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Chapter 1

Summary

The oriented attachment process has already been investigated with PbSe quantum dots,1 how-
ever these quantum dots are very sensitive to oxidation. The oriented attachment process
is therefore now studied with PbS quantum dots. By changing the reaction conditions four
different superstructures have been obtained: the linear, honeycomb, zigzag and square super-
structure. The zigzag structure is a newly discovered structure and has not been observed for
the PbSe quantum dots. The four superstructures have been analyzed by (HR)-TEM and ED
and the results have been used to construct models of the different superstructures. It was
found that all superstructures are attached by their {100} facets, only their orientation on the
air/solvent interface changes. Furthermore, the (HR)-TEM and ED results have been used to
obtain more information about the oriented attachment growth mechanism. It was found that
necking plays an important role in the oriented attachment process.
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Chapter 2

Introduction

Nanomaterials are extensively studied nowadays, because their chemical and physical proper-
ties are size and shape dependent. Many quantum dot sizes and shapes have already been
synthesized by the hot injection method.2,3 By the discovery of the oriented attachment pro-
cess in 1998 it became possible to synthesize structures with even more complex shapes.4 From
that point much research was done on the formation of 1D linear superstructures from oxide
nanoparticles and semiconductors.5,6 The aim of these studies was mostly to investigate the
oriented attachment growth mechanism. A linear structure was found due to the formation of
a dipole moment in the superstructure. However, this last explanation was not proven and was
only an assumption. In 2010 Schliehe et al. were able to synthesize the first 2D superstructures
from PbS quantum dots.7 The formation of this superstructure could not be explained by the
presence of a dipole moment and they explained the formation of 2D sheets by the presence of
chloride ions and the packing density of the capping ligands. In 2012 Evers et al. published their
results on the formation of different 2D superstructures by the variation of the quantum dot
concentration and thus the capping ligand concentration (see Figure 2.1).1 These superstruc-
tures (linear, honeycomb and square) consisted of PbSe quantum dots as building blocks. The
most interesting superstructure is the honeycomb structure, because it combines the chemical
and physical properties of graphene and quantum dots. Graphene is a very interesting mate-
rial, because the electrons behave as photons and have therefore a very high electron mobility.8

These properties can also be incorporated into nanomaterials by synthesizing for example a
honeycomb lattice.

Figure 2.1: Linear (upper), honeycomb (center) and square
(bottom) superstructures built from PbSe quantum dots. Fig-
ure is reproduced from Evers et al.1
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This Master’s thesis is the continuation of the research done by Evers et al. The aim is to
investigate the oriented attachment mechanism for PbS quantum dots and to find the reaction
conditions for the formation of the different superstructures: linear, honeycomb and square.
The lead chalcogenide family is chosen as building blocks, because of its large Bohr radii and
strong absorption in the near-infrared region of the spectrum. These properties make the quan-
tum dot superstructures suitable for efficient light absorption, charge separation, transport and
carrier collection. The disadvantage of PbSe quantum dots is its poor stability in air. PbS
quantum dots have a lower redox potential and may therefore be a more suitable alternative.9

In this Master’s thesis the hot injection method is first explained by the nucleation and growth
theory. Subsequently, the Hückel theory is applied to the graphene structure to explain the
interesting physical properties of graphene. This is followed by the description of the oriented
attachment process. Finally, the experimental methods and results about the hot injection
theory, PbS quantum dots stability and oriented attachment experiments are presented and
discussed.
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Chapter 3

Theory

3.1 Quantum dots

Quantum dots are semiconductor nanoparticles with a diameter between 1 and 100 nm. They
consist of an inorganic core that can be capped with a stabilizing shell of organic ligands (see
Figure 3.1). Particularly, quantum dots within a size range between 1 and 10 nm are of great
interest, because their behavior differs significantly from bulk materials. This difference is
caused by two phenomena: the large surface to volume ratio and the quantum confinement
effect. A relative large surface causes a decrease in stability due to the existence of dangling
bonds. This surface enlargement affects various chemical properties, like a decrease in melting
temperature and an increase in reactivity and solubility.10 The quantum confinement effect
alters the optical and electronic properties of the quantum dots (see Figure 3.2). This effect
appears when the size of the quantum dot is comparable to the wavelength of the exciton wave
function. This effect results in an increase in band gap energy with a decrease in particle size.

Figure 3.1: Schematic representation of a
nanocrystal consisting of an inorganic core
capped with organic ligands. Figure is repro-
duced from Morris-Cohen et al.11

Figure 3.2: Schematic representation of the
quantum confinement effect in quantum dots.
Figure is reproduced from De Mello Donéga.2

As mentioned before, quantum dots consist of an inorganic core that can be capped with a
shell of organic ligands. The inorganic core (e.g. PbSe or ZnS) defines the optoelectronic and
magnetic properties. These properties are controlled by the composition, size and shape of the
quantum dots.
As mentioned before the surface ions of the core have dangling bonds. These dangling bonds
can be stabilized by capping the core with ligands. Some widely used capping ligands are oleic
acid (OA), hexadecylamine (HDA) and trioctylphosphine(oxide) (TOP(O)). The capping lig-
ands control several physio-chemical properties of the nanocrystal like reactivity and stability.
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Furthermore, the nucleation and growth process in the nanocrystal synthesis is strongly influ-
enced by the capping ligands.2 Many properties are also determined by the interaction of the
inorganic core and the organic ligands.2 Due to the large range of possible cores and ligands a
large variety of quantum dots can be synthesized.

3.2 Hot injection method

Using the hot injection method monodisperse (≤5%) nanocrystals with high quantum yields
(≤85%) can be synthesized.12,13 This method was first described by C.B. Murray et al. (1993)
and is based on the classical nucleation theory.14,15 Currently, the hot injection method has
had many adaptations depending on the desired nanoparticles, however the basic principles still
hold.
The hot injection method consists of two steps: first a metal-ligand precursor is synthesized,
second the nanoparticles are formed by the addition of a chalcogenide precursor (see Figure
3.3).13 The metal-ligand precursor solution consists of a non-ionic metal-ligand complex and
free ligands in a high-boiling apolar solvent. The ligands can sometimes, depending on the
system, act as the solvent at the same time.

Metal-ligand
precursor solution

Chalcogenide precursor

Nucleation Growth

Figure 3.3: Schematic overview of the hot injection method, starting with the
nucleation and followed by the growth stage.

This metal-ligand precursor solution is heated to a high temperature and the chalcogenide
precursor is swiftly injected. This non-ionic precursor can be dissolved in an apolar solvent,
but this is not always required. When the chalcogenide precursor is injected nuclei are created
immediately (nucleation). The nucleation can be terminated in two ways depending on the
volume of the chalcogenide precursor. If the precursor volume is relatively large, the nucleation
stops due to a temperature drop below the nucleation temperature. If this volume is relatively
small, the nucleation causes an immediate decrease in free precursor concentration below the
point of supersaturation, resulting in the termination of the nucleation stage.
After the nucleation the nanocrystals grow slowly to a specific size. This size can be controlled
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by several reaction conditions like growth temperature, monomer concentration and quenching.
Quenching is the rapid cooling of the product to keep its specific properties. The product
is purified afterwards by washing, centrifugation and decantation. All excessive precursors,
ligands and apolar solvent molecules remain in the polar supernatant. The desired nanocrystals
precipitate at the bottom of the vial and can be dispersed in a desired apolar solvent. This
purification step does not only remove all excessive ligands, but removes some binding ligands
as well, which leads to a decrease in nanocrystal stability.16

3.3 Nucleation and growth

Although the hot injection method was already described in 1993, there is still little knowledge
about the kinetics of the nanocrystal formation.17 Therefore researchers base their synthesis
methods on several theories about the nucleation and growth process like the classical nucle-
ation theory. The formation of nanocrystals consists of three separate stages: I) the induction
period, II) the nucleation stage and III) the growth stage (see Figure 3.4). These stages will
be elaborated in the upcoming sections. Separation of the different stages is required to form
monodisperse nanoparticles. If the stages are overlapping new nuclei are formed during the
growth stage, which results in polydisperse nanoparticles.

Figure 3.4: a) Change in saturation level during the I) induction period, II) nucleation
stage and III) growth stage. S0 is the solubility equilibrium level, SCRIT is the start of
supersaturation and SMAX is the maximum saturation level. b) Visualization of the different
stages in a nanocrystal formation. Figure is adapted from Groeneveld.17

3.3.1 Induction period

This stage starts with the rapid injection of the precursors. The metal-precursors react with
the chalcogenide-precursor forming metalchalcogenide monomers (e.g. PbS) stabilized by a
number of ligands (see Figure 3.4b). In time these monomers form small and unstable clusters
of monomers due to an increase in monomer concentration.
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3.3.2 Nucleation stage

The nucleation stage can be described by the classical nucleation theory. This theory is ap-
plied in many research fields like in the synthesis of quantum dots and in phase transitions.15,18

However, in the field of quantum dots this theory cannot describe the nucleation quantitatively,
only qualitatively. Some shortcomings of the classical nucleation theory for quantum dots are
the description of nuclei as bulk material and interfacial tension as size independent, both of
which are not the case for quantum dots.

After the induction period the nucleation starts. The clusters formed in the induction stage
grow further until they reach a critical size (rc). At this point the clusters are stable and can
nucleate into small nuclei due to an energy gain in crystal formation. At which size the nuclei
are stable depends on the change in the Gibbs free energy (∆Gtot) (see Equation 3.1).17

∆Gtot = ∆GV + ∆GS =
4

3
πr3ρ∆µ+ 4πr2γ (3.1)

in which r is the crystal nucleus radius, ρ is the density of the crystalline phase, ∆µ is the
chemical potential difference between the nucleus and the free monomers, and γ is the interfacial
tension between the nucleus and the solution. Whether the clusters are stable and nucleate
depends on the difference between the volume excess free energy (∆GV) and the surface excess
free energy (∆GS). ∆GV is negative with an increase of cluster size due to exothermic bond
formations in the cluster. ∆GS is positive with an increase of cluster size, because creating
surface costs energy. Equation 3.1 shows the different dependencies of ∆GV and ∆GS on the
cluster size (r3 and r2, respectively), resulting in a maximum of ∆Gtot at rc (see Figure 3.5).
The nucleation is a statistical process in which the chance of redissolvement is high when r <
rc. However, when r > rc it is more likely that the cluster will grow further. At rc the chance
of redissolvement or growth is equal. This critical size can be obtained from d∆Gtot/dr = 0
(see Equation 3.2).17

Figure 3.5: Change in Gibbs free energy (∆Gtot) during the nucleation
phase. ∆GV decreases with increasing cluster size and ∆GS increases
with increasing cluster size, resulting in an activation energy (∆Gc) for
nucleation. Figure is adapted from Groeneveld.17

9



rc =
2γ

ρ∆µ
XXXXwith ∆µ ≈ −kBT lnS (3.2)

in which kB is the Boltzmann constant, T is the reaction temperature and S is the degree
of supersaturation. From Equation 3.2 it can be concluded that the critical size is decreased
by increasing the reaction temperature and/or increasing the supersaturation. This results in
more nanocrystals with smaller sizes. Conversely, a decrease in reaction temperature and/or
supersaturation leads to a lower concentration of larger nanocrystals.
Furthermore, the nucleation is also influenced by the type of ligands. The ligands can shift the
decomposition rate of the precursors and thereby changing the nucleation rate. Decreasing the
stability of the ligand-metal bond raises the decomposition rate of the precursor. This causes
an increase in monomer formation and thereby an increase in nucleation rate. Furthermore,
the nucleation rate shifts by changing the metalchalcogenide-ligand bond strength. This rate is
increased with decreasing bond strength.

The nucleation stage can end in two ways. It ends when the temperature drops below the
nucleation temperature or when the saturation of precursors in the solution drops below the
supersaturation concentration. At this point, the chance of redissolvement is higher than nu-
cleation, so the nucleation is terminated.

3.3.3 Growth stage

After the nucleation stage the growth starts. Nanocrystals can grow in two ways: first, the
monomers can be incorporated into the existing particle and second, two existing nanoparticles
can be fused together (see Figure 3.6). Growth by monomer incorporation consists of two
consecutive steps: first, the monomer diffuses towards the nanocrystal and second, the monomer
is incorporated into the nanocrystal. Which event is the rate limiting step depends on the
reaction conditions. At the start of the growth stage the incorporation of monomers is the rate
limiting step (reaction controlled regime), because the diffusion process can be neglected due to
a high monomer concentration in the solution. However, when growth proceeds the monomer
concentration drops and the diffusion process becomes the rate limiting step (diffusion controlled
regime). The total growth rate can be expressed by the Gibbs-Thomson relation (see Equation
3.3).17,19

a b

Figure 3.6: Two growth mechanisms: a) monomer
addition and b) particle coalescence.

dr

dt
=

2γDa0V
2
m

kBTr

(
1

2rc
− 1

2r

)
(3.3)

in which D is the diffusion coefficient for a monomer, a0 gives the monomer activity in equilib-
rium with the bulk crystal material and Vm is the molar volume of the solid. It should be noted
that the monomer activity is not equal to the monomer concentration, but is the ‘effective’
concentration. The activity depends also for example on the temperature and composition of
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the solution. Equation 3.3 shows a negative growth rate when r < rc and a positive growth
rate when r > rc (see Figure 3.7).
This figure also illustrates the requirement of a high monomer concentration in the quantum dot
synthesis. Only at high monomer concentrations the nanocrystals will become more monodis-
perse during its growth. At low monomer concentrations the larger nanoparticles will grow
faster than the smaller particles, which will lead to a large size distribution. However, at high
monomer concentrations the growth rate has crossed the maximum growth rate and the smaller
nanoparticles grow faster than the larger nanoparticles. This is called the size focusing regime
and will result into monodisperse nanoparticles. This high monomer concentration can be ac-
quired by repeated precursor injections or by using an excess of one of the precursors. This
last solution shifts the chemical equilibrium between the attached/detached ligands towards the
bound side.
Furthermore, the nanocrystal growth does not only depend on the monomer concentration, but
on many other variables as well, like the type of capping ligands. The capping ligands can
affect the nanocrystal growth in two ways. First, the capping ligands block the addition of
the metalchalcogenide-ligand complex by sterical hindrance. Consequently, stronger binding
ligands lead to smaller nanoparticles in comparison with weaker binding ligands. Furthermore,
the growth rate is also influenced by the stability of the metalchalcogenide-ligand complex. If
the stability of the complex is decreased the reaction rate is increased. The stability of this
metalchalcogenide-ligand bond depends for example on the length of the alkyl chain of the
ligand. Shorter alkyl chains experience weaker inter-ligand interactions (Van der Waals inter-
actions), which results in a faster diffusion rate and therefore a faster growth rate.

Figure 3.7: Growth rates for different monomer activities. Low monomer activ-
ities lead to size defocusing and high monomer activities result in monodisperse
nanoparticles. Figure is adapted from Groeneveld.17

In time the free monomeric ligand concentration drops due to the monomer consumption by the
growing nanocrystals. The nanocrystal growth continues until the monomer concentration is
equal to the solubility equilibrium level (S0). At lower monomer concentrations the undesirable
Ostwald ripening occurs. Oswald ripening is the growth of larger nanoparticles at the expense of
the dissolution of smaller nanoparticles. To prevent this process and to maintain monodisperse
nanoparticles, growth and shrinking are quenched by a rapid drop in temperature when the
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growth is still in the size focusing regime.

3.4 Graphene structure

Graphene is a flat monolayer of carbon atoms packed in a honeycomb lattice. This 2D molecule
is the building block for many structures like 0D buckyballs, 1D nanotubes and 3D graphite
(see Figure 3.8).8,20 Much research has been done on graphene, because of its unique electronic
properties. Several applications of graphene have been envisioned like ultracapacitors and single
molecule gas-detectors.

a b c
Figure 3.8: Graphene as a building block for
different carbon based materials: a) buckyball,
b) nanotube and c) graphite. Figure is repro-
duced from Swart.8

a b

R1

R2a1

a2

R3

A B

b2

b1 M

K

Γ

Figure 3.9: a) Honeycomb lattice of
graphene. b) Corresponding reciprocal lattice
of graphene.

The unique electronic properties of graphene can be explained by the electronic dispersion
relation of the honeycomb lattice. All carbon atoms in graphene are sp2 hybridized, thus the
electronic dispersion relation of the valence electrons in the honeycomb lattice can be described
by the atomic pz orbitals of the carbon atoms and the Hückel theory (also known as the tight-
binding model). The graphene lattice shown in Figure 3.9 consists of two carbon atoms (A and
B) per unit cell and has therefore two atomic pz orbitals. The overall wavefuction (ψk(r)) is
given by the sum of the Bloch functions of the pz orbitals centered on atoms A and B:

ψk(r) = c1 ×
1√
N

∑
RA

eik·RAφA(r−RA) + c2 ×
1√
N

∑
RB

eik·RBφB(r−RB) (3.4)

in which N is the number of unit cells, k is the wave vector and the summation is over the atom
site coordinates RA,B. φ(r - Ri) describes the normalized atomic pz state of an isolated atom.
Using the LCAO (Linear Combination of Atomic Orbitals) method the expected energy can be
determined by the Equation 3.5:

ELCAO =

∫
ψ∗kĤψkdτ∫
ψ∗kψkdτ

(3.5)

in which Ĥ is the Hamiltonian. Equation 3.5 can be applied to a graphene molecule by filling
in the wavefunction of Equation 3.4 into Equation 3.5, which will result into Equation 3.6:
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ELCAO =
c∗1H11c1 + c∗1H12c2 + c∗2H21c1 + c∗2H22c2
c∗1S11c1 + c∗1S12c2 + c∗2S21c1 + c∗2S22c2

(3.6)

in which

Hi,j =

∫
ψ∗i Ĥψjdτ

Si,j =

∫
ψ∗i ψjdτ

(3.7)

By introducing some simplifications Equation 3.5 can easily be solved. The first simplification is
that H11 = H22 = α, because the energy of an electron is equal at both locations. α represents
the energy of two single pz orbitals. Furthermore, H12 = H21 = β due to the symmetry of the
unit cell. β is the energy gain upon bond formation. Furthermore, S11 = S22 = 1, because
the orbitals are orthonormal and S12 = S21 = 0, because there is no overlap between the two
orbitals. α and β can be further simplified by considering only the nearest neighbor interactions
in the graphene lattice. The three nearest neighbors of an arbitrary atom are located at (a2 ;
√
3a
2 ), (a2 ; −

√
3a

2 ) and (-a, 0). The resulting α and β are presented in Equation 3.8 and 3.9,
respectively.

α(k) =
1

N

∑
RA

∫
φ(r−RA)Ĥφ(r−RA)dτ = ε2pz (3.8)

β(k) = γ0

√√√√1 + 4 cos2

(√
3aky
2

)
+ 4 cos

(√
3aky
2

)
cos

(
3akx

2

)
(3.9)

with

γ0 =

∫
φA(r−RA)ĤφB(r−RA −Ri)dτXXforXi = 1, 2, 3 (3.10)

The energy (Equation 3.5 can be minimized by the Hückel theory and a matrix can be set up
to determine the minimum energy. From this matrix the secular determinant can be constructed:∣∣∣∣α(k)− E(k) β(k)

β(k) α(k)− E(k)

∣∣∣∣ = 0

Solving this secular determinant gives two energy levels: the conduction and the valence band
level (see Equation 3.11).

E(k) = α(k)± |β(k)| (3.11)

Substitution of α and β in E(k) finally gives the dispersion relation of graphene:

E(k) = ε2pz ± γ0

√√√√1 + 4 cos2

(√
3aky
2

)
+ 4 cos

(√
3aky
2

)
cos

(
3akx

2

)
(3.12)
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Figure 3.10: Left: dispersion relation of graphene, calculated with the
Hückel method. Right: zoom in of a Dirac K-point in the energy band
diagram. Figure is reproduced from Wilson.21

The dispersion relation in Equation 3.12 can be plotted against kx and ky and is displayed in
Figure 3.10. In the case of graphene the point of zero energy is defined as -ε2pz . The band
structure of graphene consists of two energy bands. The energy band at E(k) < 0 is called the
valence band and is completely filled with electrons. The conduction band is at E(k) > 0 and
is completely empty. Two conclusions can be drawn from this dispersion relation which makes
graphene an interesting structure to study. First, the dispersion relation does not correspond
to a metal band diagram, because metals have a partially filled band. However, it does not
correspond to a semi-conductor or insulator band diagram either, because graphene does not
have a band gap. Therefore, graphene is a class of itself and is called a semi-metal or zero-gap
semiconductor. Second, the energy of the electrons at the K-points in graphene depends linearly
on the wave vectors (see Figure 3.10 and Equation 3.13). This linearity is also found in the
dispersion relation of photons (see Equation 3.14). The resemblance means that the electrons
in graphene at the K-points behave like photons. As a result, graphene has a low electrical
resistivity and a high electron mobility. Furthermore, the velocity of electrons in graphene (νF)
is 100 times higher than that of electrons in silicon, bu is still 300 times smaller than that of
photons. These properties make graphene promising for thin, mechanically tough, electrically
conducting, transparent films. These films may be applied in several devices like touch screens
and photovoltaic cells.

E(p) = νF|p|XXXXwith νF =
3γ0a

2~
(3.13)

E(p) = c|p|XXXXXXXXXXllllX (3.14)

3.5 Oriented attachment

As mentioned before, the nanocrystal growth is mainly controlled by the incorporation of
monomers. However, Penn et al. (1998) could not explain their results by the classical growth
mechanisms.4,22 Therefore they explained their results by another process which they called ‘ori-
ented attachment’. This process describes the irreversible attachment of primary nanocrystals
into larger monocrystalline structures.5 However, oriented attachment is always accompanied
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by the dissolution and precipitation of metal-ligand complexes.23 This phenomenon is respon-
sible for the smoothing of the surface. The advantage of oriented attachment compared to
the hot injection method is the large variety of possible nanocrystal shapes (see Figure 3.11).
This attachment process has therefore been studied extensively in the last decade. Furthermore
investigation of the oriented attachment mechanism can explain the formation of defects in
solids.4 However, there is still less knowledge about the relation between the oriented attach-
ment process and its resulting structure.

a b

c d

Figure 3.11: Different nanocrystal shapes formed by oriented attach-
ment: a) diamond shape like chains,24 b) rods,25 c) zigzag chains26 and
d) multipods.27

3.5.1 Growth mechanism

Oriented attachment starts with the partial ligand or solvent removal from the nanocrystal
surface. This can be done by ‘evaporation driven’ methods like solvent evaporation or ‘desta-
bilization driven’ methods like the addition of an antisolvent.28 Next, the nanocrystals are
attached by collisions. Two collision mechanisms can take place depending on the colloidal
state of the suspension.29 In the first mechanism nanocrystals can only effectively collide when
they have mutual orientations. In the second mechanism nanocrystals form first a complex and
then rotate into the right orientation (see Figure 3.12).

In a kinetically stable, well-dispersed colloidal state oriented attachment is achieved by effective
collisions of nanocrystals with identical crystallographic orientations. The primary nanocrys-
tals in the suspension have a high velocity due to the Brownian motion. Consequently, these
nanocrystals undergo many collisions, but not all collisions are effective. Only the collisions in
which the nanocrystals have the same crystallographic orientation result in a larger secondary
nanocrystal. Nanocrystals with different crystallographic orientations collide and repel each
other, resulting again in the two single primary nanocrystals. This mechanism shows that the
oriented attachment is a statistical process driven by the collision frequency.

Necking
Nanocrystals in a weakly flocculated colloidal state are dominated by attractive interactions.
Hence, these collisions cannot be described statistically. When the nanocrystals move towards
each other the translational and rotational speed is increased due to the attractive interac-
tions between the nanocrystals.30 Below a critical nanocrystal distance, the nanocrystals form
a complex which has still enough rotational freedom to achieve crystallographic alignment.31–33

When this lattice match is found the nanocrystals attach irreversible at a single contact point,
followed by a lateral ion-by-ion addition (necking). This necking is caused by attractive inter-
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actions between the ions in the neighboring quantum dots. The ions move over or through the
quantum dots to the contact point to attach to the other quantum dot. This movement results
in the elongation of the quantum dots in the superstructure. This was also found in PbSe su-
perstructures and Pt nanocrystals, in which the shape elongated in the attaching direction.34,35

Whether the ions move over or through the quantum dots is unknown yet. Liao et al. found
evidence that mass redistribution takes place through the entire quantum dot.30 However, Yuk
et al. found that only the ions at the surface move during the oriented attachment process.35.

Different models have been constructed to explain the oriented attachment mechanism. For
example, some researchers found that the rate limiting step is not always the same and depends
on the system. Penn et al. did research on metal oxide nanocrystals without ligands and found
that the complex rotation is the rate limiting step.36 Whereas Huang et al. investigated metal
sulfide nanocrystals with a passivating agent and found that the complex formation is the rate
limiting step.37 This may indicate that the attachment mechanism is not the same in different
systems.
In time the nanocrystal size increases which decreases the nanocrystal velocity, resulting in a
slower oriented attachment growth process. Nevertheless, growth is continued by the movement
of metalchalcogenide-ligand complexes at small distances of the superstructure. This results in
a redistribution of the surface ions to minimize its surface energy.

a) Classical growth mechanism by monomer addition

b) Oriented attachment by collisions of particles with mutual orientation

c) Oriented attachment by particle rotations followed by attachments

Figure 3.12: Three nanocrystal growth mechanisms: a) classical growth
mechanism by monomer addition, b) oriented attachment by collisions of
nanocrystals with mutual orientations and c) oriented attachment by the
formation of a complex and then the rotation into the right crystallo-
graphic orientation. Figure is adapted from Dalmaschio et al.29

3.5.2 Forces

In the last decade, many articles have been published about the forces involved in the oriented
attachment process. However, several papers from the last decade have attributed different
forces to this process. Hence, the oriented attachment forces have not been completely under-
stood yet. In this report, an overview of the forces in the oriented attachment process described
by several papers will be given (see Table 3.1).
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Table 3.1: Overview of the possible forces involved in the oriented attachment process.

Interaction Direction Origin Articles (Ref.)

Surface energy
reduction

Attractive Reduction of the dangling bonds at the surface. 5,30–32,38–40

Sterical hindrance Repulsive Hydrophobic interaction between the ligands. 5,35

Van der Waals
interaction

Attractive 2 permanent dipoles (Keesom force)
1 permanent dipole and 1 induced dipole
(Debye force)
2 instantaneously induced dipoles (London force)

5,28,33,35,41

Dipolar forces Attractive Separation of electrical charges within a system. 5,26,28,30,31,38,42

Electrostatic
interactions

Attractive/
repulsive

Ion nature of the nanocrystal. 28,33,40

Figure 3.13: Possible
dipole moments by differ-
ent {111} facet composi-
tion. Figure is reproduced
from Cho et al.26

The main driving force for this attachment is generally acknowledged.
The formation of a supercrystal decreases its surface area and thereby
its surface energy. Normally, this does not occur in solution
due to the sterical hindrance of the ligands. However, when
the ligands are partially removed, the nanocrystal distance de-
creases and the attractive interactions become dominant. Nowa-
days, it is still unclear which attractive interactions are re-
sponsible for the nanocrystal attachment. Several possibilities
have been proposed, but none of them have been proven
yet.

The most suggested theory is a dipole-dipole interaction between the
nanocrystals. This dipole moment is the result of different composi-
tions of the {111} facets. Some facets are chalcogenide terminated,
while others are metal terminated (see Figure 3.13). This dipole mo-
ment can result in the formation of wires or rods (see Figure 3.11).
However, some papers are questioning the significance of the dipole-
dipole interaction.32,43 Investigations by simulations were done on the
composition of the {111} facets in the oriented attachment process.
They found that the {111} facets were reconstructed during the ligand
removal due to the movement of surface ions. This reconstruction causes a significant decrease
in the dipole moment of the nanocrystal. Nevertheless, they mention that the investigation was
done by simulations and that models with perfect stoichiometric nanocrystals with alkylamines
as ligand were used. However, experimentally used nanocrystals are never stoichiometric, but
are rich in metal ions44,45 and are often capped with oleic acid.
Another interesting long-range interaction is the electrostatic interaction (Coulomb force).
These are the attractive (cation-anion) or repulsive (cation-cation or anion-anion) forces be-
tween the ions in a nanocrystal. These interactions are, like the dipole-dipole interaction,
direction specific as well.
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Furthermore, Van der Waals interactions have been proposed repeatedly, although often not
as the main driving force. Van der Waals forces are short-range interactions and are often not
orientational dependent. Furthermore, only when two nanocrystals approach each other close
enough, they are mutually attracted by the Van der Waals forces. Consequently, the Van der
Waals interactions cannot be the driving force for the oriented attachment process and long-
range forces must play a crucial role as well.
Other suggested forces, although less frequently, are convective,28 depletion,28,35,41 entropic,28,46

and osmotic forces.33

3.5.3 Facet preference

The nanocrystals can attach on different facets, depending on which facet is ‘active’. Three
theories have been proposed by several researches to explain their results:

� The facet highest in surface energy difference is active.40

� The facet highest in surface energy is active.7,26

� The facet lowest in surface energy is active.1,35,47

In the first theory the facet activation is controlled by the most favorable attachment. This
is determined by the energy difference between the final and the initial state (see Equation
3.15). For example, if the facet with the highest surface energy gains only a little energy by
attachment then this reaction is not very favorable. However, when a facet with a lower surface
energy gains much more energy by attachment then this reaction is more beneficial.

∆E(oriented attachment) = E(attached)− E(initial) (3.15)

In the second theory the facet with the highest surface energy is attached to other nanocrystals.
This facet is the most unstable facet and its surface energy can be reduced by attachment with
other nanocrystals. In the last theory the facet with the lowest surface energy is attached to
other nanocrystals. This process can be explained by the adsorption-desorption equilibrium of
the ligands. At the facets with a high surface energy the ligands are very tightly bound to the
inorganic core, which makes it difficult for other nanocrystals to approach the nanocrystal and
attach. However, at the facets with a low surface energy the ligands are constantly in motion.
They adsorb and desorb continually. This makes it easier for other nanocrystals to attach to
the first nanocrystal.
In the studied rocksalt structure, different theories are proposed about the existence and stability
of the different facets. Some papers claim that a nanocrystal with a rocksalt structure is
a truncated octahedron which consists of six {100} and eight {111} facets,26,47 while others
believe the nanocrystal is a truncated cube which consists of six {100}, twelve {110} and
eight {111} facets (see Figure 3.14).1,7,39,40,43 The size of the different facets is in both models
controlled by the size of the nanocrystal. When the nanocrystal size in decreased, the cube or
octahedron (depending on the model) becomes more truncated. In the truncated octahedron
model the {111} facets grow at the expense of the {100} facets. However, in the truncated cubic
model the {111} and {110} facets grow at the expense of the {100} facets (see Figure 3.15). It
is, however, still under debate whether the truncated octahedron or truncated cube model is
correct.
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b

Figure 3.14: a) Truncated octahedron model of a rocksalt nanocrystal
consisting of six {100} and eight {111} facets. b) Truncated cubic model
of a rocksalt nanocrystal consisting of six {100}, twelve {110} and eight
{111} facets. Figure is reproduced from Choi et al. and Schliehe et al.,
respectively.7,47

Figure 3.15: The truncation level (q) in the truncated cube model for
different nanocrystal sizes. Figure is reproduced from Evers.1

Furthermore, different theories are proposed about the stability of the different facets of the
rocksalt structure. In the truncated octahedron model it is calculated that the {111} facets
are higher in energy than the {100} facets.47 However, in the truncated cube model it is not
clear whether the {110} facets or the {111} facets are higher in energy. Schliehe et al. found
experimentally that the {110} facets have the highest energy, followed by the {111} and the
{100} facets, respectively.7 This is in agreement with the truncated octahedron model, because
the {110} facets will be minimized first when the nanocrystal size is increased. On the other
hand, Fang et al. found theoretically that the {111} facets have the highest energy followed by
the {110} and the {100} facets, respectively.43 However, Fang et al. used only first-principle
calculations in which nanocrystals without capping ligands are modeled and they assumed that
the order in energy is the same when the nanocrystals are stabilized by capping ligands.43
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Chapter 4

Experimental

4.1 Chemicals

The chemicals which were used during this Master’s thesis are listed in Table 4.1. All chemicals
were purchased dry and stored at room temperature. Only 1-octadecene was not bought dry,
but was dried afterwards.

Table 4.1: All chemicals used in the experiments.

Chemical name Abbreviation Purity (%) Company

Lead(II) acetate trihydrate hoi Pb(Ac)2·3H2O hoi ≥ 99.9% Sigma-Aldrich

Bis(trimethylsilyl) sulfide (TMS)2S Synthesis grade hoi Sigma-Aldrich

Oleic acid OA 90 Sigma-Aldrich

Trioctylphosphine TOP 90 Sigma-Aldrich

Diphenylphosphine DPP 98 Sigma-Aldrich

1-Octadecene ODE 90 Sigma-Aldrich

Ethylene glycol EG 99.9 Sigma-Aldrich

Diethylene glycol DEG 99 Sigma-Aldrich

Tetrachloroethylene TCE 99 Sigma-Aldrich

1-Dodecanethiol - ≥ 98 Sigma-Aldrich

Hexanoic acid - ≥ 99.5 Sigma-Aldrich

Toluene Tol 99.8 Sigma-Aldrich

Hexane Hex ≥ 99 Sigma-Aldrich

Ethanol EtOH ≥ 99.8 Sigma-Aldrich

1-Butanol BuOH 99.8 Sigma-Aldrich

Methanol MeOH 99.8 Sigma-Aldrich

Acetone Ace ≤ 0.0075 H2O Merck

4.2 PbS quantum dot synthesis

The PbS quantum dots were synthesized using the hot injection method as discussed in Section
3.2. The procedure in this work is similar to the hot injection method described by Abel et al.48

This synthesis consists of two steps: first the lead precursor is synthesized and subsequently the
sulfur precursor is injected. The lead precursor was synthesized in a Schlenk line to evaporate
the acetate and water, which led to the irreversible formation of the lead precursor. In a
typical experiment, Pb(Ac)2·3H2O (95 mg, 2.5 mmol), oleic acid (1.28 mL, 1.0 mmol), TOP
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(0.5 mL, 1.1 mmol) and ODE (6.25 mL, 29.5 mmol) were added to a 50 mL erlenmeyer. The
system was set under vacuum and the heating plate was gradually heated to 130�. During the
heating Pb(Ac)2·3H2O reacted with oleic acid resulting in the evaporation of acetate and water.
When the system reached 130� the solution was kept at 130� for 1.5 hour. The solution was
cooled down to room temperature and was transferred to a nitrogen purged glove box to avoid
oxidation of the quantum dots. The solution was poured into a 50 mL 3-necked round bottom
flask and was heated to 120�. At that point (TMS)2S (10µL, 47µmol) was rapidly injected
under vigorous stirring. The mixture turned brown-black immediately. After 2 min the mixture
was cooled down to 60� and was quenched with acetone (20 mL); the mixture turned turbid
brown directly. The mixture was purified twice by washing with methanol, centrifugation and
decantation. Finally, the PbS quantum dots were dissolved in toluene. The PbS quantum dots
were analyzed by absorption spectroscopy and Transmission Election Microscopy (TEM) to
determine the size, shape and polydispersity of the sample.

4.3 Stability

The superstructures formed by the oriented attachment experiments can be exposed to air
when they are applied in specific devices. The stability of the quantum dots in air should
therefore be investigated. For the PbS quantum dots this was researched by placing a quantum
dot solution in a closed vial in air at atmospheric conditions. In time the vial was opened
repeatedly to ensure a sufficient amount of oxygen in the vial. The sample was measured in
time by absorption spectroscopy and emission spectroscopy to obtain more information about
the oxidation of the quantum dots.

4.4 Ligand exchange

To change the stability of the PbS quantum dots two different capping ligands are placed
around the inorganic core: hexanoic acid and 1-dodecanethiol. All ligand exchange reactions
were preformed in a nitrogen purged glove box. In this section the replacement of the ligands by
hexanoic acid will be described. A PbS quantum dot solution (1 mL, 1.00×10−5 M) and hexanoic
acid (1 mL, 8 mmol) were added to a 20 mL vial. The mixture was stirred at room temperature
(20�) overnight and was quenched with methanol (6 mL) afterwards. Subsequently, the mixture
was purified twice by washing, centrifugation and decantation. Methanol was used as anti
solvent and toluene as solvent. Finally, toluene (4 mL) was added to the mixture to dissolve the
PbS quantum dots again. The product was analyzed by absorption spectroscopy and TEM to
determine the size, shape and polydispersity of the quantum dots.

4.5 Oriented attachment

The PbS quantum dots synthesized in Section 4.2 were used in the oriented attachment exper-
iments. The procedure of this work is identical to the method described by Evers et al.1 All
attachments were done in a nitrogen purged glove box. The experimental setup is shown in
Figure 4.1. Ethylene glycol (1.0 mL) was added to a glass vial (Ø = 10 mm, h = 22 mm) and
was heated to 30�. Subsequently, a PbS quantum dot solution (50µL, 2.3×10−7 M) was added
on top of the ethylene glycol. After 60 minutes a TEM grid was scooped in the ethylene glycol.
The TEM grid dried under vacuum in the large evacuation chamber of the glove box overnight.
Many variations to this procedure were performed to change the attachment of the PbS quan-
tum dots. Analysis was done by TEM to obtain more information about the shape and size
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of the superstructures. HR-TEM and Selected Area Electron Diffraction (SAED) were done to
obtain more knowledge about the crystallographic order and geometry of the superstructures.

Figure 4.1: Set up for the oriented at-
tachment experiments. Figure is adapted
from Evers et al.1

4.6 Characterization

All quantum dots were purified by washing, centrifugation and decantation. Centrifugation
was done at 3500 rpm (1370 g) in a Rotina 38 centrifuge from Hettich Zentrifugen. Different
techniques were used to analyze the PbS quantum dots. The quantum dots were analyzed
by absorption spectroscopy using a Lambda 950 UV/vis/IR absorption spectrophotometer of
Perkin Elmer Precisely. Emission spectra were recorded on an Edinburgh Instruments FLS
920 spectrofluorometer with a Xe900 lamp and an InGaAs (G5852) detector. Before the spec-
troscopy measurements the quantum dots were, after evaporation of toluene, redissolved in tetra-
chloroethylene. Transmission Electron Microscopy was done on a Technai 10 and 12 (Philips)
electron microscope. The samples were before the TEM measurements diluted sufficiently and
dried on a copper grid coated with polymer and graphite. To determine the diameter of the
quantum dots at least 100 quantum dots of every sample were counted. The Technai 12 mi-
croscope was also used to measure Selected Area Electron Diffraction of different spots on
the TEM grid. Furthermore, High-Resolution Transmission Electron Microscopy was used to
study the size and structure of the quantum dots. These images were taken on a FEI Technai
g2 microscope. The quantum dots underwent precisely the same treatment for the HR-TEM
measurements as for the TEM measurements.
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Chapter 5

Results and discussion

In this chapter the results of this Master’s thesis will be presented and discussed. The first
section gives information about the synthesis of the PbS quantum dots by the hot injection
method. The stability of the quantum dots in air will be elaborated in Section 5.2. Subse-
quently, the results of the ligand exchange will be presented and last, the oriented attachment
results will be discussed. Detailed information about all mentioned PbS quantum dots and
oriented attachment experiments can be found in Appendix A.1 and B.1, respectively.

5.1 PbS quantum dot synthesis

Using the hot injection method nearly monodisperse PbS quantum dots with a size between 3.2
and 7.5 nm were successfully synthesized. The quantum dots were analyzed by Transmission
Electron Microscopy (TEM) to obtain information about the shape, size and polydispersity of
the quantum dots. Furthermore, absorption spectroscopy was used to provide details about the
size and polydispersity of the quantum dots. The TEM pictures give an indication that the
quantum dots are monodisperse (see Figure 5.2), because of the hexagonal close-packing (hcp)
of the quantum dots. This regularity of this pattern improves when the monodispersity of the
quantum dots is increased (see Figure 5.2). When the quantum dot sizes were measured the
polydispersity of most quantum dots batches were nearly monodisperse (<10%). The absorp-
tion spectra of several synthesized quantum dots are shown in Figure 5.1. Cademartiri et al.
used the energy of the first excitation peak of PbS quantum dots to calculate the corresponding
quantum dot size.49 This method was also used in this Master’s thesis to calculate the quantum
dot sizes and resulting sizes are approximately equal to the quantum dot sizes measured in the
TEM pictures.

23



Figure 5.1: Absorption spectra of different PbS
quantum dots within a size range of 3.2 and 7.5 nm.

The size of the quantum dots was controlled by three reaction conditions. First, decreasing the
reaction volume and the precursor concentration resulted in a decrease in quantum dot size (see
Figure 5.2). This is caused by a shorter quenching time when the reaction volume is decreased,
and a shorter nucleation period when the precursor concentration is decreased. From the TEM
pictures it can be concluded that the quantum dots become more truncated when the quantum
dot size is decreased, which is in agreement with former research.1 The second method changes
the quantum dot size by changing the nucleation and growth temperature. Decreasing the re-
action temperature results into smaller quantum dots (see Figure 5.3). The TEM pictures show
that the size can be varied from 3.2 to 5.3 nm by increasing the temperature from 80 to 120�.
These pictures show again that the truncation degree increases with decreasing quantum dot
size. Furthermore, the influence of the quenching solvent has been investigated by changing the
solvent from acetone to 1-butanol and ethanol. However this solvent change has no influence
on the size and shape of the quantum dots (see Appendix A.2).
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7.5 nm

5.3 nm

Figure 5.2: a) TEM image of 7.5 nm quantum dots with b) the corresponding
absorption spectrum of the PbS quantum dots. c) TEM image of 5.3 nm PbS
quantum dots with d) the corresponding absorption spectrum of the PbS quantum
dots. Scale bars are 100 nm.

a b c5.3 nm 4.8 nm 3.2 nm

Figure 5.3: a) TEM image of 5.3 nm PbS quantum dots synthesized at 120�. b)
TEM image of 4.8 nm PbS quantum dots synthesized at 100�. c) TEM image of
3.2 nm PbS quantum dots synthesized at 80�. Scale bars are 100 nm.

5.2 Stability

To apply the PbS quantum dots in optoelectronic devices, it would be advantageous when the
quantum dots are air stable, since an embedding in silica would then be unnecessary. To inves-
tigate this air stability, the air exposed quantum dots were analyzed by emission spectroscopy.
PbS quantum dots with a size of 7.5 nm dispersed in toluene and PbS quantum dots of 6.1 nm
dispersed in hexane have been investigated (PbS 18 12 12 and PbS 29 08 13, respectively).
Figure 5.4 plots the emission and absorption spectra of the two quantum dot suspensions af-
ter different time periods. It can be seen that the emission peak of the quantum dots is blue
shifted in time. This is caused by the oxidation of the outer shell of the quantum dots, resulting
into smaller quantum dot cores. The oxidation of the quantum dots is the fastest in the first
month and is then reduced significantly. This trend has been found earlier in literature and
is explained by a two step oxidation process.50 First, the oxygen and water molecules in the
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atmosphere oxidize the surface of the quantum dots. Surface oxidation proceeds and is reduced
significantly after the first month, because most of the surface is already oxidized. When the
emission peaks are converted to quantum dot sizes, it can be concluded that the oxidation rate
of larger quantum dots is a bit higher than for smaller quantum dots. The PbS core in the
larger quantum dots is reduced by 0.81 nm and the PbS core of the smaller quantum dots is re-
duced by 0.62 nm in the first month. However, more research should be done to give a definitive
conclusion about the size dependency, because the samples are varied in multiple ways. Not
only the size was changed, but also the solvent, which could have an influence on the stability
as well. Furthermore, the oxidation process should be investigated in the first month.
TEM was used to monitor the change in size and shape during the oxidation (see Figure 5.5).
It can be seen that the average size and shape of the quantum dots have not been changed.
Only the polydispersity and aggregation degree of the quantum dots are a bit increased. The
latter is caused by the detachment of the capping ligands during the oxidation process, which
leads to a lower stability of the quantum dots.

d

b

c

a

Figure 5.4: a) Absorption spectra of PbS 18 12 12 in air measured in time. b) Emission spectra of
PbS 18 12 12 in air measured in time. c) Absorption spectra of PbS 29 08 13 in air measured in time.
d) Emission spectra of PbS 29 08 13 in air measured in time. The peaks are normalized to the first
excitation peak or emission peak, because the concentration of the sample has changed in time due to
the evaporation of the solvent.

26



Start 1 month 3 months
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Figure 5.5: a) TEM pictures of 7.5 nm PbS quantum dots and b) 6.1 nm PbS quantum dots. Both
suspensions were followed in time when they were exposed to air. Scale bars are 100 nm.

5.3 Ligand exchange

The smaller quantum dots (≤5 nm) were often melted in the oriented attachment experiments
(see Section 5.4). The aim was therefore to replace the oleic acid by stronger binding lig-
ands: hexanoic acid and 1-dodecanethiol. However, after the ligand exchange the quantum
dots with hexanoic acid as capping ligand were not stable anymore. The quantum dots could
not be suspended in toluene and remained at the bottom of the vial. The ligand exchange to
1-dodecanethiol did not succeed as well, because the quantum dots were not stable anymore
and formed aggregates (see Figure 5.6). This could also be observed, because the particles sank
to the bottom of the vial.

Figure 5.6: 3.6 nm PbS quantum dots
(PbS 20 03 13) after ligand exchange to
1-dodecanethiol. Scale bar is 100 nm.
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5.4 Oriented attachment

The oriented attachment process depends on many reaction conditions and is very sensitive
to fluctuations in these. Therefore some precautions were made. The glove box environment
was only used for oriented attachment experiments to keep the atmosphere and equipment as
clean as possible. This reduced the chance of contaminants from other quantum dot syntheses
significantly. Furthermore, the experimental procedure was followed very precisely. After these
precautions most experiments could be reproduced. However, other quantum dot suspensions
were used after the precautions, so that could be the difference as well. Only at the borders of
the different superstructures, e.g. at the border between the linear and honeycomb structure,
was it hard to reproduce the results. Furthermore, not all results could be reproduced at high
temperatures. This might be caused by the trapping of quantum dots in a metastable state
or due to large temperature fluctuations at the substrate interface. In addition, the oriented
attachment results were not always quantitatively proportional to the quantum dot concentra-
tion; sometimes small deviations gave different results. This was especially the case for the
quantum dots suspended in hexane. Hexane has a high evaporation rate, because of its high
vapor pressure, which results in a fast quantum dot concentration increase during the oriented
attachment process.

The oriented attachment section starts with the influence of various reaction conditions, like
quantum dot size, concentration and reaction temperature on the resulting superstructures.
Four different superstructures were found by the variation of the reaction conditions: the lin-
ear, honeycomb, zigzag and square superstructure. Furthermore, at specific reaction conditions
the quantum dots are melted or not attached. Structural information about these found su-
perstructures is discussed in Section 5.4.2. Next, these measurements and former literature
research are used to construct models for the geometry of the superstructure. Last, all results
are used to obtain more information about the oriented attachment growth mechanism.

5.4.1 Reaction conditions

To obtain different superstructures by oriented attachment, many reaction conditions have been
varied. The investigated reaction conditions are:

� Quantum dot size
� Oriented attachment temperature
� Quantum dot concentration
� Reaction time
� XXX

� Ethylene glycol volume
� Solvent
� Purification steps

Size
Using the variations in the hot injection method different quantum dot sizes have been syn-
thesized. The influence of this size has been studied in the oriented attachment experiments.
The standard reaction conditions and the resulting TEM pictures can be found in Table 5.1
and Figure 5.7, respectively. In the oriented attachment experiments quantum dots within a
size range of 3.6 and 7.5 nm have been investigated. The most important results of the oriented
attachment experiments can be described and discussed by the analysis of three quantum dot
sizes: 4.2, 6.1 and 7.5 nm. In Figure 5.7 two size effects can be observed. First, when the
quantum dot size is decreased the quantum dots attach and melt at lower temperatures. This
effect is caused by the lower stability between the quantum dot and the capping ligands. In the
attachment process some ligands are detached from the quantum dot surface due to the equi-
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librium between the ligands bound to the quantum dot and the ligands in the ethylene glycol
phase. The detached ligands are migrated to the ethylene glycol. Small quantum dots have a
lower amount of capping ligands than larger quantum dots, therefore a relative high amount of
ligands is migrated to the substrate. This results in less capping ligands bound to the quantum
dot surface, which have therefore a lower stability. This decrease in stability leads to a melting
process at lower temperatures.
The second size effect is the appearance of two new superstructures for quantum dot sizes of
6.1 nm. Quantum dots of 7.5 nm form only a linear and a square superstructure, however un-
der specific conditions quantum dots of 6.1 nm produce honeycomb and zigzag superstructures.
This change is probably caused by a higher truncation degree of smaller quantum dots (see Sec-
tion 3.5.3). For these superstructures the presence of the {111} and {110} facets are required
(see Section 5.4.2), which are more pronounced at higher truncation levels and thus for smaller
quantum dots.

Table 5.1: Reaction conditions of the size and temperature variation experiments.a

Figure 5.7 Quantum dot name Quantum dot size
(nm)

Concentration
(×10−7 M)

Temperature
(�)

Solvent

a PbS 18 12 12 7.5 11.02 RT Toluene
b PbS 18 12 12 7.5 85.51 30 Toluene
c PbS 18 12 12 7.5 85.53 40 Toluene
d PbS 18 12 12 7.5 85.52 70 Toluene
e PbS 29 08 13 6.1 82.69 RT Hexane
f PbS 29 08 13 6.1 82.69 30 Hexane
g PbS 29 08 13 6.1 82.69 40 Hexane
h PbS 12 03 13 4.2 28.00 RT Toluene
i PbS 12 03 13 4.2 27.78 30 Toluene
j PbS 12 03 13 4.2 28.00 40 Toluene

a) All experiments in this table have a reaction time of 60 min and an ethylene glycol volume of 1.0 mL.

Temperature
In Table 5.1 the reaction conditions of the temperature variation experiments are shown and
in Figure 5.7 the resulting structures are presented. The results can be separated into four
temperature regions: 1) At low temperatures the quantum dots do not attach and stay single
quantum dots with the same size and shape as before the attachment experiment. The capping
ligands do not contain enough thermal energy to detach from the quantum dots. Thus the
ligands do not leave the surface of the quantum dots and provide enough stability for the
quantum dots to remain single quantum dots. 2) At higher temperatures the quantum dots
are attached and various superstructures are obtained. At these temperatures more ligands
are migrated to the substrate and the quantum dots do not contain enough capping ligands to
stabilize its surface. This gives quantum dots the opportunity to approach and attach. When
this process proceeds whole superstructures are formed. Since not all ligands are removed,
but only ligands from specific facets, the quantum dots do not attach randomly but attach in
an oriented fashion. 3) At even higher temperatures the quantum dots are melted. In these
superstructures the original shape can be identified, however it is significantly distorted. In this
melting process the quantum dots are first attached and then the surface is reconstructed. This
reconstruction can either be by dissolution and precipitation of metal-ligand complexes or by
the migration of ions through or over the superstructure.23,30,35 The high temperature induces
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a high ion mobility in the superstructure, which results in the smoothing of the surface. 4) At
even higher temperatures the quantum dot structures are random attached. The superstructure
is very smooth and does not contain any structural order anymore. This random attachment
is probably due to the instability of the quantum dots.30 The detachment of capping ligands is
probably not solely caused by a high temperature, but also on other factors, like ethylene glycol
volume.
Former research about ligand-capped ZnS nanocrystals found that the oriented attachment
rate is increased with temperature.46 They explained this phenomenon by a two step oriented
attachment process. The first step is the removal of the ligands and the second is the attachment
of the quantum dots. They found that the second step is the limiting step, because this step
has a larger activation energy than the dissociation of the ligands. When the temperature
is increased the system contains more energy than required for the activation barrier. This
phenomenon is also found in this research. The attachment rate for PbS quantum dots is
very low at room temperature and increases when the temperature is raised. Thus oriented
attachment rate of PbS quantum dots is also proportional to the temperature.

Figure 5.7: TEM images of the oriented attachment results of a-d) 7.5 nm PbS quantum dots at RT,
30, 40 and 70�, respectively, e-g) 6.1 nm PbS quantum dots at RT, 30 and 40�, respectively, and h-j)
4.2 nm PbS quantum dots at RT, 30 and 40�, respectively. Scale bars are 100 nm.

Concentration
Different superstructures have been obtained by varying the quantum dot concentration in the
suspension. Two quantum dot sizes, 7.5 and 6.1 nm, are used to investigate the influence of
the quantum dot concentration. The reaction conditions of these experiments can be found
in Table 5.2. The larger quantum dots form two superstructures: a linear attachment at low
concentrations and a square attachment at high concentrations (see Figure 5.8a,e). This phase
change when the concentration is varied is still under investigation and for now only specula-
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tions can be made. The attaching facets and the orientation of the building blocks are identical
in both structures (see Section 5.4.2). The only difference in both structures is the packing
fraction. It is possible that the square structure is formed from the linear structure. When the
concentration of wires is high, the wires will align identical to each other on the substrate. The
surface energy can then be further decreased by the attachment of aligned wires, which will
result in a square structure. However, more research is required to understand this process.

Table 5.2: Reaction conditions of the concentration variation experiments.a

Figure 5.8 Quantum dot name Quantum dot size
(nm)

Concentration
(×10−7 M)

Solvent

a PbS 18 12 12 7.5 82.76 Toluene
b PbS 18 12 12 7.5 83.85 Toluene
c PbS 18 12 12 7.5 84.95 Toluene
d PbS 18 12 12 7.5 85.51 Toluene
e PbS 18 12 12 7.5 11.02 Toluene
f PbS 29 08 13 6.1 81.35 Hexane
g PbS 29 08 13 6.1 82.15 Hexane
h PbS 29 08 13 6.1 82.42 Hexane
i PbS 29 08 13 6.1 82.69 Hexane
j PbS 29 08 13 6.1 82.96 Hexane
k PbS 29 08 13 6.1 85.39 Hexane

a) All experiments in this table have a reaction time of 60 min, a reaction temperature of 30� and an ethylene glycol volume of 1.0 mL.
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Figure 5.8: TEM images of the oriented attachment results of a-e) 7.5 nm PbS
quantum dots suspended in toluene with relative concentrations of 1.0, 1.4, 1.8,
2.0 and 4.0x, respectively and f-k) 6.1 nm PbS quantum dots suspended in hexane
with relative concentrations of 1.0, 1.6, 1.8, 2.0, 2.2 and 4.0x, respectively. Relative
concentrations of the different quantum dot batches are not comparable. Scale bars
are 100 nm.

From the TEM pictures of the larger quantum dots it can be concluded that the square structure
contains many line defects, furthermore the wires are not perfectly aligned. This could also be
concluded from the High Resolution TEM pictures (HR-TEM). These pictures show that the
crystallographic orientation of most attaching quantum dots is not equal (see Figure 5.9). Only
a few quantum dots are crystallographic attached. ED measurements should be done on this
sample to obtain more information about the crystallographic alignment.
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Figure 5.9: HR-TEM picture after attachment. It can be con-
cluded that only a few quantum dots are crystallographically
attached (red). Scale bar is 5 nm.

The smaller quantum dots form four different structures when the quantum dot concentration
is varied: a linear, honeycomb, zigzag and square structure. At low concentrations wires are
formed from the quantum dots. These wires are in most cases straight, but some have an angle
in their wire. At higher concentrations the honeycomb and zigzag structure are formed. These
structures are always both present on a TEM grid, which indicates that these structures could
be related to each other. It is however hard to quantify the ratio between these structures,
because the ratios are different from location to location on the TEM grid. At some areas the
structure consists almost completely of zigzag structures, but at other areas the superstructure
consist mainly of the honeycomb structure. The ratio between the honeycomb and zigzag struc-
ture might be related to the local concentration, however this should be further investigated.
At the highest concentration a square structure is formed. Unlike the larger quantum dots this
square structure is ordered almost perfectly. This was also concluded from the ED experiments
which will be discussed in Section 5.4.2.
The trend from the linear, honeycomb, zigzag to the square structure is valid in most experi-
ments. However, there are sometimes some deviations, like in Figure 5.8g. The concentration in
this experiment was probably too high, due to an experimental error. This error can be caused
by the uncertainty in the quantum dot concentration, because the solvent hexane evaporates,
even when in a closed vial. The evaporation rate might be higher in this vial than in the other
vials, which results in an increase in concentration. Due to the evaporation of hexane it is not
possible to give absolute concentrations, but only relative concentrations.
The formation of the honeycomb and zigzag structure for smaller quantum dots is probably
due to a higher truncation degree of the quantum dots. The {110} and {111} facets are in-
creased significantly when the quantum dot size is decreased. It can therefore be concluded
that the formation of the superstructure is influenced by the presence of the {110} and {111}
facets. The honeycomb and zigzag structures will be further explained in Section 5.4.3 and 5.4.4.

Time
To obtain more information about the oriented attachment mechanism this process was studied
in time. Two quantum dot sizes were investigated in time: 7.5 and 6.1 nm PbS quantum dots.
The reaction conditions can be found in Table 5.3 and the resulting superstructures in Figure
5.10. Both sizes show comparable results. The quantum dots are hexagonally ordered at the
start of the reaction and stay single quantum dots for several tens of minutes. When the sol-
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vent is evaporated the quantum dots become more confined and the attachment process starts.
The ligands dissociate from the quantum dot surface and the quantum dots are not stabilized
anymore, resulting in the attachment of the neighboring quantum dots.
During one of the experiments the TEM grid was precisely scooped when the system was in
a transition state (see Figure 5.7e). In this transition state the quantum dot packing changes
from hexagonal to square. The angle between the quantum dots in Figure 5.7e is 70–75◦. Yet,
not all quantum dots are attached and those attached form linear chains of maximum four
quantum dots. To investigate this transition state ED measurements were done on this sample
(see Figure 5.11). These ED measurements were done at two areas of the TEM grid. It can
be concluded from the TEM pictures that the quantum dots in Figure 5.11c are further in the
attachment process, which is confirmed by a higher crystallinity of the superstructure shown in
the ED pictures. These ED pictures also prove that the quantum dots are attached in a square
superstructure.
In time these superstructures grow further by single quantum dots or chain addition until all
quantum dots are attached. However sometimes random attachment occurs when time pro-
ceeds. Liao et al. found that this is caused by a deficient of ligands on the quantum dot
superstructure.30 This might also be the case for the PbS quantum dot superstructures. The
insufficient amount of ligands can be caused by various of reaction conditions, like a too high
temperature or a too high ethylene glycol volume.
In the oriented attachment process there is always a time period in which the some quantum
dots underwent already many attachments while others are still single quantum dots. This
difference was also seen at different areas on the TEM grid. Some quantum dots were already
finished attaching, while quantum dots at other locations still remain single quantum dots (see
Figure 5.14b).

Table 5.3: Reaction conditions of the time variation experiments.a

Figure 5.10 Quantum dot name Concentration
(×10−7 M)

Temperature
(�)

Reaction time
(min)

Solvent

a PbS 18 12 12 85.51 30 830 Toluene
b PbS 18 12 12 85.51 30 840 Toluene
c PbS 18 12 12 85.51 30 850 Toluene
d PbS 18 12 12 85.51 30 860 Toluene
e PbS 29 08 13 82.69 RT 840 Hexane
f PbS 29 08 13 82.69 RT 890 Hexane
g PbS 29 08 13 82.69 RT 180 Hexane

a) All experiments in this table have an ethylene glycol volume of 1.0 mL.
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b c d

e f g

a 30 min 40 min 50 min 60 min

40 min 90 min 180 min

Figure 5.10: TEM images of the oriented attachment progress of a-d) 7.5 nm PbS quantum dots after
reaction times of 30, 40, 50 and 60 min, respectively, and e-g) 6.1 nm PbS quantum dots after reaction
times of 40, 90 and 180 min, respectively. Scale bars are 100 nm.

a b

c d

Figure 5.11: a,c) TEM images of two transition states at different
locations in the oriented attachment process. b,d) Corresponding ED
measurements. Same experiment as shown in Figure 5.7e.

Ethylene glycol
Since very small quantum dots (≤5 nm) are not stable enough for the oriented attachment
experiments, various experimental conditions have been varied such as temperature, time and
ethylene glycol volume to increase this stability. The last variation is discussed in this section.
The reaction conditions can be found in Table 5.4. Decreasing the ethylene glycol volume should
shift the bound ligand/free ligand equilibrium towards the bound ligand side. This results in an
increase in stability of the quantum dots. However, oriented attachment was not observed, only
random attachment or no attachment (see Figure 5.12). At very low ethylene glycol volumes
the quantum dots did not attach and remained single quantum dots, because only a few ligands
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could migrate to the ethylene glycol phase. At higher ethylene glycol volumes the stability is
decreased too much and the quantum dots are melted.

Table 5.4: Reaction conditions of the ethylene glycol variation experiments.a

Figure 5.12 Quantum dot name Quantum dot size
(nm)

Concentration
(×10−7 M)

Solvent EG volume
(mL)

a PbS 05 02 13 5.3 25.30 Toluene 0.4
b PbS 05 02 13 5.3 25.30 Toluene 0.6
c PbS 05 02 13 5.3 25.30 Toluene 0.8
d PbS 05 02 13 5.3 25.30 Toluene 1.0

a) All experiments in this table have a reaction temperature of 30� and a reaction time of 60 min.

a b c d0.4 mL 0.6 mL 0.8 mL 1.0 mL

Figure 5.12: a-d) TEM images of the oriented attachment results with varying ethylene glycol volume:
0.4, 0.6, 0.8 and 1.0 mL, respectively. Scale bars are 100 nm.

Solvent
Previous work used two different solvents for the oriented attachment experiments: toluene and
hexane.1,51 Most of the attachments in this Master’s thesis were done in toluene, however some
attachments are done with hexane or heptane as solvent. The reaction conditions of these ex-
periments can be found in Table 5.5. The PbS quantum dots of 6.1 nm (Rm 203) were dispersed
in three different solvents: toluene, hexane and heptane. The oriented attachment experiments
with toluene did not succeed, because the quantum dots were not present on the TEM grid.
Since all Rm 203 quantum dots suspended toluene experiments had this problem, it is likely that
something was wrong with the stock solution. The quantum dots were, however, also suspended
in other solvents, like hexane and heptane. These oriented attachment experiments did succeed
and showed no significant difference between these solvents (see Figure 5.13). At 30� the quan-
tum dots are stable and remain single quantum dots. At 40 and 50� the quantum dots show
oriented attachment and at even higher temperatures the quantum dots are smoothed wires.
Although both solvents give good results in the oriented attachment experiments, heptane is
favored over hexane, because hexane has a high vapor pressure and evaporates through the cap
of a closed vial. This means that the quantum dot concentration in hexane is not exactly known.
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Table 5.5: Reaction conditions of the solvent variation experiments.a

Figure 5.13 Solvent Concentration
(×10−7 M)

Temperature
(�)

a Hexane 10.80 30
b Hexane 86.75 40
c Hexane 88.10 50
d Hexane 88.10 60
e Heptane 10.80 30
f Heptane 85.40 40
g Heptane 88.10 50
h Heptane 88.10 60

a) All experiments in this table used 6.1 nm PbS quantum dots (Rm 203),
lll have a reaction time of 60 min and an ethylene glycol volume of 1.0 mL.

Figure 5.13: a-d) TEM images of the oriented attachment experiments of 6.1 nm PbS quantum dots
suspended in hexane. Reaction temperatures were 30, 40, 50 and 60�, respectively. e-h) TEM images
of the oriented attachment experiments of 6.1 nm PbS quantum dots suspended in heptane. Reaction
temperatures were 30, 40, 50 and 60�, respectively. Scale bars are 100 nm.

Purification steps
The purification cycles were investigated as well. The reaction conditions can be found in Table
5.6. Some quantum dots were purified twice. This resulted into stable quantum dots which only
attach at high temperatures (50/60�). However, oriented attachment experiments at higher
temperatures are harder to reproduce. Why this is the case should be examined, but it might
be caused by metastable transitions at higher temperatures or by higher temperature fluctua-
tions at the surface. Some quantum dots in a sample attached or were already melted, while
others remained single quantum dots (see Figure 5.14). To increase the reproducibility the
quantum dots were purified once more. This decreased the oriented attachment temperature
from 50/60� to 30�. This stability decrease could be caused by the removal of some bound
ligands in the extra purification step. The reproducibility seems to increase as well, but more
research has to be done to confirm if this reproducibility.
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Table 5.6: Reaction conditions of the purification variation experiments.a

Figure 5.14 Purification steps Solvent Concentration
(×10−7 M)

Temperature
(�)

a 2 Heptane 86.75 50
b 2 Heptane 86.75 60
c 3 Heptane 84.18 30
d 3 Heptane 84.18 40

a) All experiments in this table use 6.1 nm PbS quantum dots (Rm 203), have a reaction time of 60 min
lll and an ethylene glycol volume of 1.0 mL.

a b50 C 60 C

c d30 C 40 C

Figure 5.14: TEM images of the oriented attachment experiments of
a,b) 6.1 nm PbS quantum dots at 50 and 60�, respectively. The quan-
tum dots were purified twice. c,d) 6.1 nm PbS quantum dots at 30 and
40�, respectively. The quantum dots were purified three times. Scale
bars are 100 nm.

Conclusions
All investigated variables have an influence on the oriented attachment process. It was found
that changing the quantum dot size, temperature, ethylene glycol volume and the purification
steps changes the attachment result in not attached, oriented attached or melted. From this
observation it can be concluded that these reaction conditions have an influence on the stability
of the quantum dots. The quantum dot size and concentration determines the geometry of the
superstructure, which can be a linear, honeycomb, zigzag or square lattice. These variations
implicate that this process is very complex and sensible to many reaction conditions.

5.4.2 Found superstructures

Linear structure
The most regular linear structures are synthesized from 6.1 nm PbS quantum dots dispersed
in heptane (Rm 203c). Therefore the linear structure is investigated from these results. These
structures are analyzed by TEM to provide information about the size and shape of the linear
structure and by SAED to determine the orientation of the quantum dots in the linear struc-
ture. The TEM images in Figure 5.15 show linear superstructures by the attachment of the
quantum dots. The most remarkable characteristics are the straightness and the length of these
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wires. This straightness can only be obtained when the attachment is very specific, which is an
indication for the activation of a specific facet. Furthermore, the length of the wires is very long
and cannot be determined from the TEM pictures, because the ends of the wires fall outside
the pictures. Nonetheless, the majority of the wires consist of tens of building blocks.
Another observation is the distinction between the individual building blocks in the wire. This
suggests that the system did not have enough energy or time to significantly reconstruct the
surface of the wires to minimize its energy. However the size and shape of the building blocks
have been changed significantly in the attachment process. The length and width of many
building blocks in various samples have been measured from the TEM pictures. From these
measurements it can be concluded that the quantum dots have been elongated in the growth
direction in the oriented attachment process. The length of an individual building block is on
average increased by 0.24 nm (4%) and its width is on average decreased by 0.84 nm (13.8%)
(see Table 5.7). This elongation can be explained by the necking process (see Section 3.5.1).
When the quantum dots are very close they are attracted to each other. The ions move through
or over the nanocrystal to come closer to the neighboring quantum dot. One ion attaches to
the neighboring quantum dot and the remaining ions follow by lateral ion-by-ion addition. This
phenomenon is caused by the movement of the ions towards the attachment areas which leads
to the elongation of the quantum dots.30 Nevertheless, the thinning of the not attached regions
is not equal to the thickening of the attachment areas, but is significantly higher. What causes
this thinning and thereby removal of mass is not known yet, but a dissolution and precipitation
process of the capping ligands might be involved. Furthermore, in some oriented attachment
experiments very small particles were found next to the original quantum dots (see Figure 5.10g
and Figure 5.13g), which would account for the mass loss. However, these small particles are
not always found. So more research is required to give an explanation to the presence of these
small particles.

Table 5.7: Measured lengths and widths of the building blocks in the linear superstructure.

Experimenta Length increase (nm)b Width decrease (nm)c

1 0.59 0.48
2 0.22 0.93
3 0.20 1.16
4 0.14 0.24
5 0.03 1.41

a) Measured from the Rm 203 quantum dots.
b) 145 lengths were measured by measuring 10 particles and dividing it by 10.
c) 472 widths were measured.

Figure 5.15: TEM images of the linear superstructures syn-
thesized from 6.1 nm PbS quantum dots. Scale bars are 100 nm.
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Furthermore, the orientation of the quantum wires on the substrate has been investigated by
SAED. From SAED it is possible to determine which facets are perpendicular to the substrate,
because the electron beam only scatters on the crystallographic planes which are parallel to the
electron beam. The angle, symmetry and distance of the corresponding ED pattern depend on
the crystal structure of the sample. SAED has the possibility to diffract only on a small area
of the specimen and therefore only a selected structure can be measured.
In Figure 5.16 three ED patterns are illustrated for three different areas in one oriented attach-
ment experiment. In Figure 5.16a the TEM and SAED pictures of a large area (> 1µm2) are
presented. The quantum dots are linear attached and form small domains of parallel wires. The
different domains are almost exclusively oriented in three different directions. These directions
correspond with the positions of the ED spots. This implicates that a wire is a single crystal.
Figure 5.16b and 5.16c show the TEM and SAED results of two smaller areas in which the
wires are mainly oriented in the same direction. This wire growth direction has again the same
orientation as the ED patterns. The individual spots in the ED pattern can be assigned to
the different facets of the quantum dot by the method explained in Appendix B.2. From these
calculations it can be concluded that the {100} and {110} facets in the linear structure are
perpendicular to the substrate (see Figure 5.16). The only possibility to construct this ED
pattern is when the <100> axes of the quantum dots are perpendicular to the substrate (see
Figure 5.17). By the comparison of the ED spots with the TEM picture it can be concluded
that the crystallographic order is the highest in the growth direction of the wires (see Figure
5.18). These bright spots correspond to the {010} facets, thus the wires grow along the [010]
axes of the quantum dots. The spots perpendicular to the growth direction are significantly less
bright, due to less ordering of the ions in this direction.
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Figure 5.16: TEM pictures and the corresponding ED patterns of the linear struc-
ture.

Figure 5.17: Determination of the orientation of the building blocks in
the linear structure. The ED spots correspond to specific crystal planes
(in blue the {100} planes and in green the {110} planes). These directions
are then used to determine the orientation of the building blocks.
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Figure 5.18: Determination of the crys-
tal planes from the specific ED spots.
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Figure 5.19: Dis-
tances measured
from the honeycomb
lattice in the TEM
pictures.

Honeycomb structure
The most interesting structure which has been found is the honeycomb
structure due to its presumable remarkable electronic dispersion rela-
tion (see Section 3.4). A TEM picture of the honeycomb structure is
shown in Figure 5.20. This superstructure can be seen as many at-
tached hexagons which all have the same direction. These hexagons
consist of six PbS quantum dots. By measuring the different dis-
tances in the honeycomb structure more information about this hon-
eycomb structure can be derived. Four distances have been measured
in the honeycomb structure (see Figure 5.19 and Table 5.8), which
are then compared to three modeled honeycomb structures (see Section
5.4.3).
BLABLABLA

Table 5.8: The measured distances in the honeycomb structure.

Line Length (nm)

a 85.50 ± 0.45
b 89.74 ± 0.61
c 89.60 ± 0.63
d 10.26 ± 0.68

To obtain more information about the orientation of the quantum dots in the honeycomb su-
perstructure SAED measurements were done on these superstructures. One representative ED
pattern is shown in Figure 5.20. This picture shows that the ED pattern has a six fold symme-
try. Furthermore, it indicates that crystal planes in the honeycomb structure are all aligned,
because of its regular pattern. Using the method described in Appendix B.2 the ED spots are
assigned to the corresponding crystal facets (see Figure 5.21). This calculation proves that the
{110} facets of the quantum dots are parallel to the electron beam and thus perpendicular to
the substrate. This only holds when the <111> axes of the quantum dots are perpendicular to
the substrate. The orientation of the quantum dots along the <111> axes (rotation over the
<111> axes) can be determined by the position of the ED spots. In Figure 5.22 (center picture)
the exact orientation of the quantum dots is shown.
Furthermore, when the TEM and ED pictures are compared it is shown that there is a 30◦ angle
between the chemical bonds of the quantum dots and the ED spots (see Figure 5.20). This gives
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information about the orientation of the chemical bonds between the building blocks in the hon-
eycomb superstructure. The possible bonding facets can be determined by the orientation of the
building blocks and the chemical bonds. When the TEM and SAED pictures are compared the
chemical bonding directions can only be in the [110], [011] and [101] directions (see Figure 5.22).

Figure 5.20: TEM and SAED pictures of the honeycomb lattice. The direction of
the chemical bond is 30◦ rotated with respect to the position of the ED spots.
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(220)
(202)

(202)

(022)

(022)

Figure 5.21: Determination of the crys-
tal planes in the honeycomb lattice from
the ED spots.

[101]

[011]

Figure 5.22: Determination of the orientation of the building blocks in
the honeycomb structure from the ED spots. These spots correspond to
the {110} crystal planes (blue) in the building blocks. These directions
are then used to determine the orientation of the building blocks. It can
be concluded that the attachment can only take place in the [110], [011]
and [101] directions.

Zigzag structure
When the honeycomb lattice is obtained, the zigzag structure is always present as well (see
Figure 5.23). This implicates that the two structures are probably related to each other. How-
ever, the relation between these structures is not known yet and can only be speculated upon
(see Section 5.4.3). A TEM picture of the zigzag structure is shown in Figure 5.24. The zigzag
structure is a densely packed structure of parallel waved wires. The size of the zigzag domains
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varies significantly from one location on the TEM grid to another and might be dependent on
the local concentration or interfacial tension between the quantum dots and the air. Some areas
have only a few parallel zigzag wires (∼ 5), while in other areas contain many zigzag wires which
are closely packed, side by side (> 40) (see Figure 5.8 and 5.24, respectively). However, the
wires in Figure 5.23 look different than the wires in Figure 5.24. The wires in the first figure are
less zigzagged and the dark spots of the neighboring wires are at the same location. While the
zigzag structure in Figure 5.25 are more curly and have less similarities with the neighboring
wires. Since the packing density of the zigzag structure is very high, it is hard to provide more
adequate information from the TEM pictures about the structure and building blocks.

Figure 5.23: TEM picture in which both
the honeycomb and zigzag structure are shown.
Scale bar is 200 nm.

The zigzag structure has also been investigated by SAED measurements. The ED patterns, like
in Figure 5.24, show that in the zigzag structure all crystal planes are aligned. The shape of
the ED pattern is not completely hexagonal, but is a bit elongated in one direction. Using the
method described in Appendix B.2 the ED spots can be assigned to the corresponding crystal
facets. The {100}, {110} and {111} facets of the building blocks in the zigzag structure are
perpendicular to the substrate (see Figure 5.25). These facets are scattered when the <110>
axes of the quantum dot are perpendicular to the substrate. Furthermore, the location of the
ED spots gives information about the orientation of the crystal planes and thus the orientation
of the building blocks. From this it can be concluded that the growth direction of the zigzag
wires is along the [011] axis of the quantum dots (see Figure 5.26).

Figure 5.24: TEM picture and the corresponding ED pattern in the zigzag struc-
ture.
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Figure 5.25: Determination of the crystal planes
in the zigzag structure from the ED spots.

Figure 5.26: Determination of the orientation of the building blocks in
the zigzag structure from the TEM and SAED pictures. The orientation
of the crystal planes is determined by the ED spots (in blue the {100}
planes, in green the {110} planes and in red the {111} planes). These
directions have been used to determine the orientation of the building
blocks.

Square structure
The square structure, which is found at high quantum dot concentrations, was analyzed by
TEM and SAED. In Figure 5.27 a TEM picture of this structure is shown. This monolayered
surface consists of more than 2500 quantum dots which are all square like attached. The angle
between the building blocks is measured from the TEM pictures and is on average 86◦. There
are however some small point and line defects, which are likely caused by a small variation in
attachment angle and quantum dot size. Furthermore, some defects are the result of tearing (see
Figure 5.8). Since the two different domains fit almost perfectly when imaginably put together,
the tearing probably happened when the oriented attachment process was finished.
The size and shape of the building blocks have been investigated to obtain more information
about the individual quantum dots during the oriented attachment process. The size of the
building blocks in the square structure is increased with an average of 0.92 nm (15.1%) (see
Table 5.9). This size increase is probably due to the necking process similar to this process in
the linear attachment. The ions in the quantum dot move through or over the quantum dot
towards the approaching quantum dots, because of the attractive interactions.30 This causes an
elongation of the building blocks in the oriented attachment process. It is however not known
yet what the cause is of this volume increase. Two possible explanations could be made for
increase. It might be that the quantum dots grow further by the addition of monomers or
that the quantum dots become thinner in the z-direction. This direction can however not be
measured from TEM pictures.
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The orientation of the quantum dots in the square structure is investigated by SAED. In Fig-
ure 5.27 a representative ED pattern is shown. The ED spots clearly indicate that the square
structure has a four fold symmetry and all crystal planes are aligned. These ED spots corre-
spond again to the facets parallel to the electron beam. Each spot can be assigned to a specific
facet by the method described in Appendix B.2. From this calculation it can be concluded
that the {100} and {110} facets are perpendicular to the substrate (see Figure 5.28). These
facets can only be perpendicular to the substrate when the <100> axes of the quantum dots
are perpendicular to the substrate. Furthermore, the location of the ED spots gives information
about the orientation of the crystal planes and thus the orientation of the building blocks. By
comparing the TEM and SAED pictures it can be concluded that the attachment areas in the
square structure are in the direction of the <100> axes of the quantum dots (see Figure 5.29).

Table 5.9: Measured lengths of the building blocks in the square superstructure.

Experimenta Length increase (nm)b

1 1.19
2 0.96
3 0.62
4 0.77
5 1.06

a) Measured from the PbS 29 8 13 quantum dots.
b) 197 lengths were measured by measuring 10 particles
Xl and dividing it by 10.

Figure 5.27: TEM picture and the corresponding ED picture of the square super-
structure.

46



(200)

(020)

(202)

(200)

(020)

(202) (202)

Figure 5.28: Determination of the crystal planes
in the square structure from the ED spots.

Figure 5.29: Determination of orientation of the building blocks in
square superstructure from the TEM and SAED pictures. The ED spots
are assigned to the corresponding crystal planes (in blue the {100} planes
and in green the {110} planes). The orientation of the planes is then used
to determine the orientation of the building blocks.

Conclusions
TEM and SAED measurements have been used to obtain information about the size and shape
of the superstructure and to provide information about the orientation of the building blocks in
the superstructure. In Figure 5.30 all superstructures with their corresponding building blocks
are illustrated.

Figure 5.30: Illustration of the orientation of the building
blocks in the found structures: a) the linear structure, b) the
honeycomb structure, c) the zigzag structure and d) the square
structure.

5.4.3 Structural models

By analyzing the orientation of the building blocks in the different superstructures, the geom-
etry of the whole superstructure was constructed. The determination of the structural models
will be described and discussed in this section.
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Linear
The analysis of the orientation of the building blocks provided much information about the
whole superstructure and the orientation of the building blocks in the superstructure. From the
TEM pictures it was concluded that the quantum dots are straight wires, so only the opposite
facets are attached to each other. Furthermore, the individual building blocks can be recog-
nized easily, which implicates that there is no overlap of the building blocks. By combining
these results with the SAED results it can be concluded that the {100} facets are the attaching
facets. The {200} and {2̄00} ED spots in Figure 5.16 are opposite to the growth direction
are much less intense and have therefore less crystallographic order. This can be explained
by two phenomena. First, the wires are at variable distances of each other. This results in a
destructive interference of the scattering waves, which leads to a decrease in crystallographic
order. Second, when the <100> axes of the quantum dots are perpendicular to the substrate
four {100} and four {110} facets are parallel to the electron beam. However, when the wire
rotates over its long axis, these facets are not parallel to the electron beam anymore and do
not scatter. Therefore, these spots are less intense. It is difficult to conclude this from the ED
pictures, since the background intensity is a bit high. This should be analyzed by quantitative
analysis of the intensity in the ED pictures.

Figure 5.31: Schematic representation of the pro-
posed linear structure. The quantum dots are at-
tached by their {100} facets.

Honeycomb
Three models have so far been constructed to explain the shape of the PbSe honeycomb struc-
ture. These models are: the (110)-honeycomb lattice (trigonal), the (111)-honeycomb lattice
(tetrahedral) and the (100)-honeycomb lattice (octahedral) (see Figure 5.32).34 In time the trig-
onal and the tetrahedral models were rejected, because it was proven that the octahedral model
was consistent with the data analysis. All modeled structures can be seen as hexagons in which
the <111> axes of the quantum dots are perpendicular to the substrate, the only difference
is the attaching facets. The trigonal model is a flat structure in which the quantum dots are
attached by their {110} facets. In the second proposed model the structure consists of two
monolayers in which the quantum dots are bonded by their {111} facets. The correct structure
for the PbSe quantum dots is the octahedral model. This model consists of two monolayers
attached by their {100} facets.
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Figure 5.32: Models of the proposed honeycomb lattices. a,d) Top and side view
of the (110)-honeycomb lattice (trigonal model), respectively. d,e) Top and side
view of the (111)-honeycomb lattice (tetrahedral model), respectively. c,f) Top and
side view of the (100)-honeycomb lattice (octahedral model), respectively. Figure is
adapted from Boneschanscher et al.34

However these results are found for the PbSe quantum dots and the correct structure for the
honeycomb lattice built of PbS quantum dots has yet to be investigated. The honeycomb
structure of PbS has been investigated by TEM and SAED as discussed in Section 5.4.2. The
TEM pictures show that the superstructure is built up from hexagons, which is in agreement
with all three proposed models. From the ED results it was possible to determine the direction of
the chemical bond, which can only take place along the [110], [011] or [101] axes. The direction
of the chemical bonds in the trigonal model are not along these axes, but are 30◦ rotated (see
Figure 5.33). Thus, this model can be rejected.

a b c

[110]

[011][101]

[110]

[011][101]

[110]

[011]

[101]

Figure 5.33: The [110], [011] and [101] direction in the a) trigonal honeycomb model, b) tetrahedral
honeycomb model and c) octahedral model. It can be seen that only the chemical bond direction in
the tetrahedral and octahedral honeycomb model are parallel to the directions mentioned above. The
chemical bond direction of the trigonal honeycomb model has a 30◦ offset. Figure is adapted from
Boneschanscher et al.34

To discriminate between the tetrahedral and octahedral model various distances were measured
from the TEM pictures (see Figure 5.34). These values were then compared with the theoretical
lengths in the proposed models. The theoretical lengths are derived geometrically and the
derivation is described in Appendix B.3. The resulting theoretical lengths for the three proposed
models are displayed in Table 5.10. From these comparisons the most corresponding model is
the tetrahedral model in which the quantum dots are attached by their {111} facets. There
are however two flaws in this conclusion. First, the size of the original quantum dots is very
important in this measurement. However this size is not accurately known. The absorption
spectrum gives a size of 6.5 nm, in this research 6.1 nm was measured and a program created
for measuring the size of quantum dots measured 5.5 nm. These three values were therefore
averaged, which gave a quantum dot size of 6.0 nm.
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Figure 5.34: The distances
measured from the honeycomb
lattice in the TEM pictures.

Second, necking occurs during the oriented attachment process.
Necking causes elongation of the building blocks, which results
in longer distances in the honeycomb structure. Thus, it is ques-
tionable if the measured distances can be compared to the orig-
inal quantum dot size. Consequently, it is not possible to deter-
mine whether the tetrahedral or octahedral model is the correct
model (see Figure 5.35). To exclude one of the models tomog-
raphy measurements should be done on the sample. Via this
method the angle between the next nearest neighbors can be
measured. The angle of the tetrahedral structure is larger than
the angle of the octahedral structure: 109.5◦ and 90◦, respec-
tively (see Figure B.2). Thus by investigating the angle be-
tween the next nearest neighbors of the obtained honeycomb
structure more information can be obtained about this struc-
ture.

Table 5.10: The measured distances compared to the theoretical distances in the different honeycomb
lattices.

Line Length (nm) Theoretical length
(110)-honeycomb (nm)

Theoretical length
(111)-honeycomb (nm)

Theoretical length
(100)-honeycomb (nm)

a 85.50 ± 0.45 86.0 85.7 4.9
b 89.74 ± 0.61 10.4 89.8 8.5
c 89.60 ± 0.63 10.4 89.8 8.5
d 10.26 ± 0.68 12.0 11.3 9.8

a b

Figure 5.35: The two possible models of the honeycomb structures after
analysis of the results. a) The tetrahedral honeycomb lattice and b) the
octahedral honeycomb lattice.

Zigzag
The zigzag model has not been discussed in literature before and is a newly discovered struc-
ture. From the TEM and SAED measurements it was found that the zigzag structure are long
waved wires in which the [110] axes of the quantum dots are perpendicular to the substrate.
Furthermore, the growth direction of the wires is parallel to the [011] axes of the quantum dots.
Since the zigzag structure is always present when the honeycomb structure exist, it is reason-
able to assume that the two structures are related. If it is assumed that the tetrahedral model
for the honeycomb structure is valid. It is possible to construct a zigzag structure, which can
be transformed into the (111)-honeycomb lattice (tetrahedral) by rotation and translation (see
Figure 5.36). The position of the quantum dots is determined from the analysis of the TEM
and SAED pictures. Furthermore, the quantum dots are attached by their {111} facets (see
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Figure 5.36a). This orientation was found from the ED results. Next the quantum dots are
rotated 45◦, until the <111> axes of the quantum dots are perpendicular to the substrate (see
Figure 5.36b). The next step is the translation of the zigzag wires to match its location to form
a tetrahedral honeycomb lattice (see Figure 5.36c). Last, the wires are attached by the {111}
facets to form the tetrahedral honeycomb lattice (see Figure 5.36d).

b c da

Figure 5.36: Schematic illustration of the formation of the tetrahedral honeycomb lattice. a) Two
zigzag wires are parallel to each other. b) The zigzag wires are rotated until the {111} facets are parallel
to the substrate. c) The wires are translated to reach to the required position to form the honeycomb
lattice. d) The two wires are connected by their {111} facets, which results in the tetrahedral honeycomb
lattice.

Nonetheless, it is also possible to construct the octahedral honeycomb lattice from a zigzag
structure. In this case the [011] axes of quantum dots are again parallel to the growth direction
and the [110] axes are perpendicular to the substrate. However, the difference is the attaching
facet. These wires in this structure are attached to their {100} facets (see Figure 5.37a). The
building blocks are nicely ordered with the upper building blocks (black) next to each other.
This is in agreement with the wires in Figure 5.23, because the darker spots are next to each
other. Furthermore, the attachment site (narrowing) of the quantum dots can be seen in this
figure as well. The first step is the translation of the wires resulting in an alternating wire pat-
tern (see Figure 5.24 and 5.37b). When the structure is slightly tilted it looks more zigzagged
and the narrowing is not present anymore, which is in agreement from the zigzagged wires in
Figure 5.24. So it can be assumed that the wires in this figure are a bit further in the oriented
attachment process than the wires in Figure 5.23. Next, the wires are rotated until the <111>
axes of the quantum dots are perpendicular to the substrate (see Figure 5.37c). Last, the wires
are attached by the {100} facets to form the octahedral honeycomb lattice (see Figure 5.37d).
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a b c d

Figure 5.37: Schematic representation for the formation of the octahedral honeycomb lattice. a) Two
zigzag wires are parallel to each other. b) One of the wires is translated over the long axis. c) Rotation
of the wires which places the {111} facet parallel to the substrate. d) The attachment of the neighboring
wires which form the octahedral honeycomb lattice.

Only one step in this process has not been explained yet, which is the rotation of the wires.
Instead of the rotation the wires can also attach to each other (see Figure 5.38). From the
TEM pictures it can however be concluded that the wires remain wires and do not attach. The
driving force for this rotation has not been examined yet, so only speculations can be made.
This process might take place due to the decrease in interfacial tension when the wires are
rotated. However this indicates that the interfacial tension of the {111} facets is lower than the
interfacial tension of the {110} facets. Which in turn implicates that the {110} facets are higher
in energy than the {111} facets of the PbS quantum dots (see Section 3.5.3) as was concluded
by Schliehe et al.7 Thus, if this explanation is correct it would implicate that the truncated
octahedron is the correct structure for the PbS quantum dots. However, this is just a theory
and should first be proven.

Figure 5.38: Schematic repre-
sentation of the attachment of
two neighboring zigzag wires.

Whether the tetrahedral model or the octahedral model is correct, is not yet known. How-
ever, the first model has some inconsistencies. First, this model supports the formation of the
tetrahedral honeycomb lattice. This structure was rejected for the PbSe honeycomb structure.
Second, the change in attaching facets in the different superstructures cannot be explained. Es-
pecially, because the attaching facets change from the {100} facets (linear) to the {111} facets
(tetrahedral honeycomb) and {110} facets (zigzag) and changes than back to the {100} facets
(square). This effect cannot be explained and it is more reasonable when the attaching facets
remain the {100} facets. The last argument is the degree of zigzagging, which is not very large
on the TEM pictures of the investigated wires. When all these arguments are combined, it can
be concluded that the most likely zigzag structure is the last structure, which also implies that
the octahedral honeycomb lattice is correct.
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Square
From the results discussed in Section 5.4.2 a model for the square superstructure has been
formed. The square superstructure has an average angle of 84◦, which is very close to 90◦. This
angle is a bit lower, because it was not possible to make a distinguish between for example 88◦

and 92◦. So all angles were taken below 90◦, which explains the lower value. The geometry of
the square superstructure can be determined by the results of the SAED measurements. These
indicated that the <100> axes of the quantum dots are parallel to the substrate and the attach-
ing facets are the {100} facets. From these criteria only one square structure can be composed
(see Figure 5.39).
The formation of the square structure is not known yet. It can however be assumed that the
square structure has an intermediate superstructure and is then transformed into the square
structure. This suggestion is made due to the high structural order and the few defects. If the
square structure is formed monomer per monomer more defects would be obtained. Therefore
it is possible that the square superstructure is formed from the linear wires, which were also
formed at low concentrations.

Figure 5.39: Proposed
model for the square
structure.

5.4.4 Growth mechanism

Kinetics and forces involved
In Section 3.5 some theories about the oriented attachment process have been descibed. In
this section these theories will be compared to the results found in this research. Two colloidal
mechanisms have been discussed in the theory section: First, oriented attachment in a well
dispersed system, in which attachment only occurs between quantum dots with mutual orienta-
tions. Second, oriented attachment in a weakly flocculated system, in which the quantum dots
first rotate into the right orientation and then attach. The experiments done in this research
provided no proof to reject one of these theories, but gave some indications towards the weakly
flocculated system. First, the solvent evaporates slowly in the oriented attachment process,
which results in a confinement of the quantum dots on the substrate surface. This results into
a close packing of the quantum dots, which leads to the attraction between the quantum dots.
Furthermore, former literature did also report about the attractive forces between the quantum
dots.5,28

If the weakly flocculated model is assumed to be correct it might be possible to observe the dif-
ferent steps in the oriented attachment process. In this model the quantum dots first approach
each other, then they rotate to find the right orientation, next the irreversible attachment takes
place and last the surface is reconstructed. For the first step, the approach, an attractive force
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is required. Former research could not find the driving force responsible for the attachment and
this research only found some indications for a dipole-dipole interaction. All superstructures
(linear, honeycomb, zigzag and square) can be formed by this dipole-dipole moment. For the
linear structure a direction specific force is required, which can be the dipole-dipole moment.
This dipole moment should increase when the wires become longer. The square structure can
then be formed from these linear wires. This attachment is driven by a high density and a large
confinement of the linear wires on the substrate. The formation of the (100)-zigzag wires can
partially be explained by a dipole-dipole moment. However, the first two steps are described
statistically. These two steps consist of the formation of the dimer and trimer. For the formation
of a dimer no direction specific force is required; the approaching quantum dot can attach at any
{100} facet. However, the next quantum dot can then attach to different facets, resulting in two
structures. First, the approaching quantum dot can attach at the long axis of the dimer, which
results in a linear wire. This chance is however only 1/5. Second, the approaching quantum dot
can attach at one of the other {100} facets, which results in a turn in the structure. The chance
of this attachment is much larger and is 4/5. The dipole moment of the trimer is then large
enough to construct long zigzag wires. However, to construct the honeycomb structure from
the zigzag wires an additional driving force is required. And the interfacial tension between the
air/specific facet interface might be playing a role in this rotation step. However, the formation
of the different superstructures have not been proven yet and should be further investigated.
The theory about oriented attachment in a weakly flocculated system claims that the next step
is the rotation of the quantum dots.29 In this Master’s thesis no proof was found to support this
rotation, because the quantum dots look spherical in the TEM pictures, so rotation cannot be
observed. However, the crystallographic order was increased during the attachment process (see
Figure 5.11). Two explanations can be given for this phenomenon. First, the crystallographic
ordered increases due to the rotation of the quantum dots. Second, the crystallographic order
increases, because more quantum dots are attached.
Next, the irreversible attachment takes place. The elongation of the quantum dots in the super-
structure supports the theory about the necking process in the attachment. A large amount of
ligands have already been migrated to the ethylene glycol phase. This results in some free space
on the quantum dot surface to attach. The ions of the approaching quantum dots are migrated
through or over the quantum dots, because of the attractive forces between the quantum dots.
At some point one ion will touch the approaching quantum dot and a neck has been created.
From this point, other ions will attach to the neck which broadens the neck until the quantum
dots are completely attached. Since the ions move through or over the structure towards the
approaching quantum dot the quantum dot is elongated in its growth direction.
At the end the surface tension can be further decreased by the movement of surface ions. This
is especially the case at high temperatures, because of the higher mobility of the ions at elevated
temperatures.

Formation of different superstructures
All different superstructures are probably attached to their {100} facets, which is the facet
lowest in energy of the PbS quantum dot.43 This supports the theory of Choi et al., in which
the facet lowest in energy is the attaching facet.47 The ligands at the lowest energy facet will
desorb more easily, which results in space for the approaching quantum dot to attach to the
neighboring quantum dot. So the attaching facet is the same in all the superstructures, which
indicates that another factor controls the formation of the different superstructures. It was found
from self-assembly research that quantum dots are located at the air/solvent interface.52,53 The
orientation of the quantum dots at this interface plays probably a role in the oriented attachment
process.1 The surface tensions between the different facets and the air changes in the different
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superstructures. These energies are probably changed by the partial removal of the capping
ligands bound to specific facets. In the linear and square structure the {100} facets of the
quantum dots are at the interface. In the honeycomb structure the {111} facets are at the
interface and in the zigzag structure the {110} facets are at the interface. It is however still
unknown why these quantum dots orient like this. Especially, because the superstructure formed
from the lowest and highest concentration (linear and square) have the same orientation, while
the honeycomb and zigzag structure have a different orientation.
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Chapter 6

Conclusions

Using the hot injection method nearly monodisperse PbS quantum dots (3.2 to 7.5 nm) can
be synthesized. These quantum dots have been used to obtain more information about their
stability in air, but particularly to use them as building blocks for oriented attachment experi-
ments. Different superstructures have been obtained by changing many reaction conditions. It
was found that the quantum dot size, attachment temperature and ethylene glycol volume have
an influence on the stability of the quantum dots. Furthermore, the quantum dot size and con-
centration determines the resulting superstructures. From all oriented attachment experiments
four superstructures have been found: the linear, honeycomb, zigzag and square superstructure.
The TEM pictures and SAED images have been used to gain more information about the shape
of the superstructure and to provide information about the orientation of the building blocks on
the substrate. From these results structural models of the four different superlattices have been
constructed (see Figure 6.1). The linear structure consist of very long linear wires, in which
their building blocks are are attached by their {100} facets. At intermediate concentrations
the honeycomb and zigzag structure are formed. These structures are always accompanied by
each other, so they are probably related. The proposed zigzag model can be transformed to
the proposed octahedral honeycomb structure. This zigzag structure form wires in which the
<110> axes of the quantum dots are perpendicular to the substrate and the quantum dots are
attached by their {100} facets. By translation and rotation the octahedral honeycomb can be
formed from the zigzag structure. In the honeycomb structure the <111> axes of the quantum
dots are perpendicular to the substrate. At high concentrations the square structure has been
found. The <100> axes of the quantum dots are again parallel to the substrate and the quan-
tum dots are attached by their {100} facets. In the theory section it was hypothesized that the
attaching facet changes when different superstructures were formed, however in this research it
was found that all superstructures were attached by their {100} facets and only the orientation
with respect to the air/solvent interface is changed.
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Figure 6.1: Proposed models of the found superstructures:
a) the linear model, b) the octahedral honeycomb model, c)
the zigzag model and d) the square model.

From all the results in the oriented attachment experiments insights have been acquired about
the oriented attachment growth mechanism. There are for example some indications that the
system in the oriented attachment experiments is a weakly flocculated system. This means that
the quantum dots are first rotated to find a mutual crystallographic orientation and are then
attached. This attachment occurs by the so called necking process, in which the ions move
through or over the quantum dot to attach to the approaching quantum dot. This necking
process results in an elongation of the quantum dots in the attachment direction. In the end
the superstructure can lower its surface energy by the migration of ions towards high energy
locations. Much knowledge about the oriented attachment process has already been acquired,
but there are still many open questions about this mechanism, so more research has to be done
on this subject.
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Chapter 7

Outlook

To obtain more information about the stability of the PbS quantum dot more variables should
be changed in these experiments. For example, the oxidation process was almost terminated af-
ter one month. Thus this process should be more investigated in the first month. Furthermore,
the influence of the quantum dot size and solvent on the oxidation rate should be investigated.

However, most investigation should be done on the oriented attachment mechanism. The first
priority is to minimize the uncertainties in the experiments, because the reaction conditions
have a major impact on the oriented attachment process. The three most important parame-
ters, temperature, quantum dot concentration and ligand volume, should be known very precise.
This can be done by automating the addition of the quantum dot suspension and ligand volume.
This will hopefully result in a larger reproducibility of the oriented attachment experiments.

Furthermore, the conclusions in this Master’s thesis should be elaborated. Tomography should
be done on the honeycomb lattices to determine the exact structure: the tetrahedral or octa-
hedral honeycomb lattice. Furthermore, the formation of this superstructure and its relation
to the zigzag structure should be clarified. In addition more information should be acquired of
the formation of the different superstructures. In situ TEM and GISAXS might provide more
insight in the oriented attachment progress.

In addition, the oriented attachment experiments should be expanded to other nanocrystals. It
was already found that CdSe zinc blende superstructures could be formed from rocksalt PbSe
superstructures by cat ion exchange.34 This exchange should also be investigated for PbS su-
perstructures to acquire superstructures of many other materials.

In the end, the major goal is to obtain more knowledge about the oriented attachment process.
Especially, the involved forces and the influence of the different facet energies should be investi-
gated. Hopefully, these questions can be answered by doing many more experiments and using
more analysis techniques.
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Appendix A

PbS quantum dot synthesis

A.1 Details of all quantum dots mentioned in this Master’s the-
sis

Sample Size (nm)c σ (%) Solvent Reaction temperature (�)

PbS 18 12 12 7.5 85.9 Toluene 120
PbS 05 02 13 5.3 89.1 Toluene 120
PbS 14 02 13 4.8 87.9 Toluene 100
PbS 25 02 13 4.7 89.7 Toluene 100
PbS 12 03 13 4.2 89.7 Toluene 880
PbS 20 03 13 3.6 10.6 Toluene 880
PbS 03 04 13 3.2 11.4 Toluene 880
PbS 29 08 13 6.1 88.2 Hexane 120
Rm 119a 5.4 88.7 Toluene 120
Rm 163a 5.8 88.2 Toluene 120
Rm 163w 5.8 88.2 Toluene 120
Rm 203ba 6.1 89.2 Hexane 120
Rm 203ca 6.1 89.2 Heptane 120
Rm 203db 6.1 89.2 Hexane 120
Rm 203eb 6.1 89.2 Heptane 120

a) These quantum dot dispersions were purified once instead of twice.

b) These quantum dot dispersions were purified three times instead of twice.

c) The quantum dot sizes were measured by hand.
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A.2 Influence of the solvent on the size and shape of the PbS
quantum dots

a b c

Figure A.1: TEM pictures of the synthesized quantum dots quenched with differ-
ent solvents. a) 4.8 ± 0.38 nm PbS quantum dots quenched with acetone, b) 5.3
± 0.48 nm PbS quantum dots quenched with 1-butanol and c) 4.7 ± 0.46 nm PbS
quantum dots quenched with ethanol. Scale bars are 100 nm.
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Appendix B

Oriented attachment

B.1 Details of all oriented attachment experiments mentioned
in this Master’s thesis

Figure Quantum dot name Concentration
(×10−7 M)a

Temperature
(�)

Reaction time
(min)

EG volume
(mL)

5.7a PbS 18 12 12 11.02 RT 860 1.0
5.7b PbS 18 12 12 85.51 30 860 1.0
5.7c PbS 18 12 12 85.53 40 860 1.0
5.7d PbS 18 12 12 85.52 70 860 1.0
5.7e PbS 29 08 13 82.69 RT 860 1.0
5.7f PbS 29 08 13 82.69 30 860 1.0
5.7g PbS 29 08 13 82.69 40 860 1.0
5.7h PbS 12 03 13 28.00 RT 860 1.0
5.7i PbS 12 03 13 27.78 30 860 1.0
5.7j PbS 12 03 13 28.00 40 860 1.0

5.8a PbS 18 12 12 82.76 30 860 1.0
5.8b PbS 18 12 12 83.85 30 860 1.0
5.8c PbS 18 12 12 84.95 30 860 1.0
5.8d PbS 18 12 12 85.51 30 860 1.0
5.8e PbS 18 12 12 11.02 30 860 1.0
5.8f PbS 29 08 13 81.35 30 860 1.0
5.8g PbS 29 08 13 82.15 30 860 1.0
5.8h PbS 29 08 13 82.42 30 860 1.0
5.8i PbS 29 08 13 82.69 30 860 1.0
5.8j PbS 29 08 13 82.96 30 860 1.0
5.8k PbS 29 08 13 85.39 30 860 1.0

5.10a PbS 18 12 12 85.51 30 830 1.0
5.10b PbS 18 12 12 85.51 30 840 1.0
5.10c PbS 18 12 12 85.51 30 850 1.0
5.10d PbS 18 12 12 85.51 30 860 1.0
5.10e PbS 29 08 13 82.69 RT 840 1.0
5.10f PbS 29 08 13 82.69 RT 890 1.0
5.10g PbS 29 08 13 82.69 RT 180 1.0
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Figure Quantum dot name Concentration
(×10−7 M)a

Temperature
(�)

Reaction time
(min)

EG volume
(mL)

5.12a PbS 05 02 13 25.30 30 60 0.4
5.12b PbS 05 02 13 25.30 30 60 0.6
5.12c PbS 05 02 13 25.30 30 60 0.8
5.12d PbS 05 02 13 25.30 30 60 1.0

5.13a Rm 203b 10.80 30 60 1.0
5.13b Rm 203b 86.75 40 60 1.0
5.13c Rm 203b 88.10 50 60 1.0
5.13d Rm 203b 88.10 60 60 1.0
5.13e Rm 203c 10.80 30 60 1.0
5.13f Rm 203c 85.40 40 60 1.0
5.13g Rm 203c 88.10 50 60 1.0
5.13h Rm 203c 88.10 60 60 1.0

5.14a Rm 203c 86.75 50 60 1.0
5.14b Rm 203c 86.75 60 60 1.0
5.14c Rm 203e 84.18 30 60 1.0
5.14d Rm 203e 84.18 40 60 1.0

a) Concentration determined by absorption spectroscopy and the article from Cademartiri et al.49
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B.2 Determination of the corresponding crystal facets from elec-
tron diffraction patterns

An ED pattern can be used to determine the corresponding scattering facets in a crystal. The
angle, symmetry and distance of the corresponding ED spots depend on the crystal structure
of the sample. The electrons in the beam only scatter at the crystal planes which are parallel
to the electron beam, because electrons have a high energy and thus a small scattering angle
(Bragg’s law). Since the crystal planes of all quantum dots are aligned in the same direction,
it is possible to determine which facets are perpendicular to the substrate. With Equation B.1
and Equation B.2 the Miller indices of the facets can be calculated:54,55

Camera constant = # of pixels × interplanar spacing (B.1)

Interplanar spacing =
lattice constant√
h2 + k2 + l2

XXXXXXXllllX (B.2)

in which the camera constant is the length of the camera times the wavelength of the electron
beam , # of pixels is the length between the opposite ED spots in pixels, the interplanar spacing
is the perpendicular distance between two successive planes, the lattice constant is the length
of the unit cell and h, k and l are the Miller indices. Since the camera constant (460, 681 or
911) and the number of pixels is known from the measurements and the lattice constant for
PbS is 5.9362 Å the Miller indices of the scattering facets can be determined.56 An important
note is the 90◦ angle between the TEM pictures and the ED pictures, which is due to the use
of different lenses for the TEM and ED measurements.
Furthermore, which planes scatter is also determined by the structure factor of the crystal.
Scattering is only allowed when the structure factor of the crystal is unequal to zero. The PbS
quantum dots have a FCC (Face-Centered Cubic) crystal structure. For this structure all Miller
indices have to be even or all have to be odd to construct a structure factor which is unequal
to zero.57

At the time of measuring we did not know that it was possible to determine the crystal facets
from the ED pattern. So the camera constant was not written down. Nevertheless, the scat-
tering on the different facets should all give the same camera constant. So by trial and error
the most plausible camera constant was determined. In this section the determination of the
corresponding facets from the ED pattern in the square structure will be described.
The length between the different ED spots has been measured in pixels (see Figure B.1). The
inner spots have a distance of 150.12 and 152.97 pixels, the length between the spots in the
second ring have a distance of 217.15 pixels and the length between the spots in the outer ring
have a distance of 303.19 and 305.26 pixels. When these values and specific Miller indices are
filled in Equation B.1 the calculated values are very close to each other (see Equation B.3–B.5)
and are also very close to one of the excising camera constants (460). Only these Miller indices
give the the same camera constant for every ED spot.
Thus, the facets perpendicular to the substrate are the {100} and the {110} facets in the square
superstructure. To determine the exact values of the Miller indices, one spot is chosen arbitrarily
and the remaining Miller indices are geometrically constructed.
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Figure B.1: ED images of the square superstructure. a) The determination of the distances (in pixels)
between the opposite ED spots and b) the assignment of crystal planes to the corresponding ED spots.

Camera constant =

(
152.97+150.12

2

)
· 5.9362

√
22 + 02 + 02

= 450 (B.3)

Camera constant =
217.15 · 5.9362√

22 + 22 + 02
= 456XXllX (B.4)

Camera constant =

(
303.19+305.26

2

)
· 5.9362

√
42 + 02 + 02

= 451 (B.5)
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B.3 Geometric calculations of the theoretical distances in the
honeycomb lattices

L

b) (110)-honeycomb lattice (trigonal)

c) (111)-honeycomb lattice (tetrahedral)

L
L

120

=60

L L

c

c

120

=60

=109.5 L L

c

c

d) (100)-honeycomb lattice (octahedral)

120

=60

=90

a
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c
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a) Measured distances in the honeycomb lattices

Figure B.2: Schematic representation of the different honeycomb lattices. a) The distances measured
in the different honeycomb lattices. b) The top and side view of the (110)-honeycomb lattice (trigonal),
respectively. c) The top and side view of the (111)-honeycomb lattice (tetrahedral), respectively. c) The
top and side view of the (100)-honeycomb lattice (octahedral), respectively.

Different distances have been measured to obtain more information about the possible hon-
eycomb structure (see Section 5.4.3). These measured distances have been compared to the
theoretical distances of the proposed models. The determination of these lengths are described
in this section. The distances that have been measured and compared to the theoretical values
are the bond length to the nearest neighbor (a), the hole-hole distance (b), the next nearest
neighbor distance (c) and the next next nearest neighbor distance (d) (see Figure B.2). It should
be noted that the bond length to the nearest neighbor is independent of the truncation degree
of the quantum dots.
Each honeycomb model has three given magnitudes: the bond length between the nearest neigh-
bors, the angle between the next nearest neighbors and a hexagon symmetry (see Figure B.2).
The (110)-honeycomb lattice is a flat hexagon with angles of 120◦ and six ribbons which are
equal to the bond length (L) of the quantum dots. Length b, c and d can be found by using
Equation B.6.

a = L

b = 2L sin θ =
√

3L

c = 2L sin θ =
√

3L

d = L+ 2(Lcosθ) = 2L

(B.6)
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The (111)- and (100)-honeycomb lattice are not flat and it is therefore a bit harder to determine
the distances. The angle between the next nearest neighbors is 109.5◦ in the (111)-honeycomb
lattice and the bond length (L) is defined as the length between the center of the two nearest
neighbor quantum dots (see Figure B.2). From these quantities it is possible to determine
all desired distances (see Equation B.7 to B.10). The same method can be applied for the
determination of the distances in the (100)-honeycomb lattice. The only difference is the angle
between the next nearest neighbors, which is in this case 90◦. The resulting distances are shown
in Equation B.7 to B.10.

a =
c

2 sin θ

a (111-honeycomb) =
2

3

√
2L

a (100-honeycomb) =

√
2

3
L

(B.7)

b = 2L sinφ

b (111-honeycomb) =

√
8

3
L

b (100-honeycomb) =
√

2L

(B.8)

c = 2L sinφ

c (111-honeycomb) =

√
8

3
L

c (100-honeycomb) =
√

2L

(B.9)

d = a+ 2
( c

2 tan θ

)
d (111-honeycomb) =

4

3

√
2L

d (100-honeycomb) =

√
8

3
L

(B.10)
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