in time to
reach sizes compatible with device application, where the superstructure morphology
reflects the magnitude of the attractive potential. While higher temperatures induce
the growth of branched superstructures, lower temperatures allow for softer denser and
aggregates. Upon deposition on the substrate, these soft aggregates deform, increas-
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ing the surface coverage and leading to enhanced electronic coupling. In turn, this
results in more numerous percolative pathways for conduction, allowing for higher
charge carrier mobilities. The choice of substrate can span virtually any solid-state
substrate, allowing a full topographic, optical and electronic characterization of the
critical Casimir-grown QD superstructures. We anticipate that by controlling not only
the interparticle interaction, but also the QD-substrate interaction, critical Casimir
forces should be able to drive strictly two-dimensional growth or QD epitaxy.
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Critical Casimir Forces Drive
Quantum Dot Epitaxy
Adopt the pace of nature: her secret is patience.

Epitaxy is at the basis of many fabrication protocols in the semiconductor industry, allowing the development of complex architectures for optoelectronic devices.
Epitaxial growth critically depends on the interaction between adsorbing particles,
and between the particles and the substrate. While this process has been demonstrated for both atoms and microparticles, the intermediate case of nanocrystals has
remained elusive due to our limited understanding of interparticle interactions at the
nanoscale. Here, we demonstrate the epitaxial growth of a layer of semiconductor
nanocrystals, quantum dots (QDs), on a flat, unfunctionalized and unpatterned silicon substrate via critical Casimir forces. By tuning the interplay of attractive critical
Casimir and repulsive electrostatic interactions, we show that the epitaxial process
can be biased towards either 2D layer or 3D island growth, consisting of crystalline
or amorphous superstructures. These results demonstrate the potential of the critical
Casimir interaction to direct the growth of future artificial solids based on QDs as
fundamental building blocks.
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9.1

Introduction

The semiconductor industry relies heavily on epitaxy, defined as the growth of a
crystalline atomic layer on a crystalline substrate. As a prime example, vapor phase
epitaxy allowed the growth of crystalline gallium nitride on sapphire, [193] eventually
leading to the development of the efficient blue LED that was recently awarded the
Nobel Prize in Physics. Furthermore, sequential epitaxial growth of different material
atoms makes the development of complex device architectures, like tandem solar cells,
possible. The adsorption of an adatom on a substrate is driven by the minimization of
free energy, and the resulting epitaxial structure critically depends on the interactions
between adatoms, and adatom and substrate. Specifically, adatom-adatom interactions stronger than those between adatom and substrate will result in island growth;
conversely, layer-by-layer growth will result when the adsorption to the substrate is
energetically favored to adatom attraction. [194] These principles are general and can
be transited from atoms to larger species, such as colloidal particles, by adjusting the
nature of the interactions at play. [195] While a large body of knowledge has been
gathered on the assembly of colloidal microparticles on a substrate, [195–197] the
exploration of the 1 − 10nm length scale that separates atoms and colloids has just
begun. [198, 199]
Semiconductor nanocrystals, quantum dots (QDs), reside at this length scale. QDs
have the potential of replacing atoms as the fundamental building blocks of future
artificial solids, [163] yielding material properties fundamentally defined from the
bottom-up. [200] In this regard, the assembly of QDs into crystalline solids, or supercrystals, is of key importance as it represents the fabrication step of these complex
materials. Of the several assembly techniques investigated, [33] controlled solvent
evaporation has led to the largest crystalline domain size of QD supercrystals; [100]
this approach is versatile and compatible with 2D assembly, [144] nevertheless the
transfer of the supercrystalline layer to a substrate can lead to cracking. [201] There is,
therefore, a need to improve the quality of supercrystals and their integration onto planar substrates. An ideal solution would be controlling both QD-QD and QD-substrate
interactions to drive the growth of QD supercrystals directly on the substrate: QD
epitaxy.
Advances in QD epitaxy have so far been hindered by our limited understanding
of QD interactions, and specifically by the lack of a universal interaction tunable in
situ. In the previous two chapters, we have shown that the critical Casimir interaction can drive the assembly of QDs in the bulk of a binary solvent close to the critical
point. [181,202] The assembly is driven by the confinement of solvent density fluctuations between QD surfaces, [45,171] the size and composition of which are tunable by
changing the distance from the critical point, thereby controlling the magnitude and
length scale of the interaction. Consequently, it is possible to finely tune the critical

152

9.2. Experimental details
Casimir interaction by simply changing the temperature difference from the critical
point, making it possible to bias QD assembly towards specific superstructure morphologies. [202] Similarly, the confinement of solvent fluctuations between particles
and a substrate leads to attractive particle-substrate interactions that can ultimately
result in the adsorption of particles on the substrate. [168] Therefore, by tuning the
interplay of critical Casimir interaction between QDs, and QDs and the substrate, it
should be possible to direct the epitaxial growth of QDs on a substrate by simply
changing the temperature of the solvent.
In this chapter, we demonstrate QD epitaxy driven by critical Casimir forces. By
tuning the interplay between critical Casimir attraction and electrostatic repulsion between QDs, and QDs and the substrate, we can drive, or suppress, the growth of
patches of single QD monolayer on a silicon substrate. By measuring in situ the size
of the solvent fluctuations, we ensure reproducible experimental conditions that lead
to reproducible superstructure morphologies. Furthermore, by navigating in a multidimensional parameter space of solvent correlation length, Debye screening length,
and substrate wetting properties, we show the potential to tune the morphology of deposited QD superstructures from crystalline, to amorphous, and from layer-by-layer
to island growth.

Experimental details

We synthesize CdSe QDs of diameter σQD = 5.5nm and polydispersity of 7% by
following a reported procedure. [62] The native hydrophobic oleate ligands were replaced with hydrophilic 2,3-dimercapto-1-propanesulfonates (DMPS) by using a twophase system where a 40µM dispersion of QDs in hexane was placed in contact with
a 40mM solution of DMPS in N-methylformamide. After stirring the mixture vigorously for 1 hour, the QDs migrated to the polar phase as a consequence of the ligand
exchange. The polar phase was collected and QDs were precipitated by adding an
additional volume of acetonitrile. After centrifugation at 3000g for 20min, the clear
supernatant was discarded and QDs were redispersed at a concentration of 2µM in
the binary solvent, a 30w/w% solution of 2,6 – lutidine in water, with an additional
10mM NaOH to improve the colloidal stability of QDs. The QD dispersion was then
placed in contact with an oxygen-plasma treated silicon substrate. The substrate was
placed in contact with a steel block and immersed in the binary solvent from the top.
The substrate was heated by means of a heating element embedded in the steel block,
to a temperature T , such that ∆T = Ts −T > 0, where Ts is the phase separation temperature of the binary solvent. By keeping the bulk of the solvent at room temperature
(RT ), we drive a steep vertical temperature gradient going from T in the proximity
of the substrate to RT far from the substrate (Figure 9.1). The magnitude of the critical Casimir interaction is strongly dependent on ∆T , since the size of the fluctuations
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Figure 9.1: Schematic of the experimental setup for QD epitaxial growth on a
silicon substrate via critical Casimir forces. The QD dispersion in the binary solvent
is placed in contact with a silicon substrate heated to a temperature T = Ts − ∆T ,
where Ts is the solvent phase separation temperature. This results in a steep vertical
temperature gradient that drives the assembly only in the proximity of the substrate.
By controlling the size of the fluctuations, ξ, and the Debye screening length, λD , the
phase behavior of QDs can be tuned.

CH. 9

follows a power-law dependence of the type ξ ∼ ξ0 |∆T /Ts |−0.63 . This makes the surface of the substrate the only active location for QD deposition. To ensure maximum
reproducibility, we measured the size of the solvent density fluctuations prior to each
deposition in proximity of the substrate with dynamic light scattering by measuring
the hydrodynamic diameter of the fluctuations and correcting for the ∆T -dependence
of the viscosity. [203] Each deposition lasted one hour.

9.3

Results and discussion

The magnitude and length scale of the critical Casimir attractive interaction depend on the size of the solvent density fluctuations, ξ(∆T ). [45, 171] On the other
hand, the magnitude and length scale of the electrostatic repulsive interaction depend
on the Debye screening length λD , determined by the concentration of free ions in
solution. [34] Therefore, controlling the ratio λD /ξ is equivalent to controlling the
interplay of these interactions from repulsive, λD > ξ, to attractive, λD < ξ, to balanced, λD ∼ ξ. [186] We control ξ by changing the temperature of the substrate;
we control λD by changing the ion concentration. However, there are some experimental restrictions. To control the assembly, the QDs need to be colloidally sta-
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ble in the absence of attractive interactions, implying the experimentally determined
limit: λD > 5nm. Furthermore, the range of temperatures achievable with our setup,
293K < T < Ts = 307K also poses a limit on ξ: 4nm < ξ < 20nm. A schematic
of the experimentally available phase space is shown in Figure 9.2.
Increasing the magnitude of the repulsion while keeping the attractive interaction
constant, ξ = 6nm, reveals the formation of QD crystallites on the silicon substrate
(Figure 9.3). The superstructures deposit homogeneously over the substrate, demonstrating the potential of this technique. The 2D crystallites exhibit face-centered cubic
(FCC) ordering, and are oriented with the [100] direction normal to the substrate. The
size and frequency of crystallites increase with λD , indicating that the increasingly
repulsive interaction between QDs, and QDs and the substrate, is responsible for the
colloidal phase change from glass to crystal. Hence, the low attraction allows the
particles to form the equilibrium crystalline phase. The increase in electrostatic repulsion will also result in an increase in the average number of collision events needed
to result in permanent assembly, [156] therefore allowing the superstructures to transit towards their lowest energy configuration. Surprisingly though, this configuration
only features four nearest neighbors, instead of the six characterizing the [111] direction. Furthermore, the deposition of planar structures suggests that the magnitude of
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Figure 9.2: Available phase space for QD epitaxy. The interdot repulsion must be
sufficient to guarantee a stable colloidal dispersion of QDs in the absence of external
attractive interactions, λD > 5nm. Furthermore, the range of temperatures achievable
with our setup also poses a limit on ξ: 4nm < ξ < 20nm. To explore the region
ξ < 4nm the bath should be cooled below room temperature; instead, to explore
ξ > 20nm the temperature stability and and resolution of the heating setup should be
improved to avoid phase separation.
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Figure 9.3: QD epitaxy driven on a hydrophilic silicon substrate in the repulsive
regime λD > ξ, ξ = 6nm. (Top) Schematic of the available phase space. (Bottom)
Representative scanning electron micrographs relative to color-coded locations on the
phase space. Top scale bars indicate 125nm, while bottom ones indicate 25nm.

the attraction between QDs and the substrate is larger than that between QDs. We can
qualitatively justify this by surface chemistry arguments: The large electron cloud of
the sulfonate groups decorating the QDs surface is bound to yield a weaker interdot
attraction compared to the attraction between QDs and the SiO – -decorated surface of
the silicon substrate. Therefore, we argue that the FCC ordering along the [100] direction may directly result from the competition between the minimization of surface
energy and electrostatic terms: The free energy contribution of larger surface areas can
be compensated by the reduced repulsion that results from the decrease in the number
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Figure 9.4: QD epitaxy driven on a hydrophilic silicon substrate in the intermediate regime λD / ∼ ξ. (Top) Schematic of the available phase space. (Bottom)
Representative scanning electron micrographs relative to color-coded locations on the
phase space. Top scale bars indicate 125nm, while bottom ones indicate 25nm.

of nearest neighbors.
The epitaxial behavior can be almost suppressed by keeping the ratio λD /ξ constant while increasing the magnitude of both repulsive and attractive interactions (Figure 9.4). When increasing λD = ξ from 5 to 15nm, we observe a substantial decrease in the surface coverage, while the morphology of the superstructures appears
overall amorphous. In principle, we would not expect any change in the assembly
behavior while attractive and repulsive interactions stay balanced. Previous studies
for σC = 400nm  σQD latex colloidal particles indicated the line λD = ξ as
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the separation between repulsive, λ > ξ, and attractive λ < ξ behavior of colloidal
particles. [171] Instead, our observations suggest that as the magnitude of both interactions increase concomitantly, the effective behavior of QDs assembling on the surface
becomes repulsive. A recent report suggested that the behavior of critical Casimir interaction may deviate significantly from bulk when the fluctuations are confined in a
plane. [204] Indeed, this is the case for our experimental setup where the fluctuations
are confined in close proximity of the flat silicon substrate (Figure 9.1). We therefore qualitatively justify this deviation from bulk behavior with the special boundary
conditions of our experimental setup.
The morphology of deposited superstructures can be completely altered by increasing the magnitude of the attractive critical Casimir component while keeping the
electrostatic interaction constant, λD = 10nm (Figure 9.5). As the size of the fluctuations increases, the small QD aggregates begin to coarsen to assume a well-defined
morphology that, however, does not hint to a specific structure. The type of morphology suddenly unfolds when repeating the same experiment for λD = 15nm: QDs
assemble in a characteristic spinodal pattern (Figure 9.6). For a fixed value of λD
the domain size grows to sizes comparable with ξ, and depends in a non-trivial way
on λD (Figure 9.7). Spinodal morphologies are characteristic of two-component mixtures subjected to rapid demixing. [205] However, in this case, we are well below the
phase-separation temperature by ∆T > 0.1K. We propose that the assembly of QDs
into spinoidal superstructures is a direct consequence of the solvent-density fluctuations. In this regime, where ξ > λD , the critical Casimir interaction dominates over
the electrostatic repulsion, and QDs may adsorb onto the substrate by following the
specific pattern of the fluctuations. Therefore, this experimental system may also be
used to improve our fundamental understanding of critical Casimir forces by using the
nanoparticles as probes.
To gain further insight into the expected morphology of Casimir-grown QD epitaxial layers, we run 2D Monte Carlo simulations for QD sizes σQD matching experiment and regions in the [ξ, λD ] phase space regions close to those experimentally
investigated (crosses in Figure 9.8a). [204, 206] The pair potential is generated by
superimposing the attractive Casimir component, modeled explicitly in conditions of
2D confinement of the fluctuations, [204] with a repulsive electrostatic component,
where the QD surface charge was estimated from ζ potential measurements of the QD
dispersion (Figure 9.8b). The pair potentials show a well-defined minimum at short
interparticle distances that grows deeper as ξ increases. Under conditions of low attraction, λD = 3nm > ξ = 2nm, QDs assemble on the hydrophilic substrate in an
ordered fashion, forming monolayer patches (Figure 9.8c). As the potential becomes
more attractive, λD = 3nm < ξ = 4nm, this degree of order is lost and QD assemble
into amorphous monolayers (Figure 9.8d). As ξ increases further, the average patch
size increases as well while maintaining the amorphous structure (Figure 9.8e-f). The
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Figure 9.5: QD epitaxy driven on a hydrophilic silicon substrate in the attractive
regime λD < ξ, λD = 10nm. (Top) Schematic of the available phase space. (Bottom) Representative scanning electron micrographs relative to color-coded locations
on the phase space. Top scale bars indicate 125nm, while bottom ones indicate 25nm.

results of these simulations demonstrate a qualitative agreement with the experimental results we have shown: Development of ordered regions for λD > ξ (Figure 9.3),
order-to-disorder transition around λD ∼ ξ (Figure 9.7), and may even hint to the
development of spinoidal-like structures for λD  ξ (Figures 9.5-9.6). To decrease
the gap between simulations and experiments, computationally more expensive 3D
simulations may be needed.
Finally, we bias the epitaxial deposition to selectively drive QD island growth. Island growth is characterized by interparticle interactions stronger than particle-substrate.
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Figure 9.6: QD epitaxy driven on a hydrophilic silicon substrate in the attractive
regime λD < ξ, λD = 15nm. (Top) Schematic of the available phase space. (Bottom) Representative scanning electron micrographs relative to color-coded locations
on the phase space. Top scale bars indicate 125nm, while bottom ones indicate 25nm.

We achieve these conditions by engineering the surface affinity of the silicon substrate
from hydrophilic to hydrophobic by treating the substrate with 3-mercaptopropyl trimethoxysilane.
[151] We then drive the assembly of the hydrophilic QDs by keeping the repulsive
component unaltered, and increasing the magnitude of the attractive component by
changing the temperature (Figure 9.9). QDs epitaxy has now been biased towards
solely island growth, with sizes between 50 and 500 nm. The critical Casimir effect
is expected to yield a net repulsive force in the presence of asymmetric boundary conditions, namely hydrophobic substrate and hydrophilic particle. [168] It is therefore
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Figure 9.7: QD epitaxy driven on a hydrophilic silicon substrate in the attractive
regime λD < ξ, λD = 5nm. (Top) Schematic of the available phase space. (Bottom)
Representative scanning electron micrographs relative to color-coded locations on the
phase space. Top scale bars indicate 125nm, while bottom ones indicate 25nm.

surprising that we observe any superstructure growth in these conditions. Therefore,
we speculate that QD islands begin to grow on locations of the substrate where the hydrophobic surface coverage is defective, revealing a hydrophilic patch of size σdef ect ,
see schematics in Figure 9.10a. We model the pair potential by using 2D Monte Carlo
methods for patch sizes σdef ect = σQD (Figure 9.10b). [204] As expected, the hydrophilic QDs are repelled from the hydrophobic substrate at long distances; however, the attraction to the hydrophilic patch dominates the behavior at short distances,
d < σQD /2. Only exp(−Eb /kB T ) ∼ 2% of the particles can overcome the energy
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Figure 9.8: Modeled pair potentials and 2D Monte Carlo simulations of QD epitaxial layer growth. (a) Locations in the [ξ, λD ] phase space of the simulations
(crosses), to be compared with the experimentally probed regions (circles). (b) Modeled pair potentials of QDs, resulting from the superposition of attractive Casimir and
repulsive electrostatic components. [171, 204] (c-e) 2D Monte Carlo simulations of
the expected morphology of an epitaxial layer of hydrophilic QDs on a hydrophilic
substrate for various ξ and λD values. All simulations were stopped once the surface
coverage reached ρ = 0.35.

barrier of Eb ∼ 4kB T and bind to the substrate. However, the adsorption of even a
single QD to the patch greatly increases the range of the attractive component, dramatically decreasing the energy barrier. Hence, the deposition of the first QDs will
result in a cascade effect that will quickly lead to the formation of the island. The
fast recruital rate that can be expected from the results of these simulations may also
explain the visually amorphous nature of these QD islands. [206]

9.4

Conclusions

In this chapter, we have shown that the critical Casimir effect represents an invaluable interaction to drive the epitaxial growth of QDs on a substrate in a controlled
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Figure 9.9: QD epitaxy driven on a hydrophobic silicon substrate in the attractive regime λD < ξ, λD = 10nm. (Top) Schematic of the available phase space.
(Bottom) Representative scanning electron micrographs relative to color-coded locations on the phase space. Top scale bars indicate 125nm, while bottom ones indicate
25nm.

manner. By explicitly varying the magnitude and length scale of attractive critical
Casimir and repulsive electrostatic interactions, we show that a wide range of morphologies can be achieved from crystalline ordering to spinodal superstructures. We
demonstrate that the resulting QD morphology is a function of the ratio of the size
of solvent density fluctuations and Debye screening length. Finally, we show control
over the type of epitaxial process by directing the growth from 2D layer growth to 3D
island growth. We envision that these results may pave the way to novel device fab-
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Figure 9.10: 2D Monte Carlo simulations of surface-defect mechanism for island
growth. (a) Simulation schematics: A QD of diameter σQD approaches an overall hydrophobic surface characterized by the presence of a hydrophilic defect of size
σdef ect .(b) Pair potentials deriving from 2D Monte Carlo simulations for ξ = 19nm.
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rication techniques and optoelectronic devices based on single QD monolayers, such
as light-emitting diodes. [10] Furthermore, this experimental system may be used as
testing ground to experimentally observe effects predicted from theory. [207]
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10
Summary
A journey is a person in itself; no two are alike. And all plans, safeguards, policing, and coercion are fruitless. We find that after years of
struggle that we do not take a trip; a trip takes us.
— John Steinbeck

At the nanoscale, electronic materials can develop size-dependent properties due
to quantum-confinement effects. This is the case for semiconductor nanocrystals, also
known as quantum dots (QDs). In these materials, the confinement of charge carriers
leads to a size-dependent electronic bandgap; as a consequence, the light absorption
and emission properties of QDs can be tuned over a wide spectral range by simply
changing their size. Furthermore, QDs can be synthesized as a colloidal dispersion,
making their use compatible with inexpensive and efficient roll-to-roll printing technologies (Chapter 1).
The unique photophysics of QDs, together with their ease of fabrication and processability, make them promising candidates as building blocks for novel optoelectronic devices, such as solar cells, photodetectors, light emitting diodes, and lasers.
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Chapter 10. Summary
However, to be used as active layer in a device, QDs must be assembled to form
macroscopic solids. Since the macroscopic properties of the assembled solid, such
as its electrical conductivity, crucially depend on microscopic aspects such as interdot distance and surface passivation, methods to control the assembly of QDs into
close-packed and reproducible superstructures are universally desirable (Chapter 2).
In atomic systems, the rate of temperature quench controls the crystallinity of
the resulting solid; in colloidal systems, this role is played by the rate of increase of
particle volume fraction. To control this quantity, we prepare an oil-in-water emulsion
where each droplet contains a dispersion of QDs in a volatile hydrophobic solvent.
The low solubility of the hydrophobic solvent in water limits the droplets’ rate of
evaporation, allowing for an assembly time scale slow enough to study the kinetics
of QD condensation into a solid. We measure this process directly by synchrothronbased small-angle X-ray scattering, and extract crucial structural and thermodynamic
parameters revealing the driving forces of QD assembly into crystalline solids, or
supercrystals (Chapter 3).
The emulsion-templated approach drives the assembly of QDs into spherical supercrystals with diameters comparable to the wavelength of light in the visible range.
The spherical supercrystals can therefore support confined optical modes known as
Mie modes, with the potential of enhancing the otherwise relatively low absorption
cross section of QDs. By comparing the experimentally measured absorption and
scattering spectra to the simulated absorption and scattering cross sections of single
supercrystals, we demonstrate that spherical QD supercrystals support Mie resonant
modes; these modes allow for an enhanced optical performance, yielding to an estimated absorption efficiency of supercrystals up to 125% in a wide range of diameters
and in the visible range. Furthermore, by decreasing the interdot spacing, we show
that excitons can readily delocalize in QD supercrystals marking the transition from
bound to free biexciton system, together with an increased probability of energy transfer (Chapter 4).
Ligand exchange is crucial to enhance charge transport in QD superstructures.
As synthesized, the surface of QDs is typically decorated with long, organic ligands
making QD solids largely insulating. The conductivity of QD solids can be increased
by replacing these ligands with short molecular complexes, establishing conductive
bonds between neighboring QDs that allow charge transport. To improve our understanding of this ligand exchange process, we use the model system of flat CdSe
nanoplatelets (NPs) with atomically defined thickness. Importantly, we find that this
ligand exchange process can induce the growth of defects in NPs, clearly visible as
punctures in the crystalline lattice. Importantly, we find that the extent of structural
damage can be reduced by choosing specific experimental conditions for the ligand
exchange. Furthermore, we demonstrate that damaged NPs can be repaired by inducing surface reconstruction through chemical or thermal routes (Chapter 5).
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The insight gained on the ligand exchange of NPs also benefited our efforts in
their assembly. Charge carriers can freely travel in the plane of NPs; for this reason,
the assembly of NPs holds great promise in the development of solution-processed
2D macroscopic electronic materials. We drive the assembly of NPs at the air/liquid
interface into 2D solids featuring smectic order, and we show that this phase is energetically favored as it minimizes the interfacial energy. Furthermore, we exploit
the attractive depletion interaction resulting from excess ligands present in solution to
drive the formation of micrometer-long nanowires constituted by stacked NPs (Chapter 6).
More generally, the phase behavior of colloidal particles can be controlled by
exploiting the interplay of repulsive and attractive interactions. Recently, a novel
solvent-based attractive interaction has attracted the interest of the scientific community due to its universal nature and exclusively temperature-dependent properties.
This interaction, known as the critical Casimir interaction, relies on the confinement of
temperature-dependent solvent-density fluctuations between particle surfaces to drive
the assembly. In this thesis, we report the first attempt to control the assembly of
QDs by using critical Casimir forces. By investigating their assembly kinetics, we
determine that hydrophilic QDs preferentially assemble in the presence of water-rich
fluctuations, while the assembly can be suppressed by using water-poor fluctuations.
Critical Casimir forces can drive the growth of micrometer-sized QD superstructures,
that sediment to form QD solids (Chapter 7).
The morphology of these QD solids can be controlled by tuning the strength of the
Casimir interactions, strongly dependent on the distance in temperature from the critical point of the dispersing solvent. We exploit this effect to tailor the space-spanning
properties of Casimir-grown QD solids, yielding a clear dependence of conductivity
on the strength of the attractive interaction used (Chapter 8).
The confinement of solvent-density fluctuations between a flat surface and a colloidal particle is also predicted to yield a net attractive force. We exploit this effect to
drive the growth of a crystalline layer of QDs on a unfunctionalized and unpatterned
silicon substrate: QD epitaxy. By tuning the strength and length scale of attractive
Casimir and repulsive electrostatic interactions, we drive the growth of QD monolayer superstructures. These superstructures show reproducible morphologies, that
can be varied from crystalline, amorphous, to spinoidal, by controlling the balance of
attractive and repulsive interactions. (Chapter 9).
In the next chapter, we conclude this thesis with a brief personal outlook on the
matters of nanoscience discussed (Chapter 11).

11
Outlook
Not all those who wander are lost.
— J.R.R. Tolkien
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As conclusive chapter, we provide a brief personal outlook on the matters of nanoscience
investigated in the body of this thesis. We place the advances presented in this thesis in
perspective with other breakthroughs in nanocrystal synthesis and surface chemistry.
Finally, we speculate about the future endeavors of nanoscience.

C H . 11

Chapter 11. Outlook
In this thesis, we have investigated novel approaches to drive the assembly of
nanocrystals into solids with well-defined and reproducible morphologies. In multiple
instances, we have shown how morphology defines the properties of the nanocrystal
solid, demonstrating the importance of improving our understanding of nanocrystal
interactions and assembly. Yet, even the most careful assembly approaches can prove
to be ineffective when not in synergy with advances in nanocrystal synthesis and surface chemistry.
Semiconductor nanocrystals are often described as artificial atoms; however, the
degree of energetic disorder present in nanocrystals intrinsically distinguishes them
from their atomic counterparts. This energetic disorder derives from heterogeneity
of nanocrystals in size, shape, and surface coverage across the ensemble, acting as
a barrier against charge transport in nanocrystal solids. Therefore, to allow for the
development of efficient channels for charge transport, there is a strong push towards
atomically-defined nanocrystals.
The last 20 years of research resulted in the decrease of nanocrystal polydispersity
from ∼ 5% to ∼ 3%. [4, 29] An open question is how monodisperse do nanocrystals
need to be to allow miniband formation. Nevertheless, the recent synthesis of colloidal nanoplatelets with atomically defined thicknesses, [125] accompanied by the
rationalization of their formation mechanism, [136] suggest that it is only a matter
of time until we can prepare truly monodisperse nanocrystals. Even then, controlling
the nanocrystal surface chemistry will be just as key to the realization of nanocrystal
solids with well-defined transport properties.
The ideal surface ligands grant nanocrystals colloidal stability in the dispersing
solvent, while being conductive enough to allow the electronic wavefunction to leak
to the neighboring nanocrystals in a solid, and passivating surface traps present at
the surface. With these requirements in mind, the most promising approach might
be using the recently synthesized molecular solders, inorganic polymers matching the
composition of the nanocrystal core. [32] Here, the development of more accessible
synthetic routes for these inorganic polymers may encourage their use. Yet, there
might be interesting opportunities for organic conjugated molecules and polymers,
[208] harvesting on the body of knowledge accumulated in the last 40 years of research
on organic photovoltaics. [209] Finally, thanks to the atomically defined cores and
ligand binding sites, the field of atomic clusters may suggest novel approaches in the
reduction of nanocrystal disorder. [210]
Beyond these technical, yet paramount, considerations, new physics awaits. We
envision properties of nanocrystal solids defined entirely by the choice of constituent
nanocrystals so that each nanocrystal may be responsible for the interaction of the
overall solid with a specific external stimulus. We imagine the position-dependent
composition of nanocrystal solids to allow for novel effects that are more than the bare
sum of the parts, controlling and coordinating orthogonal properties of the nanocrys-
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tal solid. The multidimensional parameter space spanned by nanocrystal composition,
size, shape, surface coverage, ligand chemistry, and still morphology of the nanocrystal solid, provides a number of degrees of freedom that are simply unavailable in
atomic solids; this feature should be exploited as a strength of nanocrystal solids, and
this multi-dimensional phase space should be scanned by experiments and simulations, to identify regions where novel effects can be expected.
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