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“Since beginningless time darkness thrives in the void,
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Chapter 1

1.1 Introduction

Because most people have access to light at any time of day and year at will, the importance
of lighting technology can easily be underappreciated. Lighting technologies are used in
an crucial array of applications. The most obvious application is general lighting, which
allows surgeons to operate indoors, makes it possible to safely drive a car on a winter
morning, and may give young children some comfort at night. A second vital application of
lighting technology is in displays such as computer screens, smartphones and televisions.
Finally, more high-tech lighting applications such as lasers are less widespread, but often
used in manufacturing, research and telecommunication. While each of these applications
has very different requirements and specifics, they all have two things in common: all
applications emit light in the visible part of the electromagnetic spectrum, and all of them
may in some manner be improved by incorporating quantum dots as a light-emitting

material.

1.2 Quantum dots

Quantum dots (QDs) are nanoparticles made of semiconductor materials. Like other
semiconductors, QDs can emit light if an electron is present in the conduction band and a
hole in the valence band. This excited electron can radiatively recombine with the hole to
produce a photon. Unlike bulk semiconductor crystals, which possess a material-specific
band gap, the electronic structure of quantum dots is influenced by quantum confinement
effects: when the size of semiconductoFigurers is reduced to the nanometer scale, electron
wavefunctions in the material are confined by the edges of the crystal, akin to the common
‘particle in a box’ model. Like a particle in a box, more quantum confinement leads to an
increase in the difference between the energy levels, which translates to a larger band gap
in quantum dots compared to the bulk version of the same materials. InP nanocrystals of
different sizes are shown side by side in Figure 1.1 to illustrate this effect.

Figure 1.1. Solutions of indium phosphide-based nanoparticles of increasing size from
left to right. As the size of the nanoparticles increases, the band gap of the indium
phosphide decreases. This means the light emitted by these nanoparticles has a lower
energy and is thus more towards the red side of the spectrum. Photo taken by the author.

2



Quantum dots in light-emitting applications

The smaller the nanoparticles become (to the left of Figure 1.1), the more pronounced the
quantum confinement effect is. This results in the first important property of quantum
dots: their band gap is size-dependent. This also means that any optical characteristics that
depend on the band gap, most notably the wavelengths of absorbed and emitted light, also
depend on their size. By tuning the size of quantum dots, it becomes possible to produce a
material that emits light at a specific desired wavelength, and thus at a specific color. This
effect is clear in Figure 1.1, where the smallest QDs emit blue light, while the larger QDs to
the right emit green, yellow, orange and red light. A second important feature of quantum
dots is that their emission spectra can be very narrow, translating to a high color purity of
the emitted light.

Because of these two properties, the use of quantum dots could lead to improvements in
the aforementioned lighting applications. Modern lamps are based on blue bulk gallium
nitride LEDs, which are very power-efficient, but rely on converter materials (called
phosphors) to convert this blue light into green and red in order to produce light of a
warm-white color. During this conversion losses can occur if blue light is converted to
invisible infrared light by a converter material with too wide an emission spectrum. Since
quantum dots possess very color-pure emission, they would convert all blue light to visible
red light, thus resulting in less losses and an energy saving of widely used white LED
lamps. In display applications, a similar conversion from blue to red light can be used, or
quantum dots could be more directly used for converting electricity into light. Either way
the color purity provided by quantum dots is especially important in displays, since higher
color purity allows the production of higher-gamut displays, which translates to more
realistic and vibrant colors on the display. Quantum dot-based televisions are actually
already commercially available at this moment. Finally, quantum dots could be used lasing
applications, were the color tunability of quantum dots would allow the generation of laser

light of any color.

1.3 Loss mechanisms in QDs

For use in lighting applications, in addition to the aforementioned narrow linewidth, there
are two other important requirements for quantum dots: energy efficiency and stability.
First, all the energy that is put into the quantum dots should be converted to light. The
efficiency of the light production of quantum dots is determined by measuring the
photoluminescence quantum yield (PLQY), which is defined as the amount of photons
emitted divided by the amount of photons absorbed. Typically quantum yields over
95% are required for applications. Theoretical, perfect QD nanocrystals are expected to
exhibit a PLQY of 100%, but in reality, this is hard to achieve because nanocrystals are
rarely perfect. Real nanocrystals suffer from atomic defects, which are usually present
on the surface of the crystals. These defects can lead to energy states in the band gap of
the material (called trap states), which in turn lead to non-radiative recombination of
the excited electrons and thus to a drop in PLQY. A schematic showing both radiative
recombination and recombination via traps is shown in Figure 1.2.

Another type of loss mechanism that can take place in applications is chemical loss of
electrons. In this case, no direct defects may be present on the QDs, but electrons are still
lost due to chemical reactions.
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Chemical loss
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Figure 1.2. Schematic of radiative recombination and loss processes in quantum dots.
The quantum dot is in an excited state, with an electron (black) in a high energy level and
a hole (white) in a lower energy level. The electron and hole can recombine directly and
emit light (radiative recombination). If there is an energy level available in the band gap of
the QD (a trap state), the electron and hole can recombine via this trap state, releasing only
heat. Electrons and holes can also be lost to chemical reactions. These chemical reactions
can be with other reactants around the QD, or with part of the QD themselves. In the latter
case, these reactions can lead to instability and degradation of the QDs.

These can be reactions with other compounds (shown in Figure 1.2) or reactions where
part of the QD itself reacts. When part of the QD itself is involved in the reaction, this
may lead to degradation of the QDs, for instance by creating additional trap states which
decrease the PLQY. This relates the second important requirement of QDs for use in
applications, their stability. QDs need to maintain their high PLQY over years under high
illumination density and elevated temperatures, especially for high-intensity applications
such as lasers and car headlights. This means that little or no new atomic defects should
develop over time. Since chemical reactions can lead to degradation of the QDs on the
long term, avoiding them is crucial for commercial use of QDs. Whether or not the QD
is degraded, chemical loss of electrons or holes always leads to a loss of efficiency of the
lighting device they occur in.

For both non-radiative recombination due to atomic defects and chemical loss of electrons,
little is known about the actual chemical specifics of the processes. Understanding what
kinds of defects and chemical reactions can occur on and in QDs is key to understanding
how to prevent or remove them. In this thesis, both these types of loss mechanisms will
be investigated.
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1.3.1 Atomic defects on InP

With regards to atomic defects, we will focus specifically on indium phosphide (InP), as
it is the most promising RoHS-compliant material for making quantum dots for lighting
applications. It has been shown that InP QDs can be made with emission in the entirety
of the visible spectrum, ranging from blue to red (Figure 1.1), with a narrow emission
linewidth and thus high color purity. However, it is not yet fully understood which types
of atomic defects can be present on InP quantum dots. In order to be able to produce
stable InP QDs with near-100% PLQY, it is necessary to examine the types of defects that
can be present and what their effect is on the PLQY and the stability of the QDs. With that
information, synthesis methods can be devised that either remove these defects or prevent
them from forming in the first place.

In QD materials, atomic defects are most often found on the surface of the nanocrystals.
Unbound ions at the crystal surface and contaminations formed during the synthesis (for
example oxides) can both be present at the surface and lead to trap states. To remove
these defects, two different strategies may be employed. First is chemical treatment of the
surface. With this technique chemical reactions are performed on the nanocrystals with
the goal of fixing as many defects as possible. Another technique is to add a so-called shell
layer of a different material around the QDs. In this case the original surface is replaced
by an interface and a new outer surface is created, which then should have a lower trap
density. Both these techniques are explored in detail in this thesis.

In case of the addition of a shell layer, the interface that is formed between the core and
shell material is still a likely location for defects to form. To limit the amount of defects
that are formed at the interface, the choice of shelling material is crucial. In the case of
InP as a core QD material, the only (ROHS-compliant) shelling materials that have been
used to successfully increase the PLQY to near-100% are ZnSe and ZnS. However, using
these materials for the shell layer leads to a complicated interface because of the difference
in charge of the lattice ions compared to InP. In addition, oxidized contaminations are
often found on the InP core/shell interface, with conflicting reports on their effects on the

optical properties of the QDs.

In this thesis, we set out to identify which atomic defects are present on both the InP
QD surface and the InP/ZnSe core/shell interface. We then examine what the effect of
the different atomic defects is on the optical properties of the QDs. We use a variety
of structural analysis techniques, but rely most heavily on solid state nuclear magnetic
resonance (ssNMR). In ssNMR, the chemical environment of atomic species is probed
by measuring the response of atomic nuclei to radio pulses in a very strong magnetic
field. ssNMR can distinguish different chemical species from each much better than any
other technique and even provides numerous measurements to probe the proximity
and interactions between different species. However, ssNMR measurements can only be
performed on a select set of atomic nuclei. Luckily, *'P is among these, making ssNMR an
excellent tool to investigate the atomic structure of InP. With regards to the shell material,
77Se can be measured. This selenium isotope is only 7.6% abundant (compared to 100%
for *'P). Additionally, YO, present in atomic defects at the InP/ZnSe interface has an
abundancy of only 0.04%. By creating shells with enriched ’Se (99%) and 7O (70%), we
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are however able to use ssNMR techniques to their full potential on the shell material and
InP/ZnSe interface as well in this thesis.

1.3.2 Chemical loss of electrons in QD materials

For investigating chemical loss of electrons from QDs, we will take a more general
approach and look at different QD materials. We use electrochemistry to inject electrons
into the QDs without injecting holes in a process called electrochemical charging. Since
these electrons cannot recombine, they will stay in the QDs for a long time. QDs that are
electrochemically charged in this way provide interesting opportunities for use in lighting
devices such as lasers or light-emitting electrochemical cells as long as the electrons are
stable in the QDs. Because the electrons are in the QDs for extended times, this technique
also allows us to study the chemical loss reactions that they can partake in. To improve
our understanding of the loss processes, we simulate the electrochemical charging process
using drift-diffusion simulations. These simulations allow us to track the motion of
electrons and other charges in the system. In addition, we can model different types of
chemical reactions that the electrons can partake in. By comparing these simulations to
experiments we identify what different chemical loss processes would look like in practice.
We then compare which loss processes are likely to occur in various QD materials,

including InP QDs.

1.4 Outline of this thesis

Chapter 2 provides an extensive literature overview on the topic of InP quantum dots.

In chapter 3, the atomic defects on InP core-only particles are central. We show that
in-situ generated HF can be used to boost the PLQY of InP core particles from ~0% to
85%. The treated QDs are then analyzed using a variety of optical and structural analysis
techniques and compared to untreated InP cores. Based on the structural changes after
the treatment, we identify that the surface is partly covered with indium fluoride (InF,).
This suggests that after the treatment, a better passivation of dangling phosphorus bonds
is achieved through passivation with small InF, species. Because InF, is so small, more
of these species can fit on the InP surface compared to native ligands, resulting in better
passivation. Additionally, ssNMR and density functional theory (DFT) results indicate
that unlike often assumed in literature, not all oxidized species on the InP surface lead to
trap states, and specifically the presence of PO,* is not harmful for the PLQY.

In chapter 4 we continue the investigation of defects on InP QDs, shifting the focus to InP/
ZnSe/ZnS core-shell particles. Here we use advanced *'P, 7Se and 7O ssNMR techniques
to investigate the InP/ZnSe interface. We find that PO,* species found on the cores are still
present at the InP/ZnSe interface after the shelling procedure. Near-unity PLQY values are
obtained even with ~5 PO * moieties per QD. We then oxidize the InP cores on purpose
using molecular oxygen. This results in a strongly increased amount of PO *, which is
the only product of the reaction of InP with molecular oxygen. After growing ZnSe shells
on the oxidized InP cores, the PLQY of the InP/ZnSe is significantly lower than that of
the particles without the oxidized interface. ”’Se ssNMR measurements show a decreased
amount of selenium at interface positions in the oxidized sample. High-resolution TEM
measurements reveal different crystal orientations of the core and shell when the interface

6
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is oxidized. These results indicate that excessive oxidation disrupts the growth of an
epitaxial ZnSe interface on top of the InP core.

In chapter 5 we see how QDs are used in actual light-emitting devices called light-emitting
electrochemical cells (LECs). By producing these novel devices for the first time with QDs,
we show that both electron and hole injection into QDs can be achieved by incorporating
ions in the active layer to effectively lower the injection barriers. Results from experiments
and drift-diffusion simulations are combined to characterize the device and show the
working mechanism. We show that while hole injection is achieved in our QD-based
LECs, further improvement of hole injection could improve device performance in the
future.

In chapter 6 we use drift-diffusion simulations to closely analyze electrochemical charging
and doping of QD films. We find that the doping density that can be obtained in a film
depends both on the applied potential and the amount of supporting electrolyte that is
present, and we show that electrochemical doping of QD films cannot be described by
earlier theory of electrochemical processes.

Finally in chapter 7 we extend the drift-diffusion simulations to include non-ideal
processes by including electrochemical side-reactions. By combining experimental and
computational data, we identify which loss processes can take place and how different
types of QD materials are affected by these processes. First, we show that chemical loss
of electrons to redox-active species can be reversible or irreversible depending on the
reduction potential of the redox-active species. Next, we analyze loss of electrons to
molecular oxygen. We find that loss to oxygen is always fully irreversible, because the
reduced oxygen undergoes irreversible chemical reactions after scavenging an electron
from the QDs. Finally, we model reactions were the QDs themselves are reduced. We
find this type of reduction reaction is the most likely candidate for the irreversible loss of
electrons observed in InP and CdSe QDs.
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Chapter 2

2.1 Introduction

The development of semiconductor technologies has had a formidable and revolutionizing
impact on our civilization over the past 50 years, in particular through electronic and
photonic applications. A well-known feature of semiconductors is that their electronic
and optical properties depend not only on their composition and structure but also on
their size and shape when confined to the nanometer scale, due to quantum mechanical
effects.”* Owing to their tunable energy landscapes, qvuantized signatures and efficient
luminescence, semiconductor nanostructures (a.k.a. quantum dots, wires or wells) have
been widely explored at a fundamental level and can be found in electronic and photonic
technologies as common as transistors or light emitting diodes.

The emergence of surfactant-assisted syntheses of colloidal nanocrystals has allowed
the fabrication an enormous variety of semiconductor nanostructures with remarkable
precision in terms of composition, structure and morphology, in a freestanding colloidal
form, which confers great versatility for further integration, and in high yields.”'! Over
the past three decades, the understanding, fabrication, design, performance, stability and
applicability of colloidal quantum dots, wires and wells have evolved impressively, and
with an increasing number of functionalities, they have become valuable materials for
a growing number of photonic technologies such as lighting, displays, lasers, quantum
information, solar energy converters, infrared cameras, security inks, theranostics etc."'*

InP based quantum dots (QDs) have raised considerable interest for photonic technologies
operating in the visible and near-infrared regions, because of their wide spectral tunability,
strong light absorption, efficient luminescence, high carrier mobility and compliance with
safety regulations on consumer devices. Recent developments in their fabrication and
design have led to considerable quality improvements. InP QDs can already be found
integrated as down-converting phosphors in commercial displays, and are also being
considered for other applications as their qualities improve and expand.

In this chapter we review the growing field of InP based QDs from its genesis in the
mid-1990s to date, encompassing relevant knowledge from other QDs and from III-V
semiconductors as a whole, with the aim of providing a comprehensive but concise
account of the fundamentals, progress and challenges in this broad field. First we cover the
electronic and optical properties of InP QDs. Then we explore their synthesis methods,
the occurrence of electronic defects and their passivation, InP based QD hetero-structures
and finally the various photonics applications of these QDs.

2.2 General properties of InP

InP is a semiconductor that usually crystallizes in the zinc blende structure. It is considered
arelatively covalent semiconductor and has a direct band gap of ca. 1.35 eV in its bulk form
(see table 2.1).% The band gap is formed between valence orbitals with bonding character
and conduction orbitals with antibonding character. Specifically, its valence band edge is
characterized by a strong contribution from phosphorus 3p orbitals while the conduction
band edge has a more mixed character, with the largest contribution coming from the
indium 5s orbitals, as well as a lower density of states (see Figure 2.1A).% Its band structure
is characterized by direct transitions from light, heavy and split-off hole states,”**° and its
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absorption coefficient is relatively strong (>10* cm™ at 1.4 eV) as shown in Figure 2.1B.

Table 2.1. Structural, mechanical and optoelectronic properties of selected bulk
semiconductors in the zinc blende or wurtzite (w) structure.’’* Lattice constant (a), band
gap (Eg), valence band energy (E, ) vs. vacuum, effective density of states (DOS) at the
valence band (VB) and conduction band (CB), effective mass of electrons (m ) and holes
(m,),* absorption coefficient (a) at 2.50 eV, Debye temperature (T ), bulk modulus (B)
and the Phillips iconicity (PI, a larger/smaller value characterizes a more ionic/covalent
lattice). *Ih and hh stand for light holes and heavy holes respectively; for GaP two m,
values are given (longitudinal and transversal) because the surfaces of equal energies are
ellipsoids.

Material | a (A) Eg E,, DOS DOS m, m, (lh/ a T, B, PI
(eV) (evV) (VB)(@#/  (CB)(#/ hh) (x10°  (K) (GPa)
eV) eV) cm™)
InN(w) | 3.53 2 6.43 53x10" 9.0x107 0.11 0.27/1.63 1.21 660 140
/5.69
GaP 545 226 551 19x10® 18x10° 112 0.14/0.79 001 445 8 033
/0.22

InP 5.87 1.34 5.17 1.1x10° 5.7x107 0.08 0.6/0.089 1.30 425 71 0.42
GaAs 5.65 142 498 9.0x10Y 4.7x107 0.063 0.51/0.082 0.99 360 75 0.31
InAs 6.06 035 4.69 6.6x10"® 8.7x10'° 0.023 0.41/0.026 4.53 280 58 0.36
CdSe 4.30 1.7 4.75 0.13 0.45 1.21 0.70
ZnSe 5.67 2.82 598 0.14 0.6 - 0.63
ZnS 541 3.68 6.53 0.28 - - 0.62

Owing to the quantum size effect,' the band gap of InP can be tuned from the near-
infrared (1.3 eV) up to the violet (ca. 2.7 eV) by confining InP to a fraction of its Bohr
radius (ca. 10 nm). The relationship between band gap and volume for InP quantum
dots is reported in Figure 2.1C.*” Although the individual band/edge shifts are not fully
established, it’s been suggested that the conduction band levels are more sensitive to
quantum confinement than the valence levels, based on simple effective mass arguments
and confirmed by more advanced computations (see table 2.1 for effective masses).***°

At room temperature, luminescence linewidths of ca. 50 meV have been observed from a
single InP QD emitting in the red, and ca. 80 meV for smaller green emitting dots (Figure
2.1D).*” For applications such as displays, narrow emission linewidths from QD ensembles
is required. While the emission linewidth of a single QD is size-dependent and limited
by ultra-fast structural dynamics and electron-phonon coupling (EPC),** which are, in
turn, exacerbated by the presence of electronic traps®>*', the linewidths of an ensemble of
QDs is further broadened by its size distribution. Narrower linewidths may be obtainable
in samples with higher QY as well as in core-shell structures, discussed ahead in sections
2.4 and 2.5.
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Figure 2.1. Optoelectronic properties of InP: (A) Bulk density of states. The inset shows
the zincblende unit cell.”” (B) Absorption coefficients of bulk InP and of InP QDs with
edge lengths ranging from 1.5 to 4.0 nm. The inset shows a simplified band structure.” (C)
Band gap vs. QD volume for InP tetrahedra and CdSe spheres. The inset illustrates the
shift of the band edge levels of InP with quantum confinement.”> (D) Room temperature
photoluminescence spectra of single InP QDs emitting in the red and in the green
exhibiting linewidths of approximately 58 and 83 meV, respectively. The inset shows fine
structure splitting at 4 K. 1h, light hole; hh, heavy hole; soh, splitoff hole.”> >

We note that in QDs, the electron-hole exchange interaction causes the splitting of
degenerate electron-hole pair configurations into various states.”® Briefly, in zinc-blende
QDs like InP, the conduction band edge is formed by a double degenerate electron level,
while the valence band edge is formed by a fourfold degenerate hole level. Exchange
interactions between these levels, combined with shape anisotropy, gives rise to an exciton
fine structure, with a F= +/-2 dark lowest exciton state, separated by 2-9 meV from a F=
+/-1 bright state (depicted in the inset of Figure 2.1D, data from core/shell QDs).”> At
room temperature the emission comes from the thermally populated high energy bright
exciton state. In principle this fine-structure splitting is similar to that observed in other
tetrahedral binary semiconductors like CdSe. However, it has been shown that the fine
structure in InP QDs is particularly insensitive to shape anisotropy. This is attributed to
the particular ratio of the light hole over the heavy hole effective mass.>>*® In InP this ratio
is 0.149, close to the value of 0.14 where the exciton fine structure is predicted by Efros et
al. to be least sensitive to shape anisotropy”’. As a consequence, the exciton remains nearly
isotropic even for prolate or oblate InP QDs. This explains why mixing of the low energy
dark exciton with the higher energy bright exciton does not occur in magnetic fields,*

12
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and why the bright exciton is found to consist of a doublet in single particle cryogenic PL
measurements™.

The luminescence of QDs is typically limited by electronic traps arising from structural
defects and by Auger processes that take place in the multi-exciton and charged regimes
(of relevance for applications such as LEDs or lasers).'>*® There has been great progress
in mitigating trap-related losses in InP QDs but much less so in solving Auger losses, as
discussed in sections 2.4-2.6. This is extremely relevant as InP QDs emitting in the visible
exhibit bi-exciton lifetimes of 5 to 60 ps, i.e. 3-4 orders of magnitude shorter than the
single exciton lifetime.”” In addition, Auger processes produce energetic carriers that can
lead to irreversible redox chemistry and device degradation.

Finally, for particular applications (such as coherent single-photon emission), QDs with
relatively long coherence times are required. Although it is known that the coherence
times of QDs can be limited by structural dynamics and EPC,*"*>> and also by fine-
structure related transitions,* "%’ no studies of the coherence time have been conducted
on InP QDs.

How the structural and optoelectronic properties of InP-based QDs relate and can be
engineered will be further discussed in the following sections. This is, however, not always
straightforward to assess due to the fact that in QD ensembles not all the QDs are exactly
the same (in terms of size, shape, composition, structure, surface coverage) which leads
to a distribution in optoelectronic properties, and also due to the difficulties inherent to
physical characterization at such small scales.

2.3 Synthesis of Colloidal InP QDs

A variety of protocols have been put forward to synthesize InP QDs.*® InP QDs are
generally produced by reacting an In’** salt with a P* source in a liquid medium and in
presence of ions/molecules termed ligands that bind to the surface of QDs providing
colloidal stability. Alternatively, the P> ion may also be formed in-situ by reducing a
phosphorus compound in a higher oxidation state. After many years of research into
the synthesis of InP QDs, two surfactant-assisted syntheses in non-polar solvents, have
attracted most popularity and are currently employed in industrial-scale manufacturing.

The first one, summarized in Figure 2.2A, consists of the reaction of indium (III) alkanoates
of general formula In[RCOO];, (R being an alkylic chain, typically C , ) with an organic
silyl phosphine of general formula P(SiR,), (R=alkyl or aryl, typically CH,) at temperatures
up to 300 °C,*”** leading to QDs capped by alkanoates (whether SiR, groups are also
present on the surface remains unclear)®. At elevated temperatures this route delivers
the most monodisperse InP QDs, and impressive results in terms of linewidths have
been obtained by adding trioctylphosphine (TOP, vide infra) to the synthesis (see Figures
2.2B and 2.2C).””77 However, this route is prone to several unwanted side-reactions.
For instance, free carboxylic acids left from the preparation of the indium alkanoate
precursor can react with InP QDs forming PH,,* react with P(SiR,), leading to a series of
phosphorus precursors of varying reactivity,’®°' or condense into ketones releasing water
molecules which can then oxidize InP QDs and/or react with indium alkanoates to form
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In O, particles® **. In this regard, adding a base (such as TOP), keeping the temperature
low, or purifying the indium alkanoate precursor all seem beneficial. Nevertheless, indium
alkanoates themselves may also be prone to other side-reactions as recently pointed out
by Li and coworkers®. In addition, the silyl phosphine precursors used are pyrophoric,
making them hard to handle and expensive.
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! P(SiR \ i zb-InPvia
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Figure 2.2. (A) InP QDs can be prepared by reacting an InX; salt (in which X is a generic
monovalent anion such as Cl', RCO,, etc.) with (top) an organic silyl phosphine P(SiR,),
or with (middle) an aminophosphine P(HNR), in the presence of a reducing agent (such
as the aminophosphine itself). Alternatively, InP QDs can also be prepared by transforming
(cation exchanging) other metal phosphide nanocrystals into InP QDs. (B) Photograph
(under UV light) of samples prepared within our group. (C) Absorption spectra of
monodisperse InP QDs with band gaps spanning the visible range prepared using silyl
phosphines.”** (D) Electron micrographs of zincblende InP QDs with tetrahedral shape.®
(E) Electron micrograph of wurtzite InP QDs in the form of platelets.”

The second common route to prepare InP QDs, also summarized in Figure 2.24, is based
on the reaction of indium (+III) halides (typically InCl,) with aminophosphines, of general
formula P**(HNR), (typically formed in-situ by the reaction of primary alkyl amines RNH,
with P(NR)), precursors) that act simultaneously as a P-source and as reducing agent.””*!
It leads to the formation of QDs capped by halide ions and alkylamines. Alternatively,
P**X, (X= Cl, Br or I) or Indium (+I) halides may also be employed as precursors.”*’
Although this route hasn't been studied as much and is yet to deliver as monodisperse
QDs,* it is definitely more cost-attractive.

Although the two aforementioned synthetic routes employ different chemicals, it is not
clear how these affect the growth mechanism and the reaction kinetics or the morphology
of the resulting InP QDs. This might be due to the fact that oxidation of InP QDs during the
synthesis has been a major obstacle in the study of growth kinetics and it was only recently
that a few groups have circumvented it by employing reducing atmospheres (see section
2.4).%7%" Nevertheless, studies have revealed that the growth of InP QDs using indium
carboxylates and P(SiR,), precursors proceeds via the formation and ripening of cluster
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intermediates'®'%® whose structure has been identified,'” and also that these clusters can
be employed as single source precursors for synthesizing InP QDs’* ', Also noteworthy
are the first attempts at determining and controlling the reaction kinetics using various
aminophosphines,'® the investigation of nucleation and growth through computational
methods,"" and the successful development of continuous production methods!'?'%,

Shape-wise, it seems that both routes yield InP QDs that appear triangular in electron
micrographs, suggesting that they adopt a tetrahedral shape, as shown in Figure 2.2D.
Recently, a study employing the aminophosphine route, claimed that the tetrahedral
shape of large-sized InP QDs stems from smaller InP QDs with tetrapod shape whose
arms are enclosed by (110) facets.'” Interestingly, a certain degree of control over the
tetrapod shape could also be achieved. This was rationalized in another recent paper by
Kim and coworkers in which the authors argue that in order to fulfil the requirement
of charge neutrality with common monovalent ligands, (100) facets are unlikely to be
expressed in cation-rich InP QDs and that a (111) termination is more favorable, in line
with the tetrahedral shape observed experimentally.*” Following this line of reasoning the
authors mention that other possible shapes include truncated pyramids and small-sized
cuboctahedrons with (100), (111) and (-111) facets. DFT calculations by Yoo et al. also
show that both bare and ligand-terminated (111) facets exhibit a lower surface energy
than (100) facets.'*

It has also been shown that Ga and As substituted alloys of InP can be synthesized using
variations of the aforementioned routes.'*'** However, control over morphology and
structure of InP based QDs through direct synthesis remains an outstanding challenge.'*
Nonetheless, they can still be prepared indirectly, i.e. by transforming (cation exchanging)
other metal phosphide nanocrystals into InP QDs while preserving the original phase and
morphology, as illustrated in Figure 2.2A. In this way, hexagonal (wurtzite) InP platelets,
shown in Figure 2.2E, and InP rods could be successfully prepared from their Cu,P
analogues.” 7% As pointed out by Koh et al., control over the exchange rate is important
to ensure that single crystalline InP QDs are obtained .'*

Finally, we note that surface ligands play a key role not only in the synthesis, colloidal
stability and self-assembly of QDs, but also in many of their optoelectronic properties (e.g.
trap passivation, electron-phonon coupling, carrier delocalization, film conductivity etc.)
as well in their surface functionalization.

2.4 Defects and Trap Passivation

As-synthesized InP QDs typically exhibit weak luminescence efficiencies, of a few percent
at most (often <1%). Nevertheless, QDs with near unity efficiencies have recently been
prepared through defect passivation and shelling approaches. The study of defects in InP
materials (QDs, thin films etc.) is a subject of broad interest; various types of defects have
been identified, and many passivation and mitigation strategies have been proposed (see
Figure 2.3). In this section, oxidation and etching, surface states and Z-type passivation,
doping, heterovalent interfaces and strain in InP QDs are reviewed.
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2.4.1. Oxidation and etching

III-V semiconductors, including InP, are well known to be prone to oxidation and this is
often cited as limiting their growth and their luminescence efficiency.”” %> 1313 Oxygen
is known to adsorb dissociatively on (bulk) InP surfaces’**'** and Zhang and coworkers
identified the formation of In-O-P and PO_ species (x>1) at room temperatures and
at oxygen pressures as low as 5 pbar and 5 mbar, respectively, highlighting the strong
reactivity of the phosphide anion towards oxidation. At higher temperatures, further
structural transformations were observed, including the bridging of PO_ units at ca.
200 °C and the development of a thick indium oxide layer at temperature above 300 °C
underlining the diffusion of oxygen.'*" > Water also appears to adsorb dissociatively'*"'*
and to lead to the formation of In-O-P and PO_ species upon mild heating (100 °C). The
formation of In-O-In species can also occur and is more likely upon exposure to oxygen
than to water.'*!

This poses difficulties for the synthesis (and shelling) of InP QDs*> %% 143116 and in fact
the presence of hydroxyl groups'” and of oxidized phosphorus have been reported® '**
134,136,148, 149 a5 depicted in Figure 2.3A-D. Although the sources of oxidation and types of
oxidative defects are likely various, their impacts on the electronic structure of InP QDs
remain unclear. While the absence of oxidized species often appears to be correlated with

increased luminescence efficiency,”” 13136 13 130 gpposite results have also been observed'*>
151-157

Computational studies are especially suitable to elucidate the effects of oxidation, even
though research has mainly been limited to flat (001) surfaces without ligands.!® 143 158-162
Some of these studies report the appearance of traps states upon oxidation,'® 143 158 162,163
but the underlying mechanisms that lead to trap formation are not entirely understood. For
example, Santosh and coworkers reported that only substitutional oxygen atoms produced
trap states, while In-O-P and In-O-In moieties formed by oxygen adsorption did not lead
to trap formation."* In contrast, in their study on oxygen adsorption on (001) GaP and
InP surfaces,'*® Wood and coworkers found that strained In-O-In moieties can give rise to
hole traps. Additionally, In-O-In, In-[OH]-In and In-In were found to give electron traps if
the In-atoms have unsaturated bonds. In-O-P bridges are generally believed not to lead to
trap states," '*! although Wood and coworkers did observe an increased number of levels
near the VB edge.'*® These results indicate that trap formation is highly dependent on the
exact configuration of the oxidized species. Indeed, computations on ligand passivated
QD models by Ubbink and coworkers found that hole traps are formed by PO, moieties,
but not by PO, and PO,.” The effect of polyphosphates remained uncertain due to their
unclear oxidation state (leading to n-doping of the QDs), and the large number of possible
surface reconstructions. In addition, Park et al. have investigated the effect of various
metal oxide shells around InP QDs and found evidence for localized defect-like states near
their surface in InP/InO, InP/GaO, and InP/AlO core-shell systems but not in InP/CdO
and InP/Zn0.'** Although these results do not cover the entire range of possible oxidated
species, they do show that oxidation does not necessarily have detrimental effects, which
may explain the seemingly contradictory reports on the effects of InP oxidation.

In spite of all this, oxide-free InP QDs can be prepared either under strict reaction
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conditions or by employing hydrogen atmosphere as was recently demonstrated,'* '*'
but researchers have also looked at how to remove oxidative defects with post-synthetic
treatments.

A popular post-synthetic treatment is etching with hydrogen fluoride (HF), as depicted
in Figures 2.3E and 2.3F HF etching was used to clean and expose the surface of InP
thin films as early as the 1960%'®. Clark et al. later showed that HF etching produced
a completely oxide-free InP surface, whereas they were not able to achieve this using
other etching agents'®. The application of the HF treatment to InP QD was first reported
on by Mi¢i¢ et al. The authors observed an increase in luminescence after applying the
treatment, proposing that the fluoride ions fill phosphorus vacancies on the surface and
also replace oxygen in the oxide layer."* Since then multiple publications have been made
on HF etching, reporting different mechanisms for trap passivation.

Oxygen defects Dangling bonds and Doping

Wkl Y @ Indium @ Cadmium
W;*;{ Phosphorus @ Chlorine
alal @"’ﬂ“\“:’" @ Fluorine @ Oxygen

o o

») DS = 8) 8T8 8 ® Zinc @ Carbon

{|compressive | @ Selenium (O Hydrogen

Figure 2.3. Documented structural defects in InP QDs and possible repair mechanisms.
Oxygen defects include (A) In-O-In moieties,"*> > 1% (B) In-O-P moieties, 4 141, 143 144, 138,
161 (C) POX moietieS,SS, 89, 133, 134, 136, 141, 143, 148, 149 (D) In_OH and In_OOH mOietieS.l47‘ 158, 169
Several mechanisms have been proposed for the passivation of oxygen defects using HF
including (E) the breaking of PO_into smaller PO, and PO, units* or (F) the replacement
of Inbound hydroxide groups by fluoride anions'® (G) Lattice doping®» *>*7*'?? and (H)
Incorporation of Cd in surface and subsurface'”’. (I) Dangling phosphorus bonds can be
healed via Ztype passivation®” 7% 18183 but (J) Z-type exchange is also possible.’** !5 In
coreshell structures, (K) straininduced interfacial defects,'”> 1¥¢-1°! (L) mixed interfaces'’®
19219 and (M) interfacial oxides®® *> 52 may also occur.

Adam, Talapin and colleagues proposed that the increased luminescence after applying
an HF treatment under illumination should be ascribed to removal of the phosphorus
as PF,, leaving an indium-rich surface that could be better passivated by ligands. '” '
Elimination of phosphorus dangling bonds by fluoride was also supported by transient
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absorption results from Yang et al.'’. Alivisatos et al. instead ascribed the increased QY
after HF exposure to the passivation of indium dangling bonds after they observed an
exchange of carboxylate ligands for fluoride ions after the treatment.'”® They also observed
that the HF treatment appeared to remove indium (oxo)hydroxides that were present on
the nanocrystal surface. Removal of oxygen by means of HF was again reported by Jang et
al. and Li et al., although they claimed that PO_species were removed rather than indium
hydroxides™ '7°. Which types of oxides can be removed by HF treatment and in what
way this removal affects the optical properties of nano-InP remains an open question.
Recently, Ubbink et al. found that HF reacts with InP forming InF, (Z-type ligand, see
following section) and PH,, and breaks up polyphosphate species into smaller PO, and
PO, units. While removal of polyphosphates was correlated with a higher luminescence
efficiency, PO, and PO, species remained present on the surface of highly luminescent
HF-treated samples, indicating that only some oxidized species form traps.*” Downsides
to the HF treatment are the etching of InP itself and the spectral changes observed after
treatment, in addition to the dangers associated with HE

Because of the hazardous nature of HE alternative fluorination strategies have also been
proposed. Strousse and Lovinggood found that adding fluoride-rich ionic compound
during the synthesis under microwave illumination strongly improved the quantum yield
of the particles.”” Post-synthetic treatment with fluoride-containing ionic liquids was also
found to increase luminescence.'® Hughes and colleagues ascribed this to the passivation
of electrons traps when fluoride binds dangling indium bonds.

2.4.2 Surface states and Z-type passivation

The main suspect for trap states in quantum dots has always been dangling bonds, i.e.
under-coordinated atoms at the surface of nanocrystals. Early theoretical calculations by
Fu and Zunger'' predicted the existence of both electron and hole traps on the surface of
InP QDs as a result of In and P dangling bonds, respectively. The traps appear to become
“deeper” as the QD size is reduced, due to the shift of the band-edges. These conclusions
are also corroborated by Cho et al.'*® Additionally, Dimbgen et al. show that the formation
of trap states due to undercoordinated surface atoms depends shape of the QD.'® In their
work, cuboctrahedral and In(111)terminated tetrahedral models are deprived of a surface
capping moiety to simulate undercoordinated surface atoms. For cuboctahedrons, it was
found that surface reconstruction prevents, in most cases, the formation of hole and
electron traps. However, tetrahedral shaped models are prone to form localized trap states
within the band gap resulting from undercoordinated In and P atoms.

One way to investigate the passivation of surface anions is through treatment of the
particles with metal salts also known as Z-type ligands (depicted in Figure 2.31).17 182 184 199,
200 Stein and colleagues found that treatment of InP with Z-type ligands led to an increase
in quantum yield (to 19 % for Zn carboxylates and 49% for Cd oleate) and attributed this
to the passivation of dangling phosphorus bonds.'®* Kirkwood et al. proposed the same
passivation mechanism after obtaining PLQYs of 11% for InP treated with CdCL."” On
the other hand, Hughes et al. hypothesized that Cd** or Zn** can replace surface In** ions
(Z-type exchange, depicted in Figure 2.3]) relieving steric pressure on the surface and
allowing for a more complete passivation, thus reducing trap states.® Calvin et al. also
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found support for the exchange mechanism by following the treatment of InP with metal
halides using isothermal titration calorimetry.'® However, Hanrahan and coworkers have
shown that cadmium carboxylate Z-type ligands can bind both to phosphorus as well as
phosphate that is present on the (sub)surface of InP nanoparticles, suggesting that the
mechanism behind Z-type passivation may be more involved than previously thought
(see Figure 2.3H and 2.31I)."”" Nevertheless, Ubbink et al. have recently shown that a simple
Z-type passivation procedure with InF, leads to higher quantum yields if the QDs are free
of oxidized phosphorus species, specifically polyphosphates.®

Surface reconstructions may also play an important role in the creation or removal of
surface states. In bulk solid state physics, it is well known that surfaces that are directly
obtained from cleaving the bulk material are often not stable and will reconstruct.?”'
For example, studies on GaAs surfaces have shown that the Ga-terminated (111) facet
will reconstruct by creating Ga-vacancies.”” As-terminated (-1-1-1) facets are more
complicated and different reconstructions based on vacancies,® or As-trimers have
been proposed.*® Although these reconstructions are relatively well understood for
bulk surfaces, it is currently unclear if they also take place on the QD surface. One study
by Voznyy et al. on CdSe QDs did show that surface vacancies are necessary for the
delocalization of the HOMO and LUMO levels,** highlighting the need for further studies
on QD surfaces.

2.4.3 Doping

The incorporation of impurities into III-V semiconductors has been long pursued for
doping purposes.”® The incorporation of cations (other than group III) into InP QDs,
however, has been driven by two other reasons: optical doping (i.e. Stokes-shifted
emission) or linewidth narrowing. For instance, Thuy et al. observed that doping with
Eu** yields multiple emission lines around the red spectral region.*”” Doping with Cu* has
also been studied by a few groups?®?'* and yields a broad emission in the near-infrared-I
window (with photoluminescence efficiencies up to 80%) ascribed to hole localization and
to structural relaxation around the Cu site.

More common is the introduction of Zn** ions during the synthesis of InP QDs in
order to obtain QDs with narrower (ensemble) linewidths.!”> 17> 216 However, aliovalent
impurities such as Zn** are known dopants for III-V semiconductors,’*'””-2'” and appear
to be incorporated and to diffuse into InP QDs (as illustrated in Figure 2.3G).!"> !
Through various spectroscopic analyses Janke et al. concluded that the incorporation of
Zn introduces shallow hole states and associated lattice disorder.!”® Moreover, results by
Li et al. and Shen et al. suggest that the incorporation of Zn in the InP core limits the
performance of core-shell structures (see following sections).'* ”® Nevertheless, PLQYs
of ca. 90% have been reported for both InP and In(Zn)P8> 3% 15717921921 QD shelled with
ZnSe, S, In(Zn)P standing for InP QDs incorporating Zn in the InP lattice.

2.4.4 Heterovalent core-shell interfaces

Epitaxial growth of II-VI on III-V semiconductors (including InP QDs) has been
extensively investigated (see section 2.5). The heterovalent nature of such interfaces
introduces complexity and it is worthwhile to highlight some observations from works
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on lattice matched GaAs/ZnSe (001) polar junctions. First, we note the efforts to reduce
the density of stacking faults in the ZnSe overlayers.?> *** Second, computational studies
have shown that an abrupt interface is thermodynamically unstable and that a mixed and/
or a defected interface is energetically favored (Figure 2.3L).">*** In fact, there is also
experimental support for the existence of mixed and defected interfaces in samples with a
low density of stacking faults."”* Furthermore Deng et al. have shown that the composition
of stable mixed interfaces is orientation dependent.'

As mentioned earlier and as will be discussed in detail ahead, coating InP QDs with ZnSe,_
S_shells allows the synthesis of highly efficient and stable emitters. A few studies have
highlighted the importance of achieving a balanced stoichiometry in these III-V / II-VI
core / shell systems."*> 17822226 [n particular, results from Li et al. and Shen et al. strongly
suggest that a InP/(In,Zn)P/ZnSe interface allows to boost the photoluminescence
efficiency of InP/ZnSe, S _QDs beyond 90%,"* ' and according to studies on In(Zn)P
QDs, a selenium terminated interface could be important to limit the diffusion of zinc**”
28 and sulfur> ?* into the InP cores. Interfaces containing oxidized species have also
shown beneficial effects in the performance of InP QDs (Figure 2.3M)."*>2%

2.4.5 Strain

In core-shell QDs, strain can arise from the lattice mismatch between core and shell
materials and can have several consequences.” It can introduce (strain-relieving) defects
as depicted in Figure 2.3K,?" alter band offsets,*>*** shift vibrational frequencies,”* give
rise to piezoelectric fields,” or even impact the fine structure,”*>* the electron-phonon
coupling,” and photon out-coupling*.

However, little is known about strain engineering in InP QDs. In bulk InP, a phase
transition (to rock salt) closely followed by a direct-to-indirect transition (as the X band
crosses under I') are known to occur at lattice contractions of about 3-5 % (ca. 10 GPa),!®
187 and similar values are found for InP QDs.'®% %241 Rafipoor et al. showed that in InP
/' Zn, Cd Se core-shell systems, strain can be tuned from compressive (InP/ZnSe) to
tensile (InP/CdSe) with no strain observed at x ca. 0.4."*° Computational investigations
by Suh et al. suggest that even a thin ZnSe can build considerable tensile strain and could
lead to a considerable energy shift of the HOMO.'”> More pronounced effects are found
with ZnS shells instead which could be related to its smaller lattice constant but also its
larger Young modulus (see table 2.1 for mechanical properties).’” These computational
results also point to a decrease in band gap with increasing tensile strain. However,
experimental results have shown the opposite trend: in fact a considerable increase in
band gap is observed with increasing tensile strain, which could be of potential interest
for piezochromic applications.'s® '8

2.5 Wave-Function Engineering

Control over the energy landscape is fundamental in quantum dot technologies.' '*
While this might be achievable to a limited extent by tuning the ligands on the surface of
the QDs,'* 22 shape-control and core-shell structuring offer a more versatile and robust
alternative to achieve it, and the latter has been pivotal in the development of performant
and stable QDs. In this section, the various InP based core-shell structures considered
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thus far are reviewed, namely, type I structures employing II-VI or III-V shells, as well
as reverse core-shells and type II structures. It is important to note that one of the key
parameters in the classification and in the design of semiconductor hetero-structures is
the band offset (see Figures 2.4A and 2.4B). However, determining the band offsets in
QD hetero-structures is not straightforward since the degree of quantum confinement
needs to be taken into account as well as any interface dipoles.”’ The latter is of particular
relevance to heterovalent systems such as InP/ ZnSe S core-shell structures, as recently
highlighted.***

2.5.1 Type I InP/ZnSe,_S_core/shell QDs

At first glance, ZnSe and ZnS seem to exhibit complementary properties for shelling InP.
On one hand, ZnSe has a small lattice mismatch (3.4 %) but does not provide a robust
type I confinement, especially for smaller InP cores. On the other hand, ZnS ensures a
robust type I band alignment (regardless of core size), but has a large lattice mismatch (7.8
%) which appears to broaden the emission of the QDs.*** By finding a balance between
the size of the InP core and the composition and structure of the ZnSe, S _shell, these
apparent limitations can be overcome, and highly efficient narrow band emitters can be
obtained (see Figures 2.4C and 2.4D). For instance, red-emitting InP/ZnSe/ZnS core-shell-
shell structures with near unity photoluminescence efficiency and linewidths of 110-130
meV have been demonstrated (including non-blinking QDs),”” *>'7° green emitting InP/
ZnSe, S /ZnS (0.5<x<0.67) hetero-structures with efficiencies around 90 % and slightly
broader linewidths (160-210 meV) have also been realized,®>*'> 2% 2% while blue emitting
systems are, so far, least performant with efficiencies and linewidths of 45 % and 260 meV
respectively®?" ¢, The lower performance of green and blue emitting QDs is not yet clear
but could be related to the strain caused by the shell’s increased lattice mismatch which is
also more problematic for smaller structures as these have less possibilities to relax strain
within the material.”" Interfacial strain can be relieved by alloying the ZnSe,_S_shell with
other divalent cations.””?* In addition, their efficiency could also be limited by defects
in the shell (stacking faults, impurities etc.)'*® **#%3* while the broader linewidths seem to
arise from a combination of synthetic and intrinsic drawbacks inherent to the extremely
small sizes of the InP cores (i.e. size distribution requirements, increased homogeneous
linewidths etc.). As mentioned in section 2.4, Zn doping of InP cores is widely employed
to decrease their linewidths. Although the structure of these QDs remains unclear, blue
and green emitting In(Zn)P/ZnSeS core-shell QDs with improved QYs and narrower
linewidths have been demonstrated.®> 13> 157 179 219221 We note that the structure of InP/
ZnSe, S_QDs might also be quite complex as summarized in section 2.4.

Despite their remarkable efficiencies and stabilities, these QDs still have room for
improvement. For instance, the relatively thick ZnSe S shells impact the compactness
of the QDs which can undermine phosphor and lasing applications (see section 2.6).
Another limitation, and perhaps more pressing, is their relatively short biexciton lifetimes
preventing efficient operation at high exciton density (see section 2.6).”” For instance,
highly efficient red-emitting InP/ZnSe/ZnS core-shell-shell QDs exhibit exciton lifetimes
of 13 ns but biexciton lifetimes of only 50 ps.”” In this system, the negative trion is rather
long lived (5.3 ns), owing to the delocalization of the electron wave-function into the thick
ZnSe shell (3.5 nm),* suggesting that the short biexciton lifetime is due to a
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Figure 2.4. InP-based coreshell QDs (A) The band offsets of bulk semiconductors®»?* are
usually used as a first approximation in the design of coreshell QD structures. (B) Coreshell
structures can be classified into various types according to the (de)localization of electron
and hole wavefunctions (the electron and hole probability distribution functions are
depicted in red and blue, respectively. In fact, quantum confinement also has an important
role in the design, and in InP the conduction levels are thought to be more sensitive to it
than the valence band levels. For instance, type I confinement in InP/ZnSe S, QDs is
achieved by (C) employing shells with a large sulfur content and/or (D) by employing
larger cores.?* (E) Photoluminescence spectra of selected InP-based core-shell structures

emitting in the visible or near infrared, reported efficiencies ® in parenthesis.””*”> 221 24>
256-262

sharp hole confinement. To mitigate this, smoothing the confinement potential using
compositionally graded core shells QDs could be an effective approach since it has found
enormous success in II-VI QDs. Graded ZnSe, S shells have been grown on InP QDs and
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allowed not only to extend the negative trion lifetimes by ca. 4 times, but also to reduce
luminescence intermittency (blinking) and spectral diffusion as the grey state appears to
originate from the negative trion itself.’>**2¢> These type of shells should allow to improve
the performance and stability of QLEDs as excess electrons often accumulate in the QD
layer due to the imbalanced charge injection rates, however they don't fix the sharp hole
confinement at the core/shell interface and therefore are unlikely to increase bi-exciton
lifetimes.

This raises question marks on whether these type of shells can promote efficient optical
gain. Very recently Velosa et al. presented a thorough study on the development of gain
in InP/ZnSe QDs using transient absorption spectroscopy.”® Their analysis indicated
that, at room temperature, gain can be understood as originating from state filling of the
lowest electron level with a degeneracy of 2 and of the lowest hole level with an effective
degeneracy of 5-10. This effective hole degeneracy is higher than the expected degeneracy
of 4, which was attributed to thermal population of higher states in the valence band,
perhaps arising from the ZnSe shell. In addition, it was also observed that optical gain was
limited to about 10 % of the theoretical maximum value due to a loss of charge carriers at
high exciton density attributed to hole trapping. Hole trapping in this system has also been
studied in other works.?*"2¢

2.5.2 The quest for all ITII-V type I core-shell QDs

In principle, shelling InP with a III-V semiconductor would allow to obtain QDs with
dipole-free interfaces and to realize graded core-shell structures in need to mitigate
Auger-related losses.?*®*”* In fact, lasing-quality has been demonstrated using vapor phase
grown InP QDs encapsulated by Al Ga In P layers.””* However, in the QD field, these
systems remain rather unexplored and there might be a number of reasons for this. First,
the two evident shelling materials, In, Ga P and In,_Al P, are characterized by a direct
to indirect crossovers at x ca. 0.8 and 0.4 respectively, which complicates the prediction
of band offsets. Furthermore, whether these materials can effectively provide a type I
confinement to InP QDs remains unclear.?’>?’® Second, due to their indirect nature, GaP
and AIP shells would strongly reduce the absorption cross section of the QDs. Third, like
InP, these materials are also prone to oxidation (see section 2.4) and many Ga precursors
appear to react with InP QDs to form In, Ga P alloys, which poses additional challenges
in the growth of core-shell structures.*> %727 So far there have been very few reports on
these structures, and to be the best of our knowledge the literature is limited to InP/GaP
core-shells and mostly in combination with ZnS outer shells.*® %022 Mixed-anion alloys
also remain unexplored but could be another avenue to access wide direct gap shelling
materials with a type I band alignment. For example, vapor-phase grown InP/GaAs
dot-in-a-well lasers were recently demonstrated. 2°

0,6P044

According to bulk band alignments, InP could also be envisaged as a (type I) shell material
for infrared emitting InAs QDs. The development of InAs/InP and InP, As /InP core-
shell QDs emitting in the range of 600-1000 nm was first explored in the works of Xie et
al. and Kim et al. respectively.!*>#*8 Although the photoluminescence efficiencies of these
core-shell QDs remained quite low (<5%), subsequent shelling with ZnSe allowed for
significant improvement (to ca. 76%). Recently, similar results were obtained by Enright
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et al.,** while Wijaya et al. and Zhao et al. investigated multi-shell In(Zn)As/In(Zn)P/
GaP/ZnS QDs emitting at ca. 800-1000 nm.**>2* In the latter case the photo-luminescence
efficiency of the In(Zn)As cores (2.5 %) could be increased to 33, 46, 75% with successive
shells, promising results that brighten up prospects for these type of structures.

2.5.3 Reverse core-shell-shell structures

Reverse core-shell-shell structures, also known as quantum shells offer further band-gap
tunability and room for mitigating Auger losses.?”?°! In this configuration, an InP mid-
shell is grown in between a core and an outer shell of wider-gaps, with the band gap being
determined by the core size and the shell thickness. For instance, systems such as ZnSe/
InP/ZnS and CdTe/InP/ZnS QDs were shown to exhibit tunable and efficient emission
across the near infrared .2* 222 However, these structures haven’t been much explored,
and whether they allow to mitigate Auger processes remains an open question.

2.5.4 Type II and quasi-type II structures

Type II and quasi-type II structures allow for spatial delocalization and separation of
electrons and holes within the dot, which, in turn, allows reduction of the band gap and
increase of the Stokes shift as well as the carrier lifetimes.?**> These structures have found
interest for photovoltaic and photo-electrochemical cells,”**** photo-catalysis,*® down-
converters for solar concentrators,*® and also gain mediums****2. For example, Denis et
al. prepared InP/CdS core-shell QDs emitting in the NIR and showed that both the exciton
and biexciton lifetimes increased with increasing shell thickness, with values up to 702 ns
and 7 ns respectively.*' In addition to this remarkable increase in lifetimes, the charge
transfer rate to methylviologen*® and the multiple exciton generation quantum yield***
are not affected by the quasi-type II band alignment making these QDs interesting for
QD based solar cells. Cd-free alternatives have also been developed which expands their
potential to biological applications. For instance, InP/ZnTe/ZnSeS QDs emitting in the
NIR have been realized, with exciton lifetimes of 387 ns?2. InP/ZnO QDs have also been
proposed for LEDs**%%, solar concentrators'*® and artificial retinas®” although the exciton
lifetimes in these structures appear to be shorter, ca. 31 ns. We note that the luminescence
efficiency of these type of QDs can be limited by surface traps but in principle this can be
mitigated by efficient surface passivation or by growing an outer type I shell.**¢3%

2.6 InP QDs in Photonic Technologies

Owing to their tunable band gap, high absorption coeflicient, narrow emission linewidths
and ROHS compliance, as well as to decades of research, InP quantum dots (QDs) have
become of industrial relevance for visible and near-infrared photonic technologies.'* As
shall be discussed in this section, this field has been mainly driven by the development of
down-converting and electroluminescent red, green and, to a lesser extent, blue sources.
Nevertheless, the tunability of InP QDs is opening an interesting path into near-infrared
applications, and QDs also hold potential for generating coherent and quantum light
(lasers, single photon, super-fluorescence). In addition, InP QDs can also be employed in
other types of photonic applications such as up-conversion or photodetection.
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2.6.1 RGB Phosphors

With a bright, narrow and color-tunable emission across the visible spectrum, cyan,
green and red QDs have become strong contenders for optical down-conversion in
display and lightning technologies. Converting blue light into red or green through a QD
film is a simple and efficient way of upgrading a blue LED array into a full color display
(Figure 2.5A). Down-converting blue into both red and green light is also interesting
for constructing white emitting diodes using a single blue source (Figure 2.5A) and it
circumvents both the poor efliciency of green as well as the high cost of red in the three-
diode approach to white light generation. In addition, the tunability of QD phosphors
enables the generation of customized spectral outputs.

A B
500 = 1ec2020
C
20 A
“‘n
15 A
= i S N
o “AeoA-a-g )
g 10
w
5
0 A
0 2 4 6 8 10 0.0 0.2 0.4 0.6 0.8
Luminance (x10° cd m?) X

Figure 2.5. InPbased QDs in LEDs. (A) In luminescent down-converting devices, QDs
convert blue photons into less energetic photons (such as green or red) shown on the left,
whereas in electroluminescent devices QDs convert electrical energy into photons as
shown in the right. (B) The high color purity of red InP and green In(Zn)P LEDs is already
in close agreement with the requirements for a wide color space of rec2020 standards (the
corners of the triangle are the coordinates of highly pure red, green and blue, and D65
represents the coordinates for white light). At low powers, QDs with near-unity
photoluminescence efficiencies have been successfully implemented in efficient LEDs.
However, at high powers, the efficiency droop remains a problem. This can be clearly seen
in (C) the external quantum efficiency of an electroluminescent InP-based QLED as a
function of brightness.” EQE: external quantum efficiency, ETL: electron transporting
layer, HTL: hole transporting layer, RGB: red, green and blue, TCO: transparent conducting
oxide.

For quantum dots to be used as down-converters in high-intensity applications such as
LED lamps, strong blue-absorptivity, narrow emission line (color purity), near-unity
quantum yield, stability at high photon fluxes (no droop) and at elevated temperatures are
all required. Such properties have been obtained for Cd-based type I QDs*®, but droop
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remains a major challenge in InP based dots™’. Recently, various design strategies have
been suggested to mitigate Auger recombination in InP QDs, such as trap passivation'”
and incorporating a thick mid-shell”® or graded shell*”. The latter study showed that
negative trion Auger recombination can be strongly reduced though potential smoothing
in gradient shells, however extended bi-exciton lifetimes remain elusive in these systems.
Furthermore, the brightness of InP QDs is limited by the relatively weak blue-absorptivity
of thick ZnSe,_S_shells, and innovative solutions in terms of shell engineering may be
required using e.g. more compact shells*® or alternative materials®'. Also, smaller InP
QDs exhibit wider linewidths and lower efficiencies, although these limitations seem to be
surpassed with the incorporation of Zn into the cores.?"

It was recently shown that red InP QDs can already be a viable on-chip solution for use
in white LEDs employing traditional green/yellow phosphors.’'* An early demonstration
of full InP QD white LEDs could also be achieved by avoiding FRET processes between
QDs of different colors (sizes), in this case red and green.’"* Furthermore, the integration
of InP QDs in uLED displays has also been demonstrated.'”*'* Finally, InP QDs could also
be a solution to the growing interest in cyan-phosphors for healthy-lightning.*'>3'° It thus
seems that commercial use of InP QDs as blue-downconverters in display and lightning
technology is close on the horizon. In addition, InP QD phosphors may also be of interest
for specialty applications such as custom illumination (e.g. indoors, horticulture), green-
house roofs and security inks.

2.6.2 Electroluminescent QLEDs

Theoretically, electroluminescence is a more efficient way to obtain light from QDs
compared to down-conversion, and there have been many attempts to construct InP QD
based LED devices to this end (Figure 2.5A). 77> 13> 320335 Electroluminescent QLEDs are
particularly interesting for display applications and the high color purity of red InP and
green In(Zn)P QLED:s is already in close agreement with the requirements for a wide
color space of rec2020 standards (Figure 2.5B).** Currently, record efficiencies stand at
22.2% for red'®, 16.3% for green*” and 2.8% for blue’® ** devices. To construct highly
efficient LEDs, a careful choice of device structure and materials is required to ensure
exciton confinement inside the QDs in order to prevent parasitic or trap emission in
the device (this can be achieved by growing a thick type I shell around the InP cores),**
and a balanced electron and hole injection currents. Compared to II-IV materials, the
high-lying valence band edge of InP QDs makes electron (hole) injection comparatively
hard (easy).”" Despite the impressive near-limit efficiencies reached in red InP/ZnSe S
QLEDs, there are still opportunities for further improvements as the efficiency droop at
higher operation power is limiting and the lifetime still leaves much to be desired (Figure
2.5C).

2.6.3 Into the infrared

Far-red and near-infrared QDs hold great potential for current and upcoming infrared
technologies.™” *! Light sources in this range are increasingly required for applications
in biology and medicine,***** computer vision®” and data transmission at both short
and long (fiber) ranges®’* ***3%. Owing to their small size, tunable surface chemistry and
processing versatility, infrared QDs extend their application window to e.g. miniaturized
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devices such as uLEDs or photonic chips,'”* nano-imaging,**! fluorescent (bio) markers,**
optical sensors and security inks. In addition, infrared QDs with high absorption cross-
sections and carrier mobilities are of great interest for infrared detection and imaging
technologies*” and for photovoltaics***.
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Figure 2.6. Nearinfrared applications of InP QDs. (A) Photodetectors with high external
quantum efficiency.** (B) Bioimaging. In this photograph, QDs are used to probe different
parts of a mouse.” (C) Solar concentrators. With a large Stokes shift, Cu-doped InP QDs
down-convert visible photons to infrared photons, which are then guided by a waveguide,
such as a polymethyl methacrylate (PMMA) matrix, to solar panels placed on the side.*'?
NC: nanocrystal, NIR: near-infrared, PV: photovoltaic.

In spite of a bulk band gap of 1.35 eV, InP might still well be in competition for applications
ranging from the far-red to the short-wave infrared (< leV). While the synthesis of
large-sized InP QDs remains challenging, examples of InP structures emitting in this
range have been reported, namely wurtzite QDs,'?® reverse hetero-structures, InP,_As_
alloys,'*> 1% doped QDs, InAs-InP core-shell QDs, together with early demonstrations
of in-vivo imaging,'*> %3 solar cells,*** LEDs** ¢ and photo-detectors®** (see Figure
2.6). In addition, efficient (photon) up-converting systems using InP QDs have also been
demonstrated, which further widens the potential of these systems.* The development of
large-sized InP QDs is in reach and is expected to bring the benefits of larger dots along,
i.e. higher absorption cross sections, narrower linewidths, longer bi-exciton lifetimes and
higher film mobilities (still limited to < 0.5 cm?V*s)*%,

In addition, broadband infrared sources based on InP QDs can also be envisaged, either
by combining InP QDs emitting at various wavelengths (as in the case of the white LED),
or by doping InP with elements such as Cu. As seen in section 2.4, Cu* doping results in
a broad emission of impressive efficiency, and it is spectrally tunable according to doping
concentrations.?*® 23 With a large Stokes shift, Cu doped InP QDs have also raised interest
for luminescent solar concentrators (Figure 2.6C).!% 212

2.6.4 Coherent and Quantum Light

QDs present interesting opportunities as active materials for optical amplifiers, super
luminescent diodes and lasers.” In fact, optical gain and lasing from QDs have been
intensely studied over the past two decades,' **? and the development of gain in CdSe
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is now well understood®”. Given the similar electronic structure of InP and CdSe, one
expects the physics of gain to be similar in both materials, however, in InP QDs it remains
much less studied. Gain, amplified spontaneous emission and lasing have been observed
in InP/ZnSe, S _QDs (see Figure 2.7A-C), but loss processes such as trapping and Auger
recombination severely limit gain. In addition, the effective (band-edge) degeneracies in
this type of systems remain far from understood (see section 2.5).26¢ 3
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Figure 2.7. Coherent and quantum light sources using InP QDs. (A) Lasing using InP

QDs has been demonstrated.® (B) Ultrafast transient absorption spectroscopy reveals
that the multiexcitons remain relatively shortlived.*® (C) Optical gain is also rather
weak (<N> denotes the average number of excitons per dot and A, 'is the absorption at
a pumpprobe delay of 2 ps).*¢ (D) Highly pure (incoherent) singlephoton emission has
also been demonstrated under continuouswave excitation.”” (E) Single InP tetrapods with
long arms can emit multiphotons coherently, that is, in a superfluorescent fashion.**® a.u:
arbitraty unit, mOD: milli optical density.

The development of highly efficient InP-based QDs with robust optical performance in the
multi-exciton regime and with well-controlled degeneracies is yet to be achieved, and in
this regard, further studies on size and shape effects, as well as on compositionally-graded
and strain-engineered hetero-structures might be very beneficial. 2¢23% 268273 Alternatively,
type II structures allowing for single-exciton gain could also be envisaged.*!

Quantum dots are also promising emitters for single-photon and entangled-photon
sources.*> 7 3% For efficient generation of undistinguishable single-photons, the

optical coherence time needs to approach twice the spontaneous emission lifetime. The
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generation of entangled photon pairs, instead, can be achieved through the biexciton-
exciton cascade,®*' known to occur in InAs QDs.**>?% The development of such light
sources employing InP QDs remains an outstanding challenge, with only few studies
observing fast dephasing ascribed to phonons,*****® and will require not only improved
QD design, but also optimized device architectures and efficient fabrication methods.
Nevertheless, high-purity single-photon emission was observed in InP/ZnSe QDs under
intense continuous wave pumping (Figure 2.7D), owing to the combination of efficient
luminescence and efficient Auger recombination of multi-excitons, highlighting the
potential of these systems for on-demand (incoherent) single photon sources operating
at room-temperature.’

Finally, super luminescence from QD arrays has also been subject of recent research.’*
70 Although InP QD arrays have not been investigated in this regard, super luminescence
was observed, remarkably, from a single tetrapod shaped InP QD with long arms and
ascribed to excitons in different arms interacting via quantum tunneling (Figure 2.7E).**

2.7 Outlook

The quality of InP QDs has improved and expanded considerably, especially over the past
decade. Today, InP QDs emitting in the visible are manufactured at industrial scale for the
LED market. However, their quality is still lagging behind that of II-VI or halide perovskite
QDs in many aspects, and is also below what is desirable for applications, including
LEDs; in other words their current commercial appeal still lies, to a good extent, in their
compliance (in terms of elemental composition) with current regulations on consumer
electronics. Improving the quality and competitiveness of InP based QDs is therefore key
to cement and further their technological impact.
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Chapter 3

3.1 Introduction

Colloidal quantum dots (QDs) are promising luminescent materials for use in photonic
applications such as LEDs, displays and lasers.'” With a tunable band gap in the range
of 1.3 - 3 eV, InP QDs are an ROHS-compliant alternative to traditional Cd-based QDs
for visible and near-infrared applications. Core/shell InP structures have become the
industry standard for light-emitting applications, but core-only QDs offer advantages
such as high absorptivity of blue light and better charge carrier mobilities when used in
e.g. electroluminescent devices. However, as-synthesized InP QDs invariably display low
photoluminescence quantum yields (PLQYs), usually attributed to surface oxidation®?,
although an atomistic picture of how oxidation results in trap states is missing. Treatments
of InP with hydrogen fluoride (HF) have long been used to increase its luminescence,’ "
and HF treatment is still employed in the preparation of highly luminescent core/shell
InP/ZnSe/ZnS QDs.*'*'” However, the PLQYs of HF treated core InP QDs are typically
limited to <50% and the mechanisms through which HF removes or passivates electronic
traps remains unclear. On one hand the removal of oxidized phosphorus and trap
passivation due to surface fluorination have been suggested.® ' On the other hand most
studies have employed aqueous HF even though water is a known source of oxidation and
can also have detrimental effects on the PLQYs.-%

Here we study the reaction of InP QDs with anhydrous HF produced in-situ via
the amidation of an acyl fluoride with an alkylamine, which also constitutes a safer
alternative to handling HF directly. In this manuscript we refer to this approach as “in-
situ HF treatment”. The reaction is investigated through a combination of optical and
structural techniques including absorption and photoluminescence spectroscopy, x-ray
photoelectron spectroscopy (XPS), x-ray diffraction (XRD) as well as solution and solid
state nuclear magnetic resonance (NMR). We find that in-situ HF quickly etches InP QDs
via the formation of PH, and InF,, after which InF, binds to the InP surface, passivating
dangling phosphorus bonds and increasing quantum yield. Although PLQYs up to 70%
can be reached using this in-situ HF treatment and 85% when additional ZnCl, Z-type
ligands are added, solid-state NMR results show that oxidized phosphorus species (PO,
and PO,) remain present on the surface. This suggests that the presence of PO, and PO, on
the InP surface does not lead to trap states, which is further supported by DFT calculations.
A conversion of polyphosphates to H PO, is observed however, indicating that in-situ
HF protonates and breaks up polyphosphate species, allowing for further Z-type ligand
passivation of the surface. InF, and in-situ HF treatments of InP QDs with varying degree
of oxidation are shown to support this hypothesis.

3.2 Results and discussion

3.2.1 The in-situ HF treatment

Since standard HF treatments pose a considerable safety hazard and expose the InP
QDs to water, we searched for a safer method to deliver HF in an anhydrous way, which
could be performed entirely within a glovebox. Herein, we exploit the amidation of acyl
fluorides to generate HF in-situ, which is considered to be a rapid exothermic reaction.”
In particular, benzoyl fluoride is reacted with octylamine in mesitylene. Benzoyl fluoride’s
phenyl group delocalizes electron density, which makes it highly electrophilic. When
combined with octylamine, amidation takes place upon which N-octylbenzamide and
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hydrogen fluoride are formed via reaction (1) depicted in Scheme 3.1 and the middle of
Figure 3.1A. Although this treatment is performed post-synthesis, we will refer to it as “in-
situ HF treatment” to differentiate from regular HF treatments, since the HF is not added
directly to the QD solution, but is formed only after the amidation reaction.

0)
/\/\/\/\w

octylamine l benzoyl fluoride

(0]
F
/\/\/\/\/N\+ (1)
H H

P N NG
N
H
N-octylbenzamide + HF

Scheme 3.1. The amidation of octylamine and benzoyl fluoride leads to the formation of
N-octylbenzamide and hydrogen fluoride (HF).

The formation of N-octylbenzamide after reaction (1) is confirmed using 'H-NMR as
shown in Figure A3.1 in the appendix. When the reaction occurs in the presence of InP
QDs (diameter = 2.6 nm), PH, is formed as confirmed by solution *'P-NMR (Figure A3.2)
and InF, is observed as a white precipitate (confirmed by XPS in Figure A3.3). We propose
that the InP nanoparticles are etched by the HF according to the simple reaction (2) in
Scheme 3.2, wherein InF, and PH, are formed:

INP+3HF — InF,+PH, @)

Scheme 3.2. The proposed HF etching reaction of InP.

At intermediate concentrations (around 1000 molecules of benzoyl fluoride per QD), the
sample is only partially etched and highly luminescent InP QDs can be obtained (Figure
3.1B). Figure 3.1C shows the absorption spectra of the InP QDs over the course of a typical
in-situ HF treatment. Strong etching immediately takes place upon injection of benzoyl
fluoride into the octylamine solution containing the QDs, leading to a visible decrease
in optical density (Figure 3.1C). The drop in optical density is observed to increase with
increasing HF concentration, as can be seen in Figure A3.4, and is in line with a net loss
of InP material in accordance with reaction (2). Furthermore, the first absorption peak is
initially found slightly blue-shifted (from 476 to 463 nm) and then red-shifts over time as
the treatment is continued, suggesting that the particles re-grow after the initial etching.
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Figure 3.1. Schematic representation and optical characteristics of oxidized InP QDs
treated with in-situ HE As illustrated in panel (A), InP QDs are reacted with HF produced
in-situ via the amidation reaction of benzoyl fluoride and octylamine in anhydrous
conditions. (B) Photographs of InP QD samples treated with in-situ HF at various
concentrations and temperatures reveal that, in certain conditions, highly luminescent
samples can be obtained, however strong material losses are also apparent. An optical
characterization of aliquots collected over the course of a typical in-situ HF treatment at
150 °C is provided in panels (C-E), namely, (C) absolute absorption spectra (inset shows
normalized absorption spectra before and after the treatment), photoluminescence (D)
spectra (A = 387 nm) and (E) PLQYs. In panel (E) we also report the evolution of PLQYs
at other reaction temperatures. In the untreated QDs, a weak band edge luminescence and
some trap-emission can be observed. Upon HF-treatment a strong drop in absorption
quickly occurs and only at reaction temperatures of 150 °C or higher is a strong increase
in quantum yield observed. The addition of ZnCl2:TBP complexes during the treatment
leads to even higher quantum yields. Panel (F) shows the time-resolved PL lifetime
measurements of samples before and after the in-situ HF treatment. Solid lines show the
bi-exponential fits.

Figures 3.1D and 3.1E show the effect of the in-situ HF treatment on the photoluminescence
(PL) of the InP QDs. Running the treatment at 150°C for up to one hour increases the PL
quantum yield (PLQY) to 55% and reduces the relative intensity of red tail in the PL,
attributed to trap emission.?*?* Full-width-half-maxima (FWHM) after the in-situ HF
treatment were ~70 nm (300 meV), which is typical for InP after HF treatment®'®?” and
wider than the narrowest emission observed for core InP.”” Purification of the treated QDs
leads to size-selective precipitation (as can be seen by the redshift in absorption in the
inset of Figure 3.1C) and to an increase in the PLQY to 64%. Although the quick drop in
absorption that happens at the start of the treatment appears temperature-independent,
the effect of the HF treatment on the PLQYs appears to be strongly temperature related.
As can be seen in Figure 3.1E, both at room temperature and at 90 °C, PLQYs never
exceeded 5% regardless of treatment time. At 150 °C a quick rise in PLQY to ca. 40% is
observed over the first few minutes and thereafter the PLQY keeps on increasing over
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time. At 200 °C even higher quantum yields (>70%) are observed and PLQY evolution
appears complete in under 5 minutes. This shows that there is a sizable activation energy
for restructuring the surface, possibly related to the removal of the original ligands. We
note that the in-situ HF treatment reproducibly results in PLQY values of ~70%, but that
a further increases is possible by adding additional ZnCl, Z-type ligands to the treatment,
which increases the PLQY further to 85%. The addition of ZnCl, will be discussed in more
detail below. Time-resolved PL measurements (Figure 3.1F) show that longer PL lifetimes
are obtained for samples with higher quantum yield. Average lifetimes (see methods for
details) increased from 29 ns in untreated QDs to 107 ns after the in-situ HF treatment
and 138 ns when ZnCl, was added during the treatment.

To disentangle the various chemical processes involved in the in-situ HF method we
conducted a series of control experiments. First, the effects of treating InP QDs with
either only octylamine or benzoyl fluoride were investigated and are summarized in
Figures A3.5 and A3.6 in the appendix. Octylamine barely affects the QDs on its own
(Figure A3.5). Benzoyl fluoride treatments, however, were often found to cause the QDs
to precipitate from the mesitylene dispersion, which we assign to a reaction of benzoyl
fluoride with palmitate ligands, forming anhydrides and fluoride ions (Figure A3.6). This
reaction appears to be rather slow with respect to amidation and, unlike the in-situ HF
reaction, does not improve the luminescence.

Furthermore, treatments similar to the in-situ HF treatment with benzoylbromide
(forming in-situ HBr) and benzoylchloride (forming in-situ HCI) are reported in Figure
A3.7. Neither HCI nor HBr increases the PLQY of InP QDs, and at higher concentration
they quickly cause full dissolution of all nanocrystals. Treatments with organic Brensted
acids were also attempted (Figure A3.8), but only resulted in small increases in PLQY of
1-2%. It thus seems that the etching reaction (2) can be extended to a variety of protic
acids, but among these, only HF has the ability to increase the PLQY of InP quantum dots.

We consider that InF,, which forms during the HF treatment according to reaction (2),
could play an active role in the trap passivation process as a Z-type ligand. Interestingly,
treating InP QDs with solid InF, powder (hereafter referred to as “pure InF, treatment”),
increases the PLQY up to 28 % (Figure A3.9). This observation was also reported by Kim
et al. as well by Calvin and colleagues, although they attempted to dissolve InF, in TOP
and tetrahydrofuran, respectively.'"* We note that after our pure InF, treatment, the
absorption drop that is typical for the in-situ HF treatment is absent. However, the QDs
precipitate out of dispersion at high concentrations of InF,. Furthermore, this treatment
also appears temperature activated; only at 150 °C is an increase in quantum yield observed.

Taken together, these observations suggest that several trap passivation mechanisms
might be at play during the HF treatment, including passivation or removal of dangling
bonds, as well as the potential changes in the surface oxide species. To elucidate structural
changes occurring during this in situ HF treatment, we performed a series of analyses.

3.2.2 Structural analysis
To obtain further information on the processes responsible for the increase in
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photoluminescence quantum yield, x-ray diffraction (XRD), x-ray photoelectron
spectroscopy (XPS) and solution as well as solid state nuclear magnetic resonance (ssNMR)
analyses were performed. The XRD patterns of the QDs before and after treatment are
shown in Figure A3.10. In both diffractograms peaks that can be indexed to zinc blende
InP are observed, as well as a peak at 20° arising from the palmitate ligands.” The latter
peak is strongly reduced after the in situ HF treatment, suggesting that the in-situ HF
treatment leaves the InP crystal lattice intact while inducing the removal of a large fraction
of the palmitate ligands, in agreement with previous observations by Calvin et al. after
their HF treatment.”
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Figure 3.2. Structural characterization of oxidized InP QDs treated with in-situ HE. (A)
Solution 'H nuclear magnetic resonance (NMR) spectra of InP QD dispersions before
and after treatment with in-situ HF (solvent: deuterated toluene). Peaks corresponding to
palmitate ligands are labeled “B” for species bound to the nanocrystal surface and “F” for
free species. A reduction of the bound palmitate fraction is observed after the treatment.
(B) XPS spectra of InP QDs before and after the in-situ HF treatment. Part of a plasmon
loss peak of the aluminum substrate is visible in the P2p part of the spectrum at lower
binding energies. Some of the InP has been converted to InF, during the treatment. InF,
reference peaks were copied from XPS data by Kim et al.’(C-F) Solid state NMR spectra
of InP QDs before and after the in-situ HF treatment. (C) 'H single pulse. (D) *'P single
pulse. Spectra are normalized to the intensity of the core InP peak to highlight relative
differences between the two samples. (E) *'P{'H} cross-polarization HETCOR of the QDs
before treatment. (F) *'P{'H} cross-polarization HETCOR of the QDs after the in-situ HF
treatment. A CP time of 2 ms was used for both HETCORs. Average 'H and *'P spectra
are plotted at the top and left sides. MAS frequency was 12.5 kHz for all measurements.

The removal of surface ligands is further confirmed using solution '"H NMR (Figure 3.2A).
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In solution NMR, ligands that are bound to the NC surface exhibit broad peaks due to
their slow rotational motion (slow tumbling).*>?! As shown in Figure 3.2A, such peaks
are clearly seen at 2.60, 1.93, 1.35 and 0.93 ppm for the untreated sample, and belong to
the o, B, remaining chain and methyl tail protons of the palmitate ligands, respectively.
In addition, some free palmitate is observed as narrow lines at similar resonances. After
the HF treatment the same peaks are visible but the intensity of free palmitate relative
to bound palmitate has strongly increased, indicating that palmitate ligands have been
removed from the InP QD surface.

XPS spectra of the samples are shown in Figure 3.2B. In the spectra before the treatment,
typical InP peaks can be observed at 444.4 and 452.2 eV (In 3d) and at 128.8 eV (P 2p).
After the treatment, the indium peaks have shifted to higher binding energies and a peak
is observed at 485.2 eV corresponding to F1s in InF,. This shows that part of the InP has
been converted to InF,, in accordance with reaction (2). This InF, then likely binds to the
InP surface during the treatment, replacing In(PA), units. Elemental quantification of the
XPS data shows that the P:In ratio is maintained at 1:2, which is typical for InP QDs of this
size and shows that both the starting and the treated QDs have an indium-rich surface.*”
A F:In ratio of 2:1 is also found. The unchanged P:In ratio indicates that fluoride does not
replace phosphide, but rather is bound to indium atoms at the surface of the QDs.

InF;: Z-type exchange + Z-type passivation

z} op

Bronsted
acid

POH,
+ In[Base],
+PH,

HF: Mixed

OZP\
O‘PO3 in-situ

HF

Scheme 3.3. Reaction schemes of three different type of surface treatments of InP QDs.
Z-type treatment with InF, results in a partial exchange of InPA, for InF, and passivation
of phosphorus dangling bonds. Treatment with protic acids results in etching and
polyphosphate removal. The in-situ HF treatment combines these two features.

Taken together, these results show that after the treatment, palmitate ligands have been
removed from the surface and have been replaced with fluoride. Kim and colleagues
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suggested that the replacement of palmitate with fluoride ions upon HF treatment takes
place on the surface of the QDs as the result of a direct acid-base reaction between HF
and palmitate'®. We do not exclude that part of the exchange may take place during the
initial etching according to this mechanism, where HF can directly protonate palmitate
and form InF, on the surface. However, after the initial etching has finished and all the HF
has reacted, the additional increase in PLQY should be attributed to the partial exchange
of In(PA), with the InF, that was formed in a Z-type exchange mechanism, as depicted
in Scheme 3.3. This hypothesis is in line with the slow and thermally activated increase
in PLQY (Figure 3.1D). The results from the pure InF, treatment (Figure A3.9) show
that while the solubility of InF, in mesitylene is presumably low, the exchange of In(PA),
with InF, can still be facilitated at 150 °C. However, on these QDs, the increase in PLQY
after the pure InF, treatment is always significantly lower than for in-situ HF treatment,
pointing to additional benefits of HF on the InP surface, related to the removal of surface
oxides, as discussed next.

3.3.3 Solid state NMR characterization

Solid state NMR (ssNMR) is one of the most powerful tools to investigate the atomic
structure of InP QDs and has been used often to investigate oxidized phosphorus species.””
235 Through magic angle spinning (MAS), phosphorus and hydrogen species that are
in the solid phase and therefore severely broadened in solution NMR can be observed
and distinguished. Single pulse spectra give quantitative information on the species
that are present, while surface species can be identified by utilizing a cross-polarization
(CP) pulse sequence to transfer magnetization from the hydrogen atoms in the ligands
to the phosphorus species on the surface. 2D ssNMR techniques such as heteronuclear
correlation (HETCOR) can also be performed to obtain information on the spatial
proximity of specific species.

Figures 3.2C-F show various ssNMR measurements on InP QDs before and after the in-
situ HF treatment. The 'H solid state spectra are expected to resemble those observed
in solution NMR. However, significant broadening should be expected in the solid state
spectra, since molecular motion is greatly reduced in the solid state, which cannot be fully
compensated for by magic angle spinning. This is indeed observed in the 'H solid state
spectrum of the untreated QDs (Figure 3.2C): apart from a small residual solvent peak, only
aliphatic resonances are observed, ascribed to palmitate ligands, similar to the solution 'H
spectrum (Figure 3.2A). After the HF treatment, additional weaker resonances arise. Two
sharp ones at 5.0 and 5.8 ppm (ascribed to residual trace water and N-octylbenzamide
respectively) and another centered at 7.4 ppm. The latter is much broader than the other
two, indicating strong bonding to the surface. Baquero and colleagues earlier observed a
peak at a similar frequency, which they ascribed to P-OH with the help of Forward and
Back Cross Polarization (FBCP) experiments.” This species is invisible in solution NMR
due to its strong bonding to the surface and low intensity.

In Figure 3.2D, the P ssNMR spectra before and after treatment are presented. The core
phosphorus atoms in InP QDs are known to give a broad signal around -200 ppm.?> 323
This broad signal is indeed observed in the QDs before the treatment, and shifts from -198
to -223 ppm upon treatment with HE. We ascribe this shift to the exchange of InPA for
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InF,. DFT studies on small InP complexes provide theoretical support for this observed
frequency shift (Figure A3.11). Further downfield in Figure 3.2D resonances can be
observed between -20 and +60 ppm. These peaks are enhanced when cross-polarization
from hydrogen is employed (Figure A3.12), thus confirming that they are present on the
surface, close to the hydrogen atoms of the palmitate ligands. These resonances have often
been observed in *'P ssNMR spectra on InP QDs and are usually attributed to various
surface-oxide complexes. Specifically, the peaks around 0 ppm and 24 ppm are assigned
to P(V) (i.e. PO,*) and P(IIl) (i.e. PO,”) complexes* *»* or trioctylphosphine oxide
(TOPO),* while the peak at 53 pm is assigned either to PO,* *, or also to TOPO***, Since
trioctylphosphine (TOP), which can readily be oxidized to TOPO, is employed in our
synthesis, we cannot unambiguously assign these observed surface peaks based on only
the single pulse and cross-polarization spectra. 2D *'P{'"H} HETCOR experiments were
therefore performed to help identity the nature of the surface phosphorus resonances.
Using this method, phosphorus and hydrogen resonances that have the ability to cross-
polarize with each other are selectively shown. In other words, only phosphorus species
that are spatially close to hydrogen and vice versa appear in the spectra. A correlation peak
between two specific species in the 2D spectrum indicates that those species are spatially
close to one another.

P{'H} HETCOR on the as-synthesized particles (Figure 3.2E) reveals correlations
between all phosphorus peaks and the aliphatic hydrogens. No strong correlations can be
distinguished between any specific species. This shows that all surface phosphorus species
have approximately the same spatial proximity to hydrogen atoms on the ligands.

After the in-situ HF treatment however, two specific correlations can be distinguished
(Figure 3.2F). The aliphatic protons correlate with the phosphorus peak at 53 ppm, and
the new hydrogen peak at 7.4 ppm that appears after the treatment correlates with the
phosphorus peak at 0 ppm. The correlations become even more clear when looking at
single slices of the 2D spectrum, as shown in Figure A3.13. These two correlations show
spatial proximity of the aforementioned proton and phosphorus species and can help
identify the nature of the phosphorus peaks.

First, the peak around 0 ppm is usually ascribed to PO, species.”>*>*” In the untreated QDs,
this peak is positioned more upfield, at -15 ppm. This resonance is typically associated
with pyro- or polyphosphates.’® * Polyphosphates are expected to form on InP surfaces
upon oxidation at temperatures around 573 K' and could thus be present after InP hot
injection synthesis. Upon treatment the resonance narrows down and shifts to 0 ppm,
nearly the same value as the chemical shift of the H,PO, reference. Our results thus suggest
that polyphosphate species are formed during the high-temperature synthesis, after which
they are broken up and protonated during the HF treatment, resulting in H PO, species
and the correlating P-OH peak in the hydrogen spectrum at 7.4 ppm. Secondly, the peak
at 24 ppm is usually assigned to PO, species.”>*>* DFT calculations are in line with this
assignment of PO, and PO, and support the general trend that PO_species appear at more
positive chemical shifts for lower x (Figure A3.11).

Although these DFT calculations suggest that the final peak at 53 ppm may be ascribed
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to PO,, we argue that it should instead be assigned to TOPO that is formed during the
synthesis and bound to the surface of InP QDs, in line with the assignment made by Stein
and colleagues.”” The resonance at 53 ppm is almost identical to that of free TOPO (46
ppm, Figure A3.12). This assignment of TOPO is further supported by additional ssNMR
spectra that were obtained after InP syntheses with and without the use of TOP (Figure
A3.12). If no TOP is used in the synthesis, no peak is observed at 53 ppm.

After the in-situ HF treatment we observe an increase in the intensity of the resonances
in the 60 ppm to -20 ppm range compared to the broad core phosphide peak around -200
ppm (Figure 3.2D). By normalizing both spectra to their respective InP core peak area, the
integrals of each species relative to the core InP peak were calculated. Relative integrals of
the PO, and PO, peaks increase from 0.05 to 0.07 and from 0.01 to 0.02 respectively after
the in-situ HF treatment. This shows that, surprisingly, the in-situ HF-treatment does not
result in a net decrease of the ratio of surface oxidized phosphorous/unoxidized core InP
species.

In summary, from ssNMR measurements we observe TOPO, PO, and polyphosphate
species on the as-synthesized InP surface. While the in-situ HF treatment does not remove
all PO_ species, it breaks up polyphosphates into smaller H PO, species.

3.3.4 Reasons for PLQY increase after the in-situ HF treatment

Based on the aforementioned XPS and NMR results, the first clear effect of the in-situ HF
treatment is fluorination of the InP surface. Fluorination of InP QDs has been reported
many times, and it is widely accepted that fluorination of InP QDs leads to an increase in
the luminescence efficiency® > '8 4! However, multiple different explanations have been
given for this relationship. The first mechanism that was proposed to be responsible for
the PLQY increase after the HF treatment was reported by Adam et al.'?, who suggested
that the passivation of phosphorus dangling bonds by fluoride was the main drive of the
increase in PLQY. We support a similar mechanism, but propose that InF, units bind the
dangling phosphorus bonds as Z-type ligands rather than fluorine alone. Indeed, DFT
calculations shows 2-coordinated phosphorus atoms on InP present in-gap states, and
also that Z-type passivation removes these in-gap states.*” The efficiency of InF, compared
to the other Z-type ligands such as In(PA), or InCl, may be explained by considering
steric effects®’: bulky species may limit surface coverage of InP QDs. Exchanging part of
the indium palmitate for less bulky species like InF, allows a higher surface coverage in
Z-type ligands and thus a decrease in the number of phosphorus dangling bonds. We note
that other works have also proposed that the strong electronegativity of surface fluoride
ions could also be related to the high quantum yields.'s

Despite the presence of PO, and PO, surface species after the in-situ HF treatment we
observe quantum yields >50%. This seems to contradict reports claiming that removal of
oxygen is the mostimportant function of the HF treatment that leads to better luminescence
properties.® ' 7 However, we do observe the removal or conversion of polyphosphates
after the in-situ HF treatment. This suggests that only certain types of oxide species,
i.e. polyphosphates, hamper the quantum yield. The presence of polyphosphates could
introduce trap states directly (i.e. orbitals of the polyphosphate species act as traps) or
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could inhibit full passivation of dangling P with Z-type ligands due to their bulky nature.
In both cases, polyphosphate removal may be the second important effect of the in-situ
HF treatment that leads to higher PLQYs. Compared to traditional HF treatments®'"'> '8,
our in-situ HF treatment appears to yield QDs with higher PLQYs. This could be due to
the anhydrous nature of the treatment, which limits oxidation of the QDs due to water and
thus the formation of new polyphosphates.
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Figure 3.3. Electronic structure (DFT) calculations on InP QDs with surface PO * species
(x = 2,3,4). (A) Structural composition of each system. (B) Contour plot of the highest
occupied molecular orbital (HOMO) of each system. (C) Calculated density of states
(DOS), inverse participation ratio (IPR) and crystal-orbital overlap population (COOP)
of each system.

To test if various PO_ species on the surface cause in gap states we performed DFT
calculations on QD model systems, replacing surface P* species with PO *, with x
= 2, 3, 4 (Figure 3.3). We find that InP QDs with PO,*> or PO,* on the surface do not
present states in their bandgap, even if a large amount (6 units) of PO,* is added. This
is in line with the observation that high quantum yields can be obtained after the in-situ
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HF treatments even though PO, or PO, species remain present on the surface, and with
observations of high quantum yields in InP core/shell structures despite the presence of
interfacial PO,.*”* In gap states are observed for PO,* species, and assigned to the HOMO
orbital of the PO,* complex, formed by an antibonding combination of the P 3p and O
2p atomic orbitals (Figure A3.14). However, as discussed in the section above, there is no
real evidence from the ssNMR spectra that PO,* species are present. Rather, the peak at 53
ppm is assigned to TOPO at the surface. It thus seems more likely that the polyphosphates,
observed at -15 ppm in the ssNMR spectra of the untreated QDs are associated with trap
formation and lower quantum yields. DFT calculations were attempted using P,O_as a
model polyphosphate species, but proved inconclusive in showing a correlation between
these species and in-gap states (Figure A3.15). Negatively charged or neutral P,O_ species
led to n-doping of the quantum dots and reduction of surface indium, similar to earlier
results on CdX QDs.*>*” This resulted in many in-gap states but could be an artifact of the
simulation. Additionally, PO, species appear unstable on the InP surface in simulations,
leading to surface reconstructions. A clear atomistic picture of the exact species and
arrangement of polyphosphates on the InP QD surface would thus be required to obtain
more conclusive information from DFT simulations.
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Figure 3.4. Effectiveness of the in-situ HF and of the InF, treatments on InP QDs
with varying degree of oxidation. (A) *'P ssNMR spectra and (B) photoluminescence
spectra and quantum yields. QDs synthesized using the heat-up synthesis do not exhibit
polyphosphate peak around -15 ppm in their *'P ssNMR spectra. For these quantum
dots, the InF, treatment is almost as effective as the in-situ HF treatment in terms of (B)
photoluminescence, while a clear difference between the two treatments can be observed
for the polyphosphate-containing sample synthesized via hot injection.

Nevertheless, if indeed the polyphosphate species with their peak at -15 ppm are
responsible for the low PLQY of the as synthesized InP QDs, it may be expected that
higher efficiencies could be reached by performing the pure InF, Z-type treatment on QDs
without any of these species present on the surface. It is known that the use of carboxylate
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precursors can lead to water formation during high temperature InP synthesis, resulting
in surface oxidation.”> In an attempt to avoid water formation, we synthesized InP QDs
via a heat-up method, which resulted in nearly oxide-free particles. These were then
treated with anhydrous InF,. The results of this experiment are summarized in Figure
3.4 and are compared with those obtained with the more oxidized particles discussed
so far. In Figure 3.4A, the *'P ssNMR spectra of both particles are presented. It is clear
that the polyphosphate peak at -15 ppm is only present in the sample synthesized via hot
injection, and absent in the heat-up sample. When applying the pure InF, treatment to
both particles, we observe significantly higher quantum yields for the heat-up sample, up
to 45%, vs. < 28% for the hot injection sample (Figure 3.4B). These results together with
the ssSNMR spectra in Figure 3.2 indicate that the removal of polyphosphates in addition
to Z-type ligand passivation is necessary to obtain high quantum yields in core InP QDs.

3.3.5 Overcoming the limitations of the HF treatments

The in situ HF treatment offers a safer and easy alternative to standard HF treatments on
InP QDs. While it strongly enhances the PLQY it also results in a loss of InP material due
to etching, and causes broadening of the optical absorption and emission, which would
ideally be prevented by optimizing the reaction conditions. However, the gaseous nature of
HEF poses difficulties in controlling the kinetics and in the scale up of this high temperature
treatment. In fact, according to our in situ HF experiments, a high concentration of
HF (~1000 molecules of benzoyl fluoride per QD) is required to obtain QDs with high
PLQYs, which comes at the expense of extensive etching. Therefore, the ability to regulate
the activity of HF at such high temperatures could be highly desirable. We investigated
whether this could be achieved by introducing the base triethylamine in our in-situ HF
treatment, as it can bind to HF in a simple acid-base equilibrium and is inert towards
benzoyl fluoride and therefore does not interfere with the amidation process. As shown
in Figure A3.16, we find that the introduction of triethylamine allows to mitigate the loss
of material while still achieving the same increase in PLQY. We expect the slight excess
of octylamine in our experiments to also decrease the strength of HF in a similar fashion.

As shown in previous sections, Z-type passivation plays a key role in PLQY improvement.
It was also previously shown that treatments with Z-type ligands such as CdCL* and
both cadmium and zinc carboxylates can increase the PLQY of InP QDs. Therefore
we explored whether providing additional Z-type ligands during the HF treatment
would further improve the PLQY of the InP QDs. We observe that running the in situ
HF treatment in presence of additional InF, powder does not lead to improved PLQYs.
InF, does not dissolve well in common solvents even when additional L-type ligands like
amines or phosphines are added, potentially making the passivation of the surface by
additional InF, more difficult. In contrast Zn salts like ZnCl, can be dissolved with L-type
ligands.* We dissolved ZnCl, with tributylphosphine (TBP) in mesitylene and added this
to QD dispersion before performing the in situ HF treatment as described above. This
results in an increase of the PLQYs up to 85%, as shown in Figure 3.1. This PLQY value
is significantly higher than the previous record for core-only InP QDs (54%*’) and comes
close to the most efficient green-emitting InP-based core/shell structures® and core-only
II-IV materials.**
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The results presented in this paper demonstrate that highly efficient narrow-band InP
QDs can be fabricated through appropriate surface engineering, without the need to grow
inorganic shells. These results provide insight into the mechanisms of carrier trapping
at the surface of InP QDs, but may also be relevant for the application of core-only InP
QDs. For instance, the use of wide bandgap shells reduces the blue absorption in films of
core/shell InP QDs, compared to films of core-only InP QDs of the same thickness. The
brightness of a film of QDs depends on their PLQY as well as their absorbance and is thus
higher for the core-only InP QDs than for core-shell QDs. Further, charge transport is
more efficient in core-only QD films, since inorganic shells introduce additional tunnel
barriers for electrons and holes. Efficient charge transport is important for applications
such as electroluminescent QLED, photodetectors and solar cells. Our work shows that
core-only (fluoride terminated) InP QDs could be a lead and cadmium free alternative for
use in these applications, although their stability remains to be investigated.

3.3 Conclusion

Using a safe, water-free in-situ HF treatment the quantum yield of InP quantum dots
can be increased from <0.1% to up to 70%, and up to 85% when additional Z-type
ZnCl, ligands are provided. Optical analyses show that in-situ generated HF etches InP
QDs to produce InF, and PH,, resulting in a loss of material and a minor blueshift of
the optical properties. Structural analyses show that the in-situ HF treatment does not
remove all oxidized phosphorus from the QD surface, but converts polyphosphate species
to H PO,, and results in exchange of surface In(PA), for InF,. Based on these results in
combination with DFT calculations, phosphorus dangling bonds and the presence of
polyphosphates on the surface are suggested to be the sources of traps that cause non-
radiative recombination in InP QDs. Removing these traps results in core-only InP QDs
with PLQY that is comparable to the best InP/ZnSe/ZnS core/shell/shell QDs.

3.4 Methods
All procedures were executed in an inert atmosphere (Schlenk line or glovebox, H,0 < 0.1
ppm, O, < 0.1 ppm).

Materials

The following materials were purchased from Merck Sigma and used as received: indium
acetate (99.99%), palmitic acid (PAH, 99%), trioctylphosphine (TOP, 97%), anhydrous
acetone (99.8%), octylamine (99%), anhydrous hexadecane (99%), zinc chloride (ZnCl,,
99.999%), tributylphosphine (TBP, 97%) and triethylamine (99.5%). Tris(trimethylsilyl)
phosphine (TMSP, 98%, Strem) Caution: TMSP is a highly pyrophoric substance that can
release toxic phosphine gas upon reaction with air, anhydrous toluene (99.8%, Alfa Aesar),
benzoyl fluoride (98%, TCI), didodecylamine (97%, TCI), and indium fluoride (InF,,
99.95%, Alfa Aesar) were used as received. 1-Octadecene (ODE, 90%, Merck Sigma) and
mesitylene (98%, Merck Sigma) were degassed in vacuo at 100°C and room temperature
respectively before being stored in a nitrogen-filled glovebox.

Hot-injection synthesis of InP QDs
The synthesis is based on that reported by Won et al.® In a typical synthesis, indium acetate
(585 mg, 2.00 mmol), palmitic acid (1535 mg, 6.00mmol), and ODE (50 mL) were added

66



A water-free in-situ HF treatment for ultra-bright InP quantum dots

to a 3-neck round-bottom flask. This mixture was degassed in a Schlenk line at 0.1 mbar
and 120 °C for 60 minutes, during which indium palmitate (In(PA),) formed and acetic
acid evaporated under vacuum. Nitrogen gas was then blown over the surface through a
needle (rate = 0.4 L/min, pressure ca. 1 bar) and the temperature was raised. At 280 °C,
a TMSP solution (5 mL of 0.3 M in TOP) was injected, causing the temperature to drop
instantly. The reaction was allowed to run at 260 °C for 12 minutes before being cooled
down by air gun. At room temperature, a transparent, dark red dispersion was obtained.
The quantum dots were purified by precipitation with anhydrous acetone (5 volume
equivalents) and separated by centrifugation (10 minutes at 5000 rpm). After carefully
discarding the supernatant, the liquid precipitate containing the QDs was diluted in
anhydrous toluene (8 mL). The washing procedure was repeated before obtaining the InP
QD stock solution. The concentration of this stock solution (ca. 1.37 mM) was assessed
via optical absorption considering an extinction coefficient of 0.45 cm™ pM™ at 330 nm,
which was determined via the Maxwell-Garnett model developed for QDs.*

Heat-up synthesis of InP QDs

This procedure is based on the work of Li et al.*’ indium acetate (436 mg, 1.5 mmol),
palmitic acid (999.9 mg, 3.9 mmol) and ODE (41.4g, 52.5 mL) were combined in a 3-neck
round-bottom flask. The mixture was connected to a Schlenk line and N, was bubbled
through the solution at a rate of 0.3 L/min. The mixture was heated at 150 °C for 30
minutes. During this time, indium palmitate (In(PA),) was formed and acetic acid was
evaporated away by the gas stream. Then, (i) TOP (6.23g, 7.5 mL) and (ii) TMSP (187 mg,
0.75 mmol) in ODE (9.47 g, 12 mL), were sequentially injected into the In(PA), solution
and the temperature was increased to 270 °C and kept at that value for 5 minutes. The flask
was then cooled down by air gun to 200 °C, after which a water bath was used to quickly
bring it to room temperature, at which point a dark red InP quantum dot dispersion was
obtained. The quantum dots were purified in the same way as stated above for the hot
injection method.

In-situ HF treatment

Caution: since toxic phosphine gas is formed during this treatment, it should only be
performed inside a glovebox or well-ventilated fumehood. In a typical treatment, the InP
QD stock dispersion (30 uL, 41 nmol) was first diluted in mesitylene (820 pL) inside a
glass vial. The mixture was heated to 150 °C, at which point an (i) octylamine solution
(90 pL of 0.64 M in mesitylene, 58 umol) and a (ii) benzoyl fluoride solution (90 pL of
0.45 M in mesitylene, 41 pmol) were sequentially added. The addition of the benzoyl
fluoride triggers a color change in the QD solution from orange to yellow and formation
of a colorless vapor can be observed. After 2 minutes, the vial caps were closed, and the
mixture was allowed to react at 150 °C for another 58 minutes. For the treatment at 200 °C
mesitylene was replaced by hexadecane and octylamine was replaced by didodecylamine.
Additionally, the injected volumes of benzoyl fluoride and amine solutions were increased
to 130 pL and the cap was added immediately after injection (of benzoyl fluoride) to
minimize the effect of evaporation. The quantum dot mixture was then purified through
a filter (0.2 pm PFTE), after which 10-20 volume equivalents of anhydrous acetone were
added to precipitate the QDs. The mixture was centrifuged for 10 minutes at 6000 rpm,
after which the yellow-green precipitate was re-dispersed in toluene.
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ZnCl, addition

A ZnCl, solution (10 uL of 0.64 M, 6.4 pmol) was added to the QD dispersion before
starting the in-situ HF treatment which was otherwise performed as stated above, except
the added volumes of benzoyl fluoride and amine solution were increased to 150 uL
and the treatment only lasted 5 minutes. The ZnCl, solution (0.64 M in mesitylene) was
prepared by mixing ZnCl, (436 mg, 3.2 mmol), TBP (11.2 mmol, 2266 mg) and mesitylene
(to a volume of 5 mL) under stirring until fully dissolved. TBP was necessary to dissolve
the ZnCl, in polar solvents and accurately determine the concentration.

Pure InF, treatment
InF, (50 mg, 0.29 mmol), mesitylene (1 mL) and the InP QD stock dispersion (30 pL,41
nmol) were combined in a glass vial. The mixture was stirred at 150 °C for one hour.

Optical characterization

UV-Vis spectra were recorded on a Perkin-Elmer Lambda 365 spectrometer. Fluorescence
measurements were recorded on an Edinburgh Instruments FLS980 spectrometer
equipped with a PMT 400 detector. Photoluminescence quantum yields were measured
in accordance with IUPAC methodology®* against a coumarin 102 dye solution in ethanol
(purity > 99.8%) at an excitation wavelength of 387 nm (OD at 387 nm for all samples
~0.1). Integrated emission intensities were corrected using a detector calibration curve.
Measuring the coumarin 102 quantum yield in an integrating sphere in the same setup gave
avalue 0f 99%, but to calculate the quantum yield, the literature value of 95% was considered
for the quantum yield of coumarin 102.” Additionally, a typical in-situ HF+ZnCl, treated
InP sample was measured in an integrating sphere in the same instrument to have a PLQY
of 84% (Figure A3.19), confirming the values obtained in the dye measurements. PL decay
traces were collected on a Edinburgh Instruments Lifespec TCSPC setup with a 400 nm
pulsed laser. The emission was measured at 540 nm. TRPL traces were fitted with a bi-
exponential fitting curve, after which intensity-weighted average lifetimes were calculated
by the following equation: T = (A 1>+ A1 })/(A T + A1), where A_and 1 are the n®
amplitude and lifetime parameters obtained from the bi-exponential fit.**

X-Ray Diffraction (XRD)

Samples were prepared by drop casting QD dispersions on zero-diffraction silicon
substrates. Diffraction patterns were recorded using a Bruker D8 Advance diffractometer
(CuKa, A =0.15406 nm).

X-Ray Photoelectron Spectroscopy (XPS)

Samples were prepared by drop casting the QD dispersions onto thin aluminum substrates
inside a nitrogen filled glovebox and were vacuum-transferred to the instrument to
avoid exposure to air. Measurements were performed under UHV (<2e-7 mbar) on a
ThermoFisher K-Alpha equipped with Al K_source, radiating with an energy of 1486 eV.
A flood gun (Ar) was active during all measurements to prevent charging of the samples.

Solution Nuclear Magnetic Resonance (NMR)
Solution NMR spectra were recorded on an Agilent 400-MR DD2 equipped with a 5 mm
ONE NMR Probe and operating at 25 °C. '"H NMR (399.7 MHz) spectra were collected
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with a recycle delay of 1 s in deuterated toluene. Signals were referenced according to
the residual methyl peak of toluene-d8 (2.08 ppm). *'P NMR spectra (161.8 MHz) were
collected a recycle delay of 1 s in toluene (enriched with toluene-d8). *'P signals were
externally referenced to H,PO,.

Solid state Nuclear Magnetic Resonance (ssNMR)

Samples were loaded into 4 mm Zirconia rotors inside an nitrogen filled glovebox (O,
< 0.1 ppm, H,O < 0.1 ppm). Measurements were performed using an Agilent 400 MHz
magnet operating at 'H, *'P and "*C resonance frequencies of 399.9, 161.9 and 100.6 MHz
respectively, using a CMX 4.0mm Triple Res T3 SPC400-550. MAS frequency was set to
12.5 kHz for all measurements. One-pulse '"H MAS spectra were collected with a recycle
delay (d1) of 30 s and a 2.5 ps pulse width. One-pulse *'P MAS spectra were collected with
a recycle delay (d1) of 10-15 s and a 3.4 ps pulse width. '"H—?'P CPMAS measurements
were performed with a '"H n/2 pulse length of 3.4 ps, a CP period of 2 ms and a recycle
delay (d1) of 3 s. 'H—"C CPMAS measurements were performed with a '"H n/2 pulse
length of 3.4 ps, a CP period of 1.2 ms and a recycle delay (d1) of 3 s. During all CPMAS
measurements, proton decoupling was performed using the Spinal-64 decoupling
sequence. *'P{'"H} heteronuclear correlation (HETCOR) measurements were performed
with a CP contact time of 2 ms. For each of the 512 transients in the 'H dimension, 2048
P scans were accumulated. A recycle delay of 3 s was applied after each scan. Spectra
were referenced to external H,PO,.

Additional ssNMR spectra were collected with a Bruker Ascend 500 magnet (11.7 T)
equipped with a NEO console operating at 'H and *'P resonance frequencies of 500.16 and
202.45 MHz respectively, using a 4 mm three channel DV'T MAS probe head from Bruker.
Samples were filled into 4 mm Zirconia rotors in an argon filled glovebox (O2 < 0.1 ppm,
H20 < 0.1 ppm). InP samples were impregnated into an AL O, filler. The MAS frequency
was set to 8 kHz for all measurements. One-pulse *'P MAS spectra were collected with
a recycle delay of 50 s and a 5 ps pulse width. IH—31P CPMAS measurements were
performed with a 'H n/2 pulse length of 3.85 ps and CP period of 500 ps. 30,000 scans
were accumulated with a recycle delay of 2s. Proton decoupling was performed during
acquisition using the Spinal-64 decoupling sequence.

Computational methods

Geometry optimization of complexes for NMR were carried out using a PBE exchange
correlation functional' and a TZ2P basis set. The structure of H,PO, which is used as
the chemical shift reference, was taken directly from the ADF database. Scalar relativistic
effects were taken into account by the zeroth-order regular approximation (ZORA). All
NMR calculations®* were carried out using a hybrid PBEO exchange correlation functional”
and TZ2P-]J basis set with the inclusion of spin-orbit coupling as implemented in the ADF
software package.! Calculations on QD systems were carried out at the DFT level, using
a PBE exchange-correlation functional' and double-{ basis set, as implemented in the
CP2K quantum chemistry software package.” Relativistic effects were taken into account
by using effective core potentials. Geometry optimizations were performed at 0 K and in
the gas phase.
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To confirm the orbital localization of the trap state, the inverse participation ratio (IPR)%’
of an electronic state is used. We define IPR as:
|4

Za|Pa,i

IPR; = —
(Za|Pa,i| )

Where P, is the weight of a molecular orbital i on a given atom a expanded in an atomic
orbital basis. The IPR can be used to estimate the number of atoms that contribute to
an electronic state. The value can range from 1/number of atoms present in the system,
meaning the contribution is equally distributed over all atoms, to 1, meaning that the
contribution comes from 1 atom.

Crystal-orbital overlap population (COOP) is used to give insight on the bonding or anti-
bonding nature of an electronic state.*'° Positive COOP values correspond to a bonding
interaction, whereas negative COOP values correspond to an anti-bonding interaction. A
value close to 0 is a non-bonding interaction.

IPR & COOP calculations were carried out using the QMFlows Python package."
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Figure A3.1. Solution 1H spectra of the compounds used in the in-situ HF treatment,
before and after their reaction. Spectra were referenced according to the residual solvent
peaks of toluene-d8 (2.08 ppm). As can be observed from the shift in peak 11 (no residual
peak at 2.5 ppm after the reaction), full conversion of the amine is achieved when
equimolar amounts are reacted.
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InP QDs + benzoyl fluoride + octaylamine PH,
RT, 30 minutes reaction time
TOP InP*
L 1
InP QDs + benzoyl fluoride + octaylamine PH,
90° C, 30 minutes reaction time
ToP InP*
N L
InP QDs + benzoyl fluoride + octaylamine PH,
150° C, 30 minutes reaction time
TOP
"

280 240 200 160 120 80 -80 -120 -160 -200 -240 -280

Cr?eomical ghift (P-glqn)
Figure A3.2. Solution *'P NMR spectra of aliquots taken from treatments at different
temperatures. The PH, peak can clearly be observed at -239 ppm. Free TOP is also present
in all spectra at -29 ppm. At -210 ppm, a final peak can be observed, but only in the RT
and 90 °C spectra. This peak shows at the typical shift of InP (see solid state NMR spectra
in Figure A3.10), and is thus ascribed to small InP clusters/complexes in solution.

F1s — InP QDs untreated
White precipitate after in-situ HF etching

Intensity (a.u.)

694 692 690 688 636 684 682 680
Binding energy (eV)
Figure A3.3. F1s XPS spectra of the as-synthesized QDs and the white powder that formed
after reacting an excess of in-situ generated HF with InP QDs. All of the InP has been
converted to InF, during the treatment.
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Figure A3.4. Absolute absorption spectra of InP QDs after in-situ HF etching at different
concentrations. HF concentration was varied by adjusting both the amount of benzoyl
fluoride and octylamine that was added while keeping their ratio consistent. At higher HF
concentrations, the first absorption maximum is blueshifted further and a larger drop in
the absorption is observed. The highest quantum yields were observed for HF
concentrations between 850-1000 molar equivalents.
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Figure A3.5. Normalized absorption (A) and PL emission (B) spectra of InP treated with
octylamine and a combination of octylamine and benzoyl fluoride. [benzoyl fluoride]/
[QD] = 1400, [octylamine]/[QD] = 2000. Treatments were performed at 150°C for 180
minutes in mestitylene, similar to the in-situ HF treatment.
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Figure A3.6. Photographs and optical data of InP QDs treated with benzoyl fluoride.
Photographs of (A) In(Pa), and (B) InP QDs in toluene before and after reaction with
benzoyl fluoride. A precipitate is formed during the reaction of benzoyl fluoride and
indium palmitate. The InP QDs have precipitated after the reaction with benzoyl fluoride,
indicating a loss of polar surface ligands. Normalized absorption (C) and PL emission (D)
spectra of InP treated with benzoyl fluoride and a combination of octylamine and benzoyl
fluoride (in-situ HF). [benzoyl fluoride]/[QD] = 1400, [octylamine]/[QD] = 2000. The
benzoyl fluoride was performed for 10 minutes at 150 °C, while the in-situ HF treatment
was performed for 5 minutes at 150 °C.
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Figure A3.7. Normalized absorption (A) and PL emission (B) spectra of InP treated with
different in-situ generated acids. Benzoyl bromide, benzoyl chloride and benzoyl fluoride
were used in conjunction with octylamine to produce each of the acids in-situ. [acyl
halogen]/[QD] = 700 for each of the samples. At higher concentrations, HCl and HBr fully
dissolved the InP. Treatments were performed at 150°C for 180 minutes in mesitylene,
similar to the in-situ HF treatment.
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Figure A3.8. Normalized absorption (A) and PL emission (B) spectra of InP treated with
different organic acids. [acid]/[QD] = 1000 for each of the samples. Treatments were
performed at 150°C for 180 minutes in mesitylene, similar to the in-situ HF treatment.
Modest increases in quantum yield are observed when smaller organic acids are applied.
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Figure A3.9. Optical data of the InF3 treatment at 150 °C. (A) normalized absorption
curves. (B) PL spectra. (C) photoluminescence quantum yield over time during the
treatment. The treatment is performed by adding solid InF, to a dilute solution of InP QDs
in mesitylene and heating to 150 °C. No additional compounds need to be added.
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Figure A3.10. X-ray diffraction patterns of InP QDs before and after the in-situ HF
treatment. After the treatment the peak at 20°, ascribed to ordered palmitate ligands, is
decreased in intensity.
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Figure A3.11. *'P NMR shifts of various small InP structures as calculated using DFT.
Shifts were referenced using the calculated shift of H,PO,. For PO_species, lower chemical
shift is observed for increasing x, which mirrors experimental observations. P bound to
four InF, was calculated to have a lower chemical shift than P bound to four In(carbonate)..
This is in accordance with our observations after the HF treatment, were the *'P chemical
shift becomes more negative after In(PA), has been replaced with InF, on the InP surface.
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Figure A3.12. 'H—*P CPMAS spectra of as-synthesized QDs from heat-up syntheses
and QDs from the hot injection synthesis before and after the in-situ HF treatment. The
surface peaks in the region of 100 to -20 ppm are enhanced compared to the InP core peak
due to proximity to hydrogen atoms. Dashed lines indicate the chemical shifts of PO,, PO,
and TOPO species. TOPO in toluene is provided for reference.
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Figure A3.13. Projections of the **P{'"H} HETCOR spectra after the in-situ HF treatment.
The phosphorus slice around 'H 2.5 ppm shows spatial proximity of the aliphatic protons
to the phosphorus peak at 52 ppm. The slice at "H 9 ppm shows a correlation between the
PO, species at 0 ppm and the new, broad, downfield hydrogen peak around 7.5 ppm.
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Figure A3.14. (A) Contour plot of the HOMO in the PO,* InP QDs DFT simulations. (B)
Molecular orbital (MO) of PO’ complex. In the DOS InP QDs containing PO,*, a state
just above the valence band (VB) is formed, with significant contribution from the added
oxygen atom as well as the phosphor atom the oxygen is bound to (see Figure 3.4). The IPR
value of the trap state of the PO moiety is 0.33, whereas the IPR value of the unoxidized
HOMO is 0.1 which shows that the trap state is slightly localized. The contour plot of this
localized wave function (A) indicates that it is formed by an anti-bonding combination
of p orbitals on the surface P and O atoms. To confirm the anti-bonding nature of the
trap state, we use the crystal-orbital overlap population (COOP) analysis. Positive COOP
values correspond to a bonding interaction, whereas negative COOP values correspond to
an anti-bonding interaction. A value around 0 is a non-bonding interaction. The negative
COOQOP values confirm the anti-bonding nature of the state (see Figure 3.4). Therefore we
conjecture that the state inside the bandgap is primarily made up from the anti-bonding
orbital of the O 2p orbital and the P 3p orbital. To further confirm this, we set up the
molecular orbital (MO) diagram of PO* (B) We see that the highest occupied molecular
orbital (HOMO) is indeed a 7t* orbital.
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Figure A3.15. DFT calculations on InP QDs containing a PO, species on the surface. (A)
atomic structures after geometry optimization. (B) HOMO and LUMO orbital shapes. (C)
DOS plots of the respective structures. Negatively charged and neutral P,O, species result
in n-doping of the QD and reduction of indium, similar to earlier results on CdX QDs.
Achieving charge neutrality is only possible by adding two additional carbonate ligands,
effectively resulting in an unphysical P,O_** species. Furthermore P,O, species are not
stable in DFT calculations, resulting in spontaneous surface reconstructions, where (O,P)-
O-(PO,) units are formed, and one oxygen forms an In-O-P bond instead.

83



Chapter 3

0.30 A === Control 60 min B === Control 60 min
in-situ HF 60 min in-situ HF 60 min
0.25 in-situ HF + EtN3 60 min in-situ HF + EtN3 60 min
i)
5 X
S :
f= (=}
2 £
g B
Q
< £
0.05 "
0.00 7
400 500 600 2.75 2.50 2.25 2.00 1.75
Wavelength (nm) Energy (eV)

Figure A3.16. Optical data of the in-situ HF treatment and the in-situ HF treatment with
added triethylamine at 150 °C, compared to a control sample at 150 °C. Triethylamine
was added at the same concentration as the benzoyl fluoride. (A) absolute absorption
spectra. (B) PL spectra. Adding triethylamine before starting the treatment results in less
HF etching, while achieving the same increase in PLQY. Less InP is converted to InF, as
can be seen by the reduced absorption drop compared to the HF treatment. There is also
no absorption or PL blueshift observed after the treatment.
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Figure A3.17. Ols and Cls XPS spectra of the InP QDs before and after the in-situ HF
treatment. It should be noted that after the in-situ HF treatment, less carbonate ligands
are present on the InP surface than before the treatment. The dropcasting procedure of the
samples after the treatment also resulted in thinner QD layers with a lower coverage of the
substrate. Because of these factors, the signal from contaminations (organic compounds
on the substrate) in the Ols and Cls spectra is expected to be higher in the in-situ HF
treated samples relative to the untreated samples, which makes a comparison of these
spectra difficult.
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Figure A3.18. °C ssNMR spectra. After the in-situ HF treatment, octylamine is bound to
the surface in addition to some remaining palmitates.
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Figure A3.19. Integrating sphere PLQY measurement of a typical in-situ HF/ZnCl,
treated InP QD sample. A PLQY of 84% was observed.
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Chapter 4

4.1 Introduction

Indium phosphide (InP) is the most promising ROHS-compliant material to produce
quantum dots (QDs) for lighting applications.'? Although InP QDs have significantly
improved over the last 5 years*®, their optical properties and stability leave much to be
desired before InP QDs could be implemented as phosphors in high-intensity lighting
applications such as ambient LED lamps or lasers.

One suspected source of both instability and trap states is the III-V/II-VI interface that
is formed in InP/ZnSe/ZnS core/shell/shell particles. So far ZnSe and ZnS have been the
most successful shelling materials for InP, leading to >90% photoluminescence quantum
yields (PLQYs).*>”® However, ZnSe and ZnS shelling results in an inherently charged
interface due to the imbalance in charges of the lattice ions.” ' In addition, oxidized
impurities have been identified at the InP/ZnSe interface.* > Surprisingly, the role of
oxidative defects at this interface has remained a topic of debate, with reports of both
detrimental® > * and beneficial> " effects on the quantum dot properties. The nature of
the exact types of oxidative defects remains ambiguous, and a description of the atomistic
structure of these defects is missing.

In this work, we use solid state nuclear magnetic resonance (ssNMR) and high-angle
annular dark-field scanning transmission electrons microscopy (HAADEF-STEM)
techniques to improve the atomistic understanding of the InP/ZnSe QD interface. The
chemical nature and location of various phosphorus species on InP/ZnSe QDs are revealed
through *'P ssNMR measurements. ”’Se ssNMR experiments are then performed on QDs
with enriched 7’Se in the whole ZnSe shell, the InP/ZnSe interface or the ZnSe shell
surface. By combining these experiments with DFT calculations, we identify selenium
at different positions in the shell, distinguishing interface, bulk shell and outer surface
selenium based on its chemical shift. Specifically, the 7’Se peak at the interface is attributed
to an In-Se-Zn environment at the epitaxial InP/ZnSe interface.

We then controllably oxidize the InP cores with labelled molecular 7O, before shelling
with ZnSe. This results in PO,* at the InP/ZnSe interface as the only reaction product. In
the oxidized QDs, PLQY is significantly lower and the epitaxial In-Se-Zn ”Se peak, which
is clearly observed in the non-oxidized QDs, is missing. This indicates that excessive
oxidation disrupts the development of an epitaxial InP/ZnSe interface. HAADF-STEM
measurements reveal different crystal orientations of the core and shell when the interface
is oxidized, supporting the idea of a disconnected interface between the InP and ZnSe for
the oxidized particles.

We propose an atomistic picture of the InP/ZnSe interface in presence and absence of
oxidation. When the amount of interface oxidation is low, an epitaxial interface is grown.
Excessive oxidation however disrupts the epitaxial growth, as observed by a reduction in
the amount of interface selenium and the different orientation core and shell crystals. The
ZnSe is separated from the InP by the amorphous oxide layer.
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4.2 Results and discussion

4.2.1 General properties of the QDs

Figure 4.1A schematically shows the protocol that was used to synthesize the InP/ZnSe
QDs studied here. Zinc-free InP cores were prepared by a modified heat-up synthesis
reported by Li and colleagues’ to minimize the surface oxidation present on the QDs." The
purified cores were then heated up in the presence of zinc oleate (ZnOA,), and selenium
dissolved in trioctylphosphine (Se:TOP) was injected dropwise for 1 hour to grow the
shell. As expected, the ZnSe shelling of InP particles results in a significant redshift of
the absorption spectrum and an increase in the PLQY to 66% (Figure 4.1B). HAADEF-
STEM images reveal a truncated tetrahedral shape of the InP/ZnSe QDs (Figure 4.1C).
The mean edge length of the particles increased from 3 nm to 6.5 nm after the shelling
was completed (Figure A4.2). EDS analysis was performed to corroborate the core-shell
atomic distribution of the QDs (Figure A4.3).

The synthesis method shown in Figure 4.1A was optimized specifically for ”Se ssNMR
measurements. To maximize the 7’Se signal from these samples, we did not grow an
additional ZnS shell around the particles (which would “dilute” the effective density of
selenium in the sample) and also applied extensive purification procedures to completely
dry the samples for use in ssNMR. While this optimization results in excellent ssNMR
signals from these samples, the PLQY of 66% after purification is modest compared to
state-of-the-art InP core/shell/shell QDs.

To be able to generalize the results presented in this work, we also synthesized high-quality
InP/ZnSe/ZnS QDs with PLQYs > 90% and compared the *'P ssNMR results between the
two methods. For this we used a similar method as shown in Figure 4.1A, except the
shelling was performed at 280 °C in octadecene, zinc chloride was added to be able to
grow a thick ZnSe shell, and an additional ZnS shell was grown. While this synthesis
method resulted in high PLQY values, the ssNMR signal of these samples is too weak to
accurately measure ”’Se signal. As we will show below, there are no differences in the *'P
measurements between these two samples, indicating the results presented here also hold
for high-PLQY InP QDs. A complete comparison and analysis of the optical properties of
all samples used in this study can be found in Figure A4.1.

To investigate the effect that oxidized interface species have on both the optical
and structural properties of InP/ZnSe QDs, we introduced an oxidation step in the
protocol (Figure 4.1A). We attempted to oxidize QDs in two ways: using either water or
elemental oxygen at elevated temperatures. H O oxidation was successfully performed
on aminophosphine-based InP to increase interface oxidation by van Avermaet and
coworkers.” We attempted the same protocol, but did not see any increase in oxidation of
our InP QDs in ssNMR spectra (Figure A4.4). We speculate that the high concentration
of strongly bound apolar ligands on our QDs as compared to aminophosphine InP QDs*
may prevent water from reaching the QD surface before it is evaporated from the solvent.

When exposing our InP QDs to elemental O, gas at elevated temperatures however we
observed clear evidence of oxidation on the InP QDs, so we used isotopically enriched
70, gas (allowing ssNMR analysis of the oxygen) to synthesize InP/ZnSe QDs with
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Figure 4.1. A) The synthesis scheme of the InP/ZnSe QDs with and without an interface

oxidation step. B) Absorbance and photoluminescence spectra of the oxidized and
unoxidized QDs. C) HAADF-STEM images of the oxidized and unoxidized QDs.

increased oxidation at the interface. This was done by placing the QD solution under
an atmosphere of 0.21 70,/0.79 N,, heating the solution to 120 °C for 3 minutes and
then evacuating the oxygen/nitrogen mixture for 30 minutes (see methods section for
details). After all oxygen had been removed, ZnSe shells were then grown following the
same shelling procedure as used for the other ssNMR samples. The InP/ZnSe QDs that
were obtained after treatment of the cores with O, are referred to as InP/Ox/ZnSe going
forward.

Both the PL and absorption of the InP/Ox/ZnSe QDs are blueshifted (absorbance
maximum at 578 compared to 594 nm) and broadened compared to the unoxidized InP/
ZnSe QDs (Figure 4.1B). As shown below, this effect is due to the conversion of some
phosphorous in the cores to PO,* during the oxidation, resulting in a net decrease of the
InP particles size. A large difference in PLQY values is observed, as the InP/Ox/ZnSe show
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a PLQY of only 24%, significantly lower than the 66% that was observed for unoxidized
InP/ZnSe QDs. HAADF-STEM (Figure 4.1C, Figure A4.2) results indicate that the InP/
Ox/ZnSe particles have a similar size as the unoxidized InP/ZnSe (mean edge length 7.1
nm vs. 6.5 nm). We will now first discuss the structural analysis of the unoxidized QDs and
then evaluate the structural differences observed in the QDs with an oxidized interface.

4.2.2 Phosphorus ssNMR

Figure 4.2A shows quantitative single pulse *'P ssNMR spectra of the InP core QDs
before shelling, and of the InP/ZnSe QDs after shelling. The same 4 different species
of phosphorous are distinguished in the *'P ssNMR spectra of the core and core/shell
QDs (Figure 4.2A): at around -185 ppm, the typical InP peak is observed, ascribed to
P* in the InP crystal' !¢, The peak around 0 ppm is ascribed to oxidized phosphorous
in the form of PO *."" "' We previously reported that using the heat-up synthesis it is
possible to synthesize PO,*-free InP cores'®, however later observations suggest that this
only holds true for short synthesis times. The cores used in this synthesis were grown at
270°C over a period of 2.5 hours. As was shown previously this prolonged exposure to
high temperature results in a condensation reaction of the palmitic acid precursor. The
produced water is suspected to cause oxidation of surface phosphorous,'” ' leading to the
observed PO’ presence on the QDs (6.9% PO, out of total phosphorus). The relative
integral of the PO,* peak is also increased somewhat after shelling, which indicates that
some additional oxidation may occur in the early stages of the shelling procedure by the
same precursor condensation reaction as mentioned above (percentage PO,* increases
from 6.9% to 9.0%).'> Two more peaks are observed, at 28 and 50 ppm, which we ascribe
to the phosphorus-containing surface ligands dioctylphosphine oxide (DOPO) and
triocytlphosphine oxide (TOPO) respectively.

A B

— Core InP \
— InP/ZnSe J \\ InP

Normalized intensity (a.u.)

100 50 0 -50 -100 -150 —-200 -250 -300 —350 0 5 1o 15 20 25 30
3P chemical shift (ppm) H -> 3P contact time (ms)

Figure 4.2.°'P ssNMR measurements of InP QDs before and after ZnSe shelling. A) Single
pulse *'P measurements. The same 4 different phosphorous species are distinguished in the
QDs before and after ZnSe shelling. B) Intensity of the 4 different species in the InP/ZnSe
sample for different 'H—*P cross-polarization contact times. High intensities at short
contact times indicate proximity to the hydrogen-rich ligands on the outer surface, while
longer risetimes of the intensity indicate a position deeper inside the QD, removed from
the surface ligands. *These peaks could also belong to other, similar organophosphorus
species.
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Both these compounds are already present as contaminants in as-purchased TOP that is
used in the synthesis as confirmed by solution NMR (Figure A4.5).%

'"H—'"P  cross-polarization experiments provide further insight into the identity
and location of the 4 different phosphorous species in the core/shell QDs. In these
measurements, spin polarization is transferred from hydrogen to phosphorous, increasing
the *'P signal strength. By performing the measurement with different cross-polarization
times, information can be obtained on the position of the phosphorous relative to
the hydrogen in the ligands.?' Figure 4.2B shows the relative signal intensity of the 4
phosphorous species after different cross-polarization (CP) times in InP/ZnSe core/shell
QDs. The intensity of the InP signal rises only with longer CP times (maximum at 12
ms), since the core is separated from the ligands by the ZnSe shell and the transfer of
polarization is slow. This shows that, as expected, protons are only present in ligands on
the surface of the shell, and not at the interface nor in the lattice. The peaks at 28 and 50
ppm both show very strong signal intensity even at short CP times (maximum at 1.5 ms),
indicating fast polarization transfer and close proximity to hydrogen. This aligns with the
assignment of these peaks to DOPO and TOPO, which are bound as ligands to the surface
of the QDs. During the shelling, these ligands are easily detached from the InP surface
at high temperature, then reattach to the outer ZnSe surface. The PO,* signal reaches
maximum intensity at intermediate times (6 ms) between the TOPO/DOPO and core InP
peaks. This indicates that the PO,* is present at the interface of the InP and ZnSe, closer
to the ligands than the core P* in the core, but still separated from the ligands by the
ZnSe shell. This confirms earlier reports that PO,* species do not move to the outer ZnSe
surface during the shelling procedure, but instead keep their position and are encased by
the shell.'- '8

4.2.3 Selenium ssNMR

Since the natural abundance of ”’Se is only 7.6%, InP/ZnSe QDs were synthesized with
isotopically pure (>99%) elemental 7Se (referred to as enriched 7’Se) to strongly enhance
the ssNMR signal of the samples. Use of enriched 7’Se increases signal from the sample by
a factor 13, reducing the NMR measurement time necessary to achieve the same signal/
noise ratio by a factor 13? = 169. For all samples measured, ”’Se signals were observed in
the range between -250 to -500 ppm, with a maximum around -350 ppm (Figure 4.3A and
4.3B). This is in accordance with measurements on bulk zinc blende ZnSe.** Any signals of
oxidized Se species would be expected at positive chemical shifts,* but were not observed,
indicating that all Se in the samples was Se* in ZnSe.

Se” in different chemical environments can be distinguished by performing REDOR
(Rotational Echo DOuble Resonance) measurements, correlating ”’Se with 'H or *P
nuclei. In the REDOR sequence, the 7’Se signal is suppressed if it comes from nuclei that
are close to the correlating nucleus (either 'H or *'P). Figure 4.3A shows the results of both
these correlation measurements compared to the 7’Se measurement with no correlation.
Selenium at more negative chemical shifts (around -380 ppm) is suppressed when
correlating with 'H, which means that this signal corresponds to selenium atoms present
at the outer surface of the shell, close to the hydrogen-rich ligands. This assignment is
confirmed by 'H -> 7Se cross-polarization measurements (Figure A4.6).
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Figure 4.3. 77Se ssNMR measurements of InP/ZnSe QDs. A) CPMG measurements, with
REDOR coupling to 'H and *'P as well as no coupling. Signals from species close to the
coupled nuclei will be suppressed in the REDOR experiment. B) CPMG measurements
of QDs with enriched ’Se at different locations in the shell. When isotopically pure 7’Se
is placed only at the interface/outer surface of the shell, the corresponding signal at that
location is strongly enhanced. C) Calculated ’Se isotropic chemical shifts at the epitaxial
[110] InP/ZnSe interface.

In contrast, signals around -310 ppm are suppressed when correlating with *'P, indicating
proximity to the phosphorus-rich core. We assign this peak to ”’Se at the epitaxial InP/
ZnSe interface. The main peak at -350 ppm is assigned to “bulk-like” selenium, fully
coordinated by 4 zinc atoms in the zinc blende ZnSe lattice. In summary, selenium attains
more negative chemical shifts the closer the selenium atoms are to the outer shell surface.

With these assignments in mind, we explored the possibility of enhancing only specific
parts of the selenium signal with enriched 7’Se. For the growth of the fully enriched ZnSe
shell on our QDs, 77Se:TOP is injected for 60 minutes (see methods section for further
details). To create interface-labelled and outer-surface labelled particles, enriched 77Se:TOP
was instead injected for the first 5 minutes or last 10 minutes respectively, with regular
Se:TOP being injected the remainder of the 60 minutes. The ”’Se ssNMR measurements
of these 3 different samples are compared in Figure 4.3B. For the interface-labelled QDs,
the signal at -310 ppm is strongly enhanced, while for the outer-surface labelled QDs
the signal at -380 ppm is enhanced instead. Figure 4.3B also shows a significantly better
resolved interface peak, clearly differentiated from the more bulk-like selenium at -350
ppm. Thus, our labelling experiment confirms the previous assignments.

To help interpret the different chemical shifts observed, we performed DFT chemical
shielding calculations of various selenium-based crystal structures. We reference the DFT
shieldings such that for bulk ZnSe the DFT and experimental ”’Se isotropic shift coincide,
ie. 0 = -350 ppm, for more details see Section Sl in the supporting

calculated ~  experimental

information.

We first considered the formation of a layer of mixed (non-zinc blende) In-Zn-Se crystal
phase at the InP/ZnSe interface, such as recently proposed for InAs/ZnSe QDs.** *
However, calculations of bulk ZnIn_Se, and In,Se, structures yielded shifts of -8.8 ppm
and 356.1/472.3/732.3 ppm (for different selenium positions), respectively. These values
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are several hundreds of ppm more positive than ZnSe (at -350 ppm), which does not align
with ssNMR measurements on our samples, suggesting that no separate layer of mixed
In-Zn-Se crystal phase is present in our samples.

We then performed chemical shift calculations on an epitaxial (110) InP/ZnSe interface,
shown in Figure 4.3C. The calculated 7’Se chemical shifts of atoms next to the interface
are ~75 ppm more positive compared to selenium atoms deeper in the ZnSe material. This
resembles the 40 ppm chemical shift difference between interface and bulk-like selenium
atoms from our experimental data and provides additional support for the assignment of
the -310 ppm peak to Se at the InP/ZnSe interface.

4.2.4 Oxidation at the InP/ZnSe interface

The presence of PO’ at the interface of InP/ZnSe as observed by *'P NMR has been
reported before, with claims of both beneficial* '? and detrimental®!" effects on the PLQY.
To prober the structural effects of an oxidated interface on the QDs, we synthesized the
aforementioned InP/Ox/ZnSe QDs (Figure 4.1) with 7Se present only at the interface
(injecting enriched 7’Se for the first 5 out of 60 minutes of shelling).

XPS measurements showed no difference between the oxidized and unoxidized QDs
(Figure A4.7). Using ssNMR however, clear effects of the oxidation on the InP/ZnSe
interface can be observed, as shown in Figure 4.4. From the 3P spectra (Figure 4.4A),
it is obvious that the amount of PO,* of the QDs is significantly increased. This can be
quantified by dividing the integral of the PO,* peak by the total integral of the PO,* and
InP peaks, yielding an increase in *'P in the PO,* state from 9.0% for the as synthesized
QDs to 32.2% for the oxidized QDs. "O ssNMR shows only one peak (Figure 4.4B), which
is in the chemical shift range typically associated with phosphate species. Because there
are no other peaks (except the zirconia artifact from the rotor), we conclude that all the
molecular ogygen gas that reacted during our oxidation procedure ended up as phosphate
species on the InP surface (which becomes the InP/ZnSe interface after shelling). In
particular, we note that no In,0,, In,OH, nor any other hydroxyl species are observed in
the 7O spectrum.? We propose a simple reaction for the oxidation of InP with molecular
oxygen at 120 °C:

InP + 2 0, - InPO, (4.1)

Selenium oxide species were again not observed. Looking at the ssNMR data of all
investigated nuclei together, only one type of oxygen-containing species is actually
observed at the InP/ZnSe interface: PO,

4.2.5 Effects of interface oxidation on the properties of InP/ZnSe QDs

Earlier reports show that PO * does not directly cause trap states in the InP band gap: near
unity PLQYs can be obtained even when a significant amount of phosphate is present on
the surface/interface of the QDs.> ' When running the synthesis optimized for high PLQY
(in ODE with the addition of a ZnS shell, details in the method section), we were also able
to obtain >90% PLQY on the same InP cores. While these QDs were not intentionally
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Figure 4.4. Comparison of ssNMR measurements of oxidized and non-oxidized InP/
ZnSe QDs. A) Single pulse *'P spectra. B) 7O spectrum of the oxidized InP/Ox/ZnSe QDs.
The peak at 381 ppm results from naturally abundant 7O from zirconia in the rotor. Only
one other peak is observed from the sample in the ’O spectrum, assigned to PO,* formed
during the reaction with molecular oxygen. C) CMPG 7’Se spectra with enriched 7’Se at
the InP/ZnSe interface. High-resolution HAADF-STEM images of non-oxidized D) and
oxidized E) QDs. Inset shows FFT analysis of the central part (red) and external area
(orange). In the non-oxidized quantum dot (QD), the crystal structures remain aligned
along the [011] zone axis, displaying the characteristic fading of the (200) spacing for the
ZnSe phase (white dashed circles). In contrast, the oxidized QD exhibits differing crystal
orientations; the center is aligned along [011], while the outer region is aligned along
[112]. These orientations are tilted at an angle of 30 degrees, indicating the coexistence of
different crystal orientations in the QD.

oxidized, they did show a significant presence of PO,*, even after shelling (Figure A4.4).
This PO, was again confirmed to be situated at the InP/ZnSe interface by 'H—*'P
cross-polarization experiments (Figure A4.4C), as explained in Figure 4.2B. Through
integration of ssNMR peaks and atom counting® it can be estimated that each QD, even
when not intentionally oxidized, still contains an average of 5 PO,* moieties. Since this
sample still shows a PLQY of >90%, this demonstrates that the mere presence of interface
PO,* is not enough to cause carrier trapping and recombination. This is in line with
our earlier DFT results that showed no addition of states in the bandgap when PO,* is
present on the surface. Rather, new orbitals associated to PO, reside inside the valence
band."” However, the presence of phosphate species on the interface could still lead to
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in-gap states indirectly, by increasing disorder at the interface, which may result in e.g.
undercoordinated interface atoms. Figure 4.4C shows the 7’Se spectra of the oxidized and
unoxidized QDs. Both samples contain enriched ’Se spectra only at the interface, strongly
enhancing the signal of selenium nuclei that are closest the InP/ZnSe interface.

In the oxidized sample, a clear peak at -310 ppm is missing, even though the same amount
of enriched 7Se is present in this sample. Instead, only bulk-like 7’Se is present at -350
ppm, as well as Se at the outer ZnSe shell surface at -380 ppm. This indicates that the PO *
layer interrupts the crystal at the InP/ZnSe interface, resulting in a decreased amount of
selenium at epitaxial interface positions.

This interruption of the crystal is also supported by HAADF-STEM measurements of non-
oxidized and oxidized QDs. Both InP and ZnSe have the same zinc blende cubic crystal
structure with space group F-43m. However, a noticeable decrease in the intensity of the
(200) crystal plane in the ZnSe system compared to InP makes it possible to distinguish
between the crystal structures present in the same nanoparticle.” This difference is shown
clearly in a HAADF-STEM image of a QD oriented along the [001] crystal direction in
Figure A4.2 in the supporting information.

In Figure 4.4D, a non-oxidized QD is shown, with the crystal structure from the center
and border area remaining oriented along the same [011] direction. When performing
a fast Fourier transform (FFT) on the shell region (orange square), only a faint (200)
crystal spacing is observed, highlighted by a white dashed circle in the FFT analysis,
characteristic for the ZnSe phase. When performing the same analysis in the center of the
particle (red square), the (200) spacing is much more clearly visible, indicating that InP
is present in addition to the ZnSe shell in this part of the particle. The alignment of both
crystal structures along the same zone axis indicates that the core and shell crystals have
the same structure and orientation, pointing to epitaxial growth of the ZnSe on the InP
core. In contrast, Figure 4.4E shows an oxidized QD, where the crystalline structure from
the center of the particle exhibits a different crystal orientation of [011]compared with the
shell crystal structure of [112]. This suggests a tilt of 30 degrees between the two structures.
The center of the QD additionally shows a blurred effect most likely due to the oxide layer
created between the core and the shell. This observation indicates that the shell was grown
in a different orientation than the core InP. The excessive presence of PO,* in the oxidized
InP/ZnSe thus appears to disrupt the zinc blende lattice, interfering with epitaxial shell
growth. While we showed that excessive interface oxidation is detrimental to the PLQY of
our InP/ZnSe QDs, we were also able to obtain near-unity PLQY values with significant
presence of interface phosphate (an average of 5 PO,* moieties per QD, Figure A4.1 and
Figure A4.4). Although it is difficult to imagine how these are incorporated in the zinc
blende crystal at the InP/ZnSe interface, apparently their presence does not result in trap
states. The disruption of epitaxy discussed above only seems to occur when even more
interface oxidation occurs.

Figure 4.5 shows schematically the effects that excessive oxidation can have on the interface
based on the results of this work. In this schematic, an amorphous phosphate layer is

formed on top of the InP particles, in correspondence with the ssNMR observations.
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Figure 4.5. Sketches of the proposed structure of the InP/ZnSe interface with and
without oxidation. A) Oxide-free InP/ZnSe (111) interface. The proposed oxide-free
interface is an epitaxial InP/ZnSe interface, where the ZnSe crystal is oriented in the same
direction as the InP crystal (dashed arrows). Selenium is present at the epitaxial interface,
resulting in the characteristic NMR resonance observed around -310 ppm. B) Oxidized
InP/ZnSe (111) interface. Most of the P* has been converted to PO,*, preventing the
binding of selenium at the interface until a layer of positive zinc ions is present. The
PO,* layer disrupts the crystal lattice, which may result in trap states, for example an
undercoordinated phosphorous (shown in B as P-3¢) and growth of the ZnSe crystal in
a different orientation (shown by dashed arrows) as observed in HAADF-STEM images.
Bonds between phosphorus and oxygen are shown in B to highlight the phosphate units.
Other bonds were omitted for visual clarity.

When shelling on the oxidized particles is performed, selenium ions cannot directly bind
to indium. Instead, zinc binds first to the phosphate, and only then can selenium bind
to begin the formation of the ZnSe lattice. The signal at -310 ppm that is observed from
selenium at the epitaxial InP/ZnSe interface is thus suppressed.

4.3 Conclusion

This study elucidates the atomic structure of the InP/ZnSe QD interface with and
without oxidation. It is shown how a high level of oxidation results in the presence of
an amorphous phosphate layer at the InP/ZnSe quantum dot interface, which inhibits
epitaxial shell growth. At the same time, it is shown that fully oxide-free interfaces are not
required to obtain high-quality InP QDs, as epitaxial growth is still possible even when
some phosphate is present. By providing insight in the effects of interface oxidation, these
findings will aid the development of stable and high-quality QDs for lighting applications.

4.4 Methods

Materials

Anhydous indium acetate (Thermo Fisher, 99.99%), anhydrous zinc acetate (Thermo
Fisher, 99.9%), anhydrous zinc chloride (Merck Sigma, 99.999%), myristic acid (Merck
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Sigma, >99%), tris(trimethylilyl)phosphine (TMSP, Strem, >98% caution: TMSP is a highly
pyrophoric substance that can release toxic phosphine gas upon reaction with air), selenium
(Merck Sigma, 99.99%), selenium-77 (CortecNet, enrichment level 99.66%), sulphur
(Alpha Aesar, 99.9995%), anhydrous acetone (VWR, max 0.01% H,O), anhydrous toluene
(VWR, 20 ppm H,0) and anhydrous ethanol (VWR, 30 ppm H,O) were used as received.
Oleic acid (Merck Sigma, 90%), octadecene (ODE, Merck Sigma, 90%), trioctylamine
(TOA, Merck Sigma >92.5%) and trioctylphosphine (TOP, Merck Sigma, 97%) were
degassed in vacuo at 120 °C for at least 1 hour before use. All chemicals were stored inside
a glovebox under inert N, atmosphere (concentration O, and H,O < 0.1 ppm).

InP core QD synthesis

InP cores were synthesized according to a protocol by Li et al. 450 mg indium acetate (1.54
mmol), 1056 mg myristic acid (4.62 mmol) and 55 mL hexadecane were combined in a
3-neck roundbottomflask inside a nitrogen-filled glovebox (concentration O, and H,O
< 0.1 ppm). The flask was closed, taken outside and attached to a Schlenk line, were the
mixture was degassed in vacuo for 30 minutes at room temperature under constant stirring.
After purging, the flask was put under an atmosphere of Ar/2%H, and a needle was then
added to bubble Ar/2%H, gas through the reaction mixture for the rest of the procedure
(flow rate ~0.2 L/min). The mixture was raised to 150 °C and kept at that temperature for
30 minutes, during which the myristic acid and indium acetate reacted to form indium
myristate and acetic acid, which was carried away by the bubbled gas. Then, 6750 mg of
trioctylphosphine (TOP) was injected into the mixture. Once the temperature recovered
to 150 °C, 9000 mg of 0.063 M tris(trimethylsilyl)phosphine (TMSP) in hexadecane
was injected into the mixture as quickly as possible, using two syringes (caution: TMSP
is a highly pyrophoric substance that can release toxic phosphine gas upon reaction with
air). This led to an instant color change of the mixture from colorless to yellow as the
InP nucleation took place. The temperature was raised to 270 °C. After 10 minutes, an
additional 15 mL of 0.010 M TMSP in hexadecane was injected over 2.5 hours to grow
the InP crystals. After cooling down, this yielded a dark red InP QD solution, which was
returned under Ar/2%H, atmosphere to the glovebox. This crude mixture was purified
by addition of 4 volume equivalents of anhydrous acetone, followed by centrifugation at
6000 rpm for 10 minutes. The clear supernatant was discarded, leaving a liquid residue
which was redissolved in 24 mL of anhydrous toluene. Another 4 volume equivalents of
anhydrous acetone was added, and after centrifugation at 6000 rpm for 40 minutes and
discarding supernatant, the solid residue was redissolved in anhydrous toluene, yielding
the InP core QD solution.

Treatment of InP cores with H,O

126.5 pL of InP core solution (0.033 umol InP QDs) was mixed with 3 mL of octadecene in
a three-neck roundbottomflask inside a glovebox. The flask was taken outside, connected
to a Schlenk line and degassed in vacuo for 10 minutes. The temperature was raised to
120 °C, and a drop of water (11 mg = 0.61 mmol, ratio indium atoms/water molecules
= 65) was injected using a syringe. The mixture was stirred at 120 °C for 10 minutes
under Argon bubbling, after which it was evacuated for 60 minutes at 110 °C to remove
any excess water. The QD solution was purified three times by addition of 4 equivalents
of anhydrous acetone, centrifugation at 6000 rpm for 10 minutes and redispersion in
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anhydrous heptane.

Preparation of ZnOA,

Zinc oleate precursor in octadecene (ZnOA, in ODE, 0.46 M) was synthesized by mixing
3.38 g zinc acetate (18.4 mmol), 10.4 g oleic acid (36.8 mmol) and 40 mL of ODE in a
three-neck flask inside a nitrogen filled glovebox. The resulting solution was transferred to
a Schlenk line, degassed for 10 minutes, then heated to 150°C and reacted for 60 minutes
in vacuo until a clear solution was obtained. The solution was then transferred to a vial and
stored in a nitrogen-filled glovebox.

ZnSe shelling of InP QDs

In a three-neck roundbottomflask in the glovebox, 957 pL of InP core solution (0.87 pmol
InP QDs) was mixed with 2580 mg of ZnOA, solution (0.46M in ODE, heated to 150 °C,
total ZnOA, ~ 1.8 mmol) and 80 mL trioctylamine (TOA). The flask was sealed, taken
outside and attached to a Schlenk line. The mixture was degassed in vacuo for 30 minutes
at room temperature and 30 minutes at 120 °C under constant stirring. If the oxidation was
performed, the atmosphere was changed to 80%/20% N, /istotopically enriched 7O, before
heating (caution: large hydrocarbons have low auto-ignition temperatures and care should
be taken when heating these solvents in an oxygen-rich atmosphere). The temperature was
then raised to 120 °C over 18 minutes. Aliquots were regularly taken to check changes in
the absorption spectrum of the QDs. A strong broadening was observed after 3 minutes
at 120 °C, after which the mixture was cooled down and degassed in vacuo for another 30
minutes. After changing the atmosphere to pure Ar gas, the temperature was raised to 340
°C. Starting after 5 minutes, Se:TOP was injected into the mixture for 60 minutes using a
syringe pump, during which the ZnSe shell growth took place. In total, 587 mg of 2.0 M
Se in TOP solution was injected, diluted to 10 mL total volume in TOA (injection rate =
20.4 umol selenium/min). Isotopically pure (enriched) 7Se was injected for either the first
5 minutes, final 10 minutes or full 60 minutes and normal elemental selenium was used
for the remaining duration. The mixture was cooled down and returned to the glovebox
under inert atmosphere. Purification was performed by adding 3 volume equivalents
of anhydrous ethanol, centrifugation at 6000 rpm for 10 minutes, discarding the clear
supernatant and redissolving in toluene. This process was then repeated once. A very dry,
deep red powder was obtained after 2 rounds of purification and drying under vacuum.

PLQY-optimized InP/ZnSe/ZnS synthesis

In a three-neck roundbottomflask in the glovebox, 360 uL of InP core solution (0.33 pmol
InP QDs) was mixed with 1440 mg of ZnOA, solution (0.46M in octadecene, heated
to 150 °C, total ZnOA, ~ 1.0 mmol), 60 mg ZnCl, (0.44 mmol) and 48 mL octadecene
(ODE). In our experience, ZnCl, could not be used in conjunction with TOA, as this will
cause the InP cores to accumulate and crash out of the solution. The flask was sealed, taken
outside and attached to a Schlenk line. The mixture was degassed in vacuo for 30 minutes
at room temperature and 30 minutes at 120 °C under constant stirring. After changing
the atmosphere to pure Ar gas, the temperature was raised to 280 °C. Starting when the
temperature reached 230 °C, Se:TOP was injected into the mixture for 60 minutes using
a syringe pump, during which the ZnSe shell growth took place. In total, 220 mg of 2.0
M Se in TOP solution was injected, diluted to 5 mL total volume in ODE (injection rate
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= 7.6 pmol selenium/min). The solution was kept at 280 °C for 15 minutes, then S:TOP
was injected over 30 minutes using a syringe pump. In total, 110 mg of 2.0 M S in TOP
solution was injected, diluted to 2.5 mL total volume in ODE (injection rate = 7.6 pmol
sulphur/min). The mixture was cooled down, and purified 3 times using the same method
as described above for the InP/ZnSe QDs. Despite extensive purification, a liquid residue
was obtained, which was dried in vacuo to obtain a sticky red paste.

Optical characterization

UV-Vis absorption spectra were recorded on a Perkin-Elmer Lambda 365 spectrometer.
Emission measurements were recorded on Edinburgh Instruments FLS980 spectrometer
equipped with a PMT 750 detector. Photoluminescence quantum yields were measured
against a fluorescein dye solution in 0.1 M NaOH in H, O at an excitation wavelength of
465 nm. To calculate the quantum yield, the literature value of 92% is considered for the
quantum yield of fluorescein.”

Transmission electron microscopy

High-angle annular dark field scanning transmission electron microscopy (HAADF-
STEM) and energy-dispersive X-ray spectroscopy (EDS) were performed using an
aberration-corrected Thermo Fisher Titan G2 60-300 electron microscope equipped with
a Super-X EDS detector operated at 300 keV. For the EDS analysis, 342 frames with a
pixel size of 50.75 pm were acquired using a dwell time of 2 us and a beam current of 150
pA, resulting in a total dosage of approximately 2.5 106 e- A-2 to ensure accurate element
detection. X-ray diffraction relative intensity data was obtained from the Materials Project
for InP (mp-20351) and ZnSe (mp-1190) from database version v2023.11.1.%

X-ray diffraction

Powder X-ray diffraction samples were prepared by drop casting QD solutions onto low-
reflection silicon wafers. XRD patterns were then collected on a Bruker D8 Advance
diffractometer (Cu Ka, \=1.5418 A).

Solid-state NMR

ssNMR analysis was performed at the Magnetic Resonance Research Center at the
Radboud University Nijmegen. Samples were loaded into 4 mm zirconia rotors inside a
nitrogen filled glovebox. Measurements not involving 7’Se or 7O were performed using
an Agilent 400 MHz magnet operating at 'H and *'P resonance frequencies of 399.9 and
161.9 MHz respectively, with a CMX 4.0mm T3 SPC400-550 probe, spinning at a MAS
frequency of 10 kHz. Spectra were referenced to external H,PO, in H,O (= 0 ppm). Single
Pulse 31P measurements were collected with a recycle delay (d1) of 600 s and a *'P 11/2 6
us pulse width. Extremely long recycle delays are needed to obtain quantitative data since
relaxation is very slow in these highly crystalline samples with core phosphorus separated
from the surface by the ZnSe shell. 'H—*'P CPMAS measurements were performed
with a '"H 71/2 pulse width of 6 ps and a recycle delay (d1) of 4 s. Proton decoupling
was performed during the CP measurements using the Spinal-64 decoupling sequence.
Measurements involving ”’Se or 7O were performed using a Bruker 850 MHz magnet
operating at ”’Se, 'H, *'P and O resonance frequencies of 162.1, 849.7, 344.0 and 115.2
MHz respectively with an Agilent T3 4.0 mm probe, spinning at a MAS frequency of
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10 kHz. All spectra were referenced to external H,PO, in H,O (= 0 ppm in the *'P). 77Se
spectra were accumulated using a CPMG (Carr-Purcell-Meiboom-Gill) pulse sequence
(see Figure A4.8 for the full pulse program), with a 7’Se n/2 pulse width of 6 ps and a
recycle delay (d1) of 300 s. 64 CPMG cycles were recorded with each cycle consisting of
16 rotor periods. In the REDOR measurements, either 'H, *'P or no dephasing pulses were
given at half and full rotor periods, while refocusing pulses were given on the selenium
channel every 16 rotor periods. The REDOR dephasing was performed for 16 ms before
the CPMG signal acquisition. 7O spectra were accumulated using a CPMG pulse sequence
with a 7O /2 pulse width of 6.25 ps and a recycle delay (d1) of 30 s.

ssNMR analysis of the water-treated InP was performed at the Reactor Institute Delft.
Samples dried in vacuo were mixed with activated alumina and loaded into a 4 mm
zirconia rotor. Measurements were then performed with a Bruker Acsend 500 magnet
(11.7 T) with a NEO console operating at a *'P resonance frequency of 202.45 MHz and a
MAS spinning frequency of 8 kHz. Spectra were referenced to external H,PO, (= 0 ppm).
Single pulse measurements were performed with a recycle delay (d,) of 50 s and a pulse
width of 4.8 us. Proton decoupling was performed during the measurement using the
Spinal-64 decoupling sequence.

X-ray photoelectron spectroscopy (XPS)

Samples were prepared by drop casting the QD dispersions gold-plated glass substrates
inside a nitrogen-filled glovebox and were vacuum-transferred to the instrument to
avoid exposure to air. Measurements were performed under UHV (<2e-7 mbar) on a
ThermoFisher K-Alpha equipped with Al Ka source, radiating with an energy of 1486 eV.
A flood gun (Ar) was active during all measurements to prevent charging of the samples.
Samples were etched with an ion gun before measurement for 30 seconds to avoid surface
bias and measure a representative average of the QD sample.

DFT calculations

Crystal structures were obtained from the Materials Project”, specifics are available in table
S1. Before calculating the chemical shieldings, all structures were optimized at the PBE
level®>*. An epitaxial ZnSe/InP interface, featuring 10 atomic layers of each compound,
was constructed based on ZnSe lattice parameters obtained from the previous geometry
optimization. The interface model includes no vacuum, and is essentially an infinite
repetition of alternating ZnSe/InP layers. Consecutively, we relaxed the atomic positions
whilst varying the long direction of the unit cell to find the minimum energy structure
(figure A4.9). All DFT calculations presented in this work were performed using VASP*>
%, using the projector augmented-wave (PAW)*** and gauge-including PAW methods.*
Detailed input parameters are available in the supporting information section S1.
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Figure A4.1. Overview of optical properties of the samples during synthesis and after
purification. A), B) Absorption spectra of aliquots taken during shelling optimized for
PLQY except no ZnCl, is added. C), D) Absorption spectra of aliquots taken during
shelling optimized for PLQY where ZnCl, is added. Compared to shelling without ZnCL,
a stronger redshift of the 1S peak and a larger increase at lower wavelengths is observed
(as indicated by the arrows in C). This indicates the growth of a thicker shell when ZnCl,
is added. Sample D) was measured using ssNMR (Figure A4.5). E) Absorption spectra of
aliquots taken during the synthesis of the interface-"’Se labeled sample. By using TOA as
the solvent (as opposed to ODE in the other samples), a thicker shell is grown, similar to
the case where ZnCl, is added. The larger ZnSe shell allows more signal to be obtained
from the samples in ssNMR. F) Absorption spectra of sample oxidized with molecular
O, gas before the shelling procedure. The shelling procedure still works in the same way
as for the non-oxidized samples. Compared to non-oxidized samples, the 1S peak of the
final InP/ZnSe QDs is only slightly blueshifted and slightly broadened. G) PLQY values
of all samples during the synthesis and after washing. The PLQY-optimized version of
the protocol yields high-quality InP/ZnSe/ZnS QDs with PLQY values >90%. ssNMR-
optimized samples show lower PLQY values (around 66%), likely due to the missing ZnS
outer shell in combination with the aggressive washing procedure used to prepare the
samples for ssNMR analysis, which may increase surface defects.! The interface-oxidized
sample shows significantly lower PLQY compared to ssNMR-optimized samples of 24%. H)
Absorption spectra and I) photoluminescence spectra of all samples analyzed by ssNMR.
All unoxidized InP/ZnSe particles synthesized have optical properties that are practically
identical, regardless of the use of enriched "’Se. Interface-oxidized InP/O,/ZnSe particles
show slightly broadened and redshifted emission and absorption compared to unoxidized
ones. The increased intensity at lower wavelengths in the absorption spectrum of InP/O,/
ZnSe indicates that slightly thicker ZnSe shells are formed on that sample.
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Figure A4.2. A) TEM images of InP core QDs. B), C) HAADF-STEM images of InP/ZnSe
and InP/Ox/ZnSe QDs. D), E) Size histograms of InP core, InP/ZnSe and InP/Ox/ZnSe
QDs edge lengths as measured from the TEM images. Mean edge lengths + 2 standard
deviations were calculated from this distribution. InP cores: 2.9 + 0.90 nm, InP/ZnSe: 6.5
* 3.6 nm, InP/Ox/ZnSe: 7.1 + 3.4 nm, indicating a slightly thicker shell on the InP/Ox/
ZnSe sample in correspondence with absorption and XRD measurements. F) HAADE-
STEM image of one the unoxidized QDs oriented along the 001 zone axis. The bottom
insets show the FFT analysis in the center (red) and a corner (orange) of the QD, where
a characteristic reduction in the intensity of the (200) spacing, highlighted with a dashed
white circle, can be observed from the InP to the ZnSe cubic crystal structures.
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Figure A4.3. EDS analysis on 2 InP/Zne core-shell QDs. The elemental map distribution
shows a concentration of In and P inside the nanoparticles as well as Zn and Se at the
external parts. In, P, Zn, and Se peaks can be detected on the EDS spectrum together with
C, O, and Si that can be ascribed to the specimen support.
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Figure A4.4. A) *P ssNMR spectra of InP cores as synthesized and after attempted
oxidation using water. Addition of water to the InP core solution at 120 °C did not result
in an increase in PO,* (peak around 0 ppm). B) *'P ssNMR spectra of various InP/ZnSe
and InP/ZnSe/ZnS samples. Regardless of the shelling method, the ratio of integrals of
PO,*/InP peaks is the same. Significant quantities of PO,* are observed even on samples
with PLQY > 90%. Only when the interface is oxidized on purpose using molecular O, is
the amount of PO,* significantly different.
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Figure A4.5. A) '"H NMR of as-purchased TOP. TOPO and DOPO impurities can be
observed.? B) '"H NMR of elemental selenium dissolved in TOP. This compound is used as
the Se precursor during shelling.
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Figure A4.6. When 'H->""Se cross-polarization is employed (contact time = 5 ms),
selenium signal of nuclei in close proximity to hydrogen (present only in surface ligands)
is enhanced. It is observed that the signal around 380 ppm is enhanced, which is thus
ascribed to selenium atoms at the outer ZnSe surface close the hydrogen-rich ligands. This
is in agreement with REDOR measurements.
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Figure A4.8. Pulse program employed to measure "’Se in the InP/ZnSe QDs. All 7"Se
measurements were performed using the CPMG detection sequence, employing 64
detection cycles with a 180° refocusing pulse in between. For the REDOR interaction
measurements, the REDOR dephasing sequence was performed for 16 ms (160 rotor
periods) before the signal acquisition was started. A long recycle delay (d1) of 300 s was

always used in between scans.
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A4.1: DFT calculations
This section describes the DFT calculations performed. First the bulk structures will be
discussed, followed by the ZnSeInP interface model.

Calculations report chemical shieldings (o), we relate these to experiment such that the
bulk ZnSe chemical shifts (6) coincide, i.e. 5, = SExP. We use the following formula:

e = Oy zuse ™ Ocate T ogte znse FOT the bulk structures is obtained from an explicit
calculation on ZnSe. However, for the interface we select the ’Se shielding from the
center of the ZnSe layer as instead.

A4.1.1: Bulk Structures

In addition to the k-point meshes specified below, for the geometry optimizations we used
a cut-off energy of 520 eV with an electronic convergence criterion of 1E-07 eV (EDIFF)
and ionic convergence of -1E-03 eV (EDIFFG). Pseudopotentials used were the VASP
“Zn’, “In_d”, and “Se” PBE.54 POTCARs. Materials Project IDs of input structures and
k-point meshes are listed below (table A4.1).

Chemical shieldings were calculated with a cut-off energy of 520 eV and electronic
convergence criterion of 1E-10 eV, employing the same pseudopotentials as before.

Table A4.1. Input structures for geometry optimization and k-point meshes of geometry
optimization and chemical shielding calculation for bulk structures.

Compound Space Group | k-point mesh (gamma-centered)
(Materials Project ID)
Geometry Optimization | Shielding Calculation
In,Se, (MP-612740) P6, 7x7x3 15x15%5
ZnlIn,Se, (MP-22607) 14 8x8x4 20%x20x10
ZnSe (MP-1190) F43m 8x8x8 32x32x32

A4.1.2 7’Se Chemical Shielding Tensors (including susceptibility)
We present the shielding tensors with the applied field direction along the columns and
the induced field along the rows. For each tensor, the corresponding atom number in the
compound’s POSCAR is mentioned along with its Wyckoff position.
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In,Se,

Atom 13, Wyckoff 6a: x=0.68334, y=0.02465, z=0.63490

(ppm) X y z

X 784.2 -716.0 -35.5
y -357.0 1149.3 83.7

z -164.7 -39.4 1315.6

Atom 14, Wyckoff 6a: x=0.62965, y=0.66687, z=0.45132

(ppm) X y z

b'e 803.4 -576.7 -344.9
y -436.6 781.3 -243.6
z 19.7 -87.4 1315.6

Atom 15, Wyckoff 6a: x=0.93650, y=0.27327, z=0.82881

(ppm) X y Z
X 300.4 -119.2 -40.4
vz -286.4 475.8 -5.7
3.5 8.1 1344.2
ZnInZSe4
Atom 7, Wyckoff 8g: x=0.76082, y=0.28134, z=0.36989
(ppm) X y Z
X 1457.3 45.3 120.6
y 53.1 1473.3 -5.0
z -4.9 -115.6 1413.1
ZnSe
Atom 5, Wyckolf4d: x=0.75000, y=0.25000, z=0.25000
(ppm) X y Z
X 1789.1 0.0 0.0
y 0.0 1789.1 0.0
z 0.0 0.0 1789.1

A4.1.3: Interface

Starting from the optimized cubic ZnSe structure, an epitaxial [110] interface was
constructed of 10 layers ZnSe and 10 layers of InP using the ZnSe lattice parameters.
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Fixing the b and c-lattice vectors, we varied the length of the a-vector to find the optimal
value. We used a cut-off energy of 520 eV with an electronic convergence criterion of 1E-
07 eV (EDIFF) and ionic convergence of -1E-03 eV (EDIFFG). Pseudopotentials used
were the VASP “Zn’, “In_d”, and “Se” PBE.54 POTCARs. A 1x10x10 Gamma-centered
k-point mesh was used.

For the optimal structure, chemical shieldings were calculated with a cut-off energy of
520 eV and electronic convergence of 1E-10 eV, employing the same pseudopotentials as
before. The k-point sampling was increased to 2x16x16.

The isotropic shieldings reported in the main text are obtained using averages of the xx, yy
and zz components of the shielding tensors. In spite of the local cubic symmetry at the Se
nuclei far from the interfaces their shielding tensors are not isotropic due to the presence
of induced net interface currents at the ZnSe/InP interfaces.
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Figure A4.9. Total Energy [eV] (bullets) and xx component of the stress tensor P_[kB]
(triangles) versus a-vector length [A] for the ZnSeInP-interface model.
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A4.1.47Se Chemical Shielding Tensors (excluding susceptibility)
Due to the net induced interface currents, we report the chemical shielding tensors below
without susceptibility (i.e. G=0 component). We list only the first 5 Se atoms from the

POSCAR.

Atom 11

(ppm) X y V]

X 1717.8 0.0 16.6

y 0.0 1625.2 0.0

z 38.6 0.0 1701.5
Atom 12

(ppm) X y Z

X 1679.9 0.0 18.5

y 0.0 1713.0 0.0

z 1.8 0.0 1681.5
Atom 13

(ppm) X y z

X 1749.8 0.0 24

y 0.0 1704.5 0.0

z 6.6 0.0 1716.1
Atom 14

(ppm) X y z

X 1754.4 0.0 4.8

y 0.0 1750.9 0.0

z 1.7 0.0 1745.4
Atom 15

(ppm) X y 7

X 1760.2 0.0 -6.0

y 0.0 1758.4 0.0

z 0.0 0.0 1752.6
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Chapter 5

5.1. Introduction

Light-emitting electrochemical cells (LECs) offer distinct advantages over solid-state
light-emitting diodes (LEDs)."? One of the benefits of LECs lies in their simple device
architecture. An LEC consists of a two electrodes sandwiching a single active layer, which
contains a light-emitting material mixed with mobile ions. As illustrated in Scheme 5.1,
because of the mobile ions present in the LEC active layer, electrical double layers (EDLs)
form at the interfaces between the metallic electrodes and the active layer. These EDLs
significantly decrease, or even eliminate, the energy barriers for injection of electrons and
holes into the active layer. When charges are injected into the light-emitting material, the
additional charge is compensated by mobile ions. Electrons are compensated by a flow
of cations towards the negative electrode, while holes are compensated by anions. This
in situ electrochemical doping® results in the formation of n-type and p-type regions,
which readily facilitates charge transport. A p-i-n junction is formed in the middle of the
device, where the injected carriers radiatively recombine to obtain electroluminescence
(EL).*® The EDLs and electrochemical doping eliminate the need for complex multilayer
structures, while in efficient solid-state LEDs, it is necessary to include several charge
injection and transport layers.®® The simplicity of this device structure can lead to
reduced manufacturing costs and improved device scalability. Furthermore, there are no
inherent restrictions on the electrode materials of LECs, since the potential drop in the
EDL eliminates injection barriers between the electrodes and the active material, offering
opportunities to implement air-stable electrodes.

Polymers and ionic transition metal complexes (iTMC) have been the most widely chosen
electroluminescent materials in LECs."*"* However, relatively low photoluminescence
quantum yield (PLQY), difficulty in tuning emission colors and poor stability impede
the commercialization of LECs."*'¢ Colloidal quantum dots (QDs) offer opportunities to
address the aforementioned issues due to their size-dependent emission spectra, near-
unity PLQY and high color purity for light-emitting applications.'”?' There have been
attempts to fabricate QD-based LECs (QLECs) using CdSe/CdS, InP/ZnSeS and CulnS, /
ZnS QDs as electroluminescent materials in the active layer, by blending these QDs with
poly-(N-vinylcarbazole) (PVK) as charge transporting matrix.”** PVK is widely used as
a host to transport charges to the electroluminescent guest, which complicates the charge
transfer.”> % Emission from PVK also broadens the emission spectrum.* The additional
charge transport materials result in extra voltage losses, since the PVK bandgap is much
larger than that of the emitting QDs, hindering the development of LECs as simple,
scalable and cheap light-emitting devices.

More importantly, due to the use of charge injection layers the working mechanism of
QLECs has remained elusive. In the aforementioned studies, the addition of mobile ions
to the devices resulted in shorter turn-on times and higher luminance. This demonstrates
that the formation of EDLs facilitates charge injection.” However, in situ electrochemical
doping of QDs, which facilitates charge transport and makes QLECs different from
other light-emitting devices, has not been experimentally illustrated so far.The addition
of charge injection and transport layers makes it difficult to directly probe the charge
injection into QDs and confirm electrochemical doping of the material.
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Scheme 5.1. Working mechanism of LECs, illustrating the formation of electric double
layers (EDLs), electrochemical doping and EL. The potential distribution across the active
layer is shown in black solid lines. EDLs are first formed by the accumulation of mobile
ions at the electrodes. This reduces the injection barrier of charges, which are subsequently
injected into the material. The additional charge is compensated by the flow of oppositely
charged ions, resulting in net n- and p-type doped regions. These doped regions facilitate
charge transport to the intrinsic region in the middle of the device, where holes and
electrons recombine to emit light.

It is known that films of QDs can be electrochemically doped,”* that the doped QD
films can transport charge efficiently if short enough ligands are used®*'**and that they
can exhibit efficient EL.%*”% In principle, dense QD films could play all roles needed in
an LEC. However, until now, no EL has been obtained from QLECs where no additional
charge injection or transport materials were employed.

In this work, we fabricated QLECs with a simple device structure of ITO/QD active layer/Al,
without adding charge injection or transport layers. In the active layer, highly luminescent
ligand exchanged CdSe/CdS/ZnS QDs were used, while lithium trifluoromethanesulfonate
(LiCF,SO,) in polyethylene oxide (PEO) was used as electrolyte. These devices reproducibly
show EL from the QDs. We find that there is only minor shift in the EL spectra at various
voltages. The peak external quantum efficiency (EQE) is 0.024 %.
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Cyclic voltammetry and operando PL measurement were used to investigate the working
mechanism of our devices. We compare the experimental characteristics to drift-diffusion
simulations and conclude that our devices operate as LECs rather than diodes. Reversible
PL quenching during operation demonstrates that electrochemical doping takes place,
which is typical of LECs.

Although our devices can be charged from both sides, no EL is obtained when Al is the
anode. We hypothesize that the p-type doping is inefficient, and thus the recombination
zone is close to the anode, where EL is quenched by metallic Al electrode. To gain further
understanding of charge injection and transport, we performed spectroelectrochemical
(SEC) measurements on the QD films deposited on the ITO electrode. The results indicate
that electrons can be injected into QDs to form the n-type region in QLECs while there is
no clear spectroscopic evidence of hole injection. Therefore, even though hole injection
is achieved in the devices through the EDL, achieving sufficient hole injection is the main
challenge to improve the device performance in QLECs.

2. Results and Discussion

Highly luminescent red-emitting core/shell/shell QDs were synthesized by sequential
shelling of approximately 6 monolayers of CdS and 2 monolayers of ZnS on CdSe QDs
(see appendix for details). The thin ZnS shell is essential to remove trap states localized
on the CdS surface and enhance the electrochemical stability of the QDs against cathodic
degradation.” During the shelling, sulfur-octadecene (S-ODE) was used as sulfur source
instead of thiols to have only oleate (OA) ligands on the surface of QDs, simplifying the
ensuing ligand exchange procedure. The photoluminescence quantum yield (PLQY) of
the as-synthesized QDs is 87% with an emission peak maximum at 649 nm (Figure 5.1A).
The broadened peak in the NMR spectrum of the as-synthesized QDs, observed at 5.3-5.4
ppm is typical for the protons of the double bond in bound oleate ligands (Figure 5.1B).*
The X-ray diffractogram of QDs demonstrates a zinc blende crystal structure (Figure
5.1C). TEM images reveal that QDs are octahedral with a size of around 10 nm (Figure
5.1D).

To realize efficient charge transfer between QDs in LECs, the long-chain insulating ligands
on the surface of the as-synthesized QDs must be removed or replaced by shorter ligands.
A ligand exchange (LE) is also necessary to transfer QDs into polar solvents to ensure the
miscibility of QDs and electrolyte. However, LE often results in the formation of new traps
on the surface of the QDs and therefore a drop in PLQY.**** To maintain the PLQY after
LE as much as possible, we used In(NO,), to perform the LE, a method recently developed
by Talapin et al.* The original oleate ligands are removed, leaving a positively charged QD
surface, which together with loosely bound NO, ions ensures stable dispersion in polar
system, as demonstrated by a two-phase LE, where QDs are transferred from hexane (top
phase) to N,N-dimethylformamide (DMF) (bottom phase) (inset of Figure 5.1A).

The stripping of oleate ligands was confirmed by 'H NMR spectroscopy. After LE, this
peak is hardly observed, indicating the complete removal of oleate ligands (Figure 5.1B).
The absorption and PL spectra remain the same after LE, while the PLQY is reduced to
75% (Figure 5.1A).
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Figure 5.1. A) Absorption (solid lines) and PL (dash lines) spectra, B) '"H NMR spectra,
C) X-ray diftraction patterns, and D) TEM images of CdSe/CdS/ZnS QDs before and after
ligand exchange. Inset in A): Photographs of QDs transferred from hexane (top) to DMF
(bottom) after two-phase ligand exchange. Scale bars in D): 20 nm.

We ascribe the drop in PLQY to the possible removal of Z-type zinc oleate ligands from
the surface, resulting in some trap states on the surface.* The full width at half-maximum
(FWHM) of the PL spectra are 36 nm before and after the treatment, indicating an
unchanged narrow size distribution and high color purity.

The X-ray diffractogram reveals no changes in crystal structure after LE. The peak located
at around 19 ° is assigned to the ordered oleate ligands on QDs, which disappears after
the ligand exchange, indicating the removal of organic ligands (Figure 5.1C).*” As shown
in the TEM images, the morphology of QDs is retained while the distance between QDs
is decreased due to the removal of long-chain ligands (Figure 5.1D). In conclusion, after
ligand exchange, QDs are highly luminescent and form stable colloidal dispersions in
DME, after which they are ready for the fabrication of QLECs.

QLECs with a device structure of ITO/QD active layer/Al were fabricated (Figure 5.2A).
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In the active layer, ligand exchanged QDs were combined with PEO and LiCF,SO, ions.
The active layer was directly spin coated onto an ITO substrate. The Al back contact with
a thickness of 100 nm was thermally evaporated onto the QD active layer (see section 5.4
for details). EL was obtained from this simple three-layered QLEC, as shown in the inset
of Figure 5.2B.

The current density-voltage-luminance (J-V-L) characteristics of the red-emitting QLEC,
with ITO as the positive electrode, can be divided into three stages: Below 1.5 V only a
low background current is observed (first stage, marked green). The current density then
increases exponentially between 1.5 and 2.5 V applied potential (second stage, marked
blue). Above 2.5 V, the current density is almost constant (third stage, marked orange)
until in start increasing exponentially again at potentials > 5V).

To understand this behavior we have also modelled the J-V response of the QLECs using
drift-diffusion simulations, based on those by van Reenen et al.*® In these simulations, given
a voltage program, the current response of the device is calculated based on drift-diffusion
movement of electrons, holes, anions and cations. Simulations were performed using any
known parameters obtained from the experiments, then fitted to the experimental data
to optimize the mobilities of the charge carriers for this specific case. The simulated J-V
response is shown in Figure 5.2B and exhibits the same 3 stages. Concentration profiles
from the simulation (Figure 5A.1) provide insight into the mechanisms underlying these
3 stages.

Below 1.5 V, the potential is not high enough to inject any carriers into the QDs. The
only current is from formation of the EDLs. When the potential is higher than 1.5V,
electrochemical doping starts to occur, which results in a significant increase in current
density over a short potential range. Above 2.5 V, The electrochemical doping process
is completed, and the current density levels off. At this point the p-i-n junction is
formed, and EL is observed due to charge recombination in the intrinsic zone. At 5V,
the luminance and the external quantum efficiency (EQE) reaches the maxima of 0.1 cd/
m? and 0.024%, respectively (Figure 5.2C). In the simulations, the current density above
2.5V increases only very slightly for higher applied potential, due to slight redistribution
of the electrochemical doping at higher potentials. In the experimental device, current
density is also nearly constant up to a potential of 5V. Above 5V, current density increases
exponentially again while the luminance stays constant, resulting in a drop-off of the EQE.
This implies leakage channels are opened by non-ideal processes above 5V.

When the device is scanned from 0 V to 9 V, the EL spectra are 9-12 nm red shifted
compared to PL spectrum. The FWHM of EL spectra is increased to 45 nm (Figure
5.2D). In quantum dots light-emitting diodes (QLEDs), a red shift of EL spectrum has
been reported due to inter-dot interactions and electric-field-induced Stark eftects.** *°
However, we also consider that electrochemical doping results in the preferential charging
of the larger QDs in the ensemble, which subsequently emit slightly red shifted compared
to the PL, where all QDs are excited. This does however not explain the increasing redshift
with increasing bias. Rather we tentatively attribute the latter to a changing position of the
emission zone in the active layer, leading to the varying enhancement of the emission in
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the cavity that is formed by the Al and ITO contact. This so-called micro-cavity effect, is
often invoked to explain shifts in EL in polymer based LECs, where it is so severe that the
EL spectrum changes significantly compared to PL spectrum due to the wide emission
spectra of polymers.®" > Due to the narrow emission of QDs, the high color purity is
maintained in QLECs even with the micro-cavity effect. This makes QDs promising
candidate for LECs, compared to electroluminescent polymers.
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Figure 5.2. A) Device structure the QLECS: ITO/QD active layer/Al. B) Current
density-voltage-luminance curves. EDL, ECD and EL denote electrical double layer,
electrochemical doping and electroluminescence, respectively. Inset: photograph of a red-
emitting QLEC in operation. C) EQE and D) normalized PL spectrum of QDs dispersion
and normalized EL spectra of QLECs at various voltages. ITO were biased positively in
these measurements.

To investigate the working mechanism of the QLECs we performed both constant
bias chronoamperometry and cyclic voltammetry experiments. Figure 5.3A shows
an experimental cyclic voltammogram (CV) of the QLECs, where a negative potential
denotes that ITO is biased positively while a positive potential denotes that ITO is biased
negatively. Significant current density can be observed that for both negative and positive

121



Chapter 5

applied bias, unlike in a diode. This symmetrical voltage dependence is also characteristic
of LECs, because the in-situ p-i-n junction can be formed in both directions. When the
device is scanned to negative bias, the n-doped region is formed near the Al electrode,
while the p-doped region is formed on the side of the ITO electrode. When the bias is
scanned back to 0 V, the device returns to its intrinsic state as ions diffuse back across the
whole device. Then when the bias becomes positive, the p-i-n junction is formed again
with a reversed orientation.

The constant bias measurement, shown in the top panel of Figure 5.3B, shows three
distinct parts. First, a quick rise of the current density is observed. Second, the current
density drops, and finally, current density reaches a steady state value. This characteristic
current response to constant applied bias (observable rise, peak and steady state) indicates
that the device undergoes electrochemical doping and is indeed working as an LEC. The
simulated results of the constant bias response at -5 V, shown in the bottom panel of
Figure 5.3B, shows the same three contributions as observed in the experiment.

Snapshots of concentration profiles taken during the drift-diffusion simulations (Figure
5.3C) provide insight into the subsequent processes occurring during the constant-bias
experiment. Before electron and hole injection into the active layer occurs, EDLs first
need to be formed next to the electrodes. However, even when ion mobilities are low, EDL
formation takes place on timescales of < 10 us in the simulations, too fast to observe in the
experiment. As soon as the potential drops in the EDLs are large enough to allow charge
injection, the doping process starts. The speed of this process is limited by the mobility of
the slowest charge carrier, which determines the response time of the device. The current
density increases quickly, then reaches a maximum as the # and p doping fronts meet.
After this, the doping process still continues, as the concentration profiles have not yet
achieved the optimal charge distribution. During this period, increased electron-hole
recombination is observed, since some drift transport of electrons and holes still occurs
due to remaining electric fields, which results in a peak in the current density. Only after
the doping process is fully completed and the steady-state doping profile is achieved does
the current density reach a steady state value.

In the steady state situation, the current density is limited by diffusion of the electrons
and holes in the doped zones. Since the current is constant over the device, this implies
a constant gradient of the doping (to allow an equal diffusion current everywhere) and
hence a linear concentration profile of ions and electrons and holes. The position of the
junction at steady state is dependent only on the ratio of electron/hole mobilities. The
ion mobility determines the response time of the device, but is irrelevant to the steady
state current. The concentration profile snapshots in Figure 5.3C show a simulated device
where the anion mobility is much lower than the cation mobility, but this affects the
junction position only while the doping process is incomplete. After completion of the
doping process, the junction is positioned in the middle of the device since the electron
and hole mobility are equal in the simulation.

The occurrence and speed of in-situ electrochemical doping in LECs can also be confirmed
experimentally by analysis of the PL intensity as a function of the applied bias.
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Figure 5.3. A) Cyclic voltammogram of a QLEC. B) Experimental and simulated electrical
response of the device under a constant bias of -5 V. The ITO electrode was biased
positively. C) Development of the n-i-p junction in an LEC under a constant bias of -5 V.
Top panel: Distribution of carriers, ions and recombination concentrations from cathode
to anode. Bottom panel: Distribution of electrostatic potential from cathode to anode.

Upon doping, the absorption of QDs is bleached and the PL is simultaneously quenched
due to Auger recombination.””>** ** To observe if electrochemical doping takes place in
our devices, we therefore measured the PL of the QDs in a QLEC device in operation.
In these measurements, a laser with a wavelength of 405 nm was used to illuminate the
device from the glass substrate side and the PL intensity was monitored by a fiber-coupled
spectrometer, synchronized with the device operation (Figure 5.4A, section 5.4). In this
measurement, the device was driven by cyclic voltammetry.

We firstly carried out operando PL and EL measurement when ITO electrode was biased
positively. A typical EL evolution under cyclic potential sweep is shown in Figure 5.4B.
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EL starts around 2.5 V and increases with increasing potential up to the turning point
of 5 V. PL was measured for 3 cycles. The onset of quenching in PL is around 1.3 V and
the PL intensity is decreased to 11 % of the original intensity at 5 V. The quenching in
PL can be divided into two regions as indicated by the slope. From 1.3 V to 2.5V, the
PL is rapidly quenched due to electrochemical doping. Beyond 2.5 V, the doping density
does not increase much and the injected carriers radiatively recombine in the emission
zone. This clearly proves that QDs become electrochemically doped in the biased QLEC.
When scanning back, the PL intensity is slowly recovered. After 3 cycles, the devices were
biased at 0 V for 30 minutes. The PL intensity recovers to 96 % of the original value,
indicating that electrochemical doping is reversible (Figure 5.4C). The long recovery time
can be ascribed to the slow emptying of charges in deep trap states or an overpotential of
electrochemical reactions on the surface.”
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Figure 5.4. A) Scheme of experimental setup for operando PL measurement. Operando
PL (black solid lines) and EL (red solid lines) measurement when B-C) the ITO electrode
was the positive anode and D-E) the ITO electrode was the negative cathode. During the
measurement, the devices were electrically scanned from 0 V to 5 V and back to 0 V for
three cycles and then connected at 0 V for 10-30 min.
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In an ideal LEC, the device performance does not depend on the Fermi levels of the
contacts, since the EDLs that form can provide the required potential drop for electron
and hole injection. There is in principle no limit to the magnitude of the potential drop in
the EDLs, hence any metal could be used as anode or cathode. This also implies that the
electrical and optical response of LECs should be symmetric with respect to positive or
negative biassing. In our devices however, EL was not measurable when the ITO electrode
was biased negatively (Figure 5.4D), even though significant current passed through the
device as observed in Figure 5.3A. The electrochemical doping in this case was investigated
by monitoring PL intensity during operation. The onset of PL quenching is found at 1.6V,
which is larger than that when the ITO electrode is charged positively. The PL intensity
is only quenched to 43 % of the original intensity at 5 V in the first cycle (vs. 11 % PL
left at 5 V when ITO electrode is biased positively). The electrochemical doping process
is similarly reversible and 98% of the original PL intensity is recovered when the device
is biased at 0 V for 10 min (Figure 5.4E). Apparently the device does not respond fully
symmetric to the electrical bias.

We hypothesize that because of difficulties with hole injection (see below) the emission
zone is close to the anode. Therefore, when the ITO electrode is charged negatively, the
emission zone is closer to Al electrode. The emission of photons depends on the density
of optical modes in the surroundings, which is much higher in the metal, than that in the
active layer and the ITO electrode, as the dielectric constants of metals are infinite. We will
come back to this point below.

In a QLEC device, the formation of both n- and p-type doped regions are crucial for device
operation. Although the operando PL measurements illustrated in Figure 5.4 indicate
electrochemical doping of the QDs, PL quenching resulting from electron doping and
hole doping are hard to separate. To distinguish between electrochemical p- and n-type
doping, we instead, investigated the electrochemical doping process in QDs separately for
electrons and holes using SEC measurements.”*>* Here a three-electrode electrochemical
cell is used where the working electrode and counter-electrode (anode and cathode) are
physically separated by the electrolyte solution. By manipulating the Fermi level of the
working electrode, either electrons or holes can be injected into the QD film.

For these SEC measurements, ligand exchanged CdSe/CdS/ZnS QDs were drop cast
on ITO electrodes. To probe the electrochemical doping in our devices, we tried to use
the same electrolyte environment for the SEC measurements. However, due to the high
melting point of the PEO (Mv ~ 5000000 g/mol) used in the LEC device, it is not possible
to perform the SEC measurements. Instead, we chose PEO with a smaller molecular
weight of 600 g/mol as the solvent, ensuring chemical similarity while allowing liquid
electrochemical measurements at room temperature. During cyclic voltammetry, a white
light source and a laser with a wavelength of 405 nm were used to probe and excite the
QD film alternatingly and the corresponding absorption and PL spectra were collected
by a spectrometer (section 5.4, Figure A5.3). When a negative potential is applied to the
working electrode, the absorption bleaching of CdSe 1S transition (around 633 nm) and
CdS localized transitions (around 500 nm) is observed, clearly indicating the electron
injection into QDs (Figure 5.5B). A corresponding quenching in PL due to non-radiative
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Auger recombination is also present (Figure 5.5C). The absorption bleaching is reversible
since it fully recovers when the potential is scanned back to the open circuit potential,
demonstrating that the QDs are not degraded in three cycles (Figure 5.5D).

At positive potentials, no clear and reversible absorption bleaching or PL quenching of the
1S absorption is observed (Figure 5.5F-H). There are some fluctuations in the differential
absorption and PL spectra during the cyclic voltammetry. However these do not correlate
with the expected onset of hole injection (i.e. the valence band potential). Moreover the
absorption changes appear over the entire recorded spectrum, rather than showing a bleach
of the band edge absorption, as expected for hole injection. Therefore, the changes in the
spectra we observe here are not due to hole injection. Rather, we tentatively ascribe it to a
change in the refractive index of the QD film in the electrolyte solution during charging. We
also performed the SEC measurements in 0.1 M LiClO, acetonitrile electrolyte solution,
one of the most widely used electrolyte solutions for electrochemical doping of QDs. As
shown in Figure 5A.3, electron injection under cathodic current is clearly observed in
absorption and PL spectra, but there is no clear spectroscopic indication of hole injection.
It appears that the absence of hole injection does not depend on the electrolyte solution,
but that it is an intrinsic property of CdSe-based QDs.

Both electron and hole injections are required for LECs to exhibit EL. In polymer-based
LECs, electron injection is typically less efficient than hole injection, causing the emissive
intrinsic zone to be close to the cathode. In that case the electrode-induced quenching
limit the device performance. Similarly, inefficient hole injection in QLECs will cause
the emission zone to be close to the anode. Since we are not using any hole injection
(i.e. electron blocking) layer, this could result in electron leak currents when electrons
pass through the junction directly into the positive electrode. Thus, although the EDL
facilitates some hole injection in QLECs, as evidenced by the observation of EL, boosting
hole injection further is suggested to be the most promising avenue to increase device
performance, by increasing the width of the p-doped region of the film and thereby moving
the junction further away from the positive electrode, reducing electron leak currents.

5.3. Conclusion

In conclusion, this proof-of-concept work highlights the possibility of employing QDs
as the only active material in LECs, wherein they combine the roles of electrochemical
doping, charge transfer and electroluminescence. Simple three-layered QLECs were
fabricated without any charge injection and transport layers using highly luminescent,
ligand-exchanged CdSe/CdS/ZnS QDs. These devices reproducibly show band edge
EL. The shift of EL spectra with changing voltage is minor and a high color purity is
maintained. Experimental and simulated I-V curves indicate that our devices work as
LECs rather that diodes. Operando PL measurements demonstrate the occurrence of
electrochemical doping. The external quantum efficiency of the QLEC:s is so far limited
to 0.024%. Spectro-electrochemical measurements demonstrate that electrochemical
electron doping is efficient, but hole doping is nearly absent in these CdSe/CdS/ZnS QDs,
significantly limiting the efficiency of the QLECs. Improvements in the efficiency and
stability of hole injection are needed to enhance the efficiency of QLEC:s to a level where
they may become relevant for lighting applications.
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Figure 5.5. Cyclic voltammograms, 2D differential absorbance, 2D normalized PL and 1D
plot of differential absorbance at the CdSe 1S transition and PL maxima of QD films/ITO
scanned A-D) negatively and E-H) positively in the 0.1 M LiCF,SO, PEO (Mn ~ 600 g/
mol) solution. The scan rate was 5 mV/s.
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5.4. Methods

Materials

Indium nitrate hydrate (In(NO,),, 99.999%), poly(ethylene oxide) (PEO, Mv ~ 5x10° g
mol" and Mn ~ 600 g mol"), lithium trifluoromethanesulfonate (LiCF SO, 99.995 %),
lithium perchlorate (LiClO,, battery grade), ferrocenium hexafluorophosphate (FcPF,,
98 %, BLDpharm), and anhydrous N,N-dimethylformamide (DMF), 99.8 %, anhydrous
acetonitrile (MeCN, 99.8 %) were all purchased from Sigma-Aldrich unless otherwise
stated and used as received. Aluminum (Al) pellets (99.99 %) for thermal evaporation
were purchased from Kurt J. Lesker Company. Indium-doped tin oxide (ITO)/glass
substrates (7-10 O/m?*) for QLECs and spectroelectrochemistry (SEC) measurements
were purchased from MSE Supplies.

Ligand exchange

The ligand exchange of QDs was based on the method reported by Talapin et al.*® The
ligand exchange solution was prepared by heating the mixture of In(NO,), in DMF to 120
°C for 20 min with a concentration of 0.1 M. In a one-phase ligand exchange system, 1 mL
In(NO,), solution (0.1 M) was added to 10 mL QDs solution (10 mg/mL). The mixture
was vigorously stirred at room temperature until a precipitate was clearly observed. The
mixture was purified twice by adding excessive toluene and centrifuging at 1937 g. The
resulting precipitate was dispersed in 1 mL DMF and filtered through cellulose acetate
syringe filters with a pore size of 0.2 um. The QDs solution was stored in a nitrogen-
purged glovebox for future use. A two-phase ligand exchange system was selected for
the illustration images in the inset of Figure 5.1A. In a 4 mL vial, 1.5 mL 10 mg/mL
QDs solution (in hexane) and 1.5 mL 0.01 M In(NO,), DMF solution were mixed and
vigorously stirred until QDs were transferred from the hexane phase to the DMF phase.

Device Fabrication and Characterization

The master solution was prepared by mixing 1 mL QDs solution (OD~1.2 at 633 nm
in DMF), 0.5 mL 10 mg/mL PEO solution (in DMF) and 0.1 mL 10 mg/mL LiCF,SO,
solution (in DMF). It was stirred at 90 °C for 3 h. The patterned ITO/glass substrates were
ultrasonically cleaned with acetone and isopropanol, followed by the ozone treatment. The
QLECs with a structure of ITO/active layer/Al were fabricated by spin coating an active
layer (~100 nm) at 700 r.p.m. for 120 s onto the ITO/glass substrates, followed by drying
at 4000 r.p.m. for 60 s. The films were subsequently annealed at 60 °C for 3 h. Afterwards,
Al electrodes (100 nm) were deposited using a thermal evaporation system through a
shadow mask under a high vacuum of ~1x10° mbar. The device area was 3 mmx3 mm as
defined by the overlapping area of the ITO and Al electrodes.

The current density-voltage measurements were performed using a PGSTAT128N
Autolab potentiostat. The emission from QLECs was measured using a calibrated Si
switchable gain photodetector (PDA100A2, Thorlabs). The luminance was calculated
assuming Lambertian emission. The electroluminescence spectra were recorded using a
fiber-coupled USB2000+ spectrometer (Ocean Optics). The operando photoluminescence
measurement was performed by exciting the QLECs from the glass side and simultaneously
recording the photoluminescence spectra during cyclic voltammetry, as is illustrated in
Figure 5.4A. The excitation light source was a collimated laser diode with a wavelength
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of 405 nm and a power of 4.5 mW. The laser beam dimension was decreased by adding
an iris (ID25Z/M, Thorlabs) between the laser and the device, to ensure that QDs outside
the actual area weren’t illuminated to contribute to the signals. The photoluminescence
spectra were recorded simultaneously using a fiber-coupled USB2000+ spectrometer.

SEC Measurements

The SEC experiments were performed using a PGSTAT128N Autolab potentiaostat to
regulate the potential and measure the current. A three-electrode electrochemical cell was
used, consisting of a platinum (Pt) plate counter electrode, a Ag wire pseudoreference
electrode (PRE) and an QDs/ITO/glass working electrode. The working electrode was
prepared by drop casting ligand exchanged QDs solution onto the ITO/glass substrate.
Measurements were carried out in 0.1 M LiCF,SO, PEO solution and 0.1 M LiCIO, MeCN
solution, as specified in the captions of the figures. All the experiments were performed
inside a nitrogen-purged glovebox. A scheme of the SEC measurement setup can be found
in Figure 5A.2. Cyclic voltammograms were obtained with a scan rate of 0.005 V/s. The Ag
PRE was calibrated with a ferrocene/ferrocenium redox couple. During the electrochemical
doping, simultaneous differential absorption spectra and photoluminescence spectra
were recorded on a fiber-coupled USB2000+ spectrometer (Ocean Optics). The white
excitation light for absorbance measurement was a DH-2000 deuterium halogen UV-VIS-
NIR light source (Ocean Optics).

Simulations

The drift-diffusion simulator was based on work by van Reenen et al.*® The 1-dimensional
simulated space encompasses both electrodes and the active layer in between. The space
is split into N=250 individual cells, with the outermost cells representing the electrodes,
and the cells in between representing the active layer. The active layer is modelled as a
mixture of a semiconductor and an electrolyte, and the concentrations of electrons, holes,
cations and anions are tracked over time as a function of space. At time = 0, anions and
cations are distributed equally over the active layer cells, and a small thermal population
of both holes and electrons is present (concentrations also constant over space). The
concentrations of ions in and the ion current into the electrodes is always kept at zero. The
simulator then starts iterating timesteps. During each time step, a midpoint method is
used to solve the Poisson equation (Table 5A.1) and to determine the spatial profile of the
electrostatic potential for the next step. The boundary conditions for the Poisson equation
are the potential values of the two electrodes, with the difference in these potential being
equal to the applied voltages at that timestep. The applied voltage can either be constant of
follow some program as a function of time (e.g. a linear scan). After the potential profile
in space is determined, the movement of all carriers is calculated based on drift-diffusion
equations (see Table 5A.1 for all equations used in the simulation). Electron and hole
concentration in the cells adjacent to both electrodes is calculated by the Boltzmann
approximation, assuming chemical equilibrium between the electrodes and the cells
directly adjacent to them. Recombination of electrons and holes is governed by a second-
order function. Table 5A.2 shows the employed parameters in the simulation that were
found to best match experimental data and were used for the simulations shown in this
work. Electron and hole currents are recorded by counting the number of electrons/holes
that flow from the electrodes into the respective adjacent cells of the active layer.
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Synthesis and Characterization of CdSe/CdS/ZnS QDs

Materials

Cadmium oxide (CdO, 99.99 %), oleic acid (OA, 90 %), 1-octadecene (ODE, 90 %),
selenium powder (Se, 99.99 %), trioctylphosphine (TOP, 90 %), trioctylphosphine oxide
(TOPO, 90 %), sulfur flake (S, 99.99 %), zinc acetate (Zn(OAc),, 99.99 %, anhydrous),
oleylamine (OLAM, 80-90 %), octadecylamine (ODA, 99 %), deuterated dimethyl sulfoxide
(DMSO-d,, 99.9 atom %), deuterated chloroform (CDCI,, 99.5 atom %, Cortecnet),
rhodamine 6G (99 %) and anhydrous solvents (toluene, 99.8 %, methyl acetate, 99 % ,
methanol, 99.8 % , ethanol, 99.8 % and acetonitrile (MeCN), 99.8 % ) were all purchased
from Sigma-Aldrich unless otherwise stated and used as received, except for OA, ODE
and OLAM, which were degassed in vacuo at 100 °C before being stored in the glovebox.

Precursor Preparation

0.077 M Cadmium oleate (Cd-oleate) solution was synthesized by dissolving 0.367 g CdO
in 3.68 g OA and 25.9 g ODE. The mixture was firstly degassed in vacuo at 110 °C for 1
h and then heated to 250 °C until a transparent solution was formed. Then it was cooled
down to 110 °C and degassed again for 1 h. Afterwards, the reaction was cooled to room
temperature and the Cd-oleate solution was stored in a nitrogen-purged glovebox for
future use.

0.209 M zinc oleate (Zn-oleate) solution was synthesized by dissolving 0.367 g Zn(OAc),
in 1.13 g OA, 1.07 g OLAM and 5.523 g ODE in a 40 mL vial. Inside a nitrogen-purged
glovebox, the vial was heated up to 130 °C until a transparent solution was formed and
stored there for future use. OLAM stabilizes the Zn-oleate to prevent solidification at
room temperature.”

0.75 M selenium precursor (Se-TOP) was prepared by heating up a mixture of 1.42 g Se,
7.5 g TOP and 11.9 g ODE to 60 °C until the complexation was completed.

0.5 M sulfur precursor (S-ODE) was prepared by heating up a mixture of 0.32 g S and
15.78 g ODE to 90 °C until the complexation was completed.

Synthesis of CdSe Core QDs

In a 100 mL three-neck round bottom flask, 3.2 g ODA and 1.11 g TOPO was heated up to
140 °C and degassed for 1.5 h. Afterwards, 5.2 g 0.75 M Se-TOP solution was added into
the flask and the reaction was heated up to 300 °C. 4.9 g 0.077 M Cd-oleate solution was
swiftly injected into the flask. The temperature was subsequently kept at 280 °C for 4 min.
The reaction was quenched to 60 °C. To purify the CdSe core QDs, methyl acetate and
methanol with a ratio of 5:1 was added to the reaction mixture, followed by centrifugation
at 3354 g and redispersed in toluene. This purification procedure was repeated once. The
corresponding diameter of CdSe core QDs was around 4 nm.

Synthesis of Core/shell/shell QDs

he shelling of CdSe core QDs was based on a method described in the work of Hanifi et
al. with some modifications.” In this synthesis, S-ODE was used as sulfur source instead
of thiols for the following ligand exchange. Using the methods below, CdSe/6CdS/2ZnS
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core/shell/shell QDs were synthesized and used in this work.

For the synthesis of 6 monolayers of CdS shell, 100 nmol CdSe core QDs in toluene, 4 mL
0.077 M Cd-oleate solution and 4 mL ODE were added to a 100 mL three-neck round
bottom flask. The mixture was kept at 60 °C in vacuo for 1 h to remove toluene. Afterwards,
the reaction mixture was heated up under nitrogen atmosphere. Upon the temperature
reached 230 °C, 12 mL 0.04 M Cd-oleate solution and 12 mL 0.05 M S-ODE solution were
dropwise injected into the flask using two syringe pumps with a rate of 4 mL/h. During the
injection, the temperature was kept at 310 °C. After the reaction was cooled down to room
temperature, the crude product was purified by adding methyl acetate and methanol with
a ratio of 5:1 and centrifuging at 8586 g. The precipitate was redispersed in toluene. The
purification procedure was repeated once.

For the synthesis of 2 monolayers of ZnS shell, CdSe/CdS core/shell QDs synthesized
above in toluene, 1.875 mL 0.209 M Zn-oleate solution and 3 mL ODE were added into a
100 mL three-neck round bottom flask. Toluene was removed by keeping the mixture at
60 °C in vacuo for 1 h. Afterwards, the mixture was heated up and when the temperature
reached 230 °C, 12 mL 0.032 M Zn-oleate solution and 12 mL 0.064 M S-ODE solution
were dropwise injection into the flask using two syringe pumps with a rate of 12 mL/h.
The temperature was 280 °C during the injection of shelling precursors. CdSe/CdS/ZnS
QDs were purified three times by adding methyl acetate:methanol (5:1) and centrifuging
at 3354 g. The final precipitate was dispersed in toluene and stored in a nitrogen-purged
glovebox for future use.

Characterization of QDs

The steady-state UV-vis absorption spectra were recorded using a PerkinElmer Lambda
365 spectrometer. The steady-state photoluminescence spectra were obtained using
an Edinburgh Instruments FLS980 spectrofluorometer equipped with a 450 W Xenon
lamp as the excitation source and double grating monochromators. PLQY of QDs were
determined with respect to the rhodamine 6G reference dye in ethanol (PLQY 95 %). The
PLQY was calculated using the following equation:

155 ; f ; n ;
D solution hod 6G D solution
PLQY = PLQY hodamine 66 X p(i x e X ¢ 2

Irhodamine 6G fQD solution Nethanol

Where is the integrated intensity of the photoluminescence spectra of either the QD
solution or the rhodamine 6G solution, is the refractive index of solvents used for either
QD solutions or rhodamine 6G solution, is the fraction of absorbed light of samples,
calculated as, where is the optical density of the samples at the excitation wavelength (500
nm). All the samples were diluted until the at 500 nm was around 0.1.

Powder X-ray diffraction patterns were collected using a Bruker D8 Advance diffractometer
(Cu Ka, =1.5418 A). The samples were prepared by drop casting QD solutions onto the
silicon substrates.

Solution nuclear magnetic resonance (NMR) spectra were recorded on an Agilent 400-
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MR DD2 equipped with a 5 mm ONE NMR probe and operating at 25 °C. 'H NMR (399.7
MHz) spectra were collected with a recycle delay of 1 s in CDCI, for oleate-capped QDs
and DMSO-d, for ligand exchanged QDs, respectively. Spectra were all calibrated with
respect to the peak of tetramethylsilane (0 ppm).

Transmission electron microscopy (TEM) images were acquired using a JEOL JEM1400
transmission electron microscope which was operated at 120 kV. The TEM samples were

prepared by drop casting QDs solution onto the carbon-coated copper TEM grids.

Table 5A.1. List of formulas employed in the simulator.

Formula

Name and purpose

Explanation of
parameters

av dn
]n = nquna - kTUna

dv dp
]p = pCIUpa + kT“pa

av dc
Jc= CCIHCE + leJ-ca

av da
Ja = aqp—aa - kTU—aa

Drift-diffusion equations
Calculate the currents of
electrons (n), holes (p),
cations (c) and anions (a).

J: current density

q: elementary charge
V: electrostatic
potential level vs
vacuum

w: carrier mobility

Ey—Ef
p= NV e kT

and holes at the interface
between the electrodes and
the active layer.

d2v q 1D Poisson equation ¢, £, Vacuum and
dxZ = £ot (n—h+ a —c) | Calculate the potential relative electric
T profile over the space of the | permittivity.
simulation.
Ef-Ec Boltzmann approximation | E: energy
n=Nc*e kI Calculate the equilibrium | N N,: effective
concentration of electrons | density of states

of the conduction,
valence band

E E;: conduction,
valence band level
E,: Fermi level

(= intrinsic Fermi

level - electrostatic
potential)

R=kgr*nx*p

Recombination
Calculate the amount of
recombination in each cell

k,: recombination
rate constant
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Table 5A.2. List of parameters used in this work. Parameters used in simulations were
chosen to reflect those expected for QD-based active layers, then the mobilities were

optimized to achieve a good fit with experimental results.

Parameter

Value
(* =based on experimental data)

Active layer thickness

100 nm *

Number of lamella

250

Time step length 100 ns (1le-7 s)
Electron mobility 1.5e-12 m*V's™
Hole mobility 1.5e-12 m*V''s™
Anion mobility le-15 m*V'is™
Cation mobility 1.5e-12 m*V''s™!
Recombination rate constant le-11 m’s™

Conduction band level

-3.9 eV vs vacuum (CdSe QDs) *

Valence band level

-5.9 €V vs vacuum (CdSe QDs) *

Work function of left electrode

-4.1 eV vs vacuum (Aluminum) *

Work function of right electrode

-4.7 eV vs vacuum (ITO) *

Effective density of states (holes and electrons)

le26 m?

Ton concentration 5e25 m>(0.08 M) *
Temperature 300 K*
Relative permittivity of the active layer 4
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Figure 5A.1. Concentration and potential profiles during the simulated J-V curve
of the QLEC. A) below 1.5 V, EDL are formed at the electrodes, as evidenced by the
potential drops at the side of the device. A small leak current of electrons occurs, but no
electrochemical doping has taken place. B) between 1.5 and 2.5 V, the electrochemical
doping process takes place. Electrons and holes are injected into the active layer, and
separation of ions occurs to compensate for the added charge. An n-type doped region
develops at the left of the device and a p-type doped region at the right. C) At -3.6 V,
complete separation of cations and anions has taken place and the doped regions have
completely developed. In the middle of the device a potential drop marks the position of

the p-i-n junction.

Counter electrode Photoluminescence

‘Working electrode QDs/ITO .
7Absorption

aser L=
405 nm Laser = Electrolyte

Steady-state light source

Figure 5A.2. Tllustration of spectroelectrochemistry measurement setup, including a Pt
sheet as the counter electrode, a Ag wire as the reference electrode and a QD film on ITO
substrate as the working electrode in the electrolyte solution. A laser with a wavelength of
405 nm and a steady-state white light source were used as the excitation light source for
PL and absorption measurements.
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Figure 5A.3. Cyclic voltammograms, 2D differential absorbance, 2D normalized PL and
1D plot of differential absorbance at CdSe 1S transition peak and PL peak maxima of QD
films/ITO scanned a,c,e,g) negatively and b,d,f,h) positively in the 0.1 M LiCIO, acetonitrile
solution. The scan rate was 5 mV/s.
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Chapter 6

6.1 Introduction

Semiconductor nanocrystals, also called quantum dots (QDs) show promise in various
optoelectronic applications, such as displays, LEDs, photodetectors and lasers." The ability
to control doping density in QDs is an important tool for the design of these applications
as it can be used to increase the conductivity of QD films, lower the gain threshold of
QD-based lasers or create p-n junctions inside the films.> Compared to traditional bulk
semiconductors, impurity doping of QDs is challenging due to the formation of lattice
defects and charged surface states, making precise control over the doping density hard to
achieve.%® Electrochemical doping of QD films has been shown to be a viable alternative
to impurity doping,®'! and can be used to simply and precisely control the Fermi level in
a QD film. Additionally, no lattice distortion takes place as dopants are drawn from the
electrolyte solution and are present externally in the voids between QD in the nanoporous
film.

While electrochemical doping of QD films has been successfully performed, a solid
understanding of the process is still lacking. Various assumptions that hold true for
electrochemistry on flat electrodes are often made for experiments on nanoporous
electrodes such as QD films and battery electrode materials'*'¢, but their validity for these
systems is not obvious. In this work, we present a drift-diffusion simulator that is able
to simulate a broad range of electrochemical measurements on nanoporous electrode
materials. Using this simulator, we test the validity of some commonly made assumptions
regarding the charging of these materials.

The first assumption that is often made is that the charge carrier concentration inside the
nanoporous films is constant and that the Fermi-level is equal to the applied electrochemical
potential. Through steady state simulations, we show the presence of two sharp potential
drops at the interfaces of electrochemically doped semiconductor films. The first is due to
an electrical double layer at the working electrode/QD film interface and is responsible
for the change in Fermi level in the QD film. The second however forms at the QD film/
solution interface. The presence of this potential drop implies that not all of the applied
potential changes the Fermi-level inside the QD film. At an electrolyte concentration of
0.01 M, the film-solution potential drop can be as large as 10% of the total potential. At
high electrolyte concentrations (> 1M), this potential drop can be minimized to < 1% of
the applied potential.

We then compare simulated cyclic voltammograms (CVs) to experimentally obtained
CVs of ZnO QD films. At high scan rates, a square root relation between the scan rate and
the current density is observed, indicating that the current is limited by mass transport of
the cations inside the QD film. Analysis of the concentration gradient reveals that, unlike
in flat electrode systems, the Randles-Sev¢ik equation does not hold when considering
charging of a nanoporous electrode. Specifically, when an electrode material is permeable
to ions, using the Randles-Sevéik equation to calculate the diffusion coefficient of these
ions leads to an underestimation of 1-2 orders of magnitude.
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6.2 Results and discussion

6.2.1 The drift-diffusion simulator

For most QD materials, experimental n-doping of QD films has proven more successful
than p-doping.'” '7*' For this reason, we have only considered negative applied
potentials (relative to the open circuit potential), electron injection and n-type doping,
while neglecting the presence of holes, although extension to hole injection would be
straightforward. Since the mvovement of both electrons and ions is predicted by drift-
diffusion theory, this is an ideal basis for simulating the electrical behavior of QD films in
an electrochemical cell.

QD film ! electrolyte solution
«—1—>

l"ln,f’ uc,f’ “a,fi uc,s’ I"la,s
dx, € i dx, dx, €, 0

n=|of1[2[3]  |27]28)29 90 |91 | 92 | |487 488489

Figure 6.1. Schematic of the experimental 3-electrode setup and the 1-dimensional model
used in the simulations. The working electrode (WE) and counter electrode (CE) mark the
edge of the simulated space, while the reference electrode (RE) is placed in the middle of
the electrolyte solution between the film/solution interface and the CE.

We designed the 1-dimensional simulator to mirror a 3-electrode electrochemical cell, as
shown in Figure 6.1. The simulator consists of three sections: the QD film, the film/solution
interface and the electrolyte solution. The QD film is in contact with the working electrode
(WE), while the electrolyte solution is in contact with both the reference electrode (RE) and
the counter electrode (CE). The film/solution interface plays a critical role in determining
the electrical response and is therefore deserving of its own separate section. Cations and
anions can freely flow anywhere in the simulation according to drift-diffusion theory,
but electrons are confined to the QD film. When negative potentials relative to the open
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circuit potential are applied to the WE cations migrate towards it and an electrical double
layer (EDL) develops at the WE/QD film interface. In the EDL (typically ~ 1.5 nm wide),
the electrostatic potential (¢p) drops as the excess of cations shields the negative charge of
the working electrode. This potential drop at the working electrode/film interface (Ady.)
increases as the applied potential becomes more negative. The presence of A, . leads to
band bending in the QD film (see Figure A6.1 in the appendix) and a decrease of the QD
conduction band edge relative to the work function of the electrode. In other words, the
Fermi level of electrons in the QD film is raised (Figure A6.1). If the applied potential
is negative enough to raise the Fermi level above the conduction band edge, electrons
will be injected from the working electrode into the conduction band of the QDs, while
additional cations will flow from the solution into the voids of the QD film to compensate
the excess negative charge.

6.2.2 Steady state concentration and potential profiles

Steady state solutions of the 3-electrode system were obtained by running the simulator
at an applied potential of -1.2 V vs. the RE until the current was <0.1% of the maximum
current. The electrostatic potential profile and electron concentration profile obtained for
3 different electrolyte concentrations in this way are depicted in Figure 6.2.

At steady state, the electron concentration in the film is constant and equal to the excess
cation concentration in the film: electrochemical n-doping has been achieved at a constant
concentration throughout the film. The electrostatic potential over the film is also constant,
but two sharp drops of the electrostatic potential are observed at the interfaces of the film
(Figure 6.2A). The aforementioned potential drop at the working electrode-film interface
develops as cations are attracted to the negative charge in the electrode and accumulate
in an electric double layer. This potential drop is the reason electrons can be injected, as
it provides the potential energy necessary to overcome the injection barrier between the
electrode work function and the conduction band of the quantum dots. As A, . grows
larger, electrons can be injected into higher energy states, thus increasing the equilibrium
concentration of electrons in the film (Figure A6.1).

The second potential drop, at the film-electrolyte solution interface (A¢,), is responsible
for providing the excess concentration of cations in the film that is necessary to
compensate the charge of the electrons. Without Ad, , ions would diffuse back into the
solution and no steady state would be achieved. Migration due to A¢,  balances this
diffusion at steady state. High spatial resolution (dx, < 0.5 nm) is needed to simulate A¢,
accurately. Low resolution leads to an overestimation of the potential drop: as the entire
drop will be contained in one lamella, increasing dx, will result in the same electric field
being considered over a longer distance during integration and thus an unphysically high
interface drop. A comparison of interface potential drops calculated from simulations at
different resolutions can be found in Figure A6.2. Increasing the resolution from 0.3 nm
to 0.2 nm leads to only a 3% change in A¢,, .

To achieve high spatial resolution at the interface without increasing the number of
lamella, a variable lamella thickness was employed in the simulations (each of the three

sections has its own dx value). For the steady state simulations in Figure 6.2, an interface
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Figure 6.2. A) Simulated steady state potential and B) simulated electron concentration
profiles for electrolytes with different ion concentrations for an applied potential of -1.2 V.
The film-solution interface is indicated at 70 nm. Both the potential and electron
concentration are constant over the remainder of the electrolyte solution, which has been
omitted for clarity. Electron concentration is constant throughout the bulk of the film, but
deviates slightly at the edges due to the EDLs.

resolution of 0.1 nm was used, while for the transient simulations below a resolution of
0.3 nm was used, achieving good accuracy without compromising the performance of the
simulations.

As can be seen in Figure 6.2A, for a 1M concentration of ions in the electrolyte solution,
Ady is ~ 1% of the total applied potential and practically the entire potential drops at the
WE-film interface. This means that the Fermi level in the semiconductor film is raised
from the intrinsic level by an amount roughly equal to the applied potential.

At lower electrolyte concentrations however, a larger potential drop is observed. At
0.01 M about 10% of the potential drops at the electrolyte solution interface. In these
low concentration conditions, the increase in Fermi level in the film is no longer equal
to the applied potential. If A¢, is larger, A, . is smaller for the same applied potential,
thus resulting in a lower electron concentrations and lower doping density (Figure
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6.2B). Doping densities in these simulations range from 0.51 M to 0.42 M for electrolyte
concentrations of 1 M and 0.01M respectively (Figure A6.3), a difference of 21%.

To achieve maximum doping density in QD films, it is therefore favorable to increase the
concentration of the electrolyte solution. This is also important when thermodynamic
properties are derived from electrochemical measurements, such as the density of electron
states. This effect of the QD-film/solution interface has previously been overlooked.

As long as steady state systems are considered, it is possible to calculate the minimum
electrolyte concentration needed to charge a nanoporous film to a certain doping density
while keeping A¢,  below a chosen threshold (see also derivation A6.1 in the appendix).
When steady state has been reached, the concentration of cations in the system follows the
Boltzmann distribution:

q¢

€ = Cpexp (_ﬁ (6.1)

Where c is the cation concentration, c0 is the bulk electrolyte concentration (assuming an
infinite supply of bulk cations), g is the elementary charge, ¢ is the electrostatic potential,
k is the Boltzmann constant and T is the temperature. This relation is observed in the
steady state simulations shown in Figure 6.2. Rewriting this distribution yields:

n

D * exp (qA;[); /S) (6.2)

Cy =

Where n is the electron concentration in the nanoporous film and p is the porosity of
that film. For example for a film (porosity = 50%) of QDs with a diameter of 3.5 nm (QD
volume = 22 nm’, QD “concentration” = 0.0742 M), if one wants to charge the film with
8 electrons per QD while keeping A, < 2 kT (= 0.052 eV at RT), this would require a
minimum electrolyte concentration of 0.16 M:

0.594 M

0.5 x exp(2) 0.16 (6:3)

Co

6.2.3 Cyclic voltammetry simulations of QD films

To acquire information on the dynamics of charge injection into QD films, cyclic
voltammetry is commonly employed. Figure 6.3A shows such experimental CVs on a film
of ZnO QDs at different scan rates, collected and shown in prior work by Godjunsdottir
et al’ To analyze these CVs, the scans were also simulated. The applied potential was
changed over time and the current was recorded by counting the amount of electrons
that entered the QD film from the WE. Parameters were chosen to mirror those of the
experiments on ZnO QD films, and then optimized to fit to the experimental data (Table
A6.1). A set of simulated CVss at different scan rates is shown in Figure 6.3B. With a single
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Figure 6.3. Comparison of experimental A) and simulated B) cyclic voltammograms
of QD films. Experimental data were collected in a 3-electrode cell, employing a ZnO
QD film (thickness = 700 nm) on top of an ITO working electrode, and a 0.1 M LiCIO,
acetonitrile electrolyte solution. For more experimental details see reference °. Excellent
agreement between simulation and experiment is observed for a range of scan rates. Insets
show the relationship between the maximum current and the scan rate. In the insets a
transition from capacitance-limited charging (slope = 1, blue line) to mass transport-
limited charging (slope = 0.5, black line) is observed as the scan rate is increased in both
the experimental and simulated CVs.

parameter set, excellent agreement with experimental data is achieved across a wide range
of scan rates.

In a typical CV of a QD film, the current density is small (<1 pA/cm2) until the applied
potential is high enough to inject electrons into the conduction band of the QDs (around
-0.6 V vs. Fc/Fc+ in these simulations). Before this point, the Fermi level is still in the band
gap of the QDs and any current that flows is attributed to the formation of the EDLs at
the electrodes. Once the Fermi level is raised above the conduction band edge, significant
n-type doping starts to occur, and a negative current starts to flow. After the applied
potential has reached its minimum and the scan direction is inverted, a positive current is
observed as electrons are extracted from the QDs and flow back into the WE.

The electrical response of a QD film during a CV is strongly dependent on the scan rate.
When a low enough scan rate is used (for example, 0.1V/s for a film thickness of 700
nm), the current density is determined by the capacitance of the film. In this case, a linear
relationship between the peak current density and scan rate is expected, since the same
amount of charge is injected regardless of the scan rate.” In both the experiments and
simulations, this linear relation is observed for low scan rates (insets Figure 6.3A and
6.3B). Under these conditions the simulations show that the concentration profiles of
electrons and cations over the film are nearly constant, indicating that the film is charged
with electrons in near-steady state conditions. When low scan rates are applied, the shape
of the CV is expected to almost perfectly trace the density of states (DOS) of the QDs
(save for the potential drop over the film solution interface discussed above). This can be
simulated by adjusting the DOS function.
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Figure 6.4. A-B) Comparison of simulated cyclic voltammograms and corresponding
concentration profiles of QD films with different scan rates and the corresponding density
of state (DOS) functions (blue) that were used in the simulation, at an electrolyte
concentration of 0.1 M. At a scan rate of 0.1 V/s, the CV shape is mostly determined by the
shape of the DOS. The concentration profile that is observed in this near-steady state
regime is visible in C). At higher scan rates, the current density is limited by carrier
mobility and the CV shape is mostly independent of the DOS function of the material. In
this case the current is limited by cation transport, and an accompanying concentration
profile is observed D).

Figure 6.4A and 4B depict simulated CVs of materials using a different DOS function.
At a scan rate of 0.1 V/s the two CVs differ significantly, tracing the shape of the
corresponding DOS function. The DOS used in Figure 6.4A was chosen to resemble a
typical QD DOS function, featuring 3 Gaussian peaks for the s, p and higher energy levels.
The corresponding simulated CV resembles experimental CVs observed for CdSe QDs."
However, experiments on ZnO QD films result in CVs with a distinctly different shape.”
12 To best fit the experimentally observed results, we chose a DOS function that resembled
that of a bulk semiconductor (square root function of energy) combined with some
minor quantum dots features (Gaussian peaks). Using this DOS we were able to closely
reproduce experimental CV shapes (Figure 6.4B). This is in accordance with earlier results
from Brovek and colleagues, which indicated that discrete energy levels were not visible in
the ensemble capacitance of ZnO QD films¥, and generally shows that in these dropcasted
and mildly annealed ZnO QD films quantum confinement is weak.

As long as low enough scan rates are applied, the shape of simulated and experimental
CVs show a strong correlation with the DOS function of the material that is used, and

148



Numerical Model to Simulate Electrochemical Charging of Nanocrystal Films

simulations can be used to extract information on the DOS function of QD materials.
Qualitative DOS functions of QD materials can be extracted by fitting experimental CV's
as shown in Figure 6.4, and even quantitative DOS values can be obtained from CVs at low
scan rates if the number of QDs in the film or the film thickness and porosity are known.
In Figure 6.4B, the quantitative DOS function that was fitted for a ZnO QD film is plotted
incm? eV,

At higher scan rates however (1 V/s for a film thickness of 700 nm is used in Figure 6.4),
the shape of the CV is mostly independent of the DOS function of the material. The
current density is limited instead by the mobility of one of the charge carriers. Charge
carrier mobility is related to the diffusion coefficient through the Einstein relation:

== (6.4)

Where p is the mobility of a charge carrier and D is its diffusion coeflicient. Earlier work
showed that electrons are typically very mobile in ZnO QD films (electron mobility of
~0.1 cm?*/Vs), while cation movement through the pores of the film is slow (mobility of
Li+ is ~107 cm?/Vs) and limits the speed of charge injection.”*

In Figure 6.4C, it is shown that at low scan rates, the concentration profiles of cations,
anions and electrons in the film resemble those obtained in the steady state simulations:
the concentration of both electrons and cations is almost constant throughout the QD
film. At low scan rates (0.1 V/s), the film is charged in near-steady state conditions.

When faster scan rates are applied (1 V/s), cation transport is too slow to achieve
constant concentrations, resulting in the concentration profile shown in Figure 6.4D. This
concentration profile that develops is quite different from the concentration profile that
develops in electrochemical experiments on redox active molecules in solution using flat
electrodes. For such flat electrode systems, it is well-known that the peak current in the
CV, i, can be related to the mobility of the electrochemical species though the Randles-
Seveik equation®2:

nFv
ip = 0.4463nFAC*(N—A”)1/2 (6.5)

Where # is the number of electrons involved in the reaction, F is the Faraday constant,
A is the area of the working electrode, C* is the concentration of the redox active
molecule, v is the scan rate, and p is the mobility of the redox active molecule. If the
Randles-Sev¢ik equation holds, a square root-relationship between scan rate and peak
current density is expected. Such a relationship is indeed observed at faster scan rates
in both the experimental and simulated scan rate series presented in Figure 6.3 (black
line in the insets). For this reason we have earlier used the Randles-Sev¢ik equation to
estimate the mobility of cations in the quantum dot film.> ' The Randles-Sev¢ik equation
is also commonly used to determine diffusion coeflicients in e.g. battery research, where a

149



Chapter 6

similar process is considered: the diffusion of ions into an electrode material where their
charge is compensated by electrons.'>'*'¢ Using the drift-diffusion simulator, we can now
assess the validity of this equation for the case of charge-compensated electron injection
into nanoporous electrodes, such as a battery electrode or a QD film.

In Figure A6.4 a series of mobilities as calculated by the Randles-Sev¢ik equation is
compared with the actual mobilities as they were set at the start of the simulation. Using
the equation on the CVs obtained in the simulation yields a cation mobility that is a factor
10-300 lower than the real mobility, showing that the Randles-Sev¢ik equation is not valid
for the charging of a nanoporous film system.

This can be explained by considering the cation and electron concentration profiles more
closely: since the movement of cations into the film is limiting, the cation concentration
must be higher near the film/solution interface and lower near the working electrode.
In order to maintain local charge neutrality, electron concentrations must necessarily
follow the same profile. By solving the drift-diffusion equations for this system, it can be
shown that the concentration profile of cations and electrons increases quadratically with
distance from the working electrode/film interface (see Table A6.3 and derivation A6.2 in
the appendix), which is different from the concentration profile observed in flat-electrode
electrochemistry.

Furthermore, since both cations and electrons follow the same concentration profile
(Figure 6.4D), mass transport cannot be completely diffusion controlled: if only diffusion
currents were present in the film, both cations and electrons would diffuse towards the
WE, while the direction of total electron flux must be towards the film/solution interface
during electrochemical charging. In the simulations electric fields are indeed observed,
which result in a drift current inside the film that is 11 times stronger than the diffusion
current (Figure A6.6). While charging is still limited by the transport of the cations, drift
currents dominate in the film, rather than diffusion.

An assumption necessary for application of the Randles-Sev¢ik equation is that drift
current is negligible and transport of redox species is fully diffusion-controlled. This is
a reasonable assumption for flat-electrode systems as long as the concentration of the
supporting electrolyte is significantly higher than that of the redox species. In that case,
the supporting electrolyte will form a thin EDL at the electrode surface, and transport
of the redox species takes place outside the EDL and is completely diffusion-controlled.
Because of the electric fields present inside the film during electrochemical charging of
nanoporous films, the system is significantly different and the Randles-Sevéik equation is
not applicable.

We note that the analysis given here only holds when considering the electrochemical
charging of an electrode material, i.e. charged ions and electrons or holes enter and remain
in the electrode material itself. Purely heterogeneous electrochemical reactions on (nano)
porous electrodes are subtly different, and the Randles-Sev¢ik equation is applicable in
those cases when a supporting electrolyte is present as shown in earlier simulations by
Henstridge et al.””
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6.3 Conclusion

1-dimensional drift-diffusion simulations were found to accurately reproduce
electrochemical experiments on the charging of QD films, showing that drift-diffusion
theory is an excellent model to describe the movement of charge carriers in these systems.
Through steady state simulations, it was revealed that the electrostatic potential drop is
distributed over the film/electrode interface and the film/solution interface, with a ratio
that depends on the electrolyte concentration. This implies that the doping density that
can be achieved in nanoporous films through electrochemical charging depends both on
the applied potential and the concentration of electrolyte ions. It was further shown that
the density of states function of QD materials can be obtained by combining simulations
and experimental cyclic voltammograms at low scan rates. When QD films are charged
at high scan rates, cation transport in the QD film limits the charging speed. Contrary to
earlier discussions on this topic we show that this cation transport is dominated by drift,
rather than diffusion, and that the concentration profile of ions is very different from
for electrochemical reactions in solution. We show that the often-used Randles-Sev¢ik
equation does not hold for the charging of nanoporous electrodes, but underestimates the
actual ion mobility by 1-2 orders of magnitude.

6.3 Methods

The simulator was inspired by work on light-emitting electrochemical cells by van Reenen
etal.,”® but was redesigned to mirror a 3-electrode electrochemical cell. An electrochemical
cell with QD films on the working electrode (WE) is treated as a 1-dimensional system,
divided numerically in multiple (~500) lamella, as shown in Figure 6.1. The 1-dimensional
simulated space starts at the WE, encompasses the QD film and the electrolyte solution,
and ends at the counter electrode (CE). The reference electrode (RE) is positioned halfway
between the film/solution interface and the CE. To achieve high spatial resolution in the
film/solution interface region without sacrificing computational performance, the space
was divided in lamella non-linearly. The simulator considers an initial state, which contains
starting values of the concentrations of electrons, anions and cations for each lamella. It
then determines the movement of these three charge carriers over small time steps based
on the drift-diffusion equations (see Table A6.2, appendix). The hole concentration is
assumed to be zero as only negative applied potentials relative to the open circuit potential
are considered in this work. During each time step, a midpoint method is used to solve
the Poisson equation (Table A6.2) and to determine the spatial profile of the electrostatic
potential for the next step. Boundary conditions of a regular 3-electrode system are
enforced, i.e., ¢, minus ¢, =V, and ¢, = 0 (with ¢ the electrostatic potential at a
certain position), while the electrostatic potential at the counter electrode is allowed to
float. The true potential at the RE (and thus the initial Fermi level) at open circuit potential
is arbitrary for the simulation, but for comparison with experiments was set to -4.7 V
vs. vacuum = 0.26 V vs. SHE = -0.3 V vs. ferrocene/ferrocenium (Fc/Fc') in acetonitrile.
This value corresponds to the work function of ITO (used as working electrode) and is in
accordance with the open circuit potential of experimental ZnO QD films (Figure A6.7 in
the appendix).” ' The proficiency of the program in simulating electrochemical behavior
of 3-electrode systems was confirmed by simulating a cyclic voltammogram of a simple
reductant/oxidant pair in Nernst equilibrium (Figure A6.8 in the appendix). In the actual
QD film simulations, the initial state of the simulation always consisted of an uncharged
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QD film, where the concentration of electrons was zero, and an electrolyte solution with a
certain concentration of cations and anions, c0. An infinite supply of ions was achieved by
setting the concentration of both ions at the RE constant at c0 during the simulation. The
QD film was considered to have a porosity of 50%, with the pores filled with electrolyte
solution at concentration c0. The electron concentration in the first lamella of the film,
in contact with the ITO electrode, is governed by a Fermi-Dirac equilibrium with the
electrode:

*® 1
n= J 9c(E) —=f;dE (6.6)
E=Ec 4o KT

Where 7 is the concentration of electrons in the first lamella, g (E) is the density of states
(DOS) function of the material, E_ is the conduction band energy level and E, is the Fermi
level in the first lamella, which is equal to the intrinsic Fermi level minus the electrostatic
potential (¢) in the first lamella. Thus, as the applied potential becomes more negative,
the value of the Fermi level, Fermi-Dirac integral and the concentration of electrons all
increase in the first lamella. Any DOS function can be used as input in the simulator.
The simulation parameters, including the DOS function, were set at the start of the
simulation, after which only the applied potential was altered to obtain the CV curves
shown in this work. Parameters used were optimized to most closely fit experimental data
of electrochemical charging of ZnO films (see Table A6.1, appendix). Parameters used
here were kept consistent for every Figure shown unless otherwise noted, but any set of
input parameters can be used. For performance reasons, the simulator was written in C++
and compiled using Microsoft Visual Studio. Simulations were typically completed in a
few minutes (for a scan rate of 1 V/s) to an hour (for a scan rate of 0.1 V/s and steady-state
simulations) on a single core of a personal computer. Additional computational details,
equations, DOS functions, and a list of parameters that were used in these simulations can
be found in the appendix. The simulator source code and accompanying instructions are
available at github: github.com/RFUbbink/QDfilmsim.
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Appendix

Table A6.1. List of parameters used in this work. Parameters used in CV simulations
were chosen to reflect those of a ZnO QD film, then optimized to achieve a good fit with
experimental results. Parameters for the steady-state simulations were chosen to achieve
steady state quickly at a high spatial resolution.

Parameter Value (CVs) Value (steady-state)
QD film thickness 700 (nm) 70 (nm)
Number of lamella (film) 25 245

Lamella thickness (film) 27.94 (nm) 0.2837 (nm)
Number of lamella 65

(film/solution interface)

Lamella thickness 0.3 (nm) 0.1 (nm)
(film/solution interface)

Distance between WE and CE 0.1 (mm)* 0.03 (mm)
Number of lamella (solution) 400

Lamella thickness (solution) ~249 (nm) ~75 (nm)
Electron mobility 3e-10 (m2V-igt)** 3e-11 (m?*V'is?)
Ion mobility (film) 3.5e-12 (m*V'is)

Ion mobility (solution) 5e-10 (m?*V'lsh)* | 5e-11 (m*V'!s?)
Ton concentration (solution) 0.1 (M)

Film porosity 50%

Temperature 300 (K)

Open circuit potential -4.7 eV vs vacuum = 0.26 V vs SHE
Relative permittivity 37*

electrolyte solution

Relative permittivity QD film 10

* In reality, the ion mobility in the solution is expected to be higher, while the distance between the WE and C
is larger. For performance reasons, the mobility of ions was reduced. The distance between the WE and CE is
lowered in accordance to avoid the formation of a large Ohmic drop over the solution. The mobility of the ions
in solution is not limiting the injection of electrons, and thus increasing it further will not affect the results of the
simulation. Performing the simulation with both 10 times increased ion mobility and distance between the WE
and CE gave the same results, but took 10 times longer.

** It has been shown that electrons have a much higher mobility in ZnO QD films than the one used here.’
Increasing the electron mobility higher than ~2 orders of magnitude above the ion mobility in the film does not
affect the results of the simulation however, as cation mass transport in the film quickly becomes the limiting
factor. For performance reasons, the electron mobility was therefore kept at an unphysically low level.

*Based on acetonitrile. The QD films is assumed to be a mixture of a QD material and the electrolyte solution,
so an arbitrary in-between value was picked for its relative permittivity. The relative permittivity of either the
film of solution does not affect the results of the simulation as long as the spatial resolution is sufficient and can
be put to any desired value.
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Table A6.2. List of formulas employed in the simulator.

Formula

Name and purpose

Explanation
of parameters

av dn
Jn = anna_ kTUnE

_ dV + kT dc
Je = cqu, e Me 7

dav da
Joa = aquaa_ kTuaa

Drift-diffusion equations
Calculate the currents of
electrons (n), cations (c) and
anions (a).

J: current density
q: elementary
charge

V*: electrostatic
potential

level vs vacuum

w: carrier mobility

1D Poisson equation

€, € vacuum and

F=Ep dE

1+e kT

n= fE ;Cgc ()

d*v _ 49 Calculate the potential relative electric
dx? £0&r (n+ta-o profile over the space of the | permittivity.
simulation.
Fermi-Dirac distribution E: energy
Calculate the equilibrium E_: conduction
concentration of electrons at | band level

the interface between the WE
and the QD film.

E.: current Fermi
level (= intrinsic
Fermi level -
electrostatic
potential)

g.(E): density of
states function of
the material

* For electrons, the total potential relative to vacuum is instead used, i.e. energy leve

in the DOS vs. vacuum +

electrostatic potential. In this way, the extra energy needed for electrons to occupy higher levels in the DOS at
higher energies is taken into account in calculating the drift current. The position of electrons in the DOS is

calculated from the electron concentration.
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Figure A6.1. Energy level diagrams of the electrode and QD film at A) open circuit
potential and B) negative applied potential > electron injection barrier. As the applied
potential is increased, an electric double layer (EDL) develops at the QD film/electrode
interface, causing the electrostatic potential to drop over the interface. This potential
profile causes bend bending. When the applied potential is larger than the electron
injection barrier (= conduction band edge - electrode work function), electrons can
tunnel through the EDL into the conduction band states. The energy cost of entering a
higher energy state (the semiconductor environment) is compensated by the gain in
energy through the electrostatic potential.
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Figure A6.2. Steady-state interface potential drops and cation concentration ratios for
different interface resolutions. The cation concentration ratio is calculated by dividing the
concentration of cations in the film by the electrolyte concentration. When the resolution
across the interface is insufficient, the simulator overestimates the interface potential drop
and underestimates the cation concentration and thus doping density in the QD film. A
resolution of 0.3 nm was deemed precise enough while still allowing for reasonable

performance and was used in CV simulations.
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Figure A6.3. Steady-state interface potential drops and doping densities for different
electrolyte concentrations. The interface potential drop is plotted as the ratio of the total
potential drop (potential drop over the film/solution interface)/(voltage at WE vs RE). For
lower electrolyte concentrations, the interface drop is larger and the steady state doping
density of the QD film is lower.

Derivation A6.1: relation between the interface potential drop and the concentration
of excess charge in the film.
Starting from the Boltzmann distribution:

—q¢

C=Coexp(—F— A6.1
o exp ( ©T (A6.1)
Critm __ qAPF/s n
o e () Gum = : .
and “° with P assuming no anions

are left in the film

Where c is the cation concentration, c, is the bulk electrolyte concentration (assuming an
infinite supply of bulk cations), g is the elementary charge, ¢ is the electrostatic potential,
k is the Boltzmann constant, T is the temperature, A¢, , is the electrostatic potential drop
over the film/solution interface, c,, is the concentration of cations in the electrolyte in the
nanoporous film, # is the concentration of electrons in the film (for a QD film this is equal
to the number of additional electrons per QD/the QD volume*the porosity of the film),
and p is the porosity of the film. We can then define a minimum bulk concentration to
keep A¢, ; below a certain threshold:

n

qAdr/s (A6.2)
b*exp\ =T

C0:

For example for a film (porosity = 50%) of QDs with a diameter of 3.5 nm (QD volume
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=22 nm? QD “concentration” = 0.0742 M), if we wish to charge the film with 8 electrons
per QD while keeping A, < 2 kT (= 0.052 eV at RT), this would require a minimum

electrolyte concentration of 0.16 M:

0.594 M
co=———<=016 M (A6.3)
0.5 x exp(2)
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Figure A6.4. Cation mobilities (1) in the QD film as calculated by the Randles-Sev¢ik
equation compared to the mobility that was set at the start of the simulation, using two
different density of states (DOS) functions. A) The typical ZnO DOS function that was
used in all other simulations. B) A DOS function that more closely resembles a simple
electrochemical reaction (single Gaussian peak), such as may be observed when charging a
battery electrode. Note the scaling, as B) has a much lower total amount of states available.
Because of this a higher scan rate is needed to enter the cation transport-limited regime.
C) and D) show the respective scan rates series of simulations using A) and B) as DOS
functions. As the scan rate increases, the calculated mobilities converge, showing that the
current density becomes limited by the cation mass transport in the film at these scan rates.
Depending on the specific DOS function, the Randles-Sevéik equation underestimates the
mobility by a factor 10-300 for these systems.
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Derivation A6.2: Solution of drift-diffusion equations for the charging of a
nanoporous film

Table A6.3. Assumptions to solve the concentration profile during cation mobility-limited
charging.

(1) Charge neutrality is preserved locally in the film.

2) The current density in the film is constant over distance (follows from (1)).
(3) The electron mobility is much higher than the cation mobility (u_>>u_).
(4) n(x) = ¢(x) and thus dn/dx = dc/dx, where x is the distance, n is the electron

concentration and c is the excess hole concentration.
(5) Boundary condition 1: No cations flow into the WE (] (x=WE) = 0)
(6) Boundary condition 2: No electrons flow out of the film (J (x=IF) = 0)
(7) dn/dt is independent of x.

First we consider assumption (7). Since the amount of electrons is increasing at the same
rate throughout the whole film, the current density of electrons across the film must show
a linear profile with distance. This is always observed in typical charging simulations and
can also be understood intuitively as any non-linear profile of electron current would lead
to the accumulation of electrons at certain positions in the film. That accumulation would
lead to increased diffusion away from those positions, until a stable concentration profile
is obtained, where the concentration of electrons increases at the same rate everywhere
in the film and assumption (7) is satisfied. The same is true for cations, except their flow
direction is reversed. In combination with assumption (2) and boundary conditions (5)
and (6) we find linear current density profiles for electrons (J ) and cations (J ) across the
film, as depicted in Figure A6.5.
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Figure A6.5. Concentration and current profiles in the QD film during cation-mobility
limited charging.
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Taking the midpoint between the WE and the IF as x = 0, so that x, = x.and x , = -x,, we
can then express the current density of electrons and holes as follows:

Jtot * X
Jn(x )————- 2, (A6.4A)
Jo(x) = ]m _ et xx (A6.4B)

le'

Where ] is the total current density over the film. We can then start from the drift-
diffusion equations for electrons and excess cations:

av dn

Jn = nqu, T kT, T (A6.5A)
_ av dc

Je =cque -+ kTuca (A6.5B)

Where 7 and c are the concentrations of electrons and cations, i is the mobility of the
respective carrier, V is the electric field, g is the elementary charge, k is Boltzmann’s
constant and T the temperature. We can substitute the current density profiles A6.4A and
A6.4B to and rearrange to obtain:

av dn ]tot Jtot * X
— T
Mt + kT dx 2 2X;
av Jeot  Jtor ¥ X dn
M e =T T T Mgy (A6.64)
av dc ]tot Jtot | Jtot * X

Cabe g~ The 7 = 2x;

dV ]tot Jtot * X dc

When we divide A6.6A and A6.6B, then apply assumption (4) we find:
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] Jeor * % dn av
- Bk o

]tot + ]tot dc av

2 T T S+ kThe gy Canegy
Jeot  Jrot * X dc av
2 " 2y Mgy camngy
dc — av = A6.7
]tTOt + ]mth, +kTwe 7 dx CqWe gx e ( :
tot  Jrot * X dc) _ Jeor | Jeot X dc
( 2 2, KTHn o) Me = (]2 t o = KThe 7 Hn
1 X dc X dc
Weftot (E > 1) + kTucpy —— dx UrJtot( l) kTUCuna
1 X X dc
Ueltot ( 2x; ) Uthot( xi) = ZkTUCUnE

J X dc
ot (( e un) - x_i(uc - Mn)) = ZkTUCuna

Jtot (( X )
| (e = 1) = = (e — 1p)
E = 2 ‘ " xi ¢ " _ x]tot(“c — Hn) +]tot(llc — Up) N
dx 2kT ey 4x;kTpcpy, 4kTpcpy, (A6.8)

After integration of ¢ to dx we find a quadratic concentration profile for cations and thus
also for electrons because of assumption (4) (Figure A6.5C):

]tat(uc - un) ]tot(uc - Hn)
= —x2 A6.9
A ot (TR T TR (46.9)

Furthermore by calculating Ac = ¢(x) - ¢(-x,) we find:

Ac= — l2]tor(uc B un) l]tot(u:: B un) lzjtot(llc B un) - ']tot(uc B p-n)
BxikTP-clJ-n ' 4kT|J-cFln ' SxikTp-cp-n ' 4kT“c“n
A6.10
BT ety (4610

Jeot = Gy
rot 2x;Ac (Hc - p—n)

Considering 2x, = film thickness L, we come to the following expression for the current
density at any given point in the QD film during diffusion-limited charging:
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_4kT  pepy

Jtot = TAC G — 1) (A6.11)

As expected, the current density is inversely proportional to the concentration gradient
and the thickness of the film. If one of the charge carriers is limiting (as in this case the
cations are), the expression reduces to:

_ 4kTp
Jtot = TAc

(A6.12)

And a simple linear relationship between current density and charge carrier mobility is
observed. Unfortunately, since Ac (or An) is unknown during an experiment and depends
on many factors, we cannot directly use this expression to determine the limiting mobility
during a CV scan. It should be noted that while the charge transport in this case is limited
by the mobility of the cations and charging of the film is in a diffusion-limited regime,
drift current cannot be neglected. This follows logically from assumptions (2), (3) and
(4): since the concentration profile of both carriers is the same, their diffusion fluxes
point in the same direction (both electrons and cation diffuse towards the WE). However,
electrons necessarily must move in the opposite direction as cations during film charging.
To achieve this, an electric field is needed, which is always present in the film during
charging. Thus both drift and diffusion are contributing to the overall current in the film.
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Figure A6.6. A) The potential and electric field in the QD film during cation transport-
limited charging. A strong electric field is present in the QD film even during cation
transport-limited charging, which leads to drift currents in the film. B) The individual
components of the cation current. The drift current accounts for ~92% of the total cation
current during cation transport-limited charging of the QD films.
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Figure A6.7. Experimental CV of the ferrocene/ferrocenium (Fc/Fc*) pair in acetonitrile
used for referencing in this work.” The redox potential of Fc/Fc* is at ~5.0 V vs. the vacuum
level >

0.04A
0.024
0.007

-0.021

N

Current density (mAcm™)

-0.04+

-1.0 -08 -0.6 -0.4 -0.2 0.0
Potential vs RE

Figure A6.8. Simulated CV of a simple reductant/oxidant pair, E® = -0.5 V vs RE. As
expected, ideal reversible behavior is observed with AE = 57 mV.
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Chapter7

7.1 Introduction

The ability to controllably charge films of semiconductor nanocrystals like quantum
dots (QDs), nanoplatelets or nanowires with electrons or holes opens up possibilities
for use of these materials in light-emitting electrochemical cells, photodetectors and
lasers."* Through electrochemical methods, the Fermi energy and thus charge density in
semiconductor nanocrystal (NC) films can be controlled with great precision.®* When
charging a semiconductor NC film electrochemically, a potential is applied to the film
while it is submerged in an electrolyte solution containing free ions.'” The application of the
potential leads to a flow of electrons or holes into the semiconductor NC film, depending
on the sign of the applied potential. The charge of the additionally injected electrons/
holes is compensated by ions flowing into the pores in the film from the electrolyte
solution, resulting in electrochemical charging of the semiconductor NC film. In the ideal
case, electrochemical charging of semiconductor NCs is fully reversible, meaning every
electron/hole that is injected into the film remains there and can subsequently be extracted
by returning the potential back to the open circuit potential and letting the charges flow
back into the electrode.

Charging of semiconductor NC films is rarely fully reversible however, and large differences
in reversibility of charging are observed between different materials. For nanocrystals of
materials like indium phosphide, cadmium selenide" or lead halide perovskites'?, charges
injected in the NCs are often lost, after which they cannot be extracted again. We have
shown previously for ZnO and PbS NCs that even if charges can be recovered in a fast
cyclic voltammetry experiment, they are lost on longer timescales.” ' '* Methods have
been developed to improve the stability of the injected charges®'°, but these are hampered
by the fact that it is not well understood what processes are responsible for the loss of
charge density in doped semiconductor NC film. While electrochemical measurements
on semiconductor NCs are typically executed under stringent oxygen- and water-free
conditions, contaminations of these molecules in the electrolyte cannot be fully excluded,
and both can be reduced at high enough negative potentials, resulting in loss of electrons.
On the other hand, we can also not exclude that other redox active impurities are present,
for instance on the surface of the semiconductor NCs, such as ligands, adsorbed water
or OH- ions or unknown reaction products from the semiconductor NC synthesis and
processing. Indeed, Pu et al. have shown that metal-carboxylate ligands are likely reduced
in QLEDs, resulting in a drop in efficiency.'¢

In order to improve the stability of electrochemically injected charges into semiconductor
NC films, we aim to identify which processes are most likely to results in loss of charges, and
to what extent they occur in films of different semiconductor NC materials. To tackle this
problem systematically, in this work we start by examining one-electron transfer reactions
between the semiconductor NCs and redox molecules with variable reduction potential.
Although there is no theoretical difference between charging the conduction band (CB)
with electrons or the valence band with holes, we will focus on electron injection into the
conduction band and loss of electrons, since this process is much more readily achieved in
most semiconductor NC materials and hence better understood. The question ‘where do
the holes go?’ is even harder to answer. This will be the topic of future publications. Since
ZnO QD films can show nearly reversible charging behavior, we use them as a model
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experimental system to show how the charging is affected by electrochemical reactions
between electrons in the QDs and different redox-active species in solution. We model
the same systems using drift-diffusion simulations. In previous work we showed that
the electrochemical charging of semiconductor NC films can be accurately simulated by
tracking the movement of all mobile species using drift-diffusion simulations'’, however
only ideal charging of semiconductor NC films was considered. Here we extend the
simulations by including electrochemical reactions using the Gerischer kinetic theory'.

First we show how the redox potential (E°) of the redox-active species determines the
reversibility of one-electron transfer reactions in both simulation and experiment. Species
with a reduction potential in the bandgap of the semiconductor NCs lead to irreversible
loss of charges from the semiconductor NCs. While species with a reduction potential
inside the conduction band also partake in electrochemical side-reactions, these are fully
reversible and thus do not lead to irreversible loss of charges. This is shown experimentally
by comparing cyclic voltammograms on ZnO QD films with either cobaltocenium (E’
inside the CB) or ferrocenium (E° in the bandgap) added to the solution. Simulations
show that when E’ is well below the CB, the reverse reaction (the oxidation of cobaltocene/
ferrocene) is impeded, because it would only occur at much more positive potentials,
resulting in irreversible loss of electrons.

Subsequently we address the more complicated case of reactions with molecular oxygen,
which may give rise to subsequent chemical reactions between the formed superoxide
molecules and ligands or protic impurities. Experiments show charging of ZnO QDs in
oxygen-saturated solution are fully irreversible, even though the reduction potential of
oxygen reduction is in the ZnO conduction band. Through simulations we show that this
can be explained if the reduction of molecular oxygen to superoxide is followed by an
irreversible chemical reaction in a reversible electrochemical-irreversible chemical (E C)
mechanism.

Finally we model reactions were the semiconductor NC material itself is reduced. While
this could include bulk decomposition of the materials, bulk decomposition is rarely
observed in the potential ranges discussed here. More likely are reactions with ligands or
surface ions on the surface of the NCs, as the most reactive species reside on the surface.
It is found that the ability to reversibly charge a material depends on the energy of the
CB edge compared to the lowest E° of the available reduction reactions that can occur in
that material. Simulations of material reduction reactions closely resemble experimental
data of InP and CdSe QDs, marking material reduction reactions as a likely candidate for
electron loss in these materials.

Taken together, these results show that the stability of electrochemical charges in
semiconductor NC materials is determined by electrochemical side reactions and
their reduction potentials in relation to the energy of electrons in the CB. All of these
reactions must be suppressed to achieve stable and reversible electrochemical charging
of semiconductor NCs. Based on experiments and simulations, we provide strategies for
improving the reversibility and stability of electrochemical charging of semiconductor
NCs.
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7.2 Results and discussion

Reversible and irreversible charging of QD films

The electrochemical setup of both experiments and simulations is shown schematically
in Figure 7.1A. semiconductor NCs are deposited on a working electrode (WE), which is
submerged in an electrolyte solution containing ions and optionally redox-active species
which can react with charges in the semiconductor NC film. A three-electrode setup is
used, where a voltage is applied to the WE with respect to a known reference electrode

(RE), while the potential at the counter electrode (CE) is allowed to float to complete the
circuit.
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Figure 7.1. A) Schematic of the setup used for electrochemical charging of semiconductor
NCs. semiconductor NCs are deposited on the working electrode (WE) and placed in an
electrolyte solution containing ions in a three-electrode system with a reference electrode
(RE) and counter electrode (CE). The electrostatic potential drops due to the formation of
electric double layers (EDLs) at the interfaces between WE/film, film/solution and
solution/CE. B) Cyclic voltammograms of QD films, normalized to the peak cathodic
current. QD sizes, film thickness and ligand types can be found in the Table A7.1 in the
appendix and in the methods section. All materials are measured with 0.1 M LiCIO, in
acetonitrile as the electrolyte, at a scan speed of 50 mV/s. Scan directions are indicated by
arrows. Almost reversible charging is observed for ZnO (blue) and PbS (yellow) QDs
(extraction ratios of 0.85 and 0.87 respectively), while CVs of CdSe (red) and InP (dark
red) are almost fully irreversible (extraction ratios 0.1 and 0.08 respectively). Any observed
positive current is ascribed to the formation and breakdown of the EDL on the electrode,
which can also be observed for the bare indium tin oxide (ITO) WE (black).
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When applying a potential to the semiconductor NC film in the presence of a sufficiently
concentrated electrolyte solution, the ions will form an electric double layer (EDL) at the
WE/NC film interface (Figure 7.1A), which will cause an increase of the electrochemical
potential () inside that semiconductor NC film by an amount approximately equal to the
applied potential.'” Electrons will start to transfer into the semiconductor NC film if is
raised higher than the first available empty state in the CB of the semiconductor NCs.
This results in an injection current into the semiconductor NCs. Counterions (cations
in the case of electron injection) will migrate from the solution into the pores of the
semiconductor NC film to compensate for the added charge, resulting in a net doping
of the semiconductor NCs. In the ideal case, raising the applied potential further above
the CB edge will cause any states available in the density of states (DOS) of the material
up to to fill up. Then when the applied potential is reduced again, drops, electrons (or
holes in case of positive potentials) will leave the QDs and ions will diffuse back into the
solution. In the ideal case, electrons/holes would flow back into the electrode, resulting in
an extraction current with opposite sign to the injection current.

This process of raising and lowering the potential can be done experimentally by recording
a cyclic voltammogram (CV), where the potential is swept back and forth with a certain
set scan rate. Figure 7.1B shows CVs performed on ZnO, PbS, CdSe and InP NC films. The
CVs start at open circuit potential (OCP) and are scanned to the negative vertex first and
then back to OCP (indicated with arrows) at a scan rate of 50 mV/s. In the experimental
CV on ZnO QDs, the aforementioned injection and subsequent extraction of electrons can
clearly be observed: as the applied potential becomes more negative, a negative current is
observed, because electrons are injected into the material. The more negative the potential
becomes, the higher in the QDs is, and the more conduction states are filled with electrons.
When scanning back, a positive extraction current is observed. By integrating the negative
and positive parts of the scan, the extraction ratio can be determined for this material,
defined as extracted charge/injected charge. For ZnO and PbS QD films (blue and yellow
lines in Figure 7.1B), extraction ratios of > 0.85 are observed, which indicates that the
doping of the QDs is almost fully reversible. However, for other materials, extraction ratios
are typically much lower. For films of CdSe and InP QDs (red and dark red lines in Figure
7.1B), very little or no extraction current is observed from these experiments (extraction
ratios < 0.1). Even though electrochemical doping takes place in these films, the process
is irreversible. These results are typical. In the literature charge extraction from CdSe
core-only QDs is rarely observed, and extraction ratios are low unless the temperature is
reduced to -60 °C*. For InP QDs, no charge extraction in cyclic voltammograms has been
reported to the best of our knowledge.

Figure 7.1 shows only CVs to negative applied potentials. While electrochemical injection
of holes into QDs should in theory be possible by applying positive potentials, this has
been very challenging to achieve and has hardly been investigated except for a small
number of studies on lead chalcogenide and CsPbBr, perovskite nanocrystals.*' > We will
therefore focus on results of electron injection in this work and extend our discussion to
hole injection later on.
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Loss of electrons

When no extraction current is observed this implies that the injected electrons are no
longer available for extraction, indicating ‘loss’ of electrons from the semiconductor
NCs. In CdSe and InP QDs the conduction band is higher in energy than in ZnO and
PbS QDs. This means higher potentials need to be applied to achieve electron doping
in these materials, and it becomes more likely that the reduction potential of reactions
with impurities or on the surface of the semiconductor NC material itself is below the
CB edge. To achieve reversible or even permanent®’ doping in CdSe and InP QD films,
it is important to understand what loss reactions can occur during the electrochemical
doping of films. By simulating various electrochemical loss reactions and comparing to
experimental data, we gain insight in what kinds of loss processes are occurring, and how
to explain the discrepancies in doping reversibility of different QD materials. For this
reason, we extended our earlier reported drift-diffusion simulations of electrochemical
doping of QD films to include electrochemical side-reactions based on Gerischer kinetics
(Figure 7.2, see appendix for a full derivation and implementation).
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Figure 7.2. Example energy state distribution in the Gerischer kinetic model, filled states
are blue and empty states white. The semiconductor conduction band is modelled using a
density of states function. The energy states of the redox couple are modelled using a redox
potential E and a reorganization energy A. The total electron transfer rate is calculated by
integrating the rates of isoenergetic electron transfer over all energies.

Inthe Gerischermodel'®, therateofisoenergeticelectrontransferbetween thesemiconductor
NCs and the redox-active species is calculated for each energy level separately. The total
rate is then calculated by integrating over all energy levels, correcting for the occupancy
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of states in the semiconductor NC DOS using the Fermi-Dirac distribution. While for
metallic working electrodes this is not always important, it is essential to take into account
the DOS for semiconductors, as no reactions can take place from the energies in the band
gap range. The energy states of the oxidant/reductant couple are modelled as Gaussian

distributions using a redox potential E° and a reorganization energy A, as shown in Figure
7.2. 'The final parameter in the Gerischer model is the prefactor of the reaction rate k’,
which includes the transfer attempt frequency and dimension correction factors (detailed
explanation in the appendix). By adjusting the value of these parameters, different types
of redox species are modelled. The Gerischer model is identical to the Marcus model for
transfer of an electron from a single energy state to an oxidant/reductant couple. However,
since the Gerischer model takes into account electron transfer from all available energy
states in the semiconductor NC DOS it is a better fit for semiconductor materials.

Loss of electrons to reversible oxidant in solution

To systematically investigate the effect of oxidants present in the electrolyte solution, we
first investigate loss of electrons to an ideal dissolved oxidant. Cobaltocenium is known
to undergo ideal one-electron reduction to cobaltocene, with an E° at around -1.2 eV vs.
Fc/Fc* in acetonitrile, well inside the conduction band of the ZnO QDs (CB edge at -0.7
eV vs. Fc/Fc*). Figure 7.3A shows the experimental CV of a ZnO QD film submerged
in an electrolyte solution containing 1 mM cobaltocenium (blue line). In addition to a
charging current of electrons entering the ZnO CB starting around -0.7 V vs. Fc/Fc*,
a clear reduction peak of cobaltocenium is observed at -1.1 V vs. Fc/Fc*. Oxidation of
cobaltocene back to cobaltocenium is also observed on the backward scan as a positive
peak, confirming that the reaction is reversible.

O '4 = = = Simulated ZnO, no redox species = = = Simulated ZnO, no redox species
—— Simulated ZnO + cobaltocenium 0.6 — Simulated zn0 + ferrocenium
——— Experimental ZnO + cobaltocenium & —— Experimental ZnO + ferrocenium
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Figure 7.3. Experimental and simulated CV's of ZnO QD films in the presence of a redox
couple at a scan rate of 50 mV/s. In experiment the electrolyte was acetonitrile containing
0.1 M LiCIO, and 1 mM of cobaltocenium/ferrocenium hexafluorophosphate. QD
diameter is 2.5 nm. A) If the reduction potential is in the CB of the ZnO QDs a reversible
redox reaction is observed. The total current is the sum of the charging current into the
ZnO QD film (dashed line) and the resulting redox current of the reduction reaction. B)
If the reduction potential is in the band gap of the ZnO QDs, an irreversible reduction
current is observed as soon as the applied potential is raised beyond the conduction band
edge.
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We performed simulations of the same system both with and without the inclusion of
side-reactions with cobaltocenium, which are shown in Figure 7.3A (black lines). In the
simulated scan without any oxidant present, perfect cyclical charging and discharging of
ZnO is observed, with an extraction ratio of unity. The scan with the oxidant present in
the simulation shows an additional reduction (negative current) and oxidation (positive
current) peak around the reduction potential of the oxidant.

The resulting CV is the sum of the charging of the ZnO film and the expected ideal
reduction/oxidation current of the redox couple. Although both processes are ideally
reversible, the observed extraction ratio in both the experiment and simulation is less than
unity (0.37 for simulation, 0.61 for experiment) because of a leak current: cobaltocene is
formed at the working electrode, transported to the counter electrode through diffusion,
and subsequently oxidized to form back cobaltocenium. This results in a net transport of
electrons from the WE to the CE and a leakage current when the applied bias is higher
than the reduction potential of the redox couple.

Figure 7.3B shows simulations and experiment of another ZnO QD film, but with
ferrocenium present in solution, which has a reduction potential that is inside the band
gap of ZnO. In this case, a reduction peak is observed as soon as the applied potential is
high enough to inject electrons into the conduction band (around -0.85 V in Figure 3B).
Once electrons can be injected into the ZnO, they can reach any ferrocenium species that
are present in the film and reduce them, resulting in a sharp peak at the CB edge, as we
reported before.* However, no oxidation peak is observed, since the reduction potential
is inside the bandgap the material. In terms of the Gerischer model (Figure 7.2), all the
filled reductant energy states are below the CB edge of the ZnO, so no electrons would
be transferred back to the ZnO even if the conduction band is completely empty. This
means that the reduction of ferrocenium to ferrocene is also irreversible in this case. At
potentials above the CB edge, an additional irreversible leak current is observed for the
same reasons as mentioned for the cobaltocene system in Figure 7.3A. The reversibility of
the redox reaction thus depends on the reduction potential compared to the conduction
band edge of the QDs.

While this shows that irreversible CVs can be due to kinetically facile reactions with redox
impurities with an E in the bandgap, it is unlikely that this explains the loss of electrons
shown in Figure 7.1 for 2 reasons. First, the sharp peak at the CB edge that is due to the
oxidation of such ideal impurities is not observed in experiments. Secondly, as shown below
addition of oxygen makes CVs on ZnO films completely irreversible in experiment, even
though its reduction potential is in the conduction band. To explain these observations,
we next consider what happens if an electron transfer reaction to a redox impurity is
coupled to an irreversible chemical reaction in an reversible electrochemical-irreversible
chemical (E C) mechanism.

Loss of electrons to oxidant, followed by irreversible reaction

The most relevant potential oxidant molecule in real systems is molecular oxygen itself,
especially when permanent electrochemical doping is considered.'* Indeed, adding oxygen
to the electrolyte solution makes CVs on ZnO QDs irreversible. In Figure 7.4A, two
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CVs on ZnO QD films are presented, after bubbling either argon or O,/N, 0.21/0.79 gas
through the electrolyte solution. The addition of molecular oxygen reduces the extraction
ratio from 0.92 to 0.0. This shows that molecular oxygen acts as a oxidant and makes
charge injection into QDs irreversible; it does not necessarily mean that the reason CVs
on QDs are typically irreversible is due to oxygen.

In aprotic media, reduction of oxygen occurs through single electron reduction to the
superoxide radical:

0,+e” S0, (7.1)

Under strict anhydrous conditions this reaction has been shown to be ideally reversible in
acetonitrile, with a reduction potential very similar to cobaltocene/cobaltocenium at ~-1.2
V vs. Fc/Fc*.° Based on this it would be expected that the ZnO CV with bubbled oxygen
would resemble those with cobaltocenium in solution, but we instead observe irreversible
behavior. To investigate this difference, we performed CVs on bare ITO and bare glassy
carbon (GC) electrodes after bubbling O,/N, 0.21/0.79 through the electrolyte in order
to saturate the oxygen concentration. These CVs are shown in Figure A7.1 in addition to
the same scans but with argon bubbled to remove any oxygen from solution. Rather than
reversible reduction and oxidation of oxygen, we observe only a fully irreversible reduction
peak when oxygen is present in the solution, with a width of >0.3V. This is likely explained
by reactions of the oxygen radical that is formed upon reduction with impurities in the
solvent, for example trace amounts of water that are present in as-purchased solvents (~10
ppm even for anhydrous solvents), or contaminations on the electrodes.” > To observe
fully reversible reduction of oxygen, both a very clean (water-free) solvent and electrode
are required, since O, is known to react further with H,O and H* impurities.”” When
considering reactions with QD films, many different contaminations can be present which
can react with superoxide radicals, especially ligands (hydroxides on ZnO, carboxylates/
amines on CdSe, PbS and InP). Ideal reversible reduction of oxygen is therefore unlikely,
so we model the oxygen reduction as a reversible electrochemical-irreversible chemical
(E,C) reaction, as shown in the reaction scheme below.

klb k2
0,+e” S0, -B~ (7.2)
kif

The first step is a reversible single-electron reduction with forward and backward rate (k,,
k,,) dependent on the applied potential, modelled using Gerischer kinetics. The second
step is irreversible chemical conversion of the reduced species. For the second step we
used a constant rate k, as an input parameter for the simulation.

Figure 7.4B shows an example of a simulation incorporating E C, reaction kinetics for
different values of k,. When the irreversible rate constant is low, the result is comparable to
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the simulation shown in Figure 7.3 A, with a reversible redox couple in the conduction band.
As k, increases, the reaction becomes more irreversible. The oxidation peak disappears
(marked by 1 in Figure 7.4B), as all the reduced species are consumed before they can
be oxidized again. The reduction peak also shifts to lower potentials with increasing k,
(marked by 2). This occurs when the irreversible part of the reaction becomes so fast
that any reduced species that are formed are immediately reacted away, disturbing the
equilibrium of the reversible step. These results resemble those on E C, reaction kinetics
on flat electrodes.”® The simulations with the E C, reaction mechanism at a high &, closely
resemble the results from the experimental oxygen reduction on bare electrodes (Figure
A7.1).
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Figure 7.4. A) Experimental CVs of a ZnO QD film with and without oxygen in the
electrolyte solution (0.1 LiClO, in acetonitrile) at a scan rate of 100 mV/s. QD diameter
is 2.5 nm. B) Simulated CVs of a ZnO QD film in the presence of an oxidant molecule
following the coupled reversible-irreversible mechanism. As the rate of the irreversible
reaction increases, reaction with the oxidant becomes more irreversible. This results
in reduction of the oxidation peak (1) as well as a shift of the reduction peak to lower
energies (2). C) Simulated ZnO CVs with and without the addition of oxygen. Reduction
of oxygen can only be successfully modelled by adjusting the Gerischer model to include
a distribution of E° values around the experimentally observed value of E° = -1.2 V vs. Fc/
Fc*. Simulated oxygen concentration = 3.3 mM, diffusion coeflicient = 2.6*10¢ cm?s™).
D) Simulated ZnO CVs with oxygen at different concentrations, ranging from 1.6¥10° M
(purple) to 1.6*10% M (red), diffusion coeflicient = 2.6*10° cm?s.
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However, even employing the E C. reaction mechanism, the simulations do not yet fully
resemble the experimental CVs of ZnO in oxygenated electrolyte. In the simulations in
Figure 7.4B, a clear peak is observed in the cathodic current, which is not seen in the
experiments in Figure 7.4A. A similar effect is observed when comparing the experimental
CVs in oxygenated electrolyte on the glassy carbon and ITO electrodes, as the reduction
peak on the ITO electrode appears at more negative potentials and is also much broader
than on the glassy carbon. Using simulations with a wide range of parameters, we show
that this widening of peaks cannot be explained with only the Gerischer model of charge
transfer. An extended discussion of these simulations can be found in Figure A7.2 in the
appendix. In short, a broad reduction peak is observed in the experiments (both on bare
ITO and on the ZnO QD film), which implies a wide distribution of oxidant states and thus

a large reorganization energy A. However, a large A value in the Gerischer model would
also push up the oxidant states to higher energy values, since the separation between the

peaks of the oxidant/reductant states distribution is governed by A as well (Figure 7.2). This
would entail that the reduction would be observed only at much higher energy values and
thus much more negative applied potential, around 2.5 V vs. Fc/Fc*, while this is clearly
not the case in the experimental data. It thus follows that the experimental reduction of
oxygen on ZnO and ITO cannot be modelled by 1-electron transfer Gerisher kinetics.
One reason for this observed broad reduction peak could be that oxygen is reduced at
different reaction sites on the ZnO QD or ITO surface, leading to a distribution of E° and
k° values. Another reason could be an electrostatic potential variation on the ITO surface,
due to the relatively high sheet resistance of the electrode material, which has been known
to induce peak broadening in ITO electrodes. We simulated this peak broadening by
considering a distribution of E° values around -1.2 V vs. Fc/Fc* instead of just one single
E’ value, resulting in an increase of the width of the Gaussian distribution of energy states
of the oxidant molecule. This results in the simulations shown in Figure 7.4C which fit the
experimental data reasonably well. Choosing a range of k® values would have the exact
same effect on the distribution of energy states, leading to the same results.

Based on our experiments and simulations, the irreversible charging response of
semiconductor NC films in the presence of oxygen can thus best be explained by the
reversible reduction of molecular oxygen, followed by an irreversible chemical reaction of
the formed superoxide radical.

Reduction of the semiconductor NC material

The loss processes discussed are dependent on the presence of contaminations, which can
feasibly be avoided. In fact, reducing the concentration of contaminants to below 1 ppm
practically eliminates side reactions, as shown by simulations in Figure 7.4D. However,
some electrochemical side reactions are intrinsic to the material, for example reduction
of lattice ions, surface ions, or ligands. If these reactions are irreversible and occur with
the ions in the crystal lattice they may lead to cathodic decomposition of the materials. If
they are limited to the surface®, they may change the photoluminescence by inducing trap
states without fully decomposing the materials.* 3!

A likely candidate for cathodic decomposition reactions is the reduction of the metal ion
in semiconductor materials to neutral metal. For example, this reaction probably occurs
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in lead-perovskite and PbS nanocrystals, resulting in clear deposition of metallic lead.'>
> Similarly, DFT calculations have suggested that indium reduction can take place in InP
QDs when they are charged.” The addition of a shell around QDs helps protect them
against cathodic decomposition if the ions in the shell have more negative standard
reduction potentials (e.g. Zn** is more stable than Cd**), and may allow (semi-)stable
electron injection into QD materials.”®*' Especially ZnS shells greatly improve the stability
under negative potentials."" Surface modifications also have a large influence on the
reduction potential of the cations of QDs." Since the surface ions are the first to undergo
reduction, increasing their reduction potential can improve the stability of the QDs to
cathodic decomposition.

To model how such material reduction reactions influence CV measurements we again
invoke Gerischer-kinetics and the E C. mechanism, but now considering species are not
mobile (4 = 0) and with a high concentration (0.5 M). We model the effect of a reduction
reaction on different materials by setting a constant E° value for the reduction (-0.8 V vs.
Fc/Fc+), while varying the energy of the CB. These simulations are shown in Figure 7.5.

! Conduction band level vs. Fc/Fc*

! —-055

0.2+ ! — 065
| -0.75

-0.85
-0.95
— -1.05

0.01

°
s

Extraction ratio
° o
s s

_0_2_

Current density (mAcm?)

E° Ey
-12 -10 -08 -06 -04
Potential vs. Fc/Fc*

E

0
&3]

Figure 7.5. Simulated CVs of the charging of a QD film in the presence of a material
reduction reaction with E’ = -0.8 V vs. Fc/Fc*. Different conduction band edges were
used ranging from -0.5 to -1 V vs. Fc/Fc*. The inset shows the extraction ratios for
different the conduction band edge levels compared to the E°_ . As the conduction band
edge becomes more negative in energy, the charging becomes less reversible.

As the conduction band edge becomes higher in energy than E° , the charging of the
QDs becomes less reversible. When the CB edge is more than > 0.1 eV higher in energy
than the decomposition potential, fully irreversible charging is observed (extraction ratio
= 0). In this case the simulated curves closely resemble experimental CVs on CdSe and
InP QD films shown in Figure 7.1. Since the amount of oxidant contaminations in the
electrolyte is typically low (which can be measured by running a CV on a blank electrode
such as in Figure A7.1), material reduction is the most likely cause of irreversible behavior
in experimental charging of semiconductor NC films. The simulations in Figure 7.5
confirm that material reduction can indeed lead to the observed irreversible charging
in CVs on CdSe and InP QD films. Since the optical properties of these materials are
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often not permanently changed by electrochemical charging, the most likely candidate for
reduction reactions are surface species (ligands or surface ions)*, while the inside of the
semiconductor NCs remains unaffected.

Strategies to improve the stability of charges in the semiconductor NCs (and thereby the
reversibility) therefore include surface modifications' and/or the growth of shells. Another
way to improve stability may be to shift the energy levels of the semiconductor NCs.?
Figure 7.5 shows that even if E  is inside the conduction band, when the electrochemical
potential becomes too negative, material reduction can still occur. When the CB is filled
up beyond the CB edge, the higher-energy electrons can still partake in electrochemical
reduction reactions. The lowest available E°_ will therefore put an upper limit on the
concentration of charges that can stably be injected into a semiconductor NC material.

In many semiconductor NC materials, (electrochemical) hole injection has proven
much more challenging than electron injection. This can mostly be ascribed to anodic
decomposition reactions, as the E, of anodic decomposition is above the valence band
level in many materials®, and thus anodic decomposition happens as soon as holes are
injected into the semiconductor NCs. In devices such as QD-LEDs, hole injection is
also generally more difficult than electron injection, even with the help of hole injection
layers.” ** With the simulations presented here, hole injection could be modelled in the
same way as electron injection, providing more insight into this topic. In addition, similar
analysis and arguments can be made for the processes resulting in loss of holes from
semiconductor NCs. These types of simulations and analyses could help improve stability
of semiconductor NC devices.

7.3 Conclusion

In this work we model loss processes in electrochemically charged semiconductor
nanocrystal films using drift-diffusion simulations and Gerischer kinetics. We consider
both reactions with redox-active impurities and with the semiconductor NC materials
themselves. The results are compared to experimental cyclic voltammetry on films of
InP QDs, CdSe QDs, PbS QDs and ZnO QDs. The latter serve as an experimental model
system, whereto we added controlled amounts of redox species.We show that the presence
of oxidant molecules in solution results in an additional reduction peak observed in
CVs. If the reduction potential is above the conduction band of the semiconductor NC
material, the reduced species can be oxidized again, and charging of the semiconductor
NC remains reversible. When the reduction potential resides in the semiconductor NC
band gap however, reduction of the oxidant is irreversible and leads to loss of electrons
from the semiconductor NCs. Loss of electrons to oxygen is best modelled using a
reversible electrochemical-irreversible chemical reaction mechanism, because oxygen
reduction is irreversible due to chemical reactions of the superoxide radical that is formed
upon reduction. Reduction reactions of the semiconductor NC materials themselves
are modelled by introducing a high concentration of immobile redox species in the
semiconductor NC film. We show that material reduction reactions on the nanocrystal
surface are the most likely candidate to explain the irreversible electrochemical behavior
of InP and CdSe QD films, while for ZnO and PbS QD films, a small amount of dissolved
oxygen (~1 ppm) is responsible for the loss of electrons on longer timescales.
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7.4 Methods

All experimental procedures and measurements were performed in a nitrogen-filled
glovebox (O, < 0.5 ppm, H,O < 0.5 ppm) unless otherwise noted.

Materials

Zinc acetate (99.99%), potassium hydroxide (KOH, 99.99%), anhydrous ethanol (max.
0.01% H,O), anhydrous methanol (=99.8%), and anhydrous hexane (95%), Lead(II)
oxide (PbO, 99.999%), 1-octadecene (ODE, 90%, degassed in vacuo at 120 °C for 1 hour),
bis(trimethylsilyl) sulfide (TMSS, synthesis grade), cadmium oxide (CdO, 99.99%),
selenium powder (Se, 99.99%), trioctylphosphine (TOP, 97%, degassed in vacuo at 120
°C for 1 hour), octadecylamine (ODA, 99%), trioctylphosphine oxide (TOPO, 90%),
anhydrous methyl acetate (99%), anhydrous toluene (99.8%), indium(III) chloride
(99.999%), zinc(II) chloride (>98%), tris(diethylamino)-phosphine (97%), lithium
perchlorate (LiClO,, 99.99%, dry), 1,2-ethanedithiol (EDT, 98%), 1,7-diaminoheptane
(7DA, 98%) ferrocenium hexafluorophosphate (97%, dried under vacuum), anhydrous
acetonitrile (99.8%) and anhydrous methanol (99.8%) were purchased from Sigma Aldrich.
Oleic acid (OA, extra pure) was purchased from Thermo Fischer Scientific. Anhydrous
oleylamine (80-90%) was purchased from Acros Organics. 1-carboxycobaltocenium
hexafluorophosphate (dried under vacuum) was purchased from MCAT.

ZnO QD synthesis

The ZnO QDs were synthesized by a previously reported procedure.* Zinc acetate (0.628
g) was dissolved in anhydrous ethanol (50 mL) by heating the solution to 60 °C while
stirring. When dissolved, a solution of KOH (0.351 g) in anhydrous methanol (5 mL) was
added dropwise (ca. 1 drop per second), and the solution was taken of the heat. The ZnO
QDs were isolated from the reaction mixture by adding hexane until the solution became
turbid. The mixture was centrifuged, the supernatant removed, and the QDs redispersed
in 6 mL of ethanol. The QD dispersion was stored at —20 °C. The diameter of ZnO QDs
used in experiments presented in Figures 3 and 4 was determined by transmission
electron microscopy (TEM, Figure A7.3) to be 2.5 nm. The diameter of ZnO QDs used in
experiments presented in Figure 7.1 was determined to be 3.8 nm by use of a sizing curve
(ABS peak at 340 nm).*

PbS QD synthesis

PbS QDs were synthesized following a previously described procedure.’® Lead(II) oxide
(90 mg) was dissolved in OA (0.25 mL) and ODE (3 mL) by heating in vacuo to 100 °C for
1 h. The temperature was then set the temperature to 150 °C, and a solution of TMSS (42
uL) in ODE (0.75 mL) was injected under a nitrogen atmosphere. The heating mantle was
lowered away from direct contact with the reaction flask immediately after injection of the
TMS solution and allowed to cool to room temperature. The PbS QDs were isolated from
the reaction mixture by adding acetone until the solution became turbid, centrifuging the
mixture, removing the supernatant and redispersing in 8 mL of hexane. The diameter of
the PbS QDs was determined to be 5.5 nm by TEM imaging (Figure A7.3).

CdSe synthesis
CdSe QDs were synthesized according to a previously reported procedure.' 0.077 M
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Cadmium oleate (Cd-oleate) solution was synthesized by dissolving 0.367 g CdO in
3.68 g OA and 25.9 g ODE. The mixture was first degassed in vacuo at 110 °C for 1 h
and then heated to 250 °C under nitrogen atmosphere until a transparent solution was
formed. Then it was cooled down to 110 °C and degassed again for 1 h. Afterwards, the
reaction was cooled to room temperature. 0.75 M selenium precursor (Se-TOP) was
prepared by heating up a mixture of 1.42 g Se, 7.5 g TOP and 11.9 g ODE to 60 °C until
the complexation was completed. In a 100 mL three-neck round bottom flask, 3.2 g ODA
and 1.11 g TOPO was heated to 140 °C and degassed for 1.5 h under vacuum. The mixture
was placed under nitrogen atmosphere, and 5.2 g 0.75 M Se-TOP solution was added into
the flask and the reaction was heated up to 300 °C. 4.9 g 0.077 M Cd-oleate solution was
swiftly injected into the flask. The temperature was subsequently kept at 280 °C for 4 min.
The reaction was quenched to 60 °C. To purify the CdSe QDs, anhydrous methyl acetate
and anhydrous methanol with a ratio of 5:1 was added to the reaction mixture, followed
by centrifugation at 3354 g. The supernatant was discarded and the residue redispersed
in anhydrous toluene. This purification procedure was repeated once. The diameter of the
CdSe QDs was determined to be 4 nm by TEM imaging (Figure A7.3).

InP synthesis

InP QDs were synthesized as reported previously.”” 100 mg (0.45 mmol) of indium(III)
chloride and 300 mg (2.20 mmol) of zinc(II) chloride were mixed in 3 mL (9.10 mmol)
of anhydrous oleylamine in a 25 mL flask. The mixture was stirred and degassed at 120°C
for an hour and then heated to 180°C under inert atmosphere. Upon reaching 180°C, 0.50
mL (1.83 mmol) of tris(diethylamino)phosphine, transaminated with 2 mL (6.07 mmol)
of anhydrous oleylamine, was quickly injected in the reaction mixture described above
and the InP nanocrystal synthesis proceeded for 30 min. The synthetized InP QDs were
purified using anhydrous ethanol. The edge length of the QDs was determined to be 2.7
nm using a sizing curve (ABS maximum = 530 nm).*

Transmission electron microscopy (TEM) imaging
Transmission electron microscopy images were acquired using a JEOL JEM1400
transmission electron microscope operating at 120 keV.

Experimental cyclic voltammograms

Experimental cyclic voltammogram measurements were performed using an Autolab
PGSTAT128N potentiostat. A three-electrode setup was used, with a platinum sheet
as the counter electrode, a silver wire as the pseudo reference electrode and an indium
tin oxide (ITO)-coated glass plate as the working electrode. The pseudo reference
electrode was referenced relative to 1 mM ferrocenium hexafluorophosphate in 0.1 M
LiClO, in acetonitrile (at -5.0 vs. vacuum level), which is used as the reference potential
for all measurements. The electrolyte was 0.1 M LiCIO, in anhydrous acetonitrile for all
experiments.

Cyclic voltammograms of different materials

QDs were deposited on the ITO working electrode using different techniques: ZnO QDs
were dropcast on top of ITO-coated glass (film thickness = 700 nm) and annealed at 60
°C for 1 hour before the measurement. PbS QDs were dropcast on top of ITO-coated
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glass (film thickness = 2400 nm) and dried at room temperature. The films were then
immersed in a ligand exchange solution (0.1 M EDT in anhydrous acetonitrile) for 1
minute to replace the isolating oleate ligands and rinsed with anhydrous acetonitrile.”
CdSe QDs were spincoated on ITO-coated glass (film thickness = 40 nm). The QD
films were then immersed in a ligand exchange solution (0.1 M 1,7-diaminoheptane in
anhydrous methanol) for 1 minute to replace the oleate ligands on the surface. Films were
washed with anhydrous methanol to remove any excess 7DA.! InP QDs were spincoated
on ITO-coated glass substrates. Films were then submerged anhydrous acetonitrile with
0.1 M EDT overnight to completely exchange the native ligands. Films were rinsed with
anhydrous acetonitrile to remove any excess EDT. When quantum dots are covered in
long apolar ligands, on-film ligand exchange is crucial to allow electrochemical charge
injection and movement of charge through the film. Replacing long apolar ligands by
shorter ligands such as EDT or 7DA both removes the isolating ligand barrier and brings
the QDs closer together, greatly increasing charge transport between quantum dots
through charge hopping.'® A comparison of the film parameters can also be found in Table
A7.1 in the appendix.

Cyclic voltammograms on ZnO QDs with ferrocene/cobaltocene

ZnO QDs were dropcast on top of ITO-coated glass and annealed at 60 °C for 1 hour
before the measurement. Anhydrous acetonitrile with 0.1 M LiClO, and 1 mM of either
ferrocenium hexafluorophosphate or 1-carboxycobaltocenium hexafluorophosphate was
used as the electrolyte solution.

Cyclic voltammograms on ZnO with oxygen

ZnO QDs were dropcast on top of ITO-coated glass and annealed at 60 °C for 1 hour
before the measurement. A solution of 0.1 M LiClO, in anhydrous acetonitrile was
prepared. Through this solution either pure Argon (99.9999%) or dry O,/N, (21%/79%)
was bubbled for 20 minutes. The ZnO films on ITO, bare ITO electrode or bare glassy
carbon electrodes were then submerged in the electrolyte solution and measurements
were performed. Measurements involving oxygen-bubbled solutions were performed
outside the glovebox.

Drift-diffusion simulations

The drift-diffusion simulations used are an extension of earlier work."” Full computational
details can be found in the appendix In short, a 3-electrode electrochemical cell is modelled
as a 1-dimensional system, divided numerically in 250-490 lamella. The cell consists of a
working electrode (WE) with a semiconductor NC film (porosity = 50%%*), an electrolyte
which contains mobile ions and can also contain electrochemically reactive species,
a counter electrode (CE) which is treated as a capacitor with infinite capacitance and a
reference electrode (RE) in the middle of the cell (schematic in Figure 7.1A). To model
the electron injection into the semiconductor NCs, we assume that the NCs in the first
lamella are in Boltzmann equilibrium with the WE (Table A7.2). This assumption implies
this step is never rate-limiting. The Poisson equation is solved for each time step, then
the movement of all mobile species is calculated using drift-diffusion equations (Table
A7.2). Reactions between electrons that are in the conduction band of the semiconductor
NCs and electrochemically reactive species are governed by the Gerischer kinetic model'®
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(appendix). The Gerischer model is a better fit than the Marcus model for this scenario,
since it considers reactions involving all energy states in the semiconductor NCs, instead
of considering only a single energy level. All parameters used in the various simulations
presented here are listed in Table A7.3. Experimentally known parameters like the
temperature, scan speed and electrolyte and reductant/oxidant concentration were set in
the simulations mirroring the experiments that they correspond with. Other parameters
(most notably the effective mobilities of species inside the QD film) were optimized
while being restrained to their expected range by running multiple simulations (such as
in Figure 7.4D) to fit the experimental data. When simulating the same film with and
without the presence of oxidant/reductant, these parameters were first optimized to fit the
experiment performed without oxidant/reductant, then kept the same for the simulation
with the oxidant/reductant. Simulations were performed on the DelftBlue cluster.” The
C++ source code underlying the simulations as well as accompanying instructions are
available on Github: github.com/RFUbbink/QDfilmsim.
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Appendix

Additional computational details

A 3-electrode electrochemical cell is modelled as a 1-dimensional system. The
1-dimensional simulated space starts at the working electrode (WE), encompasses the
semiconductor NC film and the electrolyte solution, and ends at the counter electrode (CE).
The reference electrode (RE) is positioned halfway between the film/solution interface and
the CE. To achieve high spatial resolution in the film/solution interface region without
sacrificing computational performance, the space was divided in lamella non-uniformly
(see Table A7.3 for resolution parameters). The simulator considers an initial state, which
contains starting values of the concentrations of electrons, anions, cations, and oxidant
and reductant species for each lamella. It then determines the movement of these species
over small time steps (dt, in the order of 1e-9 to le-7 s) based on the drift-diffusion
equations (Table A7.2). The hole concentration is assumed to be zero as only negative
applied potentials relative to the open circuit potential are considered in this work. During
each time step, a midpoint method is used to solve the Poisson equation (Table A7.2) and
to determine the spatial profile of the electrostatic potential for the next step. Boundary
conditions of a regular 3-electrode system are enforced, so ¢, - ¢,, =V, . and ¢, =0
(with ¢ the electrostatic potential at a certain position), while the electrostatic potential
at the counter electrode is allowed to float. The true potential at the RE (and thus the
initial Fermi level of the system) at open circuit potential is arbitrary for the simulation,
but for comparison with experiments was set to -4.7 V vs. vacuum = 0.26 V vs. SHE =
-0.3 V versus ferrocene/ferrocenium (Fc/Fc*) in acetonitrile. This value corresponds to
the work function of ITO (used as working electrode) and is in accordance with the open
circuit potential of experimental ZnO QD films.> * The initial state of the simulation
always consisted of an uncharged semiconductor NC film, where the concentration of
electrons was zero, and an electrolyte solution with a certain concentration of cations and
anions, ¢’. An infinite supply of ions was simulated by setting the concentration of both
ions at the RE constant at ¢” during the simulation. This most closely mirrors the much
larger 3-dimensional volume of electrolyte solution that is available in experiments. The
semiconductor NC film was considered to have a porosity of 50%, with the pores filled
with electrolyte solution at concentration ¢’. An initial concentration of uncharged oxidant
species can also be set. The initial concentration of oxidant species is considered to be
constant throughout the simulated space, including the semiconductor NC film. Oxidant
species can react with electrons in the semiconductor NC film, becoming negatively
charged reductant species in the process. Similar to the ions, an infinite supply of oxidant
species is artificially created by setting its concentration at the reference electrode to
a constant value. Reactions between the electrons in the semiconductor NC s and the
oxidant and reductant species were modelled using Gerischer kinetics, explained in detail
below.

The electron concentration in the first lamella of the film, in contact with the ITO electrode,
is governed by a Fermi-Dirac equilibrium with the electrode (Table A7.2). As the applied
potential becomes more negative, the value of the Fermi level, Fermi-Dirac integral and
the concentration of electrons all increase in the first lamella. Any DOS function can be
used as input in the simulator. The simulation parameters, including the DOS function,
were set at the start of the simulation, after which only the applied potential was altered
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to obtain the CV curves shown in this work. Parameters used were optimized to most
closely fit the corresponding experimental electrochemical data (see Table A7.3). For
performance reasons, the simulator was written in C++ and compiled using Microsoft
Visual Studio. The simulator source code and accompanying instructions are available at
github: github.com/RFUbbink/QDfilmsim.

Table A7.1. Comparison of properties of QD films used in experimental CVs of this
work. QD diameter determination method is indicated for each material. Either average
diameters were measured from TEM images, or a sizing curve was used to calculate the
diameter from an absorbance measurement, in which case the sizing method is referenced.

Material ZnO PbS CdSe InP ZnO

(Figure) (Figure (Figure (Figure 7.1) | (Figure 7.1) | (Figures
7.1) 7.1) 7.3-7.5)

QD diameter 3.8 nm 5.5 nm 4nm (TEM) |2.7 nm 2.5 nm
(ABS =340 | (TEM) (ABS =530 | (TEM)
nm)* nm)*

Ligands after OH- 1,2-ethane- | 1,7-heptane- | 1,2-ethane- | OH

ligand exchange dithiol diamine dithiol

Film thickness | 700 nm 2400 nm 40 nm Unknown Unknown
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Table A7.2. List of formulas employed in the simulator.

Formula

Name and purpose

Explanation
of parameters

v dn
In= nqp—na - kTIJnE

_ av kT dc
Je = cqu I Me 7=

av da

Ja = aquq = kThe
do
Jo = kTho ==

_R av - dR
Jr = Rqug dx MR dx

Drift-diffusion equations
Calculate the currents of
electrons (n), cations (c),
anions (a), oxidant (O) and
reductant (R).

J: current density
q: elementary
charge

V*: electrostatic
potential

level vs vacuum

w: carrier mobility

1D Poisson equation

g, €: vacuum and

= 1+e kT

e 1
E=Ec

the interface between the WE
and the QD film.

arv -1 (n+a—c+R) Calculate the potential relative electric
dx? &ty profile over the space of the | permittivity.
simulation.
Fermi-Dirac distribution E: energy
Calculate the equilibrium E_: conduction
concentration of electrons at | band level

E.: current Fermi
level (= intrinsic
Fermi level -
electrostatic
potential)

g.(E): density of
states function of
the material

* For electrons, the total potential relative to vacuum is instead used, i.e. energy level in the DOS vs. vacuum +
electrostatic potential. In this way, the extra energy needed for electrons to occupy higher levels in the DOS at
higher energies is taken into account in calculating the drift current. The energy level of electrons in the DOS is

calculated from the electron concentration.

Gerischer kinetic model employed in the simulator

We are considering the reaction of an electron residing in the conduction band (CB) of
a semiconductor material with some oxidant in solution. The effective transfer of the
electron is from an energy state in de CB to the HOMO of the oxidant molecule. If the
CB consisted of only one energy level, a Marcus rate could be calculated, however there
are many different energy levels in the CB at varying levels of occupancy. For this reason,
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we calculate the reaction rate using the Gerischer kinetic model.”® The oxidant molecule
is modelled using a redox potential E’ and a reorganization energy A. The reorganization
energy of a molecule is determined by the reorganization of solvent molecules around
the oxidant once it accepts an electron and becomes charged. Reorganization energy is
typically large (order of 2 eV) for molecules where the charge is localized, as the solvent
will reorganize a lot in reaction to the charge. For instance the reduction of O, to the
O, radical is associated with a large reorganization energy. Delocalized or shielded
charges, such as in the ferrocene/ferrocenium couple, are associated with much smaller
reorganization energies (order of 0.5 eV). The reorganization energy of solvent molecule
orientation can be calculated with the following formula:

A ( 1 4 1 1 ) 1 4 1
= —_ * —_
2rg 21y ro Ty Eopt  Es 73)

With r, and r,, the radii of reductant and oxidant, and ¢_ and ¢ the optical and static
dielectric constants of the solvent. In our case r_ is the radius of the semiconductor NC,
while r is the radius of the redox-active species.

Using these two parameters, an effective “density of states” can be calculated for the
oxidant/reductant pair. Both the empty states W (corresponding to the oxidant) and filled
states W, (reductant) are modelled as a Gaussian distribution according to the formulas:

1 _(E-E°-2)?

Wo (E, /1) = m e 4kTA (7.4)
1 _(E-E°+2)?

WR(E,A) = ———=e  4kTZ (7.5)

VATTkTA

Figure 7.2 in the main text shows an example energy distribution next to an example
DOS function of a semiconductor. Transfer of electrons can take place between states
in the semiconductor and the redox couple that have the same energy (isoelectronic
energy transfer). Electrons can thus transfer both from filled states in the CB to the
oxidant molecule as well as from filled states in the reductant back to empty CB states. The
conduction band occupancy is determined by the Fermi-Dirac distribution. The rate of
electron transfer from semiconductor to oxidant k, is then given by the integral over the
product of filled CB states and (empty) oxidant states:

4

P f W, iaaror (B, HDOS(E) f(E)AE 76
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And the rate of reverse process k,, electron transfer from reductant to semiconductor, is
given by the integral over the product of empty CB states and filled reductant states:

4

kb = ?pTOVf Wreductor(Er A)DOS(E) (1 - f(E))dE (7.7)

With f(E) being the Fermi-Dirac function. For a given number of electrons in the CB,
as can be obtained from the simulation at each point in space, the Fermi level can be
calculated, which in combination with the DOS function, E° and A is enough to calculate
the rate of electron transfer. In practice, given the DOS function, E’and A (which are
all input parameters to the simulation), the reaction rate was calculated for a range of
possible electron concentrations and saved in a lookup table before the simulation was
started. This allowed quick lookup for the reaction rate through interpolation, avoiding
the calculation of the complex integral (which would need to be performed separately for
each lamella in space as electron concentration can vary throughout the semiconductor).
This is critical for simulation performance.

The prefactor of the integral contains 3 components. First a unit conversion factor that
accounts for the fact that not all molecules can partake in the reaction, only those close to
the semiconductor surface. We consider that an electron in a semiconductor NC can react
with any molecules on the surface, where p is the semiconductor NC diameter. Second
the overlap integral 7, between the wave function of electrons in the semiconductor and
oxidant molecule. Third the “attempt frequency” v, i.e. the amount of times per second
that an electron can make the transfer. The last two components vary between systems
and are essentially unknowable until they are measured for a specific redox couple/
semiconductor pair. The prefactor was thus left as a variable in the simulations, essentially
serving as a base rate similar to k’ in the Arrhenius equation. The effect of the prefactor
on the reaction rate is explained in Figure A7.2. Since the E° of a redox couple can be
determined experimentally and the A can be calculated or estimated quite accurately, this
leaves the prefactor as the only unknown variable in the simulation.
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Table A7.3. Parameters used in the simulations.

QD film

Parameter Fig.7.3A | Fig.7.3B | Fig.7.4B | Fig.7.4A/C/D | Fig. 7.5
semiconductor NC film 350 (nm) 700 (nm) 700 (nm) | 300 (nm)
thickness
Number of lamella (film) | 25
Lamella thickness (film) | 13.92 (nm) | 27.92 (nm) | 27.94 (nm) | 11.94 (nm)
Number of lamella 65
(film/solution interface)
Lamella thickness 0.4 (nm) 0.3 (nm)
(film/solution interface)
Distance between WE 0.3 (mm)* | 0.1 (mm)* | 0.1 (mm)*
and CE
Number of lamella 160 400
(solution)
Lamella thickness ~1875 ~625 (nm) | ~625 (nm) | ~250 (nm)
(solution) (nm)
Electron mobility 3e-10 (m?Vist)**
Ion mobility (film) 3.5e-12 2e-13

(mZVflsfl) (mZV—ls—l)
Ton mobility (solution) 5e-9 5e-10

(m2V's) (m2V's)
Ton concentration 0.1 (M)
(solution)
Reductant/oxidant 2e-10 2e-9 le-10 2e-10 0
mobility (film) (m?Vist) (m?Vist) (m?Vis?t) | (m*V'ist)
Reductant/oxidant 6e-8 2e-8 le-10 le-8 0
mobility (solution) (m2Vist)* | (m2Vist)* | (m2Vist)* | (m?Vish)*
Reductant starting 1.2 (mM) 1.9 (mM) 200 (mM) | 3.3 (mM) 500 (mM)
concentration
Film porosity 50%
Temperature 300 (K)
Relative permittivity 37*
electrolyte solution
Relative permittivity 10

*The distance between the counter and working electrodes in the experimental setup is on the mm scale (1-3

mm), but this is too large to accurately simulate. We instead reduced this distance to 0.1-0.3 mm. To compensate
for this and still simulate the Ohmic drop correctly, the ion mobility in the solution was reduced by a factor of

~10 from the expected values.

** It has been shown that electrons have a much higher mobility in ZnO QD films than the one used here."
Increasing the electron mobility higher than ~2 orders of magnitude above the ion mobility in the film does not
affect the results of the simulation however, as cation mass transport in the film quickly becomes the limiting
factor. For performance reasons, the electron mobility was therefore kept at an unphysically low level.
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“Based on acetonitrile. The semiconductor NC film is assumed to be a mixture of a semiconductor NC material
and the electrolyte solution, so an arbitrary in-between value was picked for its relative permittivity. The relative
permittivity of either the film or solution does not affect the results of the simulation as long as the spatial
resolution is sufficient and can be put to any desired value.

E £

< <

£ £

2 2

2 2

3 3 -0.4

E E

a —0.61 === Arbubbling | Y —0.64 === Arbubbling
= 0, bubbling == 0, bubbling

-2.0 -15 -1.0 0.5 -2.0 -15 -1.0 -0.5
Potential vs. Fc/Fc* Potential vs. Fc/Fc*

Figure A7.1. Experimental cyclic voltammograms performed on bare electrodes with
either argon or O,/N, 0.21/0.79 bubbled through the electrolyte for 20 minutes. A)
Glassy carbon electrode (GCE) and B) indium tin oxide (ITO) electrode. In both cases,
an irreversible reduction peak is observed when oxygen is present. The reduction peaks

observed for the ITO is broadened and shifted to more negative potentials compared to
the glassy carbon.
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Figure A7.2. Simulated cyclic voltammograms of a semiconductor NC film in the presence
of an oxidant following the coupled reversible-irreversible mechanism. The reduction
potential is constant at -1.1 eV vs Fc/Fc+, which is roughly where the oxygen to superoxide
standard potential would be expected. It is impossible to simulate the experimental oxygen
CVs (Figure 7.4A in the main text) with this reduction potential using only the unmodified
Gerischer model. The expected parameters for the reorganization energy A and prefactor
would be 2.5 eV and 1.3e-16 m3s-1 respectively. This results in no additional oxidative
current, as the overpotential required to see significant current with these parameters is
too large. Since the parameters are hard to determine/calculate based on experiments,
both parameters were adjusted over a range of values to see if a fit could be obtained to
the experiment. Increasing the prefactor or decreasing A both results in lowering of the
overpotential needed for reduction and thus an observed reduction current at low applied
potentials. However, this reduction current increases exponentially, as is expected for the
Gerischer model, and quickly reaches the point were diffusion limitation starts, leading
to a peak in the current. This diffusion limitation is never observed in the experiments,
which means that the reduction current there does not increase exponentially. This means
the experimental data cannot be fit with a Gerischer model.

Figure A7.3. TEM images of A) ZnO, B) PbS and C) CdSe QDs used in this work. QD
diameters were determined from these images by averaging over many particles.
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Summary and outlook

Semiconductor nanocrystals, known as quantum dots (QDs), have unique optical
properties that makes them useful for application in various light-emitting devices, such
as LEDs, displays and lasers. For actual application of QDs, energy efficiency of their light
emission and material stability are crucial. To achieve high energy efficiency, it must be
understood which types of atomic defects on the nanocrystals lead to energy losses and
how to prevent them. To achieve stable QDs, it is important to understand which kinds of
chemical reactions the QDs can undergo, if these reactions lead to the formation of new
defects and how to prevent this.

The motivation behind the research performed in this thesis is provided in Chapter 1. The
unique properties of QDs are discussed. Loss mechanisms and their effects on the energy
efficiency and stability are also explained.

Chapter 2 then provides an extensive literature overview of InP QDs. The properties of
InP QDs are compared to other QD materials. Different synthesis methods of InP QDs
and their resulting properties are explained. An overview is presented of the currently
known and suspected atomic defects on InP QDs, as well as strategies to remove or prevent
them. Current and future strategies for InP shelling are then examined. Finally, the many
different current and future possible applications of InP QDs are discussed.

In Chapter 3, we provide a safe, water-free in-situ HF treatment that can be used to
increase the photoluminescence quantum yield (PLQY) of InP QDs from <0.1% to up to
70%, and up to 85% when additional Z-type ZnCl, ligands are provided. We show through
optical analysis the underlying chemical reactions of the process, where in-situ generated
HF etches InP QDs to produce InF, and PH,. Through the use of solid state nuclear
magnetic resonance (ssNMR) we show that the in-situ HF treatment does not remove all
oxidized phosphorus from the QD surface, but converts polyphosphate species to H PO,
and results in exchange of surface In(PA), for InF,. By comparing these results with DFT
calculations, we suggest phosphorus dangling bonds and the presence of polyphosphates
on the surface are the sources of traps that cause non-radiative recombination in InP QDs.
Removing these traps results in core-only InP QDs with PLQY that is comparable to the
best available InP/ZnSe/ZnS core/shell/shell QDs.

In Chapter 4 we extend the structural analysis of InP QDs to InP/ZnSe core/shell
nanocrystals. Using ssNMR, we find significant presence of PO, on the InP/ZnSe
interface. However, these defects do not directly result in trap states, as we are still able to
obtain >90% PLQYs for samples with on average 5 PO,* moieties per QD. However, when
we oxidize the interface further on purpose using molecular oxygen, the PLQY of the
InP/ZnSe samples is significantly reduced. Using 7’Se ssNMR, we find that after excessive
oxidation, the interface selenium signal is absent. This suggests that the layer of PO,* that
is formed after oxidation prevents binding of selenium to the interface until a layer of
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zinc is bound to the oxidized layer. In addition, using transmission electron microscopy
(TEM), we find a different orientation of core and shell crystals in oxidized particles. Both
these measurements suggest that excessive oxidation disrupts the epitaxial growth of ZnSe
on InP cores QDs.

From these studies, it is clear that InP quantum dots are generally more sensitive to defects
than traditional CdSe-based materials. A prime example of this is the fact that CdSe
core-only QDs reliably show significant photoluminescence (PLQY of 10-20%), while as-
synthesized InP core QDs never have more than a few percent PLQY, and often show none
at all. Based on the results from Chapter 3, my best theory for this difference is that due
to the trivalent nature of indium and phosphide ions, it is difficult to fit enough indium
ions on the InP surface to passivate all traps states due to dangling phosphorous bonds,
since 3 negatively charged ligands are needed for each indium ion. Because it is so small,
InF, z-type ligands may be able to provide sufficient ligand coverage to passivate most
trap states. It also appears more difficult to achieve near-unity PLQY values in InP/ZnSe/
ZnS compared to CdSe-based core/shell/shell particles. This may be due to the III-V/II-
VI interface present between the InP/ZnSe, which is inherently charged and thus more
prone to defects. Additionally, the increased sensitivity of InP to oxidation compared to
CdSe (as measured with the ssNMR experiments in Chapters 3 and 4) could contribute to
the difficulty of obtaining high-quality core and core/shell/shell InP-based QDs. Recent
developments in the QD field do however show that it is possible to overcome these
difficulties and obtain high-quality InP-based QD devices such as QLEDs.

The work in this thesis identifies important structural defects found on InP QDs and their
effects on the optical properties, but questions about them still remain. We have shown
that PO,* defects on the interface do not result in trap states as long as their concentration
is sufficiently low, but the exact quantitative relationship between the PO,* defects and
the amount of trap states is not fully clear. Is there a critical amount of PO, defects after
which trap states and thus a low PLQY are guaranteed? Or is there a linear relationship
between the amount of defects and the PLQY? Would this relationship hold for single
quantum dots as well or only for the ensemble? Is the relationship different for in-situ HF-
treated InP core-only particles compared to InP/ZnSe core-shell ones? To answer these
questions, the oxidation method using molecular oxygen, explained in Chapter 4, is a
great way to precisely control the amount of PO, by adjusting the treatment time. Ideally,
completely oxygen-free cores should be used as the basis for these oxidation treatments.
We have shown it is possible to synthesize small oxygen-free InP cores in Chapter 3, but
were not able to make larger oxygen-free cores. It has however been shown that oxygen-
free cores can be produced using aminophosphine-based syntheses, which could be a
good starting material for a thorough analysis of the quantitative relationship between
PO,* defects and the quantum yield of larger InP QDs. Single-particle spectroscopy could
provide insight into the effects of defects on the individual QD level, showing whether QDs
become completely dark when the defect level increases, or still show photoluminescence
occasionally (blinking).

We also have not investigated the effect of PO,* defects on the stability of the QDs. A
series of tests comparing the stability of oxidized and non-oxidized QDs under different
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conditions such as high temperature and high photon flux could provide more insight. In
general, the stability of QDs is not often investigated, even though it is crucial for QDs to
be applied in actual devices. Studies of stability of high-PLQY core and core/shell InP QDs
to heat, light of different energies, water and oxygen can provide valuable information for
the application of InP QDs. These kinds of experiments would work best when combining
optical and structural analysis, for example with ssNMR. In this way the formation of new
structural defects may be linked to changes in optical properties.

We investigate the possibility of making quantum dot based light-emitting electrochemical
cells (QDLEC) in Chapter 5. Using CdSe/CdS/ZnS QDs, we are able to produce a QDLEC
without any use of transport or injection layers. This shows that both electron and hole
injection can be performed electrochemically in these QDs. Through analysis of the device
using both experimental methods and drift-diffusion simulations, we identify improving
electrochemical hole injection as the most important strategy for improving QDLECs in
the future.

In Chapter 6 we use drift-diffusion simulations to model the electrochemical charging
of QDs. We show that drift-diffusion simulations can be used to reproduce experimental
cyclic voltammetry measurements with great accuracy. Using the simulation data we
challenge some common beliefs about the electrochemical charging of QDs. First we
find that in a charged QD film, the electrostatic potential drops over the film/electrolyte
solution interface in addition to the known potential drop at the working electrode/film
interface. The presence of this second potential drop leads to the conclusion that the
amount of charge added to the QD film is dependent not only on the total applied potential,
but also the ion concentration in the electrolyte solution. Second by simulating cyclic
voltammograms under different measurement conditions and comparing to experiments,
we show that the commonly used Randles-Sev¢ik equation cannot be used to calculate the
mobility of charges in a QD film. Charging of the QD film system differs from traditional
electrochemical experiments on flat electrodes (where the Randles-Sevéik equation is
valid) because charges flow through and are stored throughout the entire QD film.

In Chapter 7 we extend the drift-diffusion simulation of electrochemical charging of QDs
by including chemical side reactions. We show how reactions of electrons in the QDs with
redox-active molecules can be modelled with the Gerischer model for electron transfer.
One-electron reactions with redox molecules are reversible if the redox potential of the
molecule is in the conduction band of the QDs, but irreversible if the redox potential is in
the band gap of the QDs. Through experiments we show that loss of electrons to molecular
oxygen is always irreversible even when its redox potential is in the conduction band. We
explain this effect by considering a coupled reversible-irreversible reaction mechanism,
which allows a good fit of simulations on experimental data. Finally we model redox
reactions with the QD material itself, such as reduction of ligands or surface ions. These
reactions are irreversible and are shown to be a likely candidate for non-ideal charging
behaviour of CdSe and InP-based QDs.

Combining drift-diffusion simulations with experimental electrochemistry on QDs allows
a much better overall understanding of the system. Even if the results of simulations
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and experiments do not match perfectly, the difference between the two can give an
indication where the experiments differentiate from the theoretical predictions, and
provide new directions or insights. InP and CdSe particles are inherently more difficult to
charge electrochemically than ZnO and PbS, because of the higher energy level of their
conduction band. This means electrons need more energy to enter the QDs, which in turn
means that they are more likely to partake in other (electro)chemical reactions once they
reside in the QD conduction band or even before they are injected.

Electrochemical experiments and drift-diffusion simulations may provide additional
insight into the types of degradation reactions that occur in QDs, which can help to devise
strategies to prevent them. Comparing the electrochemical stability of (in-situ HF treated)
core InP QDs with particles shelled with ZnSe or ZnS is a good starting point. Shelled QDs
are expected to be more stable because the indium ion is more readily reduced than the
zinc ion. Additionally, it would be very interesting to compare (core-only and core/shell)
QDs with different types of ligands, to see how these affect the electrochemical stability.
Since the surface species are the first to react electrochemically, the stability of QDs may
be controlled by adjusting the ligands. Ligands like thiolates or amines are promising
candidates for improving stability, although care should be taken that any ligand exchanges
performed do not reduce the PLQY of the particles. If the scientific community manages
to combine high PLQY values and long-term stability under harsh conditions, the future
of InP-based quantum dots will indeed be bright.
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Samenvatting en vooruitzicht

Nanokristallen gemaakt van halfgeleider-materialen, ook bekend als kwantumstippen,
hebben unieke optische eigenschappen, waardoor ze nuttig zijn in lichtgevende
apparaten zoals LED-lampen, beeldschermen en lasers. Om kwantumstippen
daadwerkelijk toe te kunnen passen in deze applicaties zijn een goede efficiéntie van hun
lichtemissie en stabiliteit cruciaal. Om een hoge emissie-efliciéntie te behalen moet er
begrepen worden welke atomische defecten in de nanokristallen leiden tot verlies van
energie, en hoe deze defecten voorkomen kunnen worden. Om stabiele kwantumstippen
te kunnen maken, is het belangrijk te begrijpen welke chemische reacties de
kwantumstippen kunnen ondergaan, of deze reacties leiden tot nieuwe defecten, en zo
ja, hoe ze voorkomen kunnen worden.

De motivatie voor het onderzoek in dit proefschrift wordt uiteengezet in Hoofdstuk 1. De
unieke eigenschappen van kwantumstippen worden behandeld en verliesmechanismes en
hun effect op de emissie-efficiéntie en stabiliteit wordt uitgelegd.

Hoofdstuk 2 geeft een uitgebreid overzicht van de literatuur op het gebied van
kwantumstippen gemaakt van indium fosfide (InP). Verschillende synthesemethodes
van InP kwantumstippen en de resulterende eigenschappen worden uitgelegd. Er wordt
een overzicht gegeven van de verscheidene bekende en vermoedde atomische defecten
die op InP kwantumstippen aanwezig kunnen zijn, net als strategieén om deze defecten
te voorkomen of verwijderen. Huidige en toekomstige strategieén voor het maken van
een schil rond InP kwantumstippen worden uitgelicht. Tot slot worden de verscheidene
huidige en mogelijke toekomstige toepassingen van InP kwantumstippen geanalyseerd.

In Hoofdstuk 3 presenteren we een veilige, watervrije in-situ waterstofluoride-behandeling
die kan worden gebruikt om de fotoluminescentie-kwantumopbrengst (FLKO) van InP
kwantumstippen van <0.1% naar 70% te verhogen, en zelfs tot 85% als ook Z-type liganden
toe worden gevoegd. Door middel van optische analyse laten we zien welke chemische
reacties aan de basis van de behandeling liggen. Tijdens de behandeling wordt in-situ
waterstoffluoride (HF) gemaakt, wat de InP kwantumstippen etst, waarbij InF, en PH,
worden gevormd. Met behulp van vastestof-kernspinresonantie-metingen tonen we aan de
in-situ HF behandeling niet alle geoxideerde fosfor van de oppervlakte van het nanokristal
verwijdert, maar wel polyfosfaten omzet in H PO,, en ervoor zorgt dat indiumpalmitaat
(InPA,) op het oppervlak deels wordt vervangen door indiumfluoride (InF,). Na deze
resultaten vergeleken te hebben met density functional theory (DFT) berekeningen, stellen
we dat ongebonden fosfor-orbitalen en de aanwezigheid van polyfosfaten op het oppervlak
de oorzaak zijn van valkuiltoestanden die non-radiatieve recombinatie veroorzaken in
InP kwantumstippen. Het verwijderen van deze valkuiltoestanden resulteert in kern-InP
kwantumstippen met een FLKO die vergelijkbaar is met de best beschikbare InP/ZnSe/
ZnS kern/schil/schil kwantumstippen.

In Hoofdstuk 4 breiden we de structurele analyse van InP kwantumstippen uit naar InP/
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ZnSe kern/schil nanokristallen. Uit kernspinresonantie-metingen blijkt er een significante
hoeveelheid fosfaat (PO,”) aanwezig te zijn op het grensvlak van InP en zinkselenide
(ZnSe). Dit type grensvlakdefect leidt echter niet direct tot valkuiltoestanden, aangezien
we nog steeds FLKO-waardes van boven de 90% kunnen waarnemen voor monsters met
gemiddeld 5 fosfaatgroepen per nanodeeltje. Wanneer we echter het grensvlak expres
nog verder oxideren met behulp van moleculair zuurstof, wordt de FLKO van de InP/
ZnSe deeltjes significant verlaagt. Met behulp van 7’Se kernspinresonantie zien we dat na
deze oxidatieprocedure het signaal van selenium aan het grensvlak afwezig is. Dit lijkt te
betekenen dat de dikke laag fosfaat die wordt gevormd tijdens de oxidatie voorkomt dat
selenium bindt aan het grensvlak totdat eerst een afdoende hoeveelheid zink is gebonden
aan de fosfaatlaag. Met behulp van transmissie-elektron-microscopie (TEM) zien we
daarnaast een verschillende kristaloriéntatie tussen de kern en de schil in de geoxideerde
deeltjes. Deze metingen wijzen er allebei op dat excessieve oxidatie de kristalgroei van
ZnSe schillen op InP nanodeeltjes verstoort.

Uit deze experimenten blijkt dat InP kwantumstippen over het algemeen gevoeliger zijn
voor atomische defecten dan traditionele materialen gemaakt van cadmiumselenide
(CdSe). Een goed voorbeeld hiervan is het feit dat CdSe kern-kwantumstippen direct na
de synthese al zichtbaar sterke fotoluminescentie vertonen (FLKO van 10-20%), terwijl
net gesynthetiseerde InP kristallen nooit meer dan een paar procent FLKO hebben, en
vaak zelfs helemaal geen fotoluminescentie vertonen. Op basis van onze bevindingen
uit Hoofdstuk 3, denk ik dat de meest waarschijnlijke verklaring voor dit verschil tussen
materialen gevonden wordt in de lading van de ionen: indium is een driewaardig ion,
terwijl cadmium tweewaardig is. Hierdoor zijn er 3 liganden per indiumion nodig voor
ladingsneutraliteit, waardoor het moeilijker wordt om genoeg indiumionen op het
oppervlak van de kwantumstippen te plaatsten om alle ongebonden fosfororbitalen te
verwijderen. Enige overgebleven ongebonden fosforionen veroorzaken valkuiltoestanden.
Omdat fluorideionen zo klein zijn, is het met InF,-liganden wel mogelijk om genoeg
liganden op het oppervlak te plaatsen, waardoor alle fosforatomen gebonden worden.
Het lijkt ook moeilijker te zijn om hoge FLKO-waardes te behalen met InP/ZnSe/ZnS
kern/schil/schil nanodeeltjes vergeleken met kern/schil/schil deeltjes gemaakt van CdSe.
Dit zou kunnen komen door het III-V/II-VI grensvlak tussen InP en ZnSe, wat altijd
een ladingsimbalans heeft en waar daardoor makkelijker defecten ontstaan. Daarnaast
kan de hogere gevoeligheid van InP voor oxidatie vergeleken met CdSe (zoals blijkt uit
kernspinresonantiemetingen in Hoofdstuk 3 en 4) bijdragen aan het moeilijkheid om InP
kern- en kern/schil/schil-deeltjes van hoge kwaliteit te maken. Recente vorderingen in
het kwantumstippen-veld tonen echter aan de het mogelijk is om deze uitdagingen te
overkomen en met InP nanodeeltjes lichtgevende applicaties zoals QLEDs te maken met
uitstekende eigenschappen.

Met het werk in dit proefschrift worden belangrijke structurele defecten van InP
kwantumstippen geidentificeerd en hun effect op de optische eigenschappen uitgelicht,
maar er blijven nog vragen bestaan rondom structurele defecten. Hoewel we hebben
aangetoond dat fosfaatdefecten op het InP/ZnSe grensvlak geen valkuiltoestanden
hoeven te veroorzaken als hun concentratie laag genoeg is, is het nog niet duidelijk wat
het exacte (kwantitatieve) verband is tussen de hoeveelheid fosfaat en de FLKO van InP
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kwantumstippen. Is er een kritische hoeveelheid fosfaat waarboven valkuiltoestanden
en dus een lagere FLKO gegarandeerd zijn? Of is er een lineair verband tussen de
hoeveelheid defecten en de FLKO? Is dit verband anders als er wordt gekeken naar
individuele kwantumstippen in plaats van het ensemble? En is dit verband verschillende
voor in-situ behandelde InP kernen vergeleken met InP/ZnSe kern/schil deeltjes? Om
deze vragen te beantwoorden kan de oxidatieprocedure met moleculaire zuurstof, zoals
beschreven in Hoofdstuk 4, een goede manier zijn om de hoeveelheid fosfaat met precisie
te controleren. Idealiter zouden volledig fosfaatvrije InP kernen de basis moeten zijn om
deze oxidatiebehandelingen op uit te voeren. Hoewel we succesvol kleine fosfaatvrije
InP kernen konden maken in Hoofdstuk 3, is het ons niet gelukt om grotere kernen te
maken zonder fosfaat. Het is echter wel aangetoond dat dit mogelijk is met behulp van
een synthesemethode waarin aminofosfines als reactant worden gebruikt. Kernen uit deze
synthese zouden dus een goed startmateriaal zijn voor een uitgebreide analyse van het
verband tussen fosfaatdefecten en de FLKO van grote InP kwantumstippen. Spectroscopie
op individuele deeltjes zou inzicht kunnen geven van de invloed van defecten op een enkel
nanodeeltje en laten zien of een kwantumstip geheel stopt met licht uitstralen wanneer
er meer defecten aanwezig zijn, of dat er gedurende korte tijd nog wel fotoluminescentie
plaatsvind (ook wel “knipperen” genoemd).

We hebben ook het effect van fosfaatdefecten op de stabiliteit van de kwantumstippen
niet onderzocht. Een set van experimenten om de stabiliteit van geoxideerde en niet-
geoxideerde InP kwantumstippen te testen onder verschillende omstandigheden zoals
hoge temperatuur en hoge fotonflux zou hierin inzicht kunnen bieden. Over het algemeen
wordt de stabiliteit van kwantumstippen te weinig onderzocht, hoewel deze cruciaal is om
kwantumstippen daadwerkelijk toe te passen in applicaties. Onderzoek dat de stabiliteit
van InP kwantumstippen met hoge FLKO bestudeert onder verhoogde temperatuur, licht
van verschillende golflengtes, water en zuurstof kan waardevolle informatie bieden op het
gebied van het toepassen van InP kwantumstippen. Dit soort experimenten zouden het
best tot hun recht komen als ze optische en structurele analyse zoals kernspinresonantie
combineren. Op deze manier kan de formatie van structurele defecten gelinkt worden aan
veranderingen in optische eigenschappen.

We onderzoeken de mogelijkheid om lichtgevende electrochemische cellen (LECs) te
maken op basis van kwantumstippen in Hoofdstuk 5. We maken kwantumstip-LECs op
basis van CdSe/ZnSe/ZnS kwantumstippen zonder het gebruik van ladingstransport-
of ladingsinjectielagen. Hiermee tonen we aan dat zowel elektrochemische elektron-
als gateninjectie in kwantumstippen mogelijk is. Na analyse van de LEC met zowel
experimenten als drift-diffusiesimulaties, identificeren we het verbeteren van de
elektrochemische gateninjectie als de belangrijkste strategie om kwantumstip-LECs in te
toekomst te verbeteren.

In Hoofdstuk 6 gebruiken we drift-diffusiesimulaties om het elektrochemisch opladen
van kwantumstippen te modelleren. We tonen aan dat drift-diffusiesimulaties gebruikt
kunnen worden om experimentele cyclische voltammogrammen met goede precisie te
reproduceren. Met de simulatiedata kunnen we twee veel voorkomende aannames over
het elektrochemisch opladen van kwantumstippen verleggen. Ten eerste zien we dat in
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een opgeladen laag kwantumstippen de elektrostatische potentiaal ook vervalt over het
grensvlak tussen de kwantumstiplaag en de elektrolytoplossing, niet alleen tussen de
elektrode en de kwantumstippen zoals eerder werd aangenomen. De aanwezigheid van
deze tweede potentiaalval betekent dat de hoeveelheid lading die in kwantumstippen
geinjecteerd wordt niet louter athankelijk is van de aangelegde potentiaal, maar ook
van de concentratie van ionen in de elektrolytoplossing. Daarnaast zien we door het
vergelijken van simulaties en experimentele metingen van cyclische voltammogrammen
onder verschillende omstandigheden, dat de veelgebruikte Randles-Sevéik-vergelijking
niet van toepassing is voor het berekenen van mobiliteiten in een kwantumstiplaag. Het
elektrochemisch opladen van kwantumstippen verschilt van normale elektrochemische
experimenten op vlakke elektrodes (waar de Randles-Sev¢ik-vergelijking wel toe kan
worden gepast) omdat ladingen door de kwantumstiplaag heen en weer kunnen bewegen
en worden opgeslagen in de gehele laag.

In Hoofdstuk 7 breiden we de drift-diffusiesimulaties uit door elektrochemische
nevenreacties toe te voegen. We laten zien hoe reacties tussen elektronen in de
kwantumstippen met redox-actieve moleculen gemodelleerd kunnen worden
met het Gerischer model voor elektronoverdracht. 1-elektron-reacties met redox-
actieve moleculen zijn reversibel als de reactiepotentiaal van het molecuul zich in de
geleidingsband van de kwantumstippen bevindt, maar is irreversibel als deze zich in de
bandkloof bevindt. Met behulp van experimentele metingen tonen we aan dat verlies van
elektronen uit de kwantumstippen aan moleculair zuurstof altijd irreversibel is, zelfs als
de reactiepotentiaal zich in de geleidingsband bevindt. We verklaren dit effect met behulp
van een gekoppelde reversibel-irreversibel reactiemechanisme, waardoor er een goede
overeenkomst tussen simulatie en experiment wordt bereikt. Tenslotte modelleren we
reacties tussen elektronen en het kwantumstipmaterial zelf, zoals de reductie van liganden
of oppervlakte-ionen. Deze reacties zijn irreversibel en aannemelijke kandidaatreacties
om het niet-ideale opladingsgedrag van InP en CdSe kwantumstippen te verklaren.

Het combineren van drift-diffusiesimulaties met experimentele elektrochemie van
kwantumstippen maakt het mogelijk om het systeem in zijn geheel beter te begrijpen.
Zelfs als de resultaten van de simulaties en experimenten niet overeenkomen, kunnen
de verschillen tussen de twee een indicatie geven waar de experimenten afwijken van
theoretische voorspellingen, en zo nieuwe onderzoeksrichtingen of inzichten bieden. InP
en CdSe nanodeeltjes zijn inherent moeilijker elektrochemisch op te laden dan zinkoxide
(ZnO) en loodsulfide (PbS), dankzij de energetisch hoger gelegen geleidingsband
van InP en CdSe. Dit betekent dat elektronen meer energie moeten hebben om in de
geleidingsband te komen, wat weer betekent dan ze een grotere kans hebben om deel te
nemen in (elektro)chemische reacties als ze eenmaal in de kwantumstippen geinjecteerd
zijn of zelfs al voordat injectie plaatsvind.

Elektrochemische experimenten en drift-diffusiesimulaties kunnen verder inzicht geven
in de degradatiemechanismen die plaatsvinden in kwantumstippen, wat vervolgens kan
helpen om strategieén te ontwikkelen om deze te voorkomen. Het vergelijken van de
elektrochemische stabiliteit van (met in-situ HF behandelde) InP kernen met dezelfde
deeltjes na het toevoegen van een ZnSe- of ZnS-schil is een goed startpunt. Er wordt
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verwacht dat deeltjes met een schil stabieler zijn, omdat indiumionen makkelijker worden
gereduceerd dan zinkionen. Daarnaast zou het zeer interessant zijn om kwantumstippen
(zowel kern als kern/schil) met verschillende typen liganden te vergelijken, om uit te
vinden hoe deze de stabiliteit beinvloeden. Aangezien oppervlaktegroepen de eerste zijn
die elektrochemisch reageren, zou de stabiliteit van kwantumstippen verbeterd kunnen
worden door de liganden aan te passen. Liganden als thiolen of amines zijn veelbelovende
kandidaten, al moet er worden opgepast dat liganduitwisselingen de FLKO van de deeltjes
niet beinvloeden. Als het de wetenschappelijke gemeenschap lukt om hoge FLKO-waardes
te combineren met lange-termijnstabiliteit, is de toekomst van InP kwantumstippen zeker
lumineus.
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