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This chapter is based on: Guilherme Almeida, Reinout E. Ubbink, Maarten Stam, Indy du
Fossé, Arjan J. Houtepen. Nature Reviews Materials 2023, 8 (11), 742-758.



Chapter 1

1.1 Introduction to InP Quantum Dots

Semiconductor technologies have revolutionized our civilization over the past 50 years,
in particular through electronic and optical applications. One of the most well-known
examples of this revolution is the development of transistors, which operate at key
positions in almost all modern electronic devices. Other important examples include the
development of solar cells and LEDs, which play a significant role in the development of
sustainable energy consumption. Another prominent 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.”® By virtue of their tunable energy landscapes, quantized signatures
and efficient luminescence, semiconductor nanostructures (also known as quantum dots
(QDs), wires or wells) have been widely explored at a fundamental level and can be found
in electronic and optical technologies as common as transistors or light-emitting diodes
(LEDs).

Surfactant-assisted syntheses of colloidal nanocrystals have enabled the fabrication of an
enormous variety of semiconductor nanostructures with remarkable precision in terms of
composition, structure and morphology and in high yields. Their freestanding colloidal
form also confers great versatility for further integration into devices.”!* As the design,
stability, performance and functionality of colloidal QDs, wires and wells have evolved
over the past three decades, they have become valuable materials for a growing number of
optical technologies such as lighting, displays, lasers, quantum information, solar energy
converters, infrared cameras, security inks and theranostics.'***

Cd-based QDs are the benchmark for QDs to meet the stringent requirements for
optical applications. Cd-based QDs have been developed that exhibit unity efficiency,?%
single exponential photoluminescence decay”” ** and strong photobleaching® * and
electrochemical stability.” However, the use of Cd in electrical and electronic equipment is
limited in the European Union through the Restriction of Hazardous Substances (RoHS)
directive (Directive 2011/65/EU of the European Parliament).

InP-based QDs have raised considerable interest as alternative for Cd-based QDs in
optical technologies operating in the visible and near-infrared (NIR) regions, because
of their compliance with the RoHS directive. Additionally, InP-based have wide spectral
tunability, strong light absorption, efficient luminescence and high carrier mobility.
Advances in their synthesis and design have considerably improved their quality.*>** InP-
based QDs can already be found integrated as down-converting phosphors in commercial
displays and are being considered for other applications as their qualities improve and
expand, such as for gain media or visible and NIR light sources and detectors.**

This thesis deals with the surface chemistry of InP QDs and the properties of InP-based QD
films upon charging in the context of developing down-converting phosphors for lighting
applications. In this Introduction Chapter, the growing field of InP-based QDs from its
genesis in the mid-1990s to date is introduced, providing a comprehensive account of
its progress and challenges and drawing on relevant knowledge from other types of QDs
and from III-V semiconductors as a whole for a more complete picture. The Chapter
covers the electronic and optical properties of InP QDs, their synthesis and the occurrence

2



Introduction

and passivation of electronic defects. Further, a discussion is provided about the types
of QD heterostructures on the basis of InP and about the various optical applications of
these systems. Intriguingly, a large body of literature on InP QDs is not always coherent,
owing to the structural complexity that these systems can have. Therefore, a critical cross-
analysis is included to provide structure, clarity and guidance to the field.

1.2 General Properties of InP

InP is a semiconductor that usually crystallizes in the zinc blende structure. It is considered
a relatively covalent semiconductor and has a direct band gap of approximately 1.35 eV in
its bulk form (Table 1.1).% 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 P3p orbitals, whereas the conduction
band edge has a more mixed character, with the largest contribution coming from the In
5s orbitals, as well as a lower density of states as shown in Figure 1.1a.%” Its band structure
is characterized by direct transitions from light, heavy and split-off hole states,*®* and its
absorption coefficient is relatively strong (>10* cm™ at 1.4 eV) as shown in Figure 1.1b.

Table 1.1 Structural, mechanical and optoelectronic properties of selected bulk
semiconductors in the zinc-blende or wurtzite (w) structure.®®¢! Lattice constant (a),
band gap (E)), valence band energy (E, ) vs. vacuum, effective density of states (DOS) at
the valence i)and (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 or smaller value characterizes a more ionic or
more covalent lattice, respectively). For GaP, two m, values are given (longitudinal and
transversal) because the surfaces of equal energies are ellipsoids. 1h, light hole; hh, heavy
hole.

Material | a (A) Eg E, DOS DOS m, m, (lh/ a T, B, PI
(eV) (eV) (VB)(#/ (CB)(#/ hh) (x10°  (K) (GPa)
eV) eV) cm™)
InN(w) | 3.53 2 6.43 5.3x10" 9.0x107 0.11 0.27/1.63 1.21 660 140
/5.69
GaP 545 226 551 19x10®  18x10® 112 0.14/079 001 445 88 033
/0.22
InP 5.87 1.34 517 1.1x10° 5.7x107 0.08 0.6/0.089 1.30 425 71 0.42
GaAs 5.65 142 498 9.0x107 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 6.53 028 - - 0.62

Owing to the quantum size effect,"® the band gap of InP can be tuned from the NIR (1.3
eV) up to the violet (approximately 2.7 eV) by confining InP to a fraction of its Bohr radius
(around 10 nm). The relationship between band gap and volume for InP QDs is displayed
in Figure 1.1c.* Although the individual band edge shifts are not fully established, it has
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Chapter 1

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 1.1 for effective masses).***

At room temperature, luminescence linewidths of approximately 50 meV have been
observed from a single InP QD emitting in the red, and around 80 meV for smaller
green-emitting dots as shown in Figure 1.1d.**  For applications such as displays, narrow
emission linewidths from CQD ensembles are required. Although the emission linewidth
of asingle QD is size-dependent and limited by ultrafast structural dynamics and electron-
phonon coupling,** 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 QDs with higher quantum yields as well as in
core-shell structures.
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Figure 1.1 Optoelectronic properties of InP: (a) Bulk density of states. The inset shows
the zinc-blende 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. Ih, light hole; hh, heavy hole; soh, split-oft hole.*" ¢

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
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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
an F = £2 dark lowest exciton state, separated by 2-9 meV from a F= %1 bright state
(depicted in the inset of Figure 1.1d, 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 such as CdSe. However, it has been shown that the fine structure
in InP QDs is particularly insensitive to shape anisotropy. This phenomenon 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 in which the exciton fine structure is predicted
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,”
and why the bright exciton is found to consist of a doublet in single-particle cryogenic PL

measurements.**

The luminescence of InP QDs is typically limited by electronic traps arising from structural
defects and also 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. Non-radiative Auger processes are extremely relevant as InP QDs emitting in the
visible exhibit bi-exciton lifetimes of 5-60 ps, three to four 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, particular applications (such as coherent single-photon emission) require QDs
with relatively long coherence times. Although it is known that the coherence times of
QDs can be limited by structural dynamics and electron-phonon coupling,* % % and
also by fine-structure related transitions,®’°72 no studies of the coherence time have been
conducted on InP QDs.

Although we discuss the relationship between structure and optoelectronic properties
of InP-based QDs in the following sections, we note that this link is not always
straightforward to assess. The QDs in ensembles are not all exactly the same in terms of
size, shape, composition, structure and surface coverage, which leads to a distribution
in optoelectronic properties. In addition, there are difficulties inherent to physical
characterization at such small scales.

1.3 Synthesis of Colloidal InP QDs

Various protocols have been proposed to synthesize InP QDs.”?2 InP QDs are generally
produced by reacting an In** salt with a P* source in a liquid medium and in presence
of ions and/or molecules (termed ligands) that bind to the surface of the formed QDs,
providing colloidal stability. Alternatively, the P* ion may also be formed in-situ by
reducing a phosphorus compound in a higher oxidation state. Of all the methods, two
surfactant-assisted syntheses in nonpolar solvents have become the most popular and are
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Chapter 1

currently used in industrial-scale manufacturing.

In one synthesis, described in Figure 1.2a, indium(III) carboxylates of general formula
In(RCOO), (R = alkyl chain, typically C,, ) are reacted with an organic silyl phosphine
of general formula P(SiR,), (R=alkyl or aryl, typically CH,) at temperatures up to 300 °C.”*
%% This path leads to QDs capped by carboxylates (whether SiR, groups are also present
on the surface remains unclear).” When the synthesis is carried out at more elevated
temperatures, it delivers the most monodisperse InP QDs of all methods, and impressively
narrow linewidths can be obtained by adding trioctylphosphine (TOP, vide infra) to the
synthesis, as shown in Figures 2b and 2c¢.**% However, this route is prone to several
unwanted side reactions. For instance, free carboxylic acids left from the preparation
of the indium carboxylate 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 which can then oxidize InP QDs and/or react with indium
carboxylates to form In,O, particles.”'*' These side reactions can be suppressed by adding
a base (such as TOP), keeping the temperature low, or purifying the indium carboxylate
precursor. Nevertheless, even with these adjustments, indium carboxylates themselves
may be prone to other side reactions.!”” In addition, the silyl phosphine precursors used
are pyrophoric, making them hard to handle and expensive.

P(SiR,) f Yang Li et al. zbinPvia T8
InX, 3 3, ‘ +3(SIR)X | 9 direct synthe5|

4 P(HNR),
InX, —>

+ 3P(NHR),X :

)

w-InP via
Yu-Ho Won et al. cation exchange‘:
AN N

Absorption

400 500 600 700
wavelength (nm)

Figure 1.2 (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.®® 12 (d) Electron micrographs of zinc-blende InP QDs with tetrahedral
shape.* (e) Electron micrograph of wurtzite InP QDs in the form of platelets.'®

The other common route to prepare InP QDs, also displayed in Figure 1.2a, is based on
the reaction of indium(III) halides (typically InCl,) with aminophosphines of general
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formula P(HNR), (typically formed in-situ by the reaction of primary alkyl amines RNH,
with P(NR,), precursors). The aminophosphines act simultaneously as a P-source (in an
oxidation state of +3) and as reducing agent (to reduce P to -3).%*° This method forms
QDs capped by halide ions and alkylamines. Alternatively, indium(I) halides and/or PX,
(X = Cl, Br or I) may be used as precursors.'* ' Compared with the first route, this route
has been less studied and cannot yet produce QDs as monodisperse,'”” but it is definitely
more cost-attractive owing to its cheaper precursors.

It is not well understood how the different chemicals used in each of these synthetic
routes affect the growth mechanism, reaction kinetics or morphology of the resulting
InP QDs. Studying the growth kinetics has long been complicated by oxidation of InP
QDs during the synthesis, which was only recently circumvented by using reducing
atmospheres.!*®!!% Nevertheless, it is known that the growth of InP QDs using indium
carboxylates and P(SiR,), precursors proceeds through the formation and ripening
of cluster intermediates''""” whose structure has been identified""® and also that these
clusters can be employed as single-source precursors for synthesizing InP QDs.%> 12 Other
noteworthy advances include preliminary studies on the determination and control of 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, both routes yield InP QDs that appear in electron micrographs to adopt
a triangular pyramidal shape, as shown in Figure 1.2d. Large InP QDs synthesized by
the aminophosphine route have been found to derive their eventual tetrahedral shape
from smaller, early-stage tetrapod InP QDs whose arms are enclosed by (110) facets.'®
Interestingly, the tetrapod shape could be controlled to a certain degree by controlling the
reaction temperature and amount of precursors. The experimentally observed tetrahedral
shape has been rationalized as fulfilling the requirement of charge neutrality with common
monovalent ligands, such that (100) facets are unlikely to be expressed in cation-rich InP
QDs and a (111) termination is more favourable.* Following this line of reasoning, other
possible shapes include truncated pyramids and small-sized cuboctahedrons with (100),
(111) and (-111) facets. Density functional theory calculations also show that both bare
and ligand-terminated (111) facets exhibit a lower surface energy than (100) facets.'”

Ga-substituted and As-substituted alloys of InP can also be synthesized using variations
of the aforementioned routes.”**"** However, control over morphology and structure of
InP-based QDs through direct synthesis remain a challenge."”” Nonetheless, morphology-
controlled InP QDs can still be prepared indirectly, by transforming (cation-exchanging)
other metal phosphide nanocrystals into InP QDs while persevering the original phase
and morphology, as illustrated in Figure 1.2a. In this way, hexagonal (wurtzite) InP
platelets, shown in Figure 1.2e, and InP rods could be successfully prepared from their
Cu,P analogues.'*>**'3 Control over the exchange rate is important to ensure that single
crystalline InP QDs are obtained."

Surfaceligands have a key role not only in the synthesis, colloidal stability and self-assembly
of QDs but also in many of their optoelectronic properties (such as trap passivation,
electron-phonon coupling, carrier delocalization and film conductivity). Ligands also
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enable post-synthetic surface functionalization. In fact, surface-ligand engineering of
QDs has been intensely investigated'** 1* 1° and reviewed.'® 11

1.4 Defects and Trap Passivation

As-synthesized InP QDs typically exhibit weak luminescence efficiencies, of a few percent
at most (often <1%). Defect passivation and shelling approaches allow InP QDs to be
prepared with near-unity efficiencies. Various types of defects are possible in InP materials
in general (including QDs and thin films), but can be passivated and mitigated with several
strategies as displayed in Figure 1.3.

1.4.1 Oxidation and etching.

III-V semiconductors, including InP, are well known to be prone to oxidation which
limits their growth and luminescence efficiency.®® 1% 4152 Oxygen is known to adsorb
dissociatively on (bulk) InP surfaces,"”"** and at room temperature In-O-P and PO,
species (x > 1) form at oxygen pressures as low as 5 pbar and 5 mbar, respectively,
highlighting the strong reactivity of the phosphide anion towards oxidation. Further
structural transformations occur at higher temperatures, including the bridging of PO_
units at around 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). In-O-In species can also form, more likely on exposure to oxygen than
to water.'>®

This tendency to oxidize poses difficulties for the synthesis (and shelling) of InP QDs,*-'°"
108,155,160 and indeed hydroxyl groups'® and oxidized phosphorus have been identified on
InP QDs® 147, 148,130, 162,163 35 depicted in Figure 1.3, location A-D. The sources of oxidation
and types of oxidative defects are likely various, and their impacts on the electronic
structure of InP QDs remain unclear. The absence of oxidized species often appears to be
correlated with increased luminescence efficiency,®® 14150 152164 g]though opposite results
have also been observed.'> 617!

Computational studies are especially suitable to elucidate the effects of oxidation, even
though research has mainly been limited to flat (001) surfaces without ligands.'3* 157. 172173,
200202 Some of these studies report the appearance of traps states upon oxidation,'>* 157 172202
203 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 energy levels near the valence band edge.!”” This collection of 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
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Figure 1.3 Documented structural defects in InP QDs and possible repair mechanisms.
Oxygen defects include (A) In-O-In moieties,'** 1*>172 (B) In-O-P moieties,'>* 15> 17 158,172,
173 (C) POx mOietieS,97’ 98, 147, 148, 150, 155, 157, 162, 163 (D) In_OH and In_OOH moieties.lﬂ, 172, 174
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 In-bound hydroxide groups by fluoride anions'”* (G) Lattice doping®>'*>'8* and (H)
Incorporation of Cd in surface and subsurface'”. (I) Dangling phosphorus bonds can be
healed via Z-type passivation** *® 18187 but (J) Z-type exchange is also possible.!** !¥8 In
core-shell structures, (K) strain-induced interfacial defects,'”” 181 (L) mixed interfaces'®>
195199 and (M) interfacial oxides™ !*”- !¢ may also occur.

of polyphosphates remained uncertain due to their unclear oxidation state (leading to
n-doping of the QDs) and to 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/Zn0O.** 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.

Nevertheless, it is possible to prepare oxide-free InP QDs either under strictly anhydrous
and oxygen-free reaction conditions or by using a hydrogen atmosphere as was recently
demonstrated.!% 11 Post-synthetic treatments can also remove oxidative defects. A popular
post-synthetic treatment is etching with hydrogen fluoride (HF), as depicted in Figure 1.3
(process E and F). HF etching was used to clean and expose the surface of InP thin films
as early as the 1960s*® and it was later shown to produce a completely oxide-free InP
surface, which was unachievable with other etching agents.?* The application of the HF
treatment to InP QD was first reported on by Mici¢, et al. and an increase in luminescence
was observed after the treatment, which was attributed to fluoride ions filling phosphorus

9



Chapter 1

vacancies on the surface and replacing oxygen in the oxide layer.'* Since then, different
mechanisms have been proposed for trap passivation by HF. One possible mechanism for
the increased luminescence after HF treatment under illumination is through the removal
of the phosphor as PF,, leaving an indium-rich surface that could be better passivated by
ligands;>°" 2% elimination of phosphorous dangling bonds by fluoride was also supported
by transient absorption results.””! Alternatively, the increased quantum yield after HF
treatment has been ascribed to the passivation of indium dangling bonds. This explanation
is supported by observations that after HF treatment, carboxylate ligands exchange for
fluoride ions and indium(oxo)hydroxides on the nanocrystal surface are removed.'™
Other studies have suggested that HF removes oxygen as PO, species, rather than as
indium hydroxides.*- 2 Recently, Ubbink et al. found that anhydrous HF reacts with InP
forming InF, (a Z-type ligand) and PH,, and breaks up polyphosphate species into smaller
PO, and PO, units. Although 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.*
Given these varied results, it remains an open question as to which types of oxides can be
removed by HF treatment, and in what ways their removal affects the optical properties
of nanoscale InP. HF treatment does have downsides: InP itself can be etched, causing
unwanted spectral changes, and there are inherent dangers associated with using HF.

Because HF is hazardous, alternative fluorination strategies have also been proposed.
Adding fluoride-rich ionic liquids either during the synthesis under microwave
illumination, or post-synthetically, can strongly improve the quantum yield of the
particles.'® 210 This effect has been ascribed to the passivation of electron traps when
fluoride binds to dangling indium bonds.

1.4.2 Surface states and Z-type passivation.

The main suspect for trap states in QDs has always been dangling bonds — that is,
undercoordinated 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, owing to the shift of the band edges. These
conclusions are also corroborated by the experimental work of Cho, et al.'® Additionally,
it has been shown that the formation of trap states owing to undercoordinated surface
atoms depends shape of the QD.* In this work, cuboctrahedral and In(111)-terminated
tetrahedral models are deprived of a surface capping moiety to simulate undercoordinated
surface atoms. For cuboctahedrons, 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.

Surface anions can be passivated by treating the particles with metal salts, also known
as Z-type ligands as shown in Figure 1.3, process 1.!%% 17 186188 Treatment of InP with
various Z-type ligands has been shown to increase the quantum yield (to 19% for Zn
carboxylates and 49% for Cd oleate' or 11% for CdCL,'""), which has been attributed to
the passivation of dangling phosphor bonds. However, there is also evidence that cadmium
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carboxylate Z-type ligands can bind both to phosphor and to phosphate present in the
(sub)surface of InP nanoparticles as displayed in Figure 1.3, process H.'”> More recently,
it was shown that simple Z-type passivation with InF, can increase quantum yields to 50-
80% if the QDs are free of oxidized phosphorous species, specifically polyphosphates.*!
% In addition, it was also observed that Cd*" or Zn?' can also replace surface In*" ions
(Z-type ligand exchange, shown in Figure 1.3, process J), relieving steric pressure on the
surface and allowing for a more complete passivation, thus reducing the number of trap
states.'®® This exchange mechanism was supported by isothermal titration calorimetry
experiments monitoring the treatment of InP with metal halides.'* These results suggest
that the Z-type passivation mechanism may be more involved than previously thought.

Surface reconstructions may also have an important role in the creation or removal of
surface states. In bulk solid state physics, it is well known that surfaces 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 whether they also take place on the QD surface. One study by on
CdSe QDs has shown that surface vacancies are necessary for the delocalization of the
highest occupied molecular orbital and lowest unoccupied molecular orbital levels,?"
highlighting the need for further studies on QD surfaces.

1.4.3 Doping.

Impurities have long been incorporated into III-V semiconductors for doping purposes.!®
The incorporation of cations (other than group III) into InP QDs, however, has been
pursued for two main reasons: optical doping (that is, Stokes-shifted emission) or
linewidth narrowing. For instance, doping with Eu** yields multiple emission lines around
the red spectral region.?'” Doping with Cu* 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.?!%2%

Zn** jons are commonly introduced as additives during the synthesis of InP QDs to
obtain QDs with narrower (ensemble) linewidths.!”* 177226 However, aliovalent impurities
such as Zn*" are known dopants for III-V semiconductors,!’#'8: 227 and appear to diffuse
and be incorporated into InP QDs, as illustrated in Figure 1.3, location G.!7> %% Various
spectroscopic analyses have concluded that the incorporation of Zn ions 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.'* 182 Nevertheless, PLQYs of approximately 90% have been
reported for both InP and In(Zn)P QDs shelled with ZnSe, S , (where In(Zn)P = InP QDs
incorporating Zn in the InP lattice).%! 149 171. 183, 229-231

Several questions about doping remain open, including what lattice positions the extrinsic
ions occupy, whether electronic doping occurs or whether there are doping compensation
mechanisms at play.

11



Chapter 1

1.4.4 Heterovalent core-shell interfaces.

Epitaxial growth of II-VI on III-V semiconductors (including InP QDs) has been
extensively investigated. The heterovalent nature of such interfaces introduces
complexity, and it is worthy to highlight insights from works on lattice matched GaAs/
ZnSe (001) polar junctions. First, we note the efforts to reduce the density of stacking
faults in the ZnSe overlayers.”> 23 Second, computational studies have shown that
an abrupt interface is thermodynamically unstable and that a mixed and/or a defected
interface is energetically favoured (Figure 1.3, location L),"% »** and experiments also
support the existence of mixed and defected interfaces in samples with a low density of
stacking faults.'”” Furthermore, the composition of stable mixed interfaces is known to be
orientation dependent.'®

Coating InP QDs with ZnSe, S _shells enables highly efficient and stable emitters. A few
studies have highlighted the importance of achieving a balanced stoichiometry in these
HI-V/I-VI core-shell systems.'4% 182233236 I particular, results from Li et al. and Shen et
al. strongly suggest that an InP/(In,Zn)P/ZnSe interface boosts the photoluminescence
efficiency of InP/ZnSe, S QDs beyond 90%,"> ' and that a selenium-terminated
interface might be important to limit the diffusion of zinc*”-2** and sulfur'*-%* into the InP
cores. Interfaces containing oxidized species have also shown to improve the performance
of InP QDs (Figure 1.3, location M).'¢6 23

1.4.5 Strain.

In core-shell QDs, strain can arise from the lattice mismatch between core and shell
materials, causing several consequences.? It can introduce (strain-relieving) defects as
depicted in Figure 1.3, position K,?*! 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') occurs at lattice contractions of about 3-5 % (approximately 10 GPa),'®1* and
similar values are found for InP QDs.""'*>**! In InP/Zn _ Cd Se core-shell systems, strain
can be tuned from compressive (InP/ZnSe) to tensile (InP/CdSe) with no strain observed
when x is approximately 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 highest occupied molecular orbital.'”” More pronounced effects are
found with ZnS shells, which could be related to not only its smaller lattice constant
but also its larger Young modulus (see Table 1.1 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: a substantial increase in
band gap is observed with increasing tensile strain, which could be of potential interest
for piezochromic applications.'*! 12

1.5 Wavefunction Engineering

Control over the energy landscape is fundamental in QD technologies."* * Although
tuning the surface ligands might achieve this control to a limited extent,'”2>? shape-control
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and core-shell structuring are more versatile and robust avenues of control. Core-shell
structuring, in particular, has been pivotal in the development of performant and stable
QDs. For instance, in type I heterostructures, both the electron and hole wavefunctions are
confined to the core, which allows undesirable surface states and reactions to be avoided.
In type II heterostructures, the electron and hole wavefunctions are spatially separated,
which allows the radiative lifetimes to be increased and the band gap to be reduced. It
is important to note that the band offset is one of the key parameters in the classification
and design of semiconductor heterostructures (displayed in Figures 4a and 4b). However,
determining the band offsets in QD heterostructures is not straightforward because the
degree of quantum confinement needs to be taken into account, as well as any interface
dipoles.”’ The latter is particularly relevant to heterovalent systems such as InP/ZnSe, S
core-shell structures.?*

1.5.1 Type I InP/ZnSel-xSx core-shell structures

Type I InP/ZnSe, S core-shell QDs have been widely studied and implemented in
commercial products. ZnSe and ZnS exhibit complementary properties for shelling InP.
On the one hand, ZnSe has a small lattice mismatch to InP (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 relative large
lattice mismatch (7.8 %), which appears to broaden the emission of the QDs.** Finding a
balance between the size of the InP core and the composition and structure of the ZnSe
S_shell, can overcome these limitations and highly efficient narrow band emitters can
be obtained (see Figures 4¢ and 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 realized (including non-blinking QDs),%* 4% 2% as have green-emitting
InP/ZnSe, S /ZnS (0.5 < x < 0.67) heterostructures with efficiencies around 90 % and
slightly broader linewidths (160-210 meV).°"-22-230.255 Blue emitting systems are, so far,
least performant with efficiencies and linewidths of 45% and 260 meV, respectively.?!
2% It is not yet clear why green-emitting and blue-emitting QDs have lower performance
than red, but it could be related to the interfacial defects and strain induced by the
increased lattice mismatch of the shell and to the fact that strain is more problematic for
smaller structures as they are less able to relax strain within the material.'* Interfacial
strain can be relieved by alloying the ZnSe, S shell with other divalent cations.'" >
In addition, the efficiency of green and blue emitters could be limited by defects in the
shell (stacking faults, impurities and so an).'” 2%264 The broader linewidths likely arise
from a combination of synthetic and intrinsic drawbacks inherent to the extremely small
sizes of the InP cores (such as size distribution requirements and increased homogeneous
linewidths), but can be made more narrow by Zn doping of the cores. Blue-emitting
and green-emitting In(Zn)P/ZnSe S core-shell QDs with improved quantum yields and
narrower linewidths have been demonstrated, although their structures remain unclear
and might be quite complex.®! 149 171 183,229-231

Despite their remarkable efficiencies and stabilities, these QDs have room for improvement.
For instance, the relatively thick ZnSe S shells make the QDs less compact, which can
undermine phosphor and lasing applications. Another perhaps more pressing limitation
is their relatively short bi-exciton lifetimes, preventing efficient operation at high exciton
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Figure 1.4 InP-based core-shell QDs (a) The band offsets of bulk semiconductors® 2
are usually used as a first approximation in the design of core-shell QD structures. (b)
Core-shell 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.*®
106, 231, 255, 266-272

density.*® For instance, highly efficient red-emitting InP/ZnSe/ZnS core-shell-shell
QDs exhibit exciton lifetimes of 13 ns but bi-exciton lifetimes of only 50 ps.* In this
system, the negative trion is rather long lived (5.3 ns), owing to the delocalization of
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the electron wavefunction into the thick ZnSe shell (3.5 nm),?”* suggesting that the short
biexciton lifetime results from a sharp hole confinement. Smoothing the confinement
potential using compositionally graded core-shell QDs might be an effective approach
to mitigate this, as it has found enormous success in II-VI QDs. Graded ZnSe, S _shells
grown on InP QDs have not only extended the negative trion lifetimes by approximately
four times but also reduced luminescence intermittency (blinking) and spectral diffusion
as the grey state appears to originate from the negative trion itself.? 27+ 27> These type
of shells should allow to improve the performance and stability of quantum LEDs
(QLEDs) as excess electrons often accumulate in the QD layer owing to the imbalanced
charge injection rates; however they do not fix the sharp hole confinement at the core-
shell interface and therefore are unlikely to increase bi-exciton lifetimes.?’® This 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 owing 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 and has been scribed to In atoms in
the ZnSe shell.?¢!-277

1.5.2 The quest for all III-V type I core-shell QDs

In principle, shelling InP with a III-V semiconductor should enable QDs with dipole-
free interfaces and the graded core-shell structures needed to mitigate Auger-related
losses.?”®28 In fact, lasing-quality has been demonstrated using vapor-phase grown InP
QDs encapsulated by Al Ga In P layers.?® However, InP QDs with III-V shells remain
rather unexplored for a number of reasons. First, the two evident shelling materials,
In,_GaP and In,_Al P, are characterized by a direct-to-indirect crossovers at x = 0.8
and 0.4 respectively, which complicates the prediction of band offsets. Furthermore, it
is not clear whether these materials can effectively provide a type I confinement to InP
QDs. %5288 Second, due to their indirect nature, GaP and AIP shells would strongly reduce
the absorption cross-section of the QDs. Third, similar to InP, these materials are prone
to oxidation and many Ga precursors appear to react with InP QDs to form In,_Ga P
alloys, complicating the growth of core-shell structures.?¢%267-28 The few reports on these
structures have been limited to InP/GaP core-shells, mostly in combination with ZnS outer
shells.266- 290292 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,

vapour-phase grown InP/GaAs P, dot-in-a-well lasers have been demonstrated.””?

According to bulk band alignments, InP could also be envisaged as a (type I) shell material
for infrared emitting InAs QDs. InAs/InP and InP,_ As /InP core-shell QDs have been
developed to emit in the range of 600-1000 nm.'*! 28 Although their photoluminescence
efficiencies were initially quite low (<5%), subsequent shelling with ZnSe allowed for
significant improvement (to around 76%). Similarly, for multishell In(Zn)As/In(Zn)P/
GaP/ZnS QDs emitting at around 800-1000 nm, the photoluminescence efficiency of the
In(Zn)As core (2.5%) increased to 33%, 46% and 75% with each successive shell +2%
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1.5.3 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
determined by the core size and the shell thickness. For instance, systems such as ZnSe/
InP/ZnS and CdTe/InP/ZnS QDs have been shown to exhibit tunable and efficient emission
between 700-900.2%-270-302 However, these structures have not been much explored, and
whether they can actually mitigate Auger processes remains an open question.

1.5.4 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, reduces the band gap and increases the
Stokes shift as well as the carrier lifetimes.**-% These structures have found interest for
photovoltaic and photo-electrochemical cells,*3% photo-catalysis,** down-converters
for solar concentrators®'® and gain medium®'"-*!2. For example, in NIR-emitting InP/CdS
core-shell QDs, both the exciton and bi-exciton 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 also not affected by the quasi-type Il band alignment,
making these QDs interesting for QD-based solar cells. Cd-free alternatives expand
their potential to biological applications. For instance, InP/ZnTe/ZnSeS QDs emitting in
the NIR have been realized with exciton lifetimes of 387 ns.?’? InP/ZnO QDs have also
been proposed for LEDs, '35 solar concentrators'é” and artificial retinas®'® although the
exciton lifetimes in these structures appear to be shorter, around 31 ns. The luminescence
efficiency of type II 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"7

1.6 InP QDs in Optical Technologies

1.6.1 RGB Phosphors

Cyan, green and red QDs with bright, narrow and stable emission are strong contenders
for optical down-conversion in display and lighting technologies. Down-converting blue
light into red or green through a QD film is a simple and efficient way to upgrade a blue
LED array into a full color display (Figure 1.5a). Down-converting blue into both red and
green light is also appealing for constructing white emitting diodes using a single blue
source (Figure 1.5a), and it circumvents both the poor efficiency 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.

For QDs to be used as down-converters in high-intensity applications such as LED
lamps, they require strong blue absorptivity, narrow emission line (color purity), near-
unity quantum yield, stability at elevated temperatures and at high photon fluxes (no
droop). Such properties have been obtained for Cd-based type I QDs,*'® but droop
remains a major challenge in InP-based QDs.?®® Various design strategies can mitigate
Auger recombination in InP QDs, such as trap passivation'! and incorporating a thick
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mid-shell* or graded shell?”. In the latter approach, negative trion Auger recombination
can be strongly reduced though potential smoothing in gradient shells, but 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, so innovative
shell engineering solutions such as more compact shells®® or alternative materials®?
may be required. Smaller InP QDs also exhibit wider linewidths and lower efficiencies,
although incorporating Zn into the cores overcomes these limitations.??

Commercial use of InP QDs as blue-down-converters in display and lighting technology
seems close on the horizon. Red InP QDs have already been shown to be a viable on-chip
solution for use in white LEDs using traditional green-yellow phosphors.*?! White LEDs
composed fully of InP QDs were also achieved in an early demonstration by avoiding
Forster resonance energy transfer processes between QDs of different colors (sizes), in
this case red and green.’?? Furthermore, InP QDs are being integrated into up-and-coming
uLED displays.!” 32 Finally, InP QDs may be a solution to the growing interest in cyan
phosphors for healthy lightning*>*32® and may be of interest for specialty applications
such as custom illumination (for example, indoors or in horticulture), green-house roofs,
security inks and so on.

1.6.2 Electroluminescent QLEDs

Theoretically, electroluminescence is a more efficient way to obtain light from QDs
compared with down conversion, and there have been many attempts to construct InP
QD-based LED devices to this end (Figure 1.5a).!7 3 86149, 329336 Electroluminescent
QLEDs are particularly appealing for display applications, because the high color purity
of red InP and green In(Zn)P QLEDs already closely agrees with the requirements for
a wide color space of rec2020 standards (Figure 1.5b).3* Currently, record efficiencies
stand at 22.2% for red*®, 16.3% for green**’ and 2.8% for blue***-33* devices. To construct
highly efficient LEDs, device structure and materials must be carefully chosen 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 balanced electron and hole injection currents. Compared with 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
QLED:s, the efficiency droop at higher operation power and the lifetime still need to be
improved (Figure 1.5¢).

1.6.3 Into the infrared.

Light sources in the far-red and near-infrared range are increasingly required for
applications in biology and medicine,>**3%* computer vision*** and data transmission at
both short and long (fiber) ranges.?* 34634 [nfrared QDs in this range,’**3%° owing to their
small size, tunable surface chemistry and processing versatility, extend the application
window of these light sources to miniaturized devices such as uLEDs or photonic chips,'”
2 nano-imaging,®! fluorescent (bio) markers,*? optical sensors, security inks and so on.
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 1.5 InP-based 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 efficency; ETL, electron transporting
layer; HTL, hole transporting layer; RGB, red, green and blue; TCO, transparent
conducting oxide.

In spite of a bulk band gap of 1.35 eV, and most research being conducted on green
and red sizes, InP is still in the competition for far-red to short-wave infrared (<1 eV)
applications. Although the synthesis of large-sized InP QDs remains challenging, InP
structures emitting in this range have been reported, namely, wurtzite QDs,!*” reverse
hetero-structures, InP,_ As alloys,"*""** doped QDs and InAs-InP core-shell QDs, together
with early demonstrations of in vivo imaging, !3!-2¢35 golar cells,*% 357 LEDs?* ¢ and
photo-detectors®® (see Figure 1.6). In addition, InP QDs have been used in efficient
(photon) up-converting systems.**® Large-sized InP QDs are expected to have higher
absorption cross-sections, narrower linewidths, longer bi-exciton lifetimes and higher
film mobilities (although still limited to <0.5 cm? V! s1)!40 compared with their smaller
counterparts — appealing characteristics that continue to motivate their development.

Broadband infrared sources based on InP QDs can also be envisaged, either by combining
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InP QDs emitting at various wavelengths (as in the case of the white LED) or by doping
InP with elements such as Cu. Doping with Cu” results in a broad emission of impressive
efficiency, and it is spectrally tunable with doping concentrations.?'® 2 Given their
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large Stokes shift, Cu-doped InP QDs have also raised interest for luminescent solar
concentrators (Figure 1.6¢).!¢7-222

Figure 1.6 Near-infrared applications of InP QDs. (a) Photodetectors with high external
quantum efficiency.®® (b) Bio-imaging. In this photograph, QDs are used to probe
different parts of a mouse.?® (¢) 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.

1.6.4 Coherent and Quantum Light

QDs are promising active materials for optical amplifiers, super luminescent diodes and
lasers.”” Optical gain and lasing from QDs have been intensely studied over the past two
decades,'”*" and the development of gain in CdSe is now well understood.*' Although the
physics of gain in InP is expected to be similar to that of CdSe given their similar electronic
structures, it remains much less studied in InP QDs. Gain, amplified spontaneous emission
and lasing have been observed in InP/ZnSe, S QDs (see Figure 1.7a-c), but loss processes
such as trapping and Auger recombination severely limit gain. In addition, the effective
(band edge) degeneracies in InP/ZnSe, S _remain far from understood.”* >

Highly efficient InP-based QDs with robust optical performance in the multi-exciton
regime and with well-controlled degeneracies are yet to be achieved. Further studies on size
and shape effects, and on compositionally graded and strain-engineered heterostructures,
might address this gap.246-24%: 278283 Alternatively, type II structures allowing for single-
exciton gain could also be envisaged.’!!

QDs are also promising emitters for single-photon and entangled-photon sources.? 348 36
3% For efficient generation of undistinguishable single photons, the optical coherence time
needs to approach twice the spontaneous emission lifetime. The generation of entangled
photon pairs, instead, can be achieved through the bi-exciton-exciton cascade,3¢43¢
known to occur in InAs QDs.3%:3% The development of such light sources using InP QDs
is an outstanding challenge, with only few studies observing fast dephasing ascribed to
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phonons,3*37* 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 1.7d), owing to the combination of efficient luminescence and efficient Auger
recombination of multi-excitons. This result highlights the potential of these systems for
on-demand (incoherent) single-photon sources operating at room-temperature.’”

Finally, super luminescence from QD arrays is an emerging subject of research.’’¢ 377
Although InP QD arrays, specifically, have not been investigated in this regard, super
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luminescence was observed from a single tetrapod-shaped InP QD with long arms and
ascribed to excitons in different arms interacting through quantum tunneling (Figure
1.7e).37®

Figure 1.7 Coherent and quantum light sources using InP QDs. (a) Lasing using InP QDs
has been demonstrated.*®* (b) Ultrafast transient absorption spectroscopy reveals that the
multi-excitons remain relatively short-lived.?”® (¢) Optical gain is also rather weak (<N>
denotes the average number of excitons per dot and A, ' is the absorption at a pump-
probe delay of 2 ps).?”® (d) Highly pure (incoherent) single-photon emission has also
been demonstrated under continuous-wave 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.

1.7 Outlook
The quality of InP QDs has improved considerably, especially over the past decade.
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Introduction

Today, InP QDs emitting in the visible are manufactured at industrial scale for the LED
market. However, many aspects of their quality still lag behind those of II-VI or halide
perovskite QDs and do not meet expectations for applications, including LEDs. In other
words, their current commercial appeal still primarily lies in their compliance, in terms
of elemental composition, with regulations on consumer electrons. Improving the quality
of InP-based QDs is therefore key to making them more competitive in the technological
market. This requires advances on multiple fronts.

First, fundamental understanding about the electronic structure of InP QDs remains
scarce, which limits the design of these QDs for specific applications. In addition, their
rich but often poorly controlled structure complicates understanding of their structure-
property relationships and hence their applicability. Specifically, further investigations are
required to understand how their size, shape, phase and composition affect the density of
states, exciton fine structure, structural dynamics, electron-phonon coupling and related
quantities such as the fundamental linewidths and coherence times, emission lifetimes,
Auger recombination of multiple excitons, polarization of the emitted light and so on.

To fill this void, ambitious structure-property studies using state-of-the-art know-how
will be required as well as new synthetic methods that produce InP QDs with desired size,
shape, phase and composition (in the core, at the surface, at the core-shell interface and
also in terms of doping levels). Given the commercial interest of these QDs, safe, robust
and scalable methods allowing the production of these QDs at full reaction yields and at
reduced costs would also be highly valuable.

The surface of InP QDs also remains largely unexplored and can be engineered
towards achieving high brightness, improved stability or highly conductive films. Other
functionalities may also be incorporated by modifying the surface such as chirality (such as
for polarization-selective photodetectors) or biological activity (such as for theranostics).

The library of core-shell structures must be expanded to surpass current limitations
in terms of efficiency, linewidths, brightness, compactness, gain, coherence, stability
(chemical, electrochemical, doping, thermal) and so on. So far, InP/ZnSe, S core-shell
QDs have attracted the most popularity, but their performance and range remain limited.
Nevertheless, a wide window of interesting opportunities remains rather unexplored,
such as all-III-V QDs (including alloys).

Finally, applications beyond visible LEDs should be further explored and optimized.
These applications include lasers, infrared technologies, photocatalysis, piezochromism,
solution-processed electrons and others.

1.8 Outline of this thesis

This thesis presents a variety of studies that investigate the surface chemistry of InP-
based QDs as well as the effect that additional electrons or holes have on their properties
and stability. Although the surface of the QD does not contain all atoms of the QD, the
properties of the QD are strongly influenced by the atoms, ligands and possible defects
on the surface. The role of the experiments, discussed in this thesis, is to understand
how the surface of InP-based QDs influences their photoluminescence quantum yield and
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stability.

In chapter 2, the surface of InP core-only QDs is addressed with the goal to reduce the
number of trap states on the surface and thus increase the photoluminescence quantum
yield (PLQY). The InP QDs have a PLQY of <1% after the synthesis. This low efficiency
is mainly attributed to two surface phenomena: firstly, the formation of oxides on the
surface, and secondly, undercoordinated P atoms. The formation of oxides can be
prevented by working under strict oxygen-free conditions. The undercoordinated P atoms
on the surface can be passivated by providing coordinating ligands. We demonstrate that
providing InF, as a surface-passivating ligand to InP QDs, under the optimal conditions,
leads to a PLQY up to 93%. This increase in PLQY to near-unity values is established
while preventing the increase in spectral linewidth of the QDs, which often occurs during
the traditional treatment of InP QDs with HF.

Studying QDs at the atomic level is challenging, mainly due to the nm size of QDs.
Computational chemistry can be used to simulate what a QD looks like at the atomic
level. In Chapter 3, we describe how we use computational chemistry, in the form of
Density Functional Theory (DFT) calculations, to understand at the atomic level what
happens to InP-based QDs when extra negative charges carriers (electrons) are added to
the QDs. The calculations show that, regardless of the shape (tetrahedral or spherical),
undercoordinated In in an InP core-only QD reduces when additional electrons are
provided. This reduction of In can be prevented by passivating all surface In atoms with
a ZnSe shell.

In chapter 4, we measure the response of InP-based QD films when they are charged
with positive and negative charge carriers. Applying negative potentials on InP core-only
QD films results in charge injection in the film but the charges do not remain in the CB
and the observed reactions are related to the surface ligands. Reversible PL quenching
is observed for InP/ZnSe/ZnS QD films at negative potentials and after ligand exchange
with ethylenediamine (2DA) and sodium sulfide (Na,S) reversible quenching at positive
potentials is observed. Despite the quench in PL, the absorption does not change during the
measurements, suggesting that charges are also not remaining in the CB and VB for InP/
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InF, charged with the task to fix the surface

A simple postsynthetic treatment to achieve near-unity
photoluminescence quantum yield on InP core-only
quantum dots

InP InP-InF;
QY <1% QY >90%

Indium phosphide (InP) quantum dots (QDs) are considered the most promising
alternative for Cd and Pb-based QDs for lighting and display applications. However, while
core-only QDs of CdSe and CdTe have been prepared with near-unity photoluminescence
quantum yield (PLQY), this is not yet achieved for InP QDs. Treatments with HF have
been used to boost the PLQY of InP core-only QDs up to 85%. However, HF etches the
QDs, causing loss of material and broadening of the optical features. Here, we present
a simple postsynthesis HF-free treatment that is based on passivating the surface of the
InP QDs with InF,. For optimized conditions, this results in a PLQY as high as 93% and
nearly monoexponential photoluminescence decay. Etching of the particle surface is
entirely avoided if the treatment is performed under stringent acid-free conditions. We
show that this treatment is applicable to InP QDs with various sizes and InP QDs obtained
via different synthesis routes. The optical properties of the resulting core-only InP QDs
are on par with InP/ZnSe/ZnS core/shell/shell QDs, with significantly higher absorption
coefficients in the blue, and with potential for faster charge transport. These are important
advantages when considering InP QDs for use in micro-LEDs or photodetectors.

This chapter is based on: Maarten Stam, Guilherme Almeida, Reinout E Ubbink, Lara M.
van der Poll, Yan B. Vogel, Hua Chen, Luca Giordano, Pieter Schiettecatte, Zeger Hens,
Arjan J. Houtepen. ACS Nano 2024, 18 (22), 14685-14695



Chapter 2

2.1 Introduction

Luminescent materials are of great importance in daily life applications such as displays
and lighting. Colloidal quantum dots (QDs) are a unique class of luminescent materials
with their high photoluminescence (PL) quantum yield (PLQY), narrow emission and
size-dependent optical properties. These qualities make QDs promising candidates for
application in, e.g., light-emitting diodes, photodetectors, biomedical imaging, lasers,
and photovoltaics."'”® In particular, InP-based QDs are of commercial interest since the
material is free of toxic and RoHS-restricted elements such as Cd and Pb."*

In general, as-synthesized InP QDs cores have a PLQY lower than 1% and show significant
trap state emission.'?" It has been discussed that PL quenching is, to a significant amount,
caused by surface oxides and undercoordinated P atoms on the surface.'®*"2* Surface
oxides are often removed with HF, either added directly or formed in situ in a postsynthesis
treatment.>'® > 2* Subsequent growth of wider band gap ZnSe and ZnS shells has resulted
in InP/ZnSe/ZnS core/shell/shell QDs with near-unity PLQY.*!* 182427

Synthesizing high PLQY core-only QDs is relevant to fully understand and control how
the surface of the QDs affects the optical properties. More practically, high PLQY core-
only QDs offer several significant advantages. For example, the synthesis of core-only QDs
is, compared to core/shell QDs, relatively simple and requires less material, reducing the
production costs. Core-only InP QDs also have a larger absorption coefficient than core/
shell QDs at photon energies below the band gap of the shell, implying that thinner layers
suffice to absorb a predefined fraction of incoming light. This aspect becomes especially
relevant when using QDs as down conversion phosphors in micro-LEDs. Furthermore, the
absence of shells is advantageous for charge transport in QD LEDs and photodetectors.'®

The PLQY of core-only InP QDs has been promoted by treating the QDs with aqueous
HE. In 1996, it was reported that treatment of InP QDs with HF or NH F resulted in a
PLQY of 30%.” It was proposed that the F- ion would fill surface P vacancies (i.e., would
bind to surface In) and replace oxygen atoms and therefore boost the PLQY. In further
studies, PLQYs were reported up to 40% by treating InP QDs with aqueous HF solutions,
sometimes in combination with photoirradiation to induce photoetching.****** Different
mechanisms are proposed to describe the (photo)etching, including the removal of
oxidized P atoms and fluoride passivation of the surface.’* Moreover, HF treatment of InP
QDs is often used before shell growth, yielding QDs with near-unity PLQY values.®

Recently, we reported a method to form HF in situ, allowing to work water-free and
significantly reducing the hazards of working with HE'®3>% This work showed that the in
situ HF treatment on core-only InP QDs in the presence of excess ligands that coordinate
to surface P anions (so-called Z-type ligands*) boosts the PLQY up to 85%.'® Solid-state
nuclear magnetic resonance (ssNMR) results demonstrated that this in situ HF treatment
breaks up polyphosphates on the surface but does not remove all oxides. In addition, the
HF treatment terminates the QD surface with fluoride ions.!®

A significant downside of HF treatments is that they lead to etching of the surface, probably
via the formation of PH, and InF,. The same is observed for the in situ HF treatment
described by Ubbink et al.'* HF etching causes significant material losses and broadens
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the optical features of InP QDs, significantly reducing their usefulness in light-emitting
applications that rely on narrow emission. However, the understanding that emerged from
these previous works is that a high PLQY of InP QDs does not necessarily require HF
treatments. Rather, a high PLQY can be achieved if too severe surface oxidation, notably
the occurrence of polyphosphates, is prevented, and undercoordinated surface atoms are
coordinated with fluoride (for In atoms) and InF, for P atoms.'® This is consistent with
recent results reported by Reiss and coworkers who showed that the in situ HF treatment
on oxide-free InP QDs works even at room temperature, which allowed them to achieve a
PLQY of up to 79%, while minimizing the broadening of the optical features.* 2

For this reason, we sought a direct treatment that does not involve HF, but increases the
ligand surface coverage of InP QDs that have only a minor degree of oxidation. Common
ligands used to treat QDs are metal halides, metal carboxylates and metal phosphonates.
In the case of Cd-chalcogenide QDs, such Z-type ligands lifted the PLQY above 90%.%%*
For InP QDs, some Z-type ligand treatments have been explored, with a highest reported
PLQY of 54% for QDs capped with Cd-oleate ligands.'®*4>% This comparably low PLQY
raises the question whether there are other surface traps on InP QDs that limit the PLQY.

In this work, we developed a straightforward treatment of InP QDs with InF, as Z-type
ligand leading to a PLQY up to 93%. We first screened several metal halide salts as suitable
Z-type ligands. We found that InF, yields the highest PLQY under the selected reaction
conditions, and we therefore selected this salt as the most promising candidate. Next, the
treatment is optimized for surface passivation with InF,. The passivation of the surface
of the InP QDs requires the partial exchange of the surface capping ligand originating
from the synthesis, with InF,, which was found to be a thermally activated process. The
optimization shows that exposing the InP QDs to InF, in hexadecane for 60 minutes at
180 °C results in a highest PLQY of 93% and nearly single exponent PL decay curve. We
show that the presence of (trace amounts of) protons results in surface etching in addition
to ligand exchange. However, this can be prevented completely by working under strict
acid-free conditions, allowing to maintain the narrow full width at half-maximum (fwhm)
of photoluminescence.

Finally, we show that applying the treatment to different sizes of InP QDs and to InP QDs
made via different synthesis routes invariably improves the PLQY. Purposely oxidized InP
QDs also show an increase in PLQY to ~40% but do not allow to reach near-unity values.
We propose that severe surface oxidation impedes the complete coverage of the QD
surface with Z-type ligands. The near-unity PLQY obtained for these core-only InP QDs
shows that it is possible to completely heal the surface of InP with postsynthetic ligand
treatments, a result suggesting that all nonradiative recombination before treatment
occurs via surface states. The results further demonstrate that small amounts of surface
oxidation are not deleterious for the PLQY, rather the presence of undercoordinated P
atoms is. Coordinating these with small fluoride-based ligands, most notably InF, is key
to achieving a near-unity PLQY.

The simple InF, treatment allows to reach near-unity PLQYs and results in narrow
emission, making these InP core-only QDs interesting for applications in lighting, displays
and photodetection.
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2.2 Results and Discussion

2.2.1 Screening of metal halide ligands to enhance the PLQY of InP QDs

Since our previous work indicated that too severe surface oxidation should be avoided
to achieve high PLQYs after HF treatment,'® we selected a synthesis of InP QDs that
minimizes oxidation. The InP QDs used in the first part of this study are made via a
heat-up synthesis, based on the work of Li et al., as detailed in the Experimental Section.**
This method involves a shorter exposure of In(PA), to high temperature than typical
hot-injection synthesis methods (see Experimental Section for details), minimizing the
formation of water in an in situ condensation reaction of the carboxylic acid ligands,
which is known to cause surface oxidation for InP QDs.*” The synthesis is performed
under an atmosphere of Ar/H, to further minimize the oxidation of the surface of the
InP QDs.*** We find that the degree of surface oxidation is indeed minimized by using
this gas mixture and by using a heat-up synthesis versus a hot-injection synthesis. A one
pulse *'P ssNMR spectrum of the InP QDs after synthesis is shown in Figure 2.1A in
black. The resonance belonging to P* in the InP QDs is present at around -200 ppm, as
has been frequently reported.*>*® The resonances that are visible at -5 and 55 ppm have
been assigned to PO,* and trioctylphosphine oxide (TOPO), respectively.'> * TOPO is
formed during the synthesis by oxidation of trioctylphosphine (TOP) and coordinates to
the surface of the QDs. By integration, we find that ~5% of the phosphorous atoms of the
InP QDs are in the oxidized PO,* state.
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Figure 2.1: (A) *'P ssNMR spectra of InP (black) and InP-InF, (green). (B) Absorption
and PL spectra of InP (black) and InP-InF, (green) QDs. The dashed gray line indicates
the 1S absorption peak of the InP QDs before treatment. (C) Time-resolved PL lifetime
measurements of InP (black) and InP-InF, (green). The solid lines show multi-exponential
fits to the experimental data (see the text).

The steady-state absorption and PL spectra of as-synthesized QDs are shown in Figure 2.1B
using solid and dashed black lines, respectively. These as-synthesized QDs have a PLQY of
<1%, on par with reported values in literature.'*"* These QDs exhibit multiexponential PL
decay as shown in Figure 2.1C (the black solid line is a triexponential fit to the data), with
an intensity averaged lifetime of 53 ns. We attempted to increase the PLQY of these QDs
using various metal halides as ligands with the procedure that is illustrated in Scheme 1.1.
Briefly, a solid metal halide salt is dispersed in hexadecane together with solid In(PA), in
a vial. In(PA), is added to maintain colloidal stability, as discussed further below. Then,
InP QDs, dispersed in hexadecane, are added, and the mixture is heated to a temperature
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between 120 and 180 °C for 1 to 150 minutes. The green spectra in Figure 2.1B, the
green PL transient in Figure 2.1C and the green *'P ssNMR spectrum in Figure 2.1A, are
recorded for InP QDs that have been treated with InF, for 60 minutes at 180 °C which we
found most effective in increasing the PLQY. We w111 return to these results below, after
we have discussed the screening of various ligand treatments and the optimization of the
experimental conditions during the treatment.

T= 120 180 °C 2
|,~,(p,.'_\,)3 t=1- 150 min.
Hexadecane
—

Scheme 1.1: Schematic description of the InF, treatment. To a vial, hexadecane, In(PA),
and MX are added (with M = Mg, Al, Cd, Zn and In and X = E Cl, Brand I). An InP QD
dispersion is added to the solution, and the mixture is heated to the desired temperature
for the desired time.

A series of metal salts were tested as Z-type ligands to select the ligand that results in
InP QDs with the optimal PLQY and fwhm. Based on previous studies on the addition
of Z-type ligands to boost the PLQY of QDs, we chose to test metal halides as ligands.*”
2 Metal halides are relatively small compared to metal carboxylates and should therefore
reduce steric hinderance and enable a high surface coverage of Z-type ligands.* The metal
halides tested for this study are InCl,, ZnCl,, ZnF,, ZnBr,, Znl,, AlF,, AICL, CdCl,, MgF,
and InF,; the QDs are exposed to these metal halides for 30 minutes at 150 °C.

Typical ligand treatments with metal halides use primary amines (usually oleylamine),
that act as L-type ligands and solubilize both the metal halide salt as well as the QDs after
ligand treatment.**' Motivated by the high PLQY obtained after the in situ HF treatment
reported in the work of Ubbink et al., which did not include any amines, we chose here
to work with the pure metal halide salts.”® However, metal halides are small and polar
compared to long carboxylic acid chains. Therefore, a complete coverage of the InP QD
surface with metal halides after the treatment leads to an unstable dispersion of the QDs in
hexadecane. To prevent precipitation, In(PA), is added to the treatment. For QDs to have
a high PLQY and to be stable in dispersion, the QDs should contain In(PA), and metal
halide ligands in an optimal ratio such that all surface atoms are covered, yet the QDs are
still stable in dispersion.

The InP QDs treated with InCl3, ZnClz, ZnBr,, Znl,, AlCl3 and CdCl2 all precipitated.
Efforts to redisperse these QDs in more polar solvents were unsuccessful. Treatments
using ZnF,, AIF,, MgF, and InF, on the other hand resulted in QDs that from stable
dispersions in hexadecane. This shows that, under these circumstances, only QDs treated
with metal fluoride salts are colloidally stable in hexadecane.
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The surface treatment with metal halide salts (MX ) can be seen as the following, simplified
reaction, wherein MX competes with In(PA), for surface sites:

InP[In(PA),] + yMX 2 InP[MXn]Y+ xIn(PA), (1)

The fact that the treatment with the nonfluoride metal halides results in a loss of colloidal
stability can be explained based on the solubility of the ligands. The water solubility values
of the metal halides used in this study are shown in Table A2.1. The solubility of the
fluoride salts is, in general, a factor 10-100 lower than nonfluoride salts. This is largely
caused by the larger lattice free energy of fluoride salts which in turn is the result of the
small ionic radius of the fluoride ion. So, while the reported solubilities relate to water
as a solvent, a similar trend is expected in other solvents. A higher solubility of the salts
results in a higher concentration of the metal halides during the treatment. This higher
concentration will shift the equilibrium in Reaction 1 to the right, resulting in an almost
complete coverage of the surface with metal halides. The fact that the outcome of the
treatment depends on the equilibrium between the In(PA), and metal halide ligands on
the surface indicates that the other metal halides could be successful at passivating the
surface of the QD, provided that the right ratio of metal halide to In(PA), is found, or if
amines are added to act as L-type ligands on the InP QD surface. In this work, however,
we will focus on the fluoride metal halides.

Figure 2.2 displays the absorption (solid) and PL spectra (dashed) of InP QDs before and
after treatment with various metal fluorides at 150 °C for 30 minutes. The 1S transition
in absorption and PL of the untreated QDs are, respectively, observed at 540 nm and 575
nm and are indicated with dashed gray lines. The spectra of a control treatment with
In(PA), but without a metal fluoride at 150 °C for 30 minutes show a widening of the 1S
peak indicative of size broadening. The PLQY remained <1%, indicating that the In(PA),
treatment does not effectively passivates surface defects.

The red, turquoise, orange, and purple spectra show the absorption and PL after exposing
the QDs to MgF,, AIF,, ZnF, and InF,, respectively. The treatment with MgF, raised the
PLQY to 2% and AlF, improved the PLQY to 11%. The AIF, treatment led to a blue-shift
of the absorption and PL spectra, indicating a decrease in effective size of the InP QDs.
The decrease in size could be the consequence of replacement of outer In** ions with Al**
atoms, effectively reducing the size of the InP core and suggesting an exchange of In(PA),
with AIF,, as indicated in Reaction 1. The treatment with ZnF, resulted in a PLQY of 46%,
and both the absorption and PL peaks are slightly shifted to shorter wavelengths, again
indicating a decrease in size of the QDs. The highest PLQY, 70%, is obtained by treatment
of the InP QDs with InF,. In this case, a small red-shift is observed in the absorption and
PL spectra, suggesting that the addition of InF, results in a net size increase, hence more
In on the surface. Thus, in addition to replacing In(PA), with InF,, the surface coverage
of Z-type InF, ligands has increased, implying that y > x in Reaction 1. The use of InF, to
passivate the surface of InP QDs is similar to what was reported previously by Ubbink et
al. but an important difference is the addition of In(PA),.'"* As mentioned earlier, In(PA),
ensures that InP QDs with a high coverage number remain stable in dispersion.
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Figure 2.2: Absorption (solid) and PL (dashed) spectra of InP before (black) and after

treatment at 150 °C for 30 minutes with various metal halide salts: MgF, (red), AlF,
(turquoise), ZnF, (orange), and InF, (purple). The PLQY before and after the treatment
is shown in the figure. The gray dashed lines indicate the wavelength of the 1S absorption
and emission peaks before treatment.

A slight broadening of the absorption and PL line widths, indicative of etching, is observed
but this broadening is rather small compared to HF-based treatments reported in the
literature.'® **** We will come back to this issue of etching below. InF, is thus selected as
the most promising Z-type ligand for surface passivation of InP QDs. As we will show
next, the procedure can be significantly improved by a further optimization of the reaction
conditions.

2.2.2 Optimization of the InF3 treatment

The treatment of InP QDs with InF, was optimized by measuring the optical properties of
the InP-InF3 QDs after treatment at 120, 150, or 180 °C at different time intervals. Figure
2.3A shows the PLQY as a function of the treatment time for these three temperatures.
For all three temperatures, three phases are observed during the treatment. In the first
30 minutes, a fast increase in PLQY is observed. In this initial phase, the PLQY increases
from <1 to 24% at 120 °C, to 55% at 150 °C, and to 85% at 180 °C. From these results, it is
clear that the chemical reaction that is happening in this first phase is thermally activated.

In the second phase, in the subsequent 30 minutes, a further but slower increase in PLQY
is observed for all three temperatures. After 60 minutes, the third phase occurs where a
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2

plateau in the PLQY is reached for the treatment at 120 and 150 °C, and a slight decrease
is observed for the treatment at 180 °C. The highest PLQY's obtained are 44, 74, and 93%
for the treatments at 120, 150, and 180 °C, respectively. For the treatment at 120 and 150
°C, the maximal PLQY is reached after 150 minutes; at 180 °C, the maximum PLQY is
obtained after 60 minutes. These results show that both the rate of PLQY increase and the
final PLQY depend on temperature, suggesting that the exchange Reaction 1 is thermally
activated, and perhaps is endothermic, such that the equilibrium shifts to the right with
increasing temperature.
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Figure 2.3: Optimization of the InF, treatment. A) The PLQY and B) fwhm of InP QDs
as a function of the treatment time and temperature C) The absorption and PL spectra of
aliquots collected during the treatment at 180 °C. Time and PLQY are shown on top of
each plot.

Figure 2.3B shows the fwhm of the PL peak as a function of the treatment time for the
three treatment temperatures. Regardless of the temperature, we observe an initial rise in
fwhm in the first 10 minutes, followed by a much slower and smaller increase. The fwhm
increase is smallest for the treatment at 120 °C and largest at 180 °C, demonstrating that
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the fwhm increase is related to temperature. The broadening of the optical features is also
visible in the control experiment, as shown in Figure 2.2, where InP QDs are heated in
the presence of In(PA), without a metal halide present. This suggests that the process is
simply induced by the prolonged exposure to elevated temperatures, and not to the InF,
treatment, for example due to Ostwald ripening.

From the development of the PLQY with reaction time, it is clear that the highest PLQY
can be obtained with the treatment at 180 °C, at the expense of a limited increase in the
fwhm of the PL. Considering both criteria, the treatment at 180 °C for 60 minutes provides

the best balance between a PLQY increase and a limited increase in fwhm, prompting a 2
PLQY increase up to 93% and a fwhm of 58 nm. To the best of our knowledge, this is the
highest PLQY reported for core-only InP QDs.

To study the reproducibility of the treatment and the error on our PLQY measurement,
we treated five InP QD samples using the optical conditions identified above. Table A2.2
displays the PLQY of these five samples measured two times with a calibrated integrating
sphere and two times with a reference dye. On average, a PLQY of 91.6 + 3.2% was
measured using the reference dye, and a PLQY of 89.9 + 3.5% was obtained with the
integrating sphere.

2.2.3 Analysis of optical and structural changes during the InF3 treatment
The absorption and PL spectra of InF -treated InP QDs (green lines) are compared to
the as-synthesized InP QDs (black lines) in Figure 2.1B. After the InF, treatment, the PL
decay, as shown in Figure 2.1G, is fitted with a biexponential function [0.30 exp(—t/42 ns)
+ 0.70 exp(—t/108 ns)] corresponding to an average PL lifetime of 99 ns. This lifetime is
significantly longer than that observed for CdSe and CdTe QDs with near-unity PLQY**
I but is similar to the PL lifetime of high PLQY InP prepared via the in situ HF treatment
we reported previously.'® *

We also investigated the presence of oxides on the surface of the InP QDs with ssNMR.
In Figure 2.1A, the one pulse *P NMR spectrum is shown in green for the InP-InF3 QDs.
The nature of the surface oxides, PO,*, did not change during the treatment; however,
the amount of oxides slightly increased (6% after InF, vs 5% before). These results are in
agreement with the work of Ubbink et al. which showed that mainly polyphosphates result
in trap states for InP QDs, and that phosphate does not introduce trap states in the band

gap.ls

The ssNMR spectrum also shows that the amount of TOPO decreases compared to
untreated particles, indicating that TOPO is replaced by InF, and In(PA), during the
treatment. Additionally, the phosphide resonance at ~200 ppm moves to a more negative
chemical shift after treatment. Tomaselli et al. showed that a reduction in size can cause
such a shift for InP QDs.*® However, the resonance shift is much larger than what would
be reasonably expected for a change in QD size. We therefore speculate that the nearby
presence of fluoride influences the chemical shift of the P** resonance.

The presence of In(PA), after InF, treatment is determined by comparing the 'H NMR
spectra of the QDs with a 'H NMR spectrum of In(PA),. The spectra in Figure A2.1A,B
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show resonances at 0.88, 1.25,1.55, and 2.32 ppm for both the In(PA), and the QDs. This
confirms that In(PA), is present in the QD sample. The broadening of the resonances at
1.55 and 2.32 ppm indicates that the majority of the In(PA), is coordinated to the QDs,
though a small amount of free palmitate is observed. The XPS spectrum in Figure A2.2A
displays that after InF, treatment F is present in the QD sample, while none is detected
before. After treatment, we observe that the In/P ratio increases from 1.3 to 2.0 (see Table
A2.3). This suggests that the surface coverage of In has increased, although the ratio of
2.0 seems unrealistically high, even for the small InP QDs investigated. We consider that
some of the additional In is present as excess In(PA),, in line with the relative increase in C
and O content. If we assume that all additional In resides on the surface and that the core
has an In/P ratio of 1:1, we estimate from the atomic composition a surface InF,/In(PA),
ratio of 1:5.5. If we assume all measured carbon is part of In(PA),, we estimate an InF/
In(PA), ratio of 1:4. These numbers set a lower and upper bound to the real InF,/In(PA),
ratio on the QD surface.

Additionally, “F NMR spectra are recorded for InF, and InP-InF, QDs and are shown
in Figure A2.3. The solubility of InF, is low in any solvent, but it is found that DMSO-d,
dissolves a measurable amount of InF3. The ’F NMR spectrum for InF, shows a doublet
around —166 ppm. However, in the ’F NMR spectrum for InP-InF,, recorded in CDCI,
(since the QDs are insoluble in DMSO), no signal is observed. It is common for NMR
signals from ligands to broaden when the ligand is coordinated to the QD surface due to
the slower molecular tumbling compared to the free molecules in solution.*®*' Since it is
clear from the XPS measurements that F is present in the InP-InF3 samples, this suggest
that all F resides on the QD surface and that YF NMR spectrum of the InP-InF3 QDs
has broadened so much that it becomes impossible to distinguish it from the measured
noise. It is concluded from the ssNMR, 'H NMR, “F NMR, and the XPS that the InF,
treatment leads to the introduction of InF, as Z-type ligand on the QD surface without the
complete exchange of In(PA),. Both InF, and In(PA), reside on the surface. The In(PA), is
responsible for the colloidal stability in nonpolar solvents, while the small InF, increases
the surface coverage of Z-type ligands and results in full passivation of P dangling bonds.

2.2.4 Preventing etching during InF3 treatment

Figure 2.3C shows the absorption and PL spectra for each data point during the treatment
performed at 180 °C. After an initial red-shift, indicating addition of InF, to the surface, a
blue-shift is observed for the 1S peak for longer treatment times, both in absorption and
PL. Additionally, a shoulder appears on the blue side of the PL spectrum and becomes
more pronounced at prolonged treatment times. The absorption and PL spectra of QDs
treated at 120 and 150 °C are shown in Figure A2.4A,B and display similar blue-shifts and
the rising of a PL shoulder at shorter wavelengths during the treatment. The shoulder at
the blue sides of the PL spectra contributes to the increase in fwhm observed during the
treatment. We found that this blue-shift is the result of the presence of trace amounts of
free Bronsted acids which etch the QDs.

To test the effect of free Bronsted acid during the InF, treatment, an InF, treatment was

performed both under strict acid-free conditions and in the presence of excess palmitic
acid. The resulting absorption and PL spectra are shown in Figure 2.4 together with
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Figure 2.4: Absorption (solid) and PL (dashed) spectra for InP QDs before (black) and

after InF, treatment at 180 °C for 60 minutes under excess acid (purple) and acid-free
(green) conditions. The dashed grey line indicates the 1S absorption peak for the InP QDs
before treatment.

the spectra for the InP QDs before treatment in green, purple, and black, respectively.
For the InF, treatment in the presence of excess acid, the absorption blue-shifts and
broadens, while a red-shift is observed after an acid-free treatment. The red-shift is in
agreement with the increased size observed in TEM images, 2.9 nm before and 3.3 nm
after treatment, as shown in Figure A2.5. Additionally, a clear blue-shifted shoulder is
observed in the PL spectrum for the treatment with excess acid, and the fwhm of the PL
increases to 87 nm, vs 50 nm for the acid-free treatment. The PLQYs obtained for the
treatment with and without acid are 85 and 87%, respectively, showing that the presence
of acid does not significantly affect the PLQY. Overall, this suggests that a small amount
of Bronsted acid does not result in a different surface composition, but that it does cause
deleterious etching of the InP QDs, similar to what was observed for HF treatments.'® 3"
32 We attribute the blue-shifted shoulder in the PL spectrum to a fraction of smaller QDs
generated via acid etching.

We note that avoiding this etching requires stringent acid-free conditions. In our case, this
included the use of clean, anhydrous solvents, pure In(PA), without any free palmitic acid
and, surprisingly, the use of clean and new stir bars. The acid-free nature of the In(PA),
was confirmed by 'H NMR where an acid proton, at 10.88 ppm, as observed for PA is
absent, see Figure A2.6. Proposedly, the PTFE coating of stir bars gets damaged at high
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temperatures and is prone to absorbing and releasing contaminants, an observation that
has been reported before.”

2.2.5 Generality of the method

We tested the generality of the method by performing the InF, treatment on InP QDs of
different sizes and on InP QDs and made via different synthesis routes. We note that the
treatment was not optimized for each case. The InF, treatment is applied to five different
sizes of InP QDs with the exciton absorption, ranging from 490 to 630 nm. The QDs with
the exciton absorption at 490, 540, and 560 nm were synthesized via a heat-up method,
and those with an exciton absorption at 500 and 630 nm via a hot-injection synthesis. The
absorption and PL spectra for these five InP QDs sizes after InF, treatment are shown in
Figure 2.5A together with their PLQY.

A B InP Heat-up c InP Hot-injection
PLQY: 84% - -
2 2
- 2 -
& \ &
o3 I\ \ PLQY:93% o3
_ 2 s FAR 2 8 PLQY:71%
s o _, \ ol \ [
4 T s
8 @ .% PLQY:<1%) @ : PLQY:<1%
- .E c ) .E c W
o T L T 6 P
2 E N E s
[ ) / ) -
c 2 — . 2 e .
o 400 500 600 700 800 400 500 600 700 800
"é. Wavelength (nm) Wavelength (nm)
]
0
v p InP Aminophosphine E Oxidized InP
o c c
g ° °
5 e~ t~ ey
£ 55 55 A Y PLQY:37%
5 2s 28N\ S\
2 ©_, s, 2 b emtvevadid
§ : E : PLQY:<1%
=c =c v
© © ] Wl
\ 5 E E ’r'
\\\~ PLQY:ES %| 5 H ’
Fo==" T — T . z T T T z T T T
400 500 600 700 400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 2.5: (A) Absorption (solid) and PL (dashed) spectra after InF, treatment at 180 °C
for 60 minutes for five sizes of InP QDs. (B-E) Absorption (solid) and PL (dashed) spectra
before (black) and after (green) InF, treatment at 180 °C for 60 minutes for InP QDs made
via the heat-up synthesis method, InP QDs made via the hot-injection method, InP QDs
made with the aminophosphine precursors and that are oxidized, respectively.

The PLQY increased from <1% to over 55% for the smallest InP QDs and peaks above 75%
for the three other sizes of QDs. The PLQY has not been optimized independently for each
QD size, which probably explains why the PLQY is not as high as that shown in Figure 2.2,
but it is evident that the treatment is effective on all sizes.
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Finally, we tested whether the effectiveness of the InF, treatment depends on the synthesis
method and consequently the surface composition. In the literature, two types of
phosphorus precursors are commonly used in the synthesis of InP QDs: tris(trimethylsilyl)
phosphine (TMSP) or amino-phosphines such as tris(dimethylamino)phosphine and
tris-(diethylamino)phosphine.'> ? In general, the synthesis with TMSP is performed at
higher temperatures and involves long chain carboxylic acid ligands.* '>***6 The synthesis
with aminophosphines, on the other hand, is performed at lower temperatures and is
often combined with halide salts and fatty amine ligands.*>** One of the main differences
between InP QDs made via these two methods is therefore the ligands that are passivating 2
the surface of the QDs. In the case of the synthesis with aminophosphines, this results in a

surface copassivated by halides and amines, whereas a synthesis with TMSP generally leads
to surface passivated with long carboxylic acids.®>>* Within the TMSP synthesis method,
two different methods can be distinguished: the hot-injection synthesis and the heat-up
synthesis method. The difference between these synthesis methods is the temperature
when the phosphorus precursor is injected, which as mentioned earlier, results in changes
in the degree of surface oxidation.'®

InP QDs made via the heat-up synthesis, the hot-injection method and with the
aminophosphine precursor are synthesized, as described in the Experimental Section.
Furthermore, to test whether the InF, treatment is also suitable for boosting the PLQY
of InP QDs with a high degree of surface oxidation, InP QDs were deliberately oxidized
after synthesis. The oxidation is performed by exposing the InP QDs made via the heat-up
synthesis to an atmosphere of 20% O, and 80% N, gas at 120 °C for 30 minutes.

The InF, treatment was performed on the four types of InP QDs. The absorption and
PL spectra are shown as the green lines in Figure 2.5B-E, and the PLQY is indicated in
the figures. For all QDs, there is a clear increase in PLQY, but the final PLQY differs. The
InP QDs made via the heat-up synthesis reach 93% PLQY, while those made via the hot-
injection method reach 71%. The InP QDs synthesized with amino-phosphine precursors
reach a PLQY of 82%. This PLQY is similar to the results obtained by Reiss and co-
workers after performing an in situ HF treatment on InP QDs made with aminophosphine
precursors.’® An important difference, however, is that their result is obtained at room
temperature, whereas the InF, in this work is performed at 180 °C. We remark again that
the full optimization of the InF, treatment was performed only for the QDs made with the
heat-up synthesis, and these conditions were applied to all samples. Hence, it is possible
that higher PLQY values can be achieved for the other synthesis methods if the conditions
are optimized. We interpret these results to mean that the InF, treatment is applicable to
InP QDs regardless of their synthesis method or the surface composition.

In contrast, the maximum achieved PLQY for the InP QDs that were oxidized on purpose
was only 36%. This suggests that the degree of oxidation of the InP QD surface is crucial
for the success of this treatment, even if it is clear from DFT calculations'® and the presence
of PO,” in near-unity PLQY InP QD samples that surface phosphate does not introduce
in-gap trap states. Rather, we speculate that too severe oxidation of the surface prevents
the complete coverage of the QD surface with Z-type ligands.

The results of this study are promising for implementation of this treatment in industrial
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processes, necessitating the scaling up of the treatment method. Critical aspects include
ensuring uniform heating of the reaction mixture, efficient mixing of reactants, and
effective separation of products. These factors must be addressed before implementing the
InF, treatment for enhancing the PLQY of InP QDs industrially. Additionally, optimizing
the treatment based on the surface chemistry of synthesized InP QDs is essential. Besides
the challenges of scaling up this reaction, the environmental impact of this treatment
must also be considered. InF, as a chemical is considered relatively safe but the synthesis,
usage, and disposal pose the largest environmental concerns. Production of InF, can
release fluorine byproducts, potentially harming ecosystems, and disposal may lead to the
persistence of indium and fluorine, impacting soil and water quality.

2.3 Conclusions

In conclusion, this work describes a simple but effective postsynthesis treatment that consist
of covering the surface of InP QDs with InF,. Under optimized conditions, InP core-only
QDs are obtained with a near-unity PLQY and single exponential photoluminescence
decay curves. We further show that etching of the InP QDs can be fully prevented by
working under acid-free conditions allowing for a near-unity PLQY without significant
spectral broadening. Furthermore, it is shown that this method is effective on InP QDs of
a wide range of sizes and made via different synthesis methods. Only severe oxidation of
the surface of InP QDs limits the effectiveness of the InF, treatment.

2.4 Methods/experimental

Materials

The following materials were purchased from Merck Sigma and used as received:
indium acetate [In(OAc),, 99.99%], myristic acid (MA, >99%), anhydrous hexadecane
(99%), trioctyl-phosphide (TOP, 97%), anhydrous acetone (99.8%), palmitic acid (PA,
99%), fluorescein, InCl, (99.999%), ZnCl, (>98%), ZnBr* (99.999), ZnI* (98%), AlF’
(99%), AICP (99.99%), CdCI*(99.99%), MgF, (99.99), and tris(diethylamino)phosphine
(97%). Octadecene (ODE, 90%, Merck Sigma) is degassed in vacuo at 100 °C before
being stored in the glovebox. Ar (6 N), Ar/H, (98:2, 6 N), and N,/O, (80:20, 6 N) were
purchased from Linde. InF, (99.95%) and anhydrous toluene (99.8) were purchased from
Alfa Aesar. NaOH pellets (98.5%) and oleylamine (80-90%) were bought from Acros.
Tris(trimethylsilyl)phosphine (TMSP, 98%) was obtained from Strem. ZnF, (99%),
heptane (99%), chloroform, and ethanol were purchased from VWR.

Heat-up TMSP based synthesis of InP QDs

The synthesis is adapted from method described in the work of Li, et al.* In a typical
synthesis, In(OAc), (200 mg, 0.685 mmol), MA (469.6 mg, 2.06 mmol) and anhydrous
hexadecane (24.6 mL) were added to a three-neck round-bottom flask. The mixture was
degassed at a Schlenk line under vacuum at room temperature for 30 minutes. Ar/H,
(98:2) was then bubbled through the solution at a rate of 0.3 L/min and the mixture was
heated to 150 °C for 30 minutes. TOP (3000 mg, 8.09 mmol) was injected into the mixture
and the mixture was reheated to 150 °C. At this temperature, a solution of TMSP (82.70
mg, 0.33 mmol) in anhydrous hexadecane (5.09 mL) was swiftly injected in the reaction
mixture and the temperature was ramped to 270 °C in ten minutes. The mixture was
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cooled to room temperature with an air gun after the reaction had run for 7 minutes.
The QDs were purified by precipitation with 5 volume equivalents of anhydrous acetone,
followed by centrifugation at 5000 rpm for 10 minutes. The supernatant was discarded
and the solid residue was redispersed in anhydrous toluene. This purification step was
repeated once and afterwards the QDs were dispersed in anhydrous hexadecane.

Hot-injection TMSP based synthesis of InP QDs

The synthesis method is based on the works reported by Won, et al and Ubbink, et al.®**
In a three-neck round-bottom flask, In(OAc), (585 mg, 2.00 mmol), PA (1535 mg, 6.00 2
mmol) and ODE (50 mL) are loaded. The flask is connected to a Schlenk line and the

mixture is degassed at 120 °C under vacuum for 60 minutes. The atmosphere is then
changed to N, gas and N, gas is blown over the surface of the reaction mixture with a
rate of 0.4 L/min. The temperature is raised to 280 °C and a solution of TMSP (375.81
mg) in TOP (5 mL) is swiftly injected, prompting a decrease in reaction temperature.
The temperature is set to 260 °C and the reaction proceeded for 12 minutes. The reaction
mixture is cooled to room temperature with an air gun. The purification was performed in
the same way as stated above for the heat-up synthesis method.

Oxidation of InP QDs

In a typical synthesis, anhydrous hexadecane (5 mL) is loaded in a three-neck round-
bottom flask and degassed at a Schlenk line under vacuum at room temperature for 30
minutes. The flask is then placed under Ar atmosphere and InP QDs (60 nmol, in anhydrous
toluene) are injected. The solution is then degassed under vacuum for 30 minutes. The
reaction flask is then disconnected from the Schlenk line, keeping the reaction mixture
under reduced pressure. A gaseous O /N, mixture (80:20) is bubbled through the solution
until atmospheric pressure is obtained. The reaction mixture is heated to 150 °C for 30
minutes and then cooled to room temperature with an air gun. The purification was
performed in the same way as stated above for the heat-up synthesis method.

Aminophosphine-based synthesis of InP QDs

The procedure is based on the method previously published by Tessier et al.”> 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.

Preparation of the In(PA)3 precursor

The procedure is based on the method previously published in the work of Angele, et
al.>> PA (5.1 g, 13.2 mmol) and In(OAc), (0.6 g, 1.36 mmol) are loaded in a 25 mL 3-neck
round-bottom flask. The reaction mixture is stirred under reduced atmosphere at 120 °C
for 6 hours. The reaction mixture is then filtered over a glass filter and the solid is washed
with ethanol (5 x 20 mL), heptane (5 x 20 mL) and chloroform (1 x 20 mL). The solid is
then dried in vacuo and subsequently stored in the glovebox.
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Metal halide treatment of InP QDs

In a typical metal halide treatment, the metal halide (0.73 mmol), In(PA), (44 mg, 0.05
mmol) and InP QDs (1.0 mL in anhydrous hexadecane, 50 M) are mixed in a glass vial.
The mixture is heated to a temperature between 120 and 180 °C and stirred for 1-150
minutes. The reaction mixture is cooled to room temperature and centrifuged at 5000 rpm
for 10 minutes to separate the remaining solid metal halide from the QDs in dispersion.
The supernatant containing the InP QDs was then diluted with anhydrous acetone and
centrifuged at 5000 rpm for 10 minutes. The supernatant was discarded and the treated
InP QDs were redispersed in anhydrous toluene.

In a typical InF, treatment performed at the optimal parameters, InF, (125 mg, 0.73
mmol), In(PA), (44 mg, 0.05 mmol) and InP QDs (1.25 mL in anhydrous hexadecane, 50
#M) are mixed in a glass vial. We note that InF, is poorly soluble in hexadecane so that a
saturated solution with noticeable white precipitate results. The mixture is heated to 180
°C and stirred for 60 minutes. The separation and redispersion in anhydrous toluene are
performed in the same manner as described for the general metal halide treatment.

Optical characterization

A PerkinElmer Lambda 365 spectrometer was used for recording the UV-vis absorption
spectra. An Edinburgh Instruments FLS980 spectrofluorometer with double grating
monochromators for both excitation and emission paths and a 450 W Xenon lamp as an
excitation source. PLQY values were obtained with respect to the Fluorescein reference
dye in 0.1 M NaOH in water at room temperature. The PLQY was calculated using the
following equation;

PLQY = PLQY

fluorescein

PL 2
I ion X
QD solution fluorescein X Mtoluene

PL
Iﬂuurescein X QD solution Myater

Where PLQY, . is set to be 92% for an excitation wavelength of 465 nm,* I*" is the
intensity of the PL signal of either the Fluorescein solution or the QD solution, n is the
refractive index of toluene or water at 465 nm (1.4969 and 1.333) and f is the fraction of
absorbed light for the Fluorescein or toluene solution, calculated as f = 10 °P with the OD
being the optical density of the Fluorescein or QD solution at 465 nm. PLQYs obtained
via this method were found to be reproducible, with an measurement error of <3% on the
PLQY values based on replication of the PLQY measurement on various samples that we
prepared in identical fashion.

Additionally, the PLQY was measured using an Edinburgh Instruments FLS980
spectrometer with a calibrated integrating sphere. The emission was recorded between
475 and 800 nm and the samples were excited at 465 nm.

An Edinburgh Instruments Lifespec TCSPC with a 400 nm pulsed laser was used for
recording the PL decay traces. The PL decay traces are fitted with a biexponential or
triexponential fitting function and the intensity-weighted average lifetimes are calculated
with the equation 1, = (A1’ + At)/(AT +At)and 1, = (AT’ + AT’ + A1)/
(AT, + AT, + At) with A and 1, the amplitude and lifetime of the first and second
exponent.
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ssSNMR characterization

For solid state NMR analysis, samples dispersed in anhydrous toluene were dried by
evaporating the solvent in vacuo, then the dried QDs were mixed with activated alumina
and loaded into a 4 mm Zirconia rotor. Measurements were performed with a Bruker
Ascend 500 magnet (11.7 T) equipped with a NEO console operating at a *'P resonance
frequency of 202.45 MHz, using a three channel DVY MAS probe from Bruker. *'P spectra
were referenced to external H,PO, (= 0 ppm). Single pulse *'P spectra were collected with
a MAS frequency of 8 kHz, a recycle delay (d1) of 50 s and a 4.8 us pulse width. Proton
decoupling was performed during acquisition using the Spinal-64 decoupling sequence. 2

Solution Nuclear Magnetic Resonance (NMR)

An Agilent 400-MR DD2 which is equipped with a 5 mm ONE NMR Probe was used to
record solution NMR spectra. "H-NMR (399.7 MHz) spectra were obtained with a recycle
delay of 1 s in deuterated chloroform. Signals are referenced with residual chloroform
peaks (7.26 ppm). “F-NMR (399.7 MHz) spectra were obtained with a recycle delay of 1
s in deuterated chloroform or DMSO.

X-ray Photoelectron Spectroscopy (XPS)

Samples are dropcasted on thin conductive substrates. XPS measurements were performed
in ultra high vacuum with a ThermoFisher K-Alpha equipped with an Al Ka source which
radiates with an energy of 1486 eV. An Ar flood gun was used during the measurements
to prevent charging.

Transmission Electron Microscopy (TEM)
Samples are dropcasted on grids and TEM images were acquired with a JEOL JEM1400
transmission electron microscope which operates at 120 kV.

References

1. Wu, Z.; Liu, P; Zhang, W,; Wang, K.; Sun, X. W,, Development of InP Quantum Dot-Based
Light-Emitting Diodes. ACS Energy Letters 2020, 5 (4), 1095-1106.

2. Geuchies, J. J.; Brynjarsson, B.; Grimaldi, G.; Gudjonsdottir, S.; van der Stam, W.; Evers, W.
H.; Houtepen, A. J., Quantitative Electrochemical Control over Optical Gain in Quantum-
Dot Solids. ACS Nano 2020.

3. Coe-Sullivan, S.; Liu, W; Allen, P; Steckel, J. S., Quantum Dots for LED Downconversion in
Display Applications. ECS Journal of Solid State Science and Technology 2013, 2 (2), R3026.

4. Park, Y.-S.; Roh, J; Diroll, B. T.; Schaller, R. D.; Klimov, V. L., Colloidal quantum dot lasers.
Nature Reviews Materials 2021, 6 (5), 382-401.

5. Talapin, D. V; Steckel, J., Quantum dot light-emitting devices. MRS Bulletin 2013, 38 (9),
685-691.

6. Won, Y.-H.; Cho, O.; Kim, T; Chung, D.-Y;; Kim, T.; Chung, H,; Jang, H,; Lee, J.; Kim, D.;
Jang, E., Highly efficient and stable InP/ZnSe/ZnS quantum dot light-emitting diodes. Nature
2019, 575 (7784), 634-638.

7. Carey, G. H.; Abdelhady, A. L;; Ning, Z,; Thon, S. M.; Bakr, O. M.; Sargent, E. H., Colloidal
Quantum Dot Solar Cells. Chemical Reviews 2015, 115 (23), 12732-12763.

8. Ganesan, A. A.; Houtepen, A. J.; Crisp, R. W. Quantum Dot Solar Cells: Small Beginnings
Have Large Impacts Applied Sciences [Online], 2018.

9. Geiregat, P; Houtepen, A. J.; Sagar, L. K;; Infante, I; Zapata, E; Grigel, V;; Allan, G.; Delerue,
C.; Van Thourhout, D.; Hens, Z., Continuous-wave infrared optical gain and amplified

61



Chapter 2

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

spontaneous emission at ultralow threshold by colloidal HgTe quantum dots. Nature
Materials 2018, 17 (1), 35-42.

Lim, J.; Park, Y.-S.; Klimov, V. I., Optical gain in colloidal quantum dots achieved with direct-
current electrical pumping. Nature Materials 2018, 17 (1), 42-49.

Karadza, B.; Van Avermaet, H.; Mingabudinova, L.; Hens, Z.; Meuret, Y., Efficient, high-CRI
white LEDs by combining traditional phosphors with cadmium-free InP/ZnSe red quantum
dots. Photon. Res. 2022, 10 (1), 155-165.

Kwak, D.-H.; Ramasamy, P; Lee, Y.-S.; Jeong, M.-H.; Lee, J.-S., High-Performance Hybrid
InP QDs/Black Phosphorus Photodetector. ACS Applied Materials & Interfaces 2019, 11 (32),
29041-29046.

Zhang, Y; Lv, Y.; Li, L.-S.; Zhao, X.-J.; Zhao, M.-X; Shen, H., Aminophosphate precursors for
the synthesis of near-unity emitting InP quantum dots and their application in liver cancer
diagnosis. Exploration 2022, 2 (4), 20220082.

Karadza, B.; Schiettecatte, P; Van Avermaet, H.; Mingabudinova, L.; Giordano, L.; Respekta,
D,; Deng, Y.-H.; Nakonechnyi, I; De Nolf, K.; Walravens, W.; Meuret, Y.; Hens, Z., Bridging
the Green Gap: Monochromatic InP-Based Quantum-Dot-on-Chip LEDs with over 50%
Color Conversion Efficiency. Nano Letters 2023, 23 (12), 5490-5496.

Almeida, G.; Ubbink, R. E; Stam, M.; du Fossé, I.; Houtepen, A. J., InP colloidal quantum
dots for visible and near-infrared photonics. Nature Reviews Materials 2023, 8 (11), 742-758.
Hughes, K. E; Stein, J. L.; Friedfeld, M. R; Cossairt, B. M.; Gamelin, D. R., Effects of Surface
Chemistry on the Photophysics of Colloidal InP Nanocrystals. ACS Nano 2019, 13 (12),
14198-14207.

Gary, D. C,; Terban, M. W;; Billinge, S. J. L.; Cossairt, B. M., Two-Step Nucleation and Growth
of InP Quantum Dots via Magic-Sized Cluster Intermediates. Chemistry of Materials 2015,
27 (4), 1432-1441.

Ubbink, R. E; Almeida, G.; Iziyi, H.; du Fossé, L; Verkleij, R.; Ganapathy, S.; van Eck, E. R.
H.; Houtepen, A. J., A Water-Free In Situ HF Treatment for Ultrabright InP Quantum Dots.
Chemistry of Materials 2022, 34 (22), 10093-10103.

Achorn, O. B.; Franke, D.; Bawendi, M. G., Seedless Continuous Injection Synthesis of Indium
Phosphide Quantum Dots as a Route to Large Size and Low Size Dispersity. Chemistry of
Materials 2020, 32 (15), 6532-6539.

Janke, E. M.; Williams, N. E.; She, C.; Zherebetskyy, D.; Hudson, M. H.; Wang, L.; Gosztola,
D. J; Schaller, R. D.; Lee, B; Sun, C.; Engel, G. S.; Talapin, D. V., Origin of Broad Emission
Spectra in InP Quantum Dots: Contributions from Structural and Electronic Disorder.
Journal of the American Chemical Society 2018, 140 (46), 15791-15803.

Tessier, M. D.; Baquero, E. A.; Dupont, D.; Grigel, V;; Bladt, E; Bals, S.; Coppel, Y.; Hens, Z.;
Nayral, C; Delpech, F, Interfacial Oxidation and Photoluminescence of InP-Based Core/
Shell Quantum Dots. Chemistry of Materials 2018, 30 (19), 6877-6883.

Cho, E;; Kim, T;; Choi, S.-m.; Jang, H.; Min, K; Jang, E., Optical Characteristics of the Surface
Defects in InP Colloidal Quantum Dots for Highly Efficient Light-Emitting Applications.
ACS Applied Nano Materials 2018, 1 (12), 7106-7114.

Yang, W;; Yang, Y; Kaledin, A. L; He, S.; Jin, T.; McBride, J. R;; Lian, T., Surface passivation
extends single and biexciton lifetimes of InP quantum dots. Chemical Science 2020, 11 (22),
5779-5789.

Kim, T.-G.; Zherebetskyy, D.; Bekenstein, Y.; Oh, M. H.; Wang, L.-W,; Jang, E.; Alivisatos,
A. P, Trap Passivation in Indium-Based Quantum Dots through Surface Fluorination:
Mechanism and Applications. ACS Nano 2018, 12 (11), 11529-11540.

Diimbgen, K. C;; Leemans, J.; De Roo, V.; Minjauw, M.; Detavernier, C.; Hens, Z., Surface
Chemistry of InP Quantum Dots, Amine-Halide Co-Passivation, and Binding of Z-Type
Ligands. Chemistry of Materials 2023, 35 (3), 1037-1046.

Van Avermaet, H.; Schiettecatte, P,; Hinz, S.; Giordano, L.; Ferrari, E; Nayral, C.; Delpech, F;

62



InF, charged with the task to fix the surface

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Maultzsch, J.; Lange, H.; Hens, Z., Full-Spectrum InP-Based Quantum Dots with Near-Unity
Photoluminescence Quantum Efficiency. ACS Nano 2022.

Kim, Y;; Ham, S.; Jang, H.; Min, J. H.; Chung, H.; Lee, J.; Kim, D.; Jang, E., Bright and Uniform
Green Light Emitting InP/ZnSe/ZnS Quantum Dots for Wide Color Gamut Displays. ACS
Applied Nano Materials 2019, 2 (3), 1496-1504.

Zhao, T,; Zhao, Q; Lee, J; Yang, S.; Wang, H.; Chuang, M.-Y,; He, Y.; Thompson, S. M.; Liu,
G.; Oh, N,; Murray, C. B.; Kagan, C. R., Engineering the Surface Chemistry of Colloidal InP
Quantum Dots for Charge Transport. Chemistry of Materials 2022, 34 (18), 8306-8315.
Midi¢, O. I; Sprague, J.; Lu, Z.; Nozik, A. J., Highly efficient band-edge emission from InP
quantum dots. Applied Physics Letters 1996, 68 (22), 3150-3152.

Trung, H. M.; Thien, N. D;; Van Vu, L; Long, N. N; Hieu, T. K., Synthesis of indium
phosphide nanocrystals by sonochemical method and survey of optical properties*. Eur.
Phys. J. Appl. Phys. 2013, 64 (1), 10402.

Adam, S.; Talapin, D. V,; Borchert, H.; Lobo, A.; McGinley, C.; de Castro, A. R. B.; Haase,
M.; Weller, H.; Moller, T., The effect of nanocrystal surface structure on the luminescence
properties: Photoemission study of HF-etched InP nanocrystals. The Journal of Chemical
Physics 2005, 123 (8), 084706.

Talapin, D. V;; Gaponik, N.; Borchert, H.; Rogach, A. L.; Haase, M.; Weller, H., Etching of
Colloidal InP Nanocrystals with Fluorides: Photochemical Nature of the Process Resulting
in High Photoluminescence Efficiency. The Journal of Physical Chemistry B 2002, 106 (49),
12659-12663.

Mici¢, O. L; Jones, K. M.; Cahill, A;; Nozik, A. J., Optical, Electronic, and Structural
Properties of Uncoupled and Close-Packed Arrays of InP Quantum Dots. The Journal of
Physical Chemistry B 1998, 102 (49), 9791-9796.

Click, S. M.; Rosenthal, S. J., Synthesis, Surface Chemistry, and Fluorescent Properties of InP
Quantum Dots. Chemistry of Materials 2023, 35 (3), 822-836.

Li, H,; Zhang, W.; Bian, Y;; Ahn, T. K; Shen, H,; Ji, B., ZnF2-Assisted Synthesis of Highly
Luminescent InP/ZnSe/ZnS Quantum Dots for Efficient and Stable Electroluminescence.
Nano Letters 2022, 22 (10), 4067-4073.

Yadav, R.; Kwon, Y.; Rivaux, C.; Saint-Pierre, C.; Ling, W. L,; Reiss, P., Narrow Near-Infrared
Emission from InP QDs Synthesized with Indium(I) Halides and Aminophosphine. Journal
of the American Chemical Society 2023, 145 (10), 5970-5981.

Green, M. L. H., A new approach to the formal classification of covalent compounds of the
elements. Journal of Organometallic Chemistry 1995, 500 (1), 127-148.

Bullen, C.; Mulvaney, P, The Effects of Chemisorption on the Luminescence of CdSe
Quantum Dots. Langmuir 2006, 22 (7), 3007-3013.

Kirkwood, N.; Monchen, J. O. V; Crisp, R. W,; Grimaldi, G.; Bergstein, H. A. C.; du Fossé,
L; van der Stam, W;; Infante, I; Houtepen, A. J., Finding and Fixing Traps in II-VI and
II-V Colloidal Quantum Dots: The Importance of Z-Type Ligand Passivation. Journal of the
American Chemical Society 2018, 140 (46), 15712-15723.

Page, R. C,; Espinobarro-Velazquez, D.; Leontiadou, M. A.; Smith, C.; Lewis, E. A.; Haigh, S.
J; Li, C; Radtke, H.; Pengpad, A.; Bondino, E; Magnano, E.; Pis, L; Flavell, W. R.; O’Brien, P;
Binks, D. J., Near-Unity Quantum Yields from Chloride Treated CdTe Colloidal Quantum
Dots. Small 2015, 11 (13), 1548-1554.

Gao, Y; Peng, X., Photogenerated Excitons in Plain Core CdSe Nanocrystals with Unity
Radiative Decay in Single Channel: The Effects of Surface and Ligands. Journal of the
American Chemical Society 2015, 137 (12), 4230-4235.

Calvin, J. J.; Swabeck, J. K;; Sedlak, A. B.; Kim, Y.; Jang, E.; Alivisatos, A. P, Thermodynamic
Investigation of Increased Luminescence in Indium Phosphide Quantum Dots by Treatment
with Metal Halide Salts. Journal of the American Chemical Society 2020, 142 (44), 18897-18906.
Stein, J. L.; Mader, E. A.; Cossairt, B. M., Luminescent InP Quantum Dots with Tunable

63



Chapter 2

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

Emission by Post-Synthetic Modification with Lewis Acids. The Journal of Physical Chemistry
Letters 2016, 7 (7), 1315-1320.

Li, Y;; Hou, X,; Dai, X; Yao, Z,; Lv, L;; Jin, Y.; Peng, X., Stoichiometry-Controlled InP-Based
Quantum Dots: Synthesis, Photoluminescence, and Electroluminescence. Journal of the
American Chemical Society 2019, 141 (16), 6448-6452.

Cros-Gagneux, A.; Delpech, E; Nayral, C; Cornejo, A.; Coppel, Y.; Chaudret, B., Surface
Chemistry of InP Quantum Dots: A Comprehensive Study. Journal of the American Chemical
Society 2010, 132 (51), 18147-18157.

Almeida, G; van der Poll, L.; Evers, W. H.; Szoboszlai, E.; Vonk, S. J. W,; Rabouw, E T
Houtepen, A. J., Size-Dependent Optical Properties of InP Colloidal Quantum Dots. Nano
Letters 2023, 23 (18), 8697-8703.

Baquero, E. A.; Virieux, H.; Swain, R. A.; Gillet, A.; Cros-Gagneux, A.; Coppel, Y.; Chaudret,
B.; Nayral, C.; Delpech, E, Synthesis of Oxide-Free InP Quantum Dots: Surface Control and
H2-Assisted Growth. Chemistry of Materials 2017, 29 (22), 9623-9627.

Tomaselli, M.; Yarger, J. L.; Bruchez, M., Jr.; Havlin, R. H.; deGraw, D.; Pines, A.; Alivisatos,
A. P, NMR study of InP quantum dots: Surface structure and size effects. The Journal of
Chemical Physics 1999, 110 (18), 8861-8864.

Stein, J. L.; Holden, W. M.; Venkatesh, A.; Mundy, M. E.; Rossini, A. J.; Seidler, G. T.; Cossairt,
B. M., Probing Surface Defects of InP Quantum Dots Using Phosphorus Ka and Kf X-ray
Emission Spectroscopy. Chemistry of Materials 2018, 30 (18), 6377-6388.

Hens, Z.; Martins, J. C., A Solution NMR Toolbox for Characterizing the Surface Chemistry
of Colloidal Nanocrystals. Chemistry of Materials 2013, 25 (8), 1211-1221.

Vogel, Y. B.; Stam, M.; Mulder, J. T.; Houtepen, A. J., Long-Range Charge Transport via Redox
Ligands in Quantum Dot Assemblies. ACS Nano 2022, 16 (12), 21216-21224.

Pentsak, E. O.; Eremin, D. B.; Gordeev, E. G.; Ananikov, V. P,, Phantom Reactivity in Organic
and Catalytic Reactions as a Consequence of Microscale Destruction and Contamination-
Trapping Effects of Magnetic Stir Bars. ACS Catalysis 2019, 9 (4), 3070-3081.

Tessier, M. D.; Dupont, D.; De Nolf, K;; De Roo, J.; Hens, Z., Economic and Size-Tunable
Synthesis of InP/ZnE (E = S, Se) Colloidal Quantum Dots. Chemistry of Materials 2015, 27
(13),4893-4898.

Kim, K; Yoo, D.; Choi, H.; Tamang, S.; Ko, J.-H.; Kim, S.; Kim, Y.-H.; Jeong, S., Halide-
Amine Co-Passivated Indium Phosphide Colloidal Quantum Dots in Tetrahedral Shape.
Angewandte Chemie International Edition 2016, 55 (11), 3714-3718.

Angelé, L; Dreyfuss, S.; Dubertret, B.; Mézailles, N., Synthesis of Monodisperse InP Quantum
Dots: Use of an Acid-Free Indium Carboxylate Precursor. Inorganic Chemistry 2021, 60 (4),
2271-2278.

Magde, D.; Wong, R.; Seybold, P. G., Fluorescence Quantum Yields and Their Relation to
Lifetimes of Rhodamine 6G and Fluorescein in Nine Solvents: Improved Absolute Standards
for Quantum Yields. Photochemistry and Photobiology 2002, 75 (4), 327-334.
https://www.chemspider.com/, accessed on March 1% 2024.
https://www.chemeurope.com/en/encyclopedia/Solubility_table.html, accessed on March 1+
2024.

64



InF, charged with the task to fix the surface

Appendix

Table A2.1: Solubility of several metal halide salts in water at 20 °C in g/100 cm?.>”

Compound Formula Solubility g/100 cm? in water (20
°C)

Indium(III) Fluoride InF, 11.2

Indium(III) Chloride InCl, 212 2

Zinc(II) Chloride ZnCl, 395

Zinc(IT) Fluoride ZnF, 1.6

Zinc(II) Bromide ZnBr, 446

Zinc(11) Todide Znl, 432

Aluminum(III) Fluoride AlF, 0.67

Aluminum(III) Chloride AlICL, 45.8

Cadmium(II) Chloride Cdcl, 135

Magnesium(II) Fluoride MgF, 0.007325
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Figure A2.1:'H NMR of In(PA), and InP-InF, QDs in CDCI,.
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Table A2.2: PLQY measured for five InP QD samples treated at the optimal conditions
(180 °C for 60 minutes) with respect to a reference dye and in an integrating sphere.
The symbols p and o indicate the PLQY average and standard deviation (in absolute

percentages), respectively.

# | PLQY PLQY PLQY PLQY u odye o pall o
dye dye sphere sphere  dye (%)  sphere sphere (%) all
(%) (next day) (%) (next (%) (%) (%) (%)

2 (%) day) (%)

1916 89.6 83.9 88.9 90.6 1.0 86.4 2.5 88.5 2.8

2 1985 90.3 91.6 89 944 4.1 90.3 1.3 924 3.7

3 190.6 88.4 85.4 90.2 89.5 1.1 87.8 2.4 88.7 2.1

41948 87.5 87.4 93.7 912 3.7 90.6 3.2 90.9 34

51949 90.1 94.2 94.4 925 24 94.3 0.1 934 1.9

u|94.1 89.2 88.5 91.2 91.6 89.9 90.8

g |28 1.1 3.8 2.3 3.2 35 3.5

A B C

—— FlsInP —— In3d InP — P2p InP
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Figure A2.2: XPS spectrum of the Fl1s (A), In3d (B) and P2p (C) photoemission line for
InP (black) and InP-InF, (green).
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Table A2.3: Elemental composition of InP QD samples before and after InF, treatment, as
determined by XPS.

Surface scan After ion
beam etching
Element As synthesized InF3 treated ~ As synthesized InF3 treated
C(%) 75.86 74.67 72.59 82.09
In(%) 5.62 4.53 12.77 7.27 2
0O(%) 14.33 17.51 6.58 5.76
P(%) 4.19 2.22 8.06 3.3
F(%) 1.07 1.57
In:P 1.34 2.04 1.58 2.20
In:F 4.23 4.63
P:F 2.07 2.10
InF,
5
s
£
w
c
2
=
InP-InF,

O 00 A0 O

200 150 100 50 [ -50 -100 -150 -200 -250 -300 -350 -400 -450 -500
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Figure A2.3: "F NMR of InF, (TOP) and InP-InF, (bottom) in DMSO-d, and CDCI,,
respectively.
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Figure A2.4: The absorption and PL spectra of aliquots collected during the treatment at
120 °C A) and 150 °C B). Time and PLQY are shown on top of each plot.
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Figure A2.5: TEM images of A) InP and B) InP-InF, QDs.
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Figure A2.6: 'H NMR of palmitic acid (red) and In(PA), (blue) in CDCI..

100

°
—_ °
Q °
> 50
(o4 °
a
ole o o o
'S 801 °
£ .
=
T 60 e ° i
E ° °
40 T T T T
,oQ ;\“\ S o
X & RN
‘(‘0 Q‘(‘ 'b‘o N
& ¢ &

Figure A2.7: PLQY and FWHM for four types of InP QDs before (black) and after (green)
InF, treatment.
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Guilty as Charged

The Role of Undercoordinated Indium in
Electron-Charged Indium Phosphide Quantum Dots

Quantum dots (QDs) are known for their size-dependent optical properties, narrow
emission bands, and high photoluminescence quantum yield (PLQY), which make them
interesting candidates for optoelectronic applications. In particular, InP QDs are receiving
a lot of attention since they are less toxic than other QD materials and are hence suitable
for consumer applications. Most of these applications, such as LEDs, photovoltaics, and
lasing, involve charging QDs with electrons and/or holes. However, charging of QDs is
not easy nor innocent, and the effect of charging on the composition and properties of
InP QDs is not yet well understood. This work provides theoretical insight into electron
charging of the InP core and InP/ZnSe QDs. Density functional theory calculations are
used to show that charging of InP-based QDs with electrons leads to the formation of trap
states if the QD contains In atoms that are undercoordinated and thus have less than four
bonds to neighboring atoms. InP core-only QDs have such atoms at the surface, which
are responsible for the formation of trap states upon charging with electrons. We show
that InP/ZnSe core-shell models with all In atoms fully coordinated can be charged with
electrons without the formation of trap states. These results show that undercoordinated
In atoms should be avoided at all times for QDs to be stably charged with electrons.

This chapter is based on: Maarten Stam, Indy du Fossé, Ivan Infante, Arjan J. Houtepen.
ACS Nano 2023, 17 (18), 18576-18583



Chapter 3

3.1 Introduction

Quantum dots (QDs) have size-dependent optical properties, narrow emission bands,
and high photoluminescence quantum yields (PLQYs). These properties make QDs
interesting candidates for optoelectronic applications, including photovoltaics, light-
emitting diodes, and lasers.'"'° In particular, InP QDs are of commercial interest since
the material is considered less toxic than Cd chalcogenide and Pb halide perovskite QD
materials, making it more suitable for consumer applications.

InP-based QDs with high PLQY and narrow full width at half-maximum (fwhm) are
nowadays synthesized and used in electronic devices.*"!"'* A common element in these
devices is that charging of the materials with electrons and holes is required, through
either electrical charge injection, intentional electronic doping, or photoexcitation.>'>%
The simplest picture is that this results in the addition of charges to the conduction band
(CB) or valence band (VB) states. Possibly present trap states in the bandgap would
also simply be filled or emptied upon doping. However, it is well known that charging
of semiconductors can result in the formation of charge-compensating defects.® For
semiconductor nanocrystals such defects most likely appear on the surface in the form
of local reduction/oxidation of surface atoms or the formation of dimers.”” For example,
Du Fossé et al. showed in a computational study that Cd-based QDs without dangling
bonds are stable up to a charge of one electron but form trap states after injection of more
electrons.”* Additionally it was shown that the local geometry of Cd atoms determines
whether the reduction of a Cd atom is energetically favorable or not: absence of ligands
results in reduction, and the presence of L-type ligands prevents reduction.”* Localized
energy states in the bandgap are also observed for PbS QDs after the injection of three
or four electrons, originating from undercoordinated Pb atoms leading to dimers on the
surface.*** However, to the best of our knowledge, there is no atomistic understanding of
the effects of charging InP QDs.

This work provides theoretical insight into electron charging of InP core-only and InP/
ZnSe core/shell QDs. The influence of additional electrons on the structure and the
electronic states of the QDs is studied. In line with the current understanding of the
surface of InP QDs the QD models used in this study are all cation rich and contain
negatively charged surface ligands, which compensate the positive charge from the excess
cations on the surface.** 3 The structure and density of states (DOS) are first determined
by density functional theory (DFT) calculations for the neutral QD, and consecutively
the QD is subjected to electron charging. The method for simulating electron charging
is adapted from the work of Du Fossé et al. and consists of the placement of one or more
neutral K atoms on the surface of the QD.% Per K atom, one electron is donated to the QD,
resulting in a negatively charged QD and a positively charged K atom, while the overall
system is charge neutral. DFT calculations are then performed to determine the effect of
the additional electron in the QD.

Initially, DFT calculations, simulating electrochemical electron charging, are performed
on InP core-only QDs with either a spherical or tetrahedral shape. The introduction of
an electron into the QDs results in the formation of a trap state for both shapes. This trap
is associated with a single undercoordinated surface In atom, which gets reduced upon
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electron addition, for both spherical and tetrahedral InP QDs.

A well-known solution to passivate the surface of QDs and thus creating fully coordinated
atoms at the surface is the growth of an epitaxial shell on the QD core.?** To study the
role of undercoordinated In atoms, two types of core/shell InP/ZnSe QDs are simulated
in this study. One type contains undercoordinated In atoms, and in the other type, all In
atoms are in a 4-fold coordination. Only the core/shell QDs with all In atoms in a 4-fold
coordination have a trap state free bandgap after electron charging, even up to the addition
of six electrons. Thus, the presence of undercoordinated In invariably leads to trap states
when additional electrons are introduced in the QD. This shows that undercoordinated In
atoms are not innocent but guilty as charged and responsible for charge compensation and
trap state formation upon electron addition.

3.2 Results and discussion

3.2.1 InP Core-Only Spherical QDs

InP QDs are reported with various shapes, but spherical and tetrahedral QDs are most
commonly observed. The work of Diimbgen et al. predicts that both shapes are possible for
small InP QDs but that at larger sizes only tetrahedral-shaped InP QDs allow for complete
surface passivation.” The requirement of charge balance requires three negatively charged
ligands per excess In atom, and steric hindrance prevents this in large spherical QDs.
In this work, both relatively small spherical and tetrahedral InP QDs are modeled and
charged with electrons to determine and compare their stability upon electron charging.
This section describes the results of electron charging InP core-only spherical QDs.
Figure 3.1A-i shows the uncharged spherical InP QD, which is a zincblende In P, CI,/
nanocrystal with a diameter of 1.9 nm. Figure 3.1B-i shows the DOS for this QD. It exhibits
a bandgap that is free of electronic states and with all VB levels filled with electrons, which
are below the dashed black line, and all CB levels empty, which are above the dashed black
line. Contour plots of the lowest unoccupied molecular orbital (LUMO) and the highest
occupied molecular orbital (HOMO) are shown in Figure 3.1C-i and D-i, respectively.
Both the LUMO and HOMO are delocalized molecular orbitals (MOs), indicating that
the VB and CB edges are not localized trap states. This shows that this QD model results
in a trap-free bandgap, in line with similar results on Cd-based QDs and recent results on
InP QDs.23335

After establishing that the spherical InP QD model corresponds to a trap-free system,
we investigated what happens upon electron charging. Figure 3.1A-ii shows the InP QD
with an additional K atom, which results in the injection of one electron in the QD. It
is observed that one In atom is ejected from the lattice at the surface of the InP model,
shown in orange, indicating a structural change in the model. A close-up of this In atom
in both the neutral QD and the electron charged QD is shown in Figure A3.1. Figure
3.1B-ii shows the DOS for this QD separated into the DOS for the spin-up (a) MOs and
spin-down () MOs, as a result of the unrestricted calculation used for an odd number of
electrons.”” The DOS in Figure 3.1B-ii shows trap states in the bandgap at —5.63 and —5.12
eV for the o and p MOs, respectively. The contribution of the ejected In atom to this trap
state is 42% and 38% for the a and p MOs, respectively, indicating that this In atom is
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Figure 3.1. Charging of spherical and tetrahedral InP QDs. (A) Structures of the QD
models where n indicates the number of injected electrons in the system. The black
lines indicate a perfect tetrahedral shape. (B) The DOS for each of the QD models. Each
horizontal line depicts an MO where the color indicates the fractional contribution to the
MO of the corresponding element. The dashed black line indicates to which energy the
MOs are filled with electrons. In the case of an odd number of electrons in the system
(n = 1), the unrestricted calculation results in separated spin-up (a) and spin-down (f)
orbitals, which are shown separately in the graph. Trap states are indicated by a dashed
red circle. (C) Contour plots of the LUMO of the QDs or the LUMO of the a MOs for QDs
with n = 1. (D) Contour plots of the HOMO of the QDs or the HOMO of the a MOs for
QDs withn =1.

mainly responsible for the formation of the trap state. The energy distribution of the DOS
for the spherical InP QD for n = 0 and n = 1 is shown in Figure A3.2. The contour plots
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of the MO of the trap state, the HOMO of the a MOs, and the LUMO of the p MOs are
shown in Figure 3.1C-ii and in Figure A3.3, respectively. These contour plots indicate the
localization of the trap state MO on the ejected In atom. The LUMO of the a MOs remains
delocalized, as shown in Figure 3.1D-ii, showing that the CB edge has not changed. From
these results, it is concluded that the ejected atom is responsible for the formation of the
trap state.

To understand why this particular In atom forms a trap state after electron addition, the
coordination number of the In atoms in the QD is calculated. The geometry optimized
model of the InP spherical QD has In-P and In-Cl bond lengths of 2.53 to 2.65 A and 2.34
to 2.73 A, respectively. The coordination number for every atom is therefore calculated by
determining the number of atoms within a radius of 2.75 A. Following this definition, it
was found that the QD has 16 In atoms with a 3-fold coordination, whereas the preferred
coordination number for InP in the zinc-blende lattice is four. These undercoordinated
atoms are all located on the surface of the QD, as can be seen in Figure A3.4 with the
undercoordinated atoms in red. In accordance with literature, no trap states are formed
by these 3-fold-coordinated atoms before the addition of extra electrons, as has already
been shown in the DOS in Figure 3.1B-i.** However, the atom that is ejected from the
QD lattice after electron addition, as described above, is one of the undercoordinated In
atoms. The fact that the trap state is localized on the undercoordinated In atom leads to
the hypothesis that undercoordinated In atoms are responsible for trap formation when
additional electrons are provided. Further charging of the QD with n = 2 does not lead
to the creation of more trap states but to filling of the energy level of the trap state with
two electrons, indicating that the same surface In atom gets further reduced. However,
charging the QD with n = 3 results in an additional trap state in the bandgap, as displayed
in Figure A3.5. The additional trap state for the QD with n = 3 is localized on another
undercoordinated In atom. Charging with n = 4 again does not lead to the formation of an
additional trap state but rather to the filling of the second trap state with a second electron.

3.2.2 InP Core-Only Tetrahedral QDs

To determine whether the formation of a trap state after the addition of an electron depends
on the shape of the InP QD, tetrahedral QDs were also investigated. Figure 3.1A-iii shows
a tetrahedral In,P_ Cl,, QD with an edge diameter of 2.6 nm. The calculated DOS is
shown in Figure 3.1B-iii and shows a bandgap that is free of trap states, and the contour
plots shown in Figure 3.1C-iii and D-iii indicate delocalization of the LUMO and HOMO
orbitals. Hence, similar to the spherical QD in Figure 3.1A-i, the tetrahedral QD model

results in a trap-free bandgap.

To simulate the electron charging for the tetrahedral QD, one potassium atom is placed
on the surface of the model, as shown in Figure 3.1A-iv. The resulting DOS is shown
in Figure 3.1B-iv, and trap states within the bandgap are observed at energies of —6.04
and —5.73 eV for the o and P orbitals, respectively. A contour plot of the o trap level
is shown in Figure 3.1D-iv and shows a localization of the wave function in one of the
corners of the QD. The largest contribution, 35%, to this trap state comes from one In
atom, and it is therefore concluded that this In atom is responsible for the formation of the
trap state. The coordination number of this particular In atom is three, again indicating
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that undercoordinated In atoms are responsible for trap state formation upon electron
charging.

Thus, for both the spherical- and tetrahedral-shaped InP QD models, it is an
undercoordinated In atom that has a large contribution to the formation of a trap state
after the injection of one electron. Interestingly, reduction of Cd in CdSe QDs only occurs
after the addition of two electrons.’® The more facile reduction of In can be explained by its
higher Pauling electronegativity of 1.78 compared to cadmium with an electronegativity of
1.69 and is in line with the more positive standard reduction potential for In3+ reduction
(In3+ + 3e- > In; E0 = —0.34 V vs NHE) than for Cd2+ reduction (Cd2+ + 2e- > Cd; E0 =
—0.40 V vs NHE),** although it should be noted that these reduction potentials depend
on the solvation energy of the ions in water and represent the reduction of free metal ions
not the semiconductor. The formation of a trap state after injection of one electron suggests
that in the presence of excess electrons trap states form due to undercoordinated atoms
independent of the shape of the InP QD, suggesting that it is mostly the local coordination
that determines the stability of In atoms against reduction. The role of undercoordinated
In also suggests that trap state formation can be prevented by ensuring full coordination
of every atom.

Such full coordination can be achieved by growing an epitaxial shell around the core with
a different material that has the same crystal structure and a matching lattice constant.
Currently, the best InP-based QDs that are reported in literature are InP/ZnSe/ZnS core/
shell/shell particles with PLQYs reaching unity.®!>!**** The result of shelling with ZnSe
or ZnS is that the QDs are terminated with Zn atoms instead of In atoms. The Pauling
electronegativity of Zn is 1.65, which is lower than both In (1.78) and Cd (1.69). In line
with this, the standard reduction potential of Zn2+ is much more negative (E0 = —0.76
V vs NHE), so it is expected that Zn ions are more stable under reductive conditions.
In both experimental and computational studies it is indeed found that Zn-terminated
particles have higher electrochemical stability for both CdSe/CdS/ZnS and InP/ZnSe/
ZnS QDs. 2?2 With both the complete coverage of the core In atoms and the increased
stability in mind, InP/ZnSe core/shell QD models are developed for this study.

3.2.3 InP/ZnSe Core/Shell QDs

The effect of passivating surface In with the ZnSe shell is tested by first constructing a QD
with an incomplete monolayer, leaving some surface In exposed and undercoordinated.
Such QDs with thin/incomplete shells have recently also been described in experimental
literature.* Next we added an additional complete ZnSe monolayer to fully coordinate all
In atoms and to simulate QDs with a thicker shell.

The exact composition of the incomplete shell is not chosen randomly, but corresponds
to the introduction of specific surface vacancies which are known to occur on bulk III-V
and II-VI semiconductor surfaces and prevent the formation of surface bands.* We are
currently preparing a manuscript on this topic. Here the surface reconstruction that we
introduce is the removal of 25% of the surface Zn atoms from the (111) facets. Figure A3.6
shows a schematic example of the surface reconstruction. Charge balance of the model is
achieved by adapting the number of surface Cl atoms. Such cation vacancies have earlier
been shown to lead to delocalized HOMO and LUMO levels for CdSe QDs by Vozzny and
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Sargent.”

The two InP/ZnSe core/shell QDs developed for this study both include surface
reconstructions and are based on tetrahedral shapes. The tetrahedral-shaped QDs are
chosen because the work of Diimbgen et al. shows that larger InP QDs prefer a tetrahedral
shape to produce sufficient surface area for all required ligands.” Cross-sections of the
InP core-only and InP/ZnSe core-shell QDs are shown in Figure 3.2. Figure 3.2B shows
an In31P20Zn72Se72CI33 QD which has one monolayer of the ZnSe shell, including
surface reconstructions, and is called InP/ZnSe(1 ML) for simplicity. Note that for this
QD the four corner In atoms of the core are removed, which is because they were found to
be unstable during the geometry optimization calculations. The surface reconstructions
lead to an incomplete ZnSe shell, allowing to test our hypothesis that the presence of
undercoordinated In atoms will lead to the formation upon charging of the QD with
electrons. Figure 3.2C shows the In P, Zn, Se, Cl.. QD with two monolayers of ZnSe
shell named InP/ZnSe(2 ML) and has the surface reconstructions on the outermost ZnSe
layer. Due to the second layer of ZnSe, all In atoms have a 4-fold coordination, which should
lead to a trap-free system upon charging with electrons, according to our hypothesis. The
results of the addition of electrons to these QDs are discussed in the following sections.

Cc

In P Zn Se Cl

Figure 3.2. Two-dimensional cross-sections of the tetrahedral core and core/shell QD
models. (A) InP core, (B) InP/ZnSe(1 ML) and (C) InP/ZnSe(2 ML).

The InP/ZnSe(1 ML) QD is shown in Figure 3.3A-i, and the cross-section of this model
is shown in Figure 3.2B. The model is created by taking an InP core QD and adding one
epitaxial layer of ZnSe. Subsequently, surface reconstructions are performed on the ZnSe
layer, meaning that 25% of the surface Zn atoms are removed to create vacancies in the
pattern as shown in Figure A3.6. However, the result of the surface reconstruction is that
not all In atoms have a 4-fold coordination.

The DOS for the InP/ZnSe(1 ML) QD is shown in Figure 3.3B-i. It features a bandgap
of 1.36 eV, clear of localized states, and evident contribution of Zn and Se to all MOs is
observed. The LUMO, displayed in Figure 3.3C-i, is delocalized over both the core and
the shell atoms. In Figure 3.3D-i, the HOMO of the core/shell QD is shown, and the MO
is mostly delocalized over the shell atoms, which is in agreement with the relatively large
contribution of Zn and Se observed in the DOS. A true type-I offset is not observed. This
can be the result of the small size of the InP core but is likely also the result of electric fields
arising at the core-shell interface.”® Therefore, it is difficult to draw conclusions about the
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Figure 3.3. Charging of the InP/ZnSe(1 ML) QD. (A) Structures of the QDs where n
indicates the number of injected electrons in the system. (B) The DOS for both QDs. The
trap states are indicated with a dashed red circle. (C) Contour plot of the LUMO of the QD
for n = 0 and the LUMO of the a MOs for n = 1. (D) Contour plot of the HOMO of the QD
for n = 0 and the HOMO of the a MOs for n = 1.

energy offset between the core and the shell. The coordination number for all In atoms
is determined for this model, and it is found that four In atoms are undercoordinated.
Similar to the InP core, these undercoordinated In atoms do not result in trap states for
the QD without excess electrons.

The addition of electrons is again simulated by placing a potassium atom on the surface of
the InP/ZnSe(1 ML) QD. Figure 3.3A-ii shows the structure of the InP/ZnSe(1 ML) QD
core/shell QD charged with a single electron (and a single potassium cation for charge
compensation). The corresponding DOS, shown in Figure 3.3B-ii, contains in-gap trap
states at —4.91 and —4.56 eV for the a and { orbitals, respectively. A contour plot of the
in-gap trap state of the a orbitals is shown in Figure 3.3D-ii. The MO is significantly
localized on one of the In atoms of the InP core and is colored orange in Figure 3.3A-
ii. The contribution of this particular In atom to the MO is 23%, shown in orange in
the DOS, indicating that the state is significantly localized on this In atom. The In atom
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Figure 3.4. Charging the InP/ZnSe(2 ML) QD. (A) Structures of the QDs where # indicates
the number of injected electrons in the system. (B) The DOS for both QDs. (C) Contour
plot of the LUMO of the QD for #n = 0 and the LUMO of the a MOs for n = 1. (D) Contour
plot of the HOMO of the QD for # = 0 and the HOMO of the a MOs for n = 1.

responsible for the trap state has a 3-fold coordination. These results show that the
presence of an incomplete ZnSe shell is not sufficient to prevent trap state formation after
electron addition if undercoordinated In atoms are present.

To prevent undercoordinated In atoms, a second layer of ZnSe is added to the QD model,
resulting in InP/ZnSe(2 ML). The cross-section in Figure 3.2C and the full QD in Figure
3.4A-i display that all In atoms of the InP core are covered by the ZnSe shell layers. The
DOS calculated for this QD is shown in Figure 3.4B-i, and a bandgap of 0.77 eV is observed.
Although the LUMO has a relatively large energy difference with the other MOs in the CB,
the energy state is clearly delocalized over the entire QD, as shown in Figure 3.4C-i. The
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HOMO is delocalized over several shell atoms, indicating that it is not a trap state level, as
shown in Figure 3.4D-i. Moreover, all In atoms are 4-fold coordinated, meaning that there
are no undercoordinated In atoms present.

With all In atoms 4-fold coordinated, the InP/ZnSe (2 ML) QD is subjected to the addition
of an extra electron. The QD with the extra potassium atom on the surface is visible in
Figure 3.4A-ii, and the corresponding DOS is plotted in Figure 3.4B-ii. The DOS shows
a bandgap of 0.74 eV, which is clear from gap trap states. The HOMO of the a set of the
orbitals is shown in Figure 3.4D-ii and displays delocalization of the energy state over
the entire QD, indicating that the filled orbital is not a trap state but that the electron is
injected into the CB. To study the stability of the InP/ZnSe(2 ML), the QD was charged
with up to six electrons and no trap states were formed; see Figure A3.7. These results
confirm that a 4-fold coordination due to two layers of a ZnSe shell prevents formation
of trap states when electrons are added to the QD. The work of Park et al. shows that
electrochemical charging of InP-based QDs is based on QDs with complete coverage of
ZnSe/ZnS shells.”®> However, there is no discussion on In reduction on the surface of InP
core-only QDs after electron charging. Passivation of the undercoordinated In atoms is
here achieved by a complete ZnSe shell, but this might also be achieved by coordination
to ligands. The exact effects of coordination of undercoordinated In atoms is outside the
scope of this work, but the work of Du Fossé et al. shows that L-type ligands stabilize QDs
against surface reduction, and it is likely that these results also hold for InP QDs.*

It is concluded from the results in this work that trap state formation after electron
charging a QD can only be prevented by ensuring 4-fold passivation of all the In atoms in
the QD. Implementation of InP-based QDs in electronic devices depending on electron
charging of these QDs therefore requires attention to surface and interface coordination
of the In atoms.

3.3 Conclusion

In conclusion, this work describes the effect of adding electrons to InP core-only and InP/
ZnSe core-shell QDs by DFT calculations. The results show that charging of InP QDs with
electrons always results in the reduction of a surface or interface ion if undercoordinated
In atoms are present. Only the formation of a complete ZnSe shell prevents this reduction.
InP is thus intrinsically less stable against reduction than Cd-based QDs, but it can be
stabilized with Zn chalcogenide shells, provided that all In atoms become fully coordinated.

3.4 Experimental

In agreement with previous work and the current understanding of the surface composition
of InP QDs, the QD models in this work are cation-rich and have chloride anions on the
surface to preserve charge balance.”**® The chloride anions are electronically similar to the
carboxylic acid ligands used in experiments but are computationally less expensive.?*>%
To calculate the required number of chloride atoms and the number of excess electrons
after charging, the charge-orbital model of Voznyy et al. is used, which is defined as

n=ZNi><qi
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with 7 representing the number of excess electrons, N, the number of atoms of type 7, and
g, the most common oxidation state of atom type i.*° For n > 0, excess electrons are present
in the QD and the QD is therefore negatively charged; for # < 0 the QD becomes positively
charged. The oxidation states of the atom types used in the QD models of this work are
assumed to be 3+, 2+, 1+, 3—, 2—, and 1- for In, Zn, K, P, Se, and Cl, respectively.

Calculations for structural relaxations, DOS, and MOs are all performed at the DFT level
using the CP2K quantum chemistry software package.’”> A Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional and a double-( valence polarization basis set are
used for all atoms.**** Effective core potentials from the GTH pseudopotentials account for
scalar relativistic effects. Simulations were all performed at 0 K in the gas phase. For QD
systems with an odd number of electrons, unrestricted spin calculations were performed.
In unrestricted calculations, the spin-up (a) and spin-down (P) electrons are calculated
independently from each other, resulting in separate densities of states and MOs. For all
contour plots of MOs a value of 0.005 e/bohr® was used.

It should be noted that the use of the PBE exchange-correlation leads to underestimation
of the bandgap.®® The absolute energies of the MOs may therefore differ from the
experimentally obtained values. The energylevels cannot directly be related to experiments,
but the trends described in this work are expected to be valid.*”
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Figure A3.1. Close-up of the undercoordinated In atom in the spherical core-only InP
QD that is responsible for the formation of the trap state after electron charging for the
neutral QD in A) and for n = 1 in B). The undercoordinated In atom is colored in orange
and the distance between the coordinating atoms in given in A.
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Figure A3.2. DOS for the spherical core-olny QD for n = 0 in A) and for n = 1 in B). The
trap state is indicated by a red dashed circle.
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Table A3.1. Relative energy levels for each used QD model of the valence and conduction
band, the relative energy of the trap states and the bandgap energy.

VB (eV) Trap (eV) CB (eV) BG (eV)
Spherical InPn=0 -5.999 N/A -4.920 1.078
Spherical InPn=1 -5.893 -5.627 -4.747 1.146
Tetrahedral InP n =0 -7.061 N/A -5.656 1.405
Tetrahedral InPn =1 -7.003 -6.045 -5.530 1.473
InP/ZnSe(1IML) n =0 -5.623 N/A -4.258 1.365
InP/ZnSe(IML) n =1 -5.624 -4.911 -4.121 1.502
InP/ZnSe(2ML) n =0 -5.115 N/A -4.348 0.767
InP/ZnSe(2ML)n =1 -5.060 N/A -4.325 0.735
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Figure A3.3. A) Contour plot of the LUMO of the p MOs of the spherical core-only InP
QD for n = 1 using a contour plot value of 0.005 e/bohr®. B) Contour plot of the HOMO
of the p MOs of the spherical core-only InP QD.

Figure A3.4. Structure of the spherical core-only QD with the undercoordinated In atoms
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Figure A3.5. Charging of InP QDs with n = 2, 3 and 4. The second In atom that is reduced
due to charging is indicated with a yellow color.
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Figure A3.6. Schematic drawing of the surface reconstruction where cation vacancies
are systematically introduced. The cations are depicted as blue spheres, the anions as red
spheres and the introduced vacancies as white spheres with a blue outline.
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Figure A3.7. Charging of the InP/ZnSe(2ML) QD with n = 6. A) The structure of the QD
with six potassium atoms on the surface. B) The DOS for the InP/ZnSe(2ML) with n = 6.
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Who is in charge?

A spectroelectrochemical study on InP-based QD films

Reference
electrode

Counter
electrode

Light source Electrolyte

InP-based quantum dots (QDs) are emerging as a viable alternative to Cd chalcogenide
and Pb halide perovskite QD materials for optoelectronic applications. Most of these
applications require the injection of electrons and holes, which can lead to reduction or
oxidation reactions. Here we explore the stability and charge dynamics of InP core-only
and InP/ZnSe/ZnS QD films using spectroelectrochemical methods. For InP core-only
QD films, the absorbance spectrum remains unchanged, indicating that injected charges
do not remain in the conduction band, and reduction reactions are related to the surface
ligands. InP/ZnSe/ZnS QD films with a mixture of chloride and oleylamine as ligands
exhibit reversible photoluminescence (PL) quenching at negative potentials but not at
positive potentials, while in ligand exchanged QD films with ethylenediamine (2DA) and
sodium sulfide (Na_S) reversible PL quenching at both positive and negative potentials
is observed. Despite the PL quenching, no change in absorbance is measured during
the spectroelectrochemical measurements, suggesting that charges do not remain in
the conduction or valence band. We propose that trap states within the band gap are
populated by injected charges, or injected charges induce electrochemical reactions after
the films become conductive, creating trap states that lead to quenching of the PL in InP/
ZnSe/ZnS QD films.

This chapter is based on: Maarten Stam, Irene Stavast, Mourijn van Leeuwen, Reinout
E. Ubbink, Yan B. Vogel, Hua Chen, Niels van Silfhout, Colin EA. van der Made, Luca
Giordano, Pieter Schiettecatte, Zeger Hens and Arjan J. Houtepen. In preparation.



Chapter 4

4.1 Introduction

Quantum dots (QDs) are luminescent materials with size-dependent optical properties,
high photoluminescence (PL) quantum vyield (PLQY) and narrow emission bands.
These properties make QDs appealing for numerous optoelectronic applications such as
photodetectors, LEDs and lasers.'” The toxic nature of Cd chalcogenide and Pb halide
perovskite QD materials has directed research towards InP-based QDs which are compliant
with the Restriction of Hazardous Substances (RoHS) directive (Directive 2011/65/EU of
the European Parliament).

Currently, InP-based QDs can be synthesized with near-unity PLQY®*'® and narrow
emission bands,'" 2 and LED devices have been fabricated with these QDs.® 1> Most
applications, like LEDs, photodetectors or phosphors, require charging of the QD materials
with electrons and holes, either optically, electrically or chemically. It is often assumed that
charge carriers are innocently injected in the conduction band (CB) and valence band
(VB) and that present trap states are filled or emptied upon (de)charging. However, it
has been proven that the injection of charge carriers can lead to charge-compensating
defects for bulk semiconductors.”®” Electrochemical measurements offer a promising
approach to probe the stability of InP-based QDs during charge injection, as charges are
continuously supplied throughout the measurement. This continuous charge injection
accentuates the effects, increasing the likelihood of detecting stability changes compared
to methods such as photoexcitation, where charge carriers are transient.

The effects of charge injection into QDs have been studied both computationally and
experimentally. Theoretical studies on Cd-based QDs show that injection of more than
one electron can lead to the formation of trap states, even in completely passivated QDs,
and that the absence of ligands can facilitate the reduction of Cd atoms on the surface.”®
¥ In experimental work, charge injection into the CB for CdSe/CdS/ZnS QD films is
reported,”” 2! but the protective ZnS shell is necessary to remove shallow trap states that are
suspected to give rise to enhanced hole trapping once these traps are filled with electrons
electrochemically.”? Moreover, using electrochemically stable ligands, such as amines
instead of cadmium carboxylates, proved essential to maintain high electroluminescence
in Cd-based QD-LEDs.?

On ZnO and PbS QD films, it is possible to reversibly inject and extract electrons into/
from the CB without degrading the QD films.**?** On InP-based QDs, a theoretical study
reports that undercoordinated In atoms at the surface of core-only InP QDs are responsible
for trap state formation when negative charges are injected, which can be prevented by
growing a protective ZnSe layer around these cores.” These findings seem to line up with
experimental work on bulk (100)-oriented InP electrodes where metallic In is formed
during charging® and with the reported work on InP-based QDs in dispersion where
charging of InP/ZnSe/ZnS is observed.’>** However, knowledge on InP-based QD films,
which resemble more closely QDs in devices, is lacking.

In this work InP core-only and InP/ZnSe/ZnS core/shell/shell QDs films are studied
through spectroelectrochemical experiments. In these experiments, a potential is applied
on the QD film and both the electrochemical current and the optical response are
monitored. During the cyclic voltammograms (CVs) recorded on these films, a negative
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current is measured for negative potentials but no significant changes in the absorbance
and X-ray photoelectron spectroscopy (XPS) spectra are observed on the QD films. The
PL of the InP/ZnSe/ZnS QD films with the original ligands decreases when a negative
potential is applied and only recovers fully when the potential is scanned to positive
values. A solid-state ligand exchange is performed on the core/shell/shell QD films to
improve charge carrier mobilities using either 1,2-ethanedithiol (2DT), ethylenediamine
(2DA), or sodium sulfide (Na,S).** For the films with 2DA and Na_$ ligands, a drop in
the PL intensity is also observed for positive potentials. This suggests that the absolute
energy of the electronic states in the QDs is shifted or that the ligand exchange induces
trap states. However, the absorbance for all InP/ZnSe/ZnS QD films shows no changes
during the measurements, indicating that the charges are not maintained in the CB or
VB. We propose two explanations for the decrease in PL without the presence of charges
carriers in the CB or VB. The first is that injected charges are trapped in already existing
trap states in the band gap where the filled traps result in quenching of the PL. The second
is that injected charges react with species on or near the surface, ligands or impurities,
which then create trap states on the surface that recover on the scan to positive potentials.

4.2 Results/Discussion

4.2.1 Core-only InP QD films

Core-only InP QDs are synthesized via an aminophosphine-based synthesis as described
in the methods/experimental section.”® These QDs have a 1S absorbance peak at
approximately 530 nm and the PL spectrum is dominated by trap state emission (see
Figure A4.1), which is common for as-synthesized InP QDs.'* " Core-only QD thin
films are fabricated by dropcasting a concentrated QD dispersion onto an Fluorine-doped
Tin Oxide (FTO) substrate. The QD films are either directly used for further experiments,
or a solid-state ligand exchange is performed to replace the original capping ligands,
i.e. chloride and oleylamine, with 1,2-ethanedithiol (EDT) as cross-linking ligand.*
The films are loaded in a spectroelectrochemistry setup which allows to probe both
the absorbance and the PL of the QD films as a function of an applied potential while
simultaneously measuring the current. The potentials reported are measured with respect
to a Ag pseudoreference electrode which is calibrated with the ferrocene/ferrocenium (Fc/
Fc*) redox couple at -0.39 V vs. Fc/Fc* which corresponds to -4.69 V vs. vacuum (see
Figure A4.2).*>* Further details on the film fabrication, the ligand exchange and the
spectroelectrochemistry setup are provided in the methods/experimental section.

In a typical measurement on a core-only QD film, the potential is cycled three times
between the open circuit potential (OCP) and a negative vertex potential with a scan rate
of 50 mV/sina 0.1 M TBAPF_ solution as electrolyte. Figure 4.1A shows the CV's recorded
on one core-only QD film with original ligands with negative vertex potentials at -1.6,
-1.8,-2.0 and -2.2 V. The increasingly negative potential is applied to determine either the
potential at which charges are injected into the CB of the QDs or the potential at which
cathodic decomposition of the QDs starts. In each CV, a cathodic current flows when
the potential is scanned to values more negative than -1.3 V. These currents are however,
comparable to the cathodic current measured on a bare FTO substrate (see Figure A4.3)
indicating that the QD films are not very conductive. The cathodic current increases with
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more negative potentials, with the first scan showing higher currents than successive scans.

In the reverse scan in the CVs with cathodic vertex at -1.6 and -1.8 V there is no positive
current, demonstrating that the electrons injected in the forward scan are not extracted,
i.e. the charge injection is irreversible and that no oxidative reactions occur. However, CV's
to -2.0 and -2.2 V, contain an oxidative peak around -1.1 V on the backward scan, linked
to a reduction reaction occurring at potentials more negative than -1.8 V.

A solid-state ligand exchange is performed with the bidentate ligand 2DT to reduce the
distance between the InP QDs, increasing the charge carrier mobility in the film.** The
CVs recorded on these QD films are depicted in Figure 4.1B for the same potential ranges
as in Figure 4.1A. Larger currents are recorded for the 2DT-passivated QD film compared
to the CVs in Figure 4.1A. The highest current appeared in the first scan of the CV to -1.6
V, with subsequent scans exhibiting smaller cathodic current which is equal to the first
scan of the CV to -1.8 V. This pattern repeats for each CV, indicating that an irreversible
cathodic reaction occurs during the first scan, which is not repeated during the consecutive
scans. The exact nature of this cathodic reaction is unknown, but it is associated with the
2DT ligands, as it does appear for the film with the original ligands. The anodic peak in the
backward scan, observed in Figure 4.1A, is not detected for the film with 2DT ligands. The
absence of this peak indicates that this anodic reaction is related to the original ligands on
the core-only QDs.

Further insight about the charge injection in the core-only QD films can be obtained
from the absorbance changes during the CVs. Electrons injection in the CB decreases
absorbance at the 1S peak, as the excitation of electrons from the VB edge to the CB
edge is blocked by the injected electrons.*" 2> 22> 28 In Figure 4.1C and E, steady-state
and differential absorbance spectra for the core-only QD film with the original ligands
are plotted at the OCP and at the most negative potentials for the CVs to -1.6 and -2.2 V,
respectively. For the CV to -1.6 V, the absorbance around the 1S peak, at approximately
530 nm, shows a minimal increase of up to 1 mOD. This value is close to the detection limit
of our setup and, in relation to the steady-state absorbance of approximately 400 mOD at
the 1S peak, indicates negligible change in the film. For the CVs to -2.2 V, a larger change
in absorbance is witnessed after repeatedly reaching the negative vertex. The absorbance
increases around 560 nm and decreases around the 1S peak, indicating a red-shift of the
1S peak, rather than a bleach of the 1S absorbance, as would be expected when electrons
occupy the CB. Such red-shifts can occur due to charges that are present near the QDs,
for instance on the QD surface, as has been reported for electrochemically charged CdSe
and CdTe QD films.*>**¢ In addition, an increase of absorbance over the full wavelength
range is observed, reminiscent of enhanced light scattering. This scattering could be due
to expansion of the film, or due to an increase in dielectric constant for instance caused
by the electrodeposition of metal domains.”” However, the absorbance change is at its
maximum approximately 8 mOD, representing a change of up to 2% of the absorbance.
Similar minimal changes in absorbance are seen in CVs to -1.8 and -2.0 V (see Figure
A4.4). The differential absorbance data indicate that, despite the oxidative peak during the
reverse scan, the changes are not reversible.
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Figure 4.1: CVs starting at OCP at -0.11 V to different negative potentials for InP core-
only QD films with a mixture of chloride and oleylamine ligands called original ligands
(A) and 2DT asligands (B) recorded at a scan rate of 50 mV/s in 0.1 M TBA PF,in ACN as
electrolyte. Each CV contains three scans where the first scan is indicated in a dark shade
and the second and third scan in a lighter shade of the same color. The scan direction for
each CV is indicated by the black arrow. The absorbance and differential absorbance for
QD films at OCP and the most negative potential for three consecutive scans are displayed
in (C) and (E) for films with the original ligands and in (D) and (F) for films with the 2DT
ligands.
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XPS is performed on the core-only QD film to study the oxidation state of the In atoms.
Figure A4.5 displays the XPS spectrum before and after a spectroelectrochemical
measurement. In the case of reduction of In** ions to metallic In, peak broadening at
higher binding energies and the raise of a signal around 456 eV would be expected.
Both features are not visible in the XPS spectrum after electrochemical measurements,
suggesting that there is no reduction of In** in the QD film.

Figure 4.1D displays the steady-state absorbance and the differential absorbance during
the CV to -1.6 V of the 2DT film. A decrease at the 1S peak at 530 nm and an increase at
560 nm suggest a small red-shift of the 1S peak, similar to the red-shift for the QD film
with the original ligand in Figure 4.1E. In the steady-state and differential absorbance
measured during the CV to -2.2 V, displayed in Figure 4.1F, an increase in intensity
around 550 nm is observed. This increase can be explained by the forementioned red-shift
caused by nearby charges in combination with a change in light scattering by the film. The
steady-state absorbance and the differential absorbance measured during the CVs to -1.8
and -2.0 V are plotted in Figure A4.4B and D respectively and show similar changes in the
absorbance during the CVs. However, in all cases the change in the absorbance is only a
few mOD, indicating that the absorbance changes 2% at most.

For both types of QD films, cathodic currents are recorded during CV measurements
without detectable electron presence in the CB, as no reversible absorbance bleach is
observed. Injected charges are not recovered, except for an oxidative peak in the original
ligand film at potentials more negative than -1.8 V. Thus, two processes occur in the
original ligand film: charge injection without electron retention in the CB, and a reduction
reaction linked to the oxidation peak at -1.1 V, only for potentials more negative than -1.8
V. This second process is absent in the film with 2DT ligands, where only non-recovered
current flow is detected, indicating that the reduction reaction is coupled to the original
ligands.

We propose two processes that could explain this injection of charges without filling
the CB. In either case it is assumed that the film becomes conductive once the potential
reaches the potential of the CB. In the first explanation, shown in Scheme 4.1A, the
injected charges are captured in existing trap states. In the trap states, the charges do not
contribute to a decrease in absorption. When the film reaches the potential where the
traps would be emptied, the potential is already below the CB, preventing conduction and
stopping the charges from flowing back to the electrode. We refer to this explanation as
the electrochemical filling of existent trap states. In the second explanation, depicted in
Scheme 4.1B, the injected charges induce an electrochemical reaction. This could involve
surface species such as ligands or contaminants in the electrolyte, for example molecular
oxygen, but also the formation of metal dimers on the surface. In these scenarios a trap
state is formed only after an additional charge carrier is supplied and reacts. To this
explanation we refer as electrochemical formation of trap states. In both scenarios the
reverse process is kinetically slowed down, making it appear irreversible in the CVs, as it
occurs when the applied potential is in the band gap and transport of electrons through
the CV levels is slow.

94



Who is in charge?

Electrochemical filling of existent trap states

Electrochemical formation of trap states

FTO QD1 QD2 FTO QD1 QD2
N N
§ CB CB § CB CB
E s Trap — Trap — E s
N \ @@, ©®,, N \ @@, ©©,,
N N
AN AN
E = OCP, non-conductive film E = OCP, non-conductive film
FTO QD1 QD2 FTO QD1 QD2

VIS SIS I4
VIS 44

E < Ecg, conductive film

!

E < Ecg, conductive film

FTO QD1 QD2

: N
\ N
\ \
N N
N N
\ \
N N
N N

m

= OCP, non-conductive film

m

= OCP, non-conductive film

Scheme 4.1: (A) Electrochemical filling of existent trap states with negative charges upon
applying a potential more negative than the CB. The charges are not extracted from the
trap states when the potential is back to OCP. (B) Electrochemical formation of trap states
by reactions with species in solution (X) or on the surface (L). The trap states trap the
charges from the CB.

Based on our data, it cannot be distinguished whether scenario A, B, or both in Scheme
4.1, is responsible for the observed CVs. The potential at which the reductive current
begins to flow is consistent with the work of Park et al., where QDs in dispersion are
charged.” Here, too, it is found that the injected charge carriers are not recovered.

4.2.2 Core/shell/shell InP/ZnSe/ZnS QD films

Next, we performed similar experiments on InP/ZnSe/ZnS QD films. The increased
luminescence of InP/ZnSe/ZnS QD allows to simultaneously probe the PL during the
spectroelectrochemical measurement. Additionally, it is expected that InP/ZnSe/ZnS QDs
are electrochemically more stable than core-only QDs as Zn?** should be harder to reduce
than In*; the standard reduction potential for In*, -0.34 V vs. NHE, is more positive than
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for Zn*',-0.76 V vs. NHE.**** The protective role of Zn on the outer layer of InP/ZnSe QDs
is also described in the computational work of Stam, et al.*® and on CdSe/CdS/ZnS QDs
in the work of Van der Stam, et al.”> The synthesis of the InP/ZnSe/ZnS QDs is described
in the methods/experimental section. The final QD dispersion has a 1S absorbance and
emission at 580 nm and 611 nm, respectively and a PLQY of 63% (see Figure A4.6). The
InP/ZnSe/ZnS QDs have a mixture of oleylamine, zinc oleate and zinc acetate as capping
ligands on their surface.” Films of the QDs were prepared in the same manner as the core-
only QD films, i.e. by dropcasting a concentrated InP/ZnSe/ZnS QD dispersion onto an
FTO substrate.

Figure 4.2A shows the CV recorded between the OCP and -1.8 V on an InP/ZnSe/ZnS$
film without ligand exchange, together with the evolution of the PL at 615 nm during the
CV. The 2D plot of the PL corresponding to this CV is depicted in Figure 4.2B. Similar
to the CV on the core-only QD film, a cathodic current starts to flow when a potential
more negative than -1.0 V is applied. The PL starts decreasing around the same potential
and continues to decrease until the scan direction is reversed. The CV on this film also
shows that the injected charge carriers are not recovered from the film. PL recovery on the
reverse scan is much slower than the PL quenching on the forward scan as demonstrated
in Figure 4.2A and Figure 4.2B. In the second and third scan, less current flows through
the film at the most negative potentials. Figure 4.2B also demonstrates that in subsequent
scans, the PL decreases again when scanned towards negative potentials and only partially
recovers when scanning back to the OCP.

A CV between the OCP and +1.0 V on an InP/ZnSe/ZnS QD film is displayed in Figure
4.2C, together with the evolution of the PL during this measurement in Figure 4.2D. A
small positive current flows during this measurement and the PL decreases minimally
but returns to the same level at the end of the measurement as at the beginning. The
CVs between OCP and -1.8 V and between OCP and +1.0 V reveal that in this potential
range more electrons are injected at negative potentials than that holes are injected at the
positive potentials.

Figure 4.2E shows a measurement over the full potential range, between -1.8 V and +1.0
V, starting and ending at the OCP, and scanning first in the cathodic direction. Again, a
cathodic current is measured when a potential is applied that is more negative than -1.0 V,
similar to the CV in Figure 4.2A. The PL, in Figure 4.2E and Figure 4.2F, decreases around
the same negative potential. Reversing the scan direction leads again to a relatively slow
recovery of the PL and the PL further increases when the most positive potential of +1.0
V is reached. Ultimately, the PL returns to the starting level, which contrasts with the scan
that only goes negative in Figure 4.2A. The observed PL decrease at negative potentials is
thus connected with the PL increase at positive potentials. This can be explained by the
concept that electrons move in the CB at negative potentials once the film is conductive
and immediately fill trap states at energies within the band gap. While scanning back and
reaching energies within the band gap, the electrons remain in the trap states as the QD
film is no longer conductive. Only upon reaching the VB the film becomes conductive
again allowing for the extraction of electrons from the trap states. This explanation aligns
with the CV in the reversed direction in Figure A4.7A and B, where the anodic current
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Figure 4.2: Spectroelectrochemical measurements on an InP/ZnSe/ZnS QD film. CVs
(black) between OCP and -1.8 V(A), OCP and +1.0 V (C) and -1.8 and 1.0 V (E) recorded
at a scan rate of 100 mV/s starting at 0.2 V in 0.1 M TBA PF_ in ACN as electrolyte, the
second and third scan are indicated in grey. The black arrow indicates the starting point
and the direction of the CV and the orange arrow indicates the starting point and the
direction the PL development during the CV. The PL intensity over one scan is shown in
orange. (B), (D) and (F) are the corresponding 2D plots over the entire CVs.

increases after the first time that negative potentials are applied. Removing electrons from
the trap states seems to occur spontaneously as well as the PL recovers slowly during the
potentials in the band gap, which we ascribe to reactions with impurities such as residual
)

Pa
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The PL changes witnessed during the CVs indicate that applying a potential affects the
optical properties of the QD film. However, the absence of a bleach in the absorbance
at the 1S peak (see Figure A4.8) for all three CVs in Figure 4.2, illustrates that charge
carriers are not stably injected in the CB and VB of the QDs. The change in PL at negative
potentials can thus not be explained by stable filling of CB energy levels which brings us
back to the explanations drawn in Scheme 4.1A and 1B. The injected charges are captured
in existing trap states where they act as efficient hole traps as suggested in earlier works,*
or charges entering the CB react with a reactive species such as oxygen or ligands to form
trap states which reduces the PL intensity.

The effect ofligand exchange on the charging of InP/ZnSe/ZnS QD films is also investigated.
The measured CVs and the PL change during these CVs are displayed for films with the
original ligands, 2DT, 2DA and Na,S in Figure 4.3. It was demonstrated before that the
charge carrier mobility of InZnP QD films increased for these ligands with respect to
the original ligands with the Na S ligand resulting in the largest increase.” Figure 4.3A
shows the CV between -1.8 V and +1.0 V recorded with a scan rate of 30 mV/s for an
InP/ZnSe/ZnS QD film with the original ligands. The PL evolution is displayed in Figure
4.3A for one scan and in Figure 4.3B for the complete CV. In the CV and PL evolution, it
is visible that when scanning to a negative potential, a cathodic current flows, and the PL
decreases. When subsequently scanning in the positive direction, the PL recovers to its
original value, which is similar to the behavior in Figure 4.2E.

The CV for the InP/ZnSe/ZnS QD film with 2DT ligands, in Figure 4.3C, is comparable
to the CV for the film with the original ligands in Figure 4.3A. Similarly, the PL decreases
when a negative potential is applied and recovers when scanning positively. Unlike what
is observed for core-only InP QD films with 2DT, the electrochemical current is not
increased with respect to the films with original ligands, suggesting that the 2DT ligand
exchange is not as effective on the core-shell QDs as on the core-only QDs.

Figure 4.3E depicts the CV and PL evolution over one scan for an InP/ZnSe/ZnS QD
film with 2DA ligands. A strong cathodic current is measured when scanning to negative
potentials. At the start of the CV, the PL first increases when a negative potential is applied,
but when a negative potential of approximately -1.2 V is reached, the PL starts to decrease
rapidly. At the most negative potential, the PL decreases to nearly zero, as also seen in
Figure A4.9. When the potential is scanned back in the positive direction, the PL initially
returns to approximately the starting value at a potential of +0.5 V. Subsequently, the PL
partially decreases again when a larger positive potential is applied. Figure 4.3F shows that
this process repeats throughout the subsequent CV scans.

Figures 3G and 3H plot the CV and PL evolution recorded on the film with Na S ligands.
Both the CV and the PL are comparable to the measurement on the film with 2DA
ligands. The PL decreases both at the most negative and the most positive potential and
recovers when the potential is between the two extremes. However, the PL modulations
are less pronounced compared to the film with 2DA ligands (see Figure A4.9 for a direct
comparison of the PL changes in the films).

Changing the surface ligands on the InP/ZnSe/ZnS QD films thus affects the magnitude of
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Figure 4.3: CVs and PL intensity over one scan of InP/ZnSe/ZnS QD films with the
original (A), 2DT (C), 2DA (E) and Na_$ (G) ligands recorded at a scan rate of 30 mV/s
in 0.1 M TBA PF, in ACN as electrolyte. The first scan is indicated in black, the second
and third scan are shown in grey. The CVs in (A), (C), (E) and (G) start at the OCP of
the corresponding film which is at 0.2 V, -0.23 V, 0.1 V and -0.12 V, respectively. The
black arrow indicates the starting point and the direction of the CV and the orange arrow
indicates the starting point and the direction the PL development during the CV. The
corresponding 2D plots of the PL for each ligand are plotted in (B), (D), (F) and (H).
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the current that flows, the extent of PL quenching, the PL quenching onset potential and
whether quenching at positive potentials is observed. However, what is not affected is the
absorbance during the CV, as none of the QD films display a bleach of the 1S absorbance,
see Figure A4.10.

Surface ligands determine the absolute energy of the energy levels of a semiconductor.>>
>3 Changing the surface ligands will thus lead to a shift in the absolute energies where the
intrinsic dipole of the ligand and the interface dipole play an important role in the size of
the shift. It has been shown for 2DT and 2DA that the energy levels are shifted to more
negative potentials compared to halides.”*** The higher surface coverage of these smaller
ligands compared to the original ligands is expected to shift the energy levels within the
QDs to a more negative potential. However, the increased charge carrier mobility will
reduce the overpotential required to reach the energy levels, probably counteracting this
shift to more negative potentials to a certain extent. Table A4.1 lists the potentials at which
the PL begins to decrease during the CVs in Figure 4.3. The negative potential at which
the PL starts to decrease is approximately the same for the films with the original, 2DT,
and Na_S$ ligands, ranging between -1.3 and -1.4 V. The film with 2DA ligands leads to PL
quenching at a less negative potential of -1.23 V. Only the QD films with 2DA and Na,S
ligands show a decrease in PL during the positive scan, both at a potential of +0.47 V.
These potentials indicate that there is at most a small ligand-induced shift in the injection
potentials. The energy difference between the two points at which the PL decreases for
the films with 2DA and Na2§ ligands are 1.70 V and 1.84 V, respectively, both of which
are less than the optical band gap of the QDs in the film (2.1 eV). We conclude that the
onset of PL quenching lies below the CB and VB, and is hence most likely related to
populating existing trap states in the band gap (scenario A in Scheme 4.1), or inducing
electrochemical reactions at potentials inside the band gap to form trap states (scenario B
in Scheme 4.1). Although the difference between the scenarios is whether the trap states
are already present or formed, both scenarios involve the transfer of a charge carrier,
followed by some reorganization. The degree of reorganization is likely different but what
really matters is the timescale of the charge transfer event. If the charge transfer rate is
larger than rate of recombination of excitons, it results in PL quenching, what is usually
referred to as trapping. From our experiments it is clear that implementation of InP-based
QDs in applications involving charging is not straightforward. Applications would require
the stable injection of charge carriers into the QDs and to achieve this the presence or
creation of trap states must be prevented.

4.3 Conclusions

Core-only InP QD films with chloride and oleylamine ligands exhibit a reduction reaction
coupled to an oxidation reaction when scanned to potentials more negative than -1.8 V.
Core-only InP QDs with 2DT ligands show a different irreversible reduction reaction at
potentials of -1.6 V. For both films, absorbance changes are negligible, indicating charges
do not remain in the CB of the QDs, and the reduction reactions are related to surface
ligands. We propose that electrons either populate trap states that already exist in the band
gap or induce electrochemical reactions after the films become conductive by reaching
the CB or VB to form trap states. InP/ZnSe/ZnS QD films with original and 2DT ligands
demonstrate PL quenching only at negative potentials, while films with 2DA and Na S
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ligands show PL quenching at both negative and positive potentials. For all InP/ZnSe/
ZnS QD films, negligible absorbance changes indicate charges do not remain in the CB or
VB. Our explanations also apply to the InP/ZnSe/ZnS QD films where it is found that trap
states are formed at positive potentials for films with 2DA and Na_S ligands.

4.4 Methods/Experimental

Materials

The following materials were purchased from Merck Sigma: Fluorescein, InCl3 (99.999%),
ZnCl, (>98%), tris(diethylamino)phosphine (97%), triethylamine (=99%), zinc oxide
(99.999%), 1,2-ethanedithiol (298.0%), ethylenediamine (299%), sodium sulfide, and
tetrabutylammonium hexafluorophosphate for the electrolyte (TBAPF,) (299.0%).
Anhydrous toluene (99.8%), selenium powder 200 mesh (99.999%), oleic acid (technical
90%), trifluoroacetic acid (99%), trifluoroacetic anhydride (> 99%) and 1-octadecene
(technical 90%) were acquired from Alfa Aesar. Tri-n-octylphosphine (> 97%) and
sulfur powder (99.999%) were collected from Strem Chemicals. NaOH pellets (98.5%),
oleylamine (80-90%), calcium(IT)hydride (93%) and zinc acetate (99%) were bought from
Acros Organics. Anhydrous ethanol (>99.5%) tetrabutylammonium hexafluorophosphate
for synthesis (98%) and anhydrous acetonitrile (299.95%) were purchased from VWR.
Methanol was obtained from Fisher Chemicals. 2-propanol (99.7%) was purchased from
Chem-Lab Analytical. Ar (6 N) was purchased from Linde. Fluorine-doped tin oxide
(FTO) on glass slides (1.1 mm thick, 12-15 Ohm/sq) was purchased from MSE supplies.
Oleylamine and 1-octadecene were dried over calcium(IT)hydride, degassed via a vacuum
distillation and stored over molecular sieves in a nitrogen-filled glovebox prior to use. All
other chemicals were used without further purification.

Transamination of tris(diethylamino)phosphine

Transamination of tris(diethylamino)-phosphine occurs in the presence of three
equivalents of oleylamine at 120-140 °C until the solution turns pale yellow in a nitrogen-
filled glovebox. Typically, 0.25 mL (0.91 mmol) of tris(diethylamino)-phosphine is added
to 1 mL (3.03 mmol) of oleylamine. Afterwards, while stirring, the temperature is raised
to 120-140 °C. The evaporated diethylamine gas is removed via a continuous flushing of
the glovebox.

Zinc(II)Oleate Synthesis

We used a procedure based on the synthesis of lead(II)oleate by Hendricks et al. that was
adapted by Dhaene et al. for the production of zinc oleate.”> > More specifically, 14.64
g (180 mmol) of zinc oxide was mixed in 80 mL (1.532 mol) of acetonitrile and, while
cooled, 25.44 mL (180 mmol) of trifluoroacetic anhydride and 2.76 mL (36 mmol) of
trifluoroacetic acid were added. The solution is stirred overnight and a clear and colourless
solution was obtained upon reaching room temperature. This zinc trifluoroacetate solution
was added to a mixture of 102.2 g (361.8 mmol) of oleic acid, 41.16 g (406.8 mmol) of
triethylamine and 720 mL (2.351 mol) of 2-propanol resulting in the formation of a white
precipitate. The resulted mixture was stirred and dissolution of the product occurred
at reflux temperature. The flask is cooled down to room temperature over a period of 2
hours, followed by freezing to -20 °C overnight. The resulting white crystals were filtered
oft and washed with cold methanol. The synthesized powder was dried under vacuum and
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a chemical yield of 95 + 2% is obtained.

Tri-n-octylphosphine Selenide

A 2.24 M TOP-Se solution was prepared by dissolving 6.196 g (78.5 mmol) of selenium
powder into 35 mL (78.5 mmol) of TOP at 90 °C for one hour in a nitrogen-filled glovebox.
Afterwards, the mixture was kept for 30 minutes at 110 °C - upon which the mixture
turned yellow. This TOP-Se solution was pushed through a 0.2 um PTFE filter (VWR)
and extra drops of TOP were added at 90 °C using a Pasteur pipette until the yellow colour
disappeared.

Tri-n-octylphospine Sulfide

A 2.24 M TOP-S solution was prepared by dissolving 2.517 g (78.5 mmol) of sulphur
powder into 35 mL (78.5 mmol) of TOP at 90 °C for one hour in a nitrogen-filled glovebox.
Afterwards, the hot solution was pushed through a 0.2 um PTFE filter (VWR).

Synthesis of core-only InP QDs

The procedure is based on the method previously published by Tessier et al.”* 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.

Synthesis of core/shell/shell InP/ZnSe/ZnS QDs

In a 25 mL three neck flask, 100 mg (0.45 mmol) of indium(III) chloride as indium raw
material and 300 mg (2.20 mmol) of zinc(IT) chloride as zinc raw material were mixed in
3 mL (9.10 mmol) of anhydrous oleylamine. 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. After 30 min, the dispersion was
cooled to 120 °C, and 120 mg (0.31 mmol) of tetrabutylammonium hexafluorophosphate,
0.3 mL (16.65 mmol) of water, and 2 g (3.18 mmol) of zinc(II) oleate mixed in 2 mL (6.07
mmol) of oleylamine and 4 mL (12.50 mmol) of 1-octadecene were added as a surface
treatment prior to ZnSe shell growth. Subsequently, the mixture was stirred and degassed
for an hour. Afterward, 1.6 mL of a stoichiometric TOP-Se (2.24 M) solution was injected,
and the temperature was raised to 330 °C. At this temperature, the shell growth went on
for 45 min. Subsequent to the ZnSe shell growth, the reaction mixture was cooled down
to 120 °C, after which 400 mg (2.21 mmol) of zinc(II) acetate was added and the mixture
was stirred and degassed for 1 h. Consecutively, 1 mL of a stoichiometric TOP-S (2.24 M)
solution was injected, and the temperature was raised to 300 °C. After 1 h of ZnS shell
growth, the reaction was stopped by cooling down the mixture to room temperature. InP/
ZnSe/ZnS QDs were then precipitated once using ethanol, redispersed in toluene, and
stored in a N,-filled glovebox.
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QD film preparation and ligand exchange

The QD film were prepared by drop-casting the QD dispersion (30 pL) on the FTO substrate
and letting the solvent evaporate at room temperature. For the ligand exchange, the dry
films were submerged in a 0.1 M solution of the preferred ligand (2DT, 2DA or Na S) in
anhydrous acetonitrile for 30 seconds and afterwards rinsed anhydrous acetonitrile.

Spectroelectrochemical measurements

An Autolab PGSTAT128N potentiostat operated with NOVA 2.1 software is used for the
spectroelectrochemical measurement. The electrochemical cell is composed in a three-
electrode setup with a platinum sheet as counter electrode, a silver wire as pseudoreference
electrode and the QD film on FTO as working electrode. All experiments were performed
inside a N, filled glovebox. A 0.1 M solution of TBAPF, in anhydrous acetonitrile was
purged with argon gas (99.999%) for 15 minutes and used as electrolyte. The optical
spectra were recorded with a fiber coupled spectrophotometer (Ocean Optics USB2000)
and the white light for absorbance and blue light for photoluminescence measurements
were generated by an Ocean Optics deuterium DH-2000 lamp and a 4.5 mW collimated
laser diode from Thorlabs at a wavelength of 405 nm, respectively.

Optical characterization

A PerkinElmer Lambda 365 spectrometer was used for recording the UV-vis absorbance
spectra. An Edinburgh Instruments FLS980 spectrofluorometer with double grating
monochromators for both excitation and emission paths and a 450 W Xenon lamp as an
excitation source. PLQY values were obtained with respect to the Fluorescein reference
dye in 0.1 M NaOH in water at room temperature. The PLQY was calculated using the
following equation;

IIQJlli disperion X fI’luorescein x (ntaluene)z

PLQY = PLQYFluorescein X IPL

Fluorescein X fQD dispersion

nwater

Where PLQY, . is set to be 92% for an excitation wavelength of 465 nm,”” I"" is the
intensity of the PL signal of either the Fluorescein solution or the QD dispersion, # is the
refractive index of toluene or water at 465 nm (1.497 and 1.333) and f is the fraction of
absorbed light for the Fluorescein or toluene solution, calculated as f = 10°° with the OD
being the optical density of the Fluorescein or QD dispersion at 465 nm.

X-ray Photoelectron Spectroscopy (XPS)

Samples are dropcasted on thin conductive substrates. XPS measurements were performed
in ultra-high vacuum with a ThermoFisher K-Alpha equipped with an Al Ka source which
radiates with an energy of 1486 eV. An Ar flood gun was used during the measurements to
prevent charging of the films.
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Figure A4.1: Absorbance (solid) and PL (dashed) of a core-only InP dispersion.
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Figure A4.2: CV of ferrocene in 0.1 M TBAPF_ in acetonitrile used to calibrate the Ag
pseudoreference electrode at a scan rate of 30 mV/s. The black arrow indicates the starting

point and the direction of the CV. The half wave potential (E, ) is estimated at 0.39 V.

The potential of the Ag pseudoreference electrode with respect to vacuum is calculated
with the formula: E, =-E 2g 468 (SCE vs. vacuum) - 0.40 (ferrocene vs. SCE) + E, . The
pseudoreference electrode is established to be at -4.69 V vs. vacuum.
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Figure A4.3: CV recorded between -1.8 and 1.5 V on a bare FTO substrate with a scan rate
of 30 mV/sin 0.1 M TBA PF_in ACN as electrolyte. The black arrow indicates the starting
point and the scan direction of the CV.
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Figure A4.4: The absorbance and differential absorbance for QD films at OCP and the
most negative potential for three consecutive scans are displayed in (A) and (C) for films
with the original ligands and in (B) and (D) for films with the 2DT ligands.
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Figure A4.5: XPS spectrum of the In3d photoemission line for a core-only InP QD film
before (black) and after (red) 10 minutes at -1.8 V.
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Figure A4.6: Absorbance (solid) and PL (dashed) of a core/shell/shell InP/ZnSe/Zn$S
dispersion. The PLQY was measured against the Fluorescein reference dye (92% in EtOH)
and was found to be 63%.

—
A 13~ B
4] -4
_— 0 1 E o -1.8
§. 3 Y 10
~ F1.2 ° > -
w —10 3 > -1.8
o b =
% -
b | T 1.0
|=. —20 - 1.1 = =
o X € -1.8
]
-l =
-30 : . 1100 o 10 ' i
-2 -1 0 1 o 565 585 605 625 645 665
Potential (V vs PRE) Wavelength (nm)

Figure A4.7: Spectroelectrochemical measurements on an InP/ZnSe/ZnS QD film. The
CV (A) is recorded between 1.0 V and -1.8 V, recorded at a scan rate of 100 mV/s starting
at 0.2 Vin 0.1 M TBA PF6 in ACN as electrolyte, the second and third scan are indicated
in grey. The black arrow indicates the starting point and the direction of the CV and the
orange arrow indicates the starting point and the direction the PL development during the
CV. The PL development during the first scan is shown in orange. (B) is the corresponding
2D plot over the entire CV.
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Figure A4.8: 2D plots of the differential absorbance (AA) for an InP/ZnSe/ZnS QD film
scanned from OCP to -1.8 V (A), from OCP to +1.0 V (B) and from OCP to -1.8 V to
+1.0V (C).
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Figure A4.10: 2D plots of the differential absorbance (AA) for InP/ZnSe/ZnS QD films
scanned between -1.8 V and +1.0 V with the original ligands (A), 2DT ligands (B), 2DA

ligands (C) and Na_§ ligands (D).

Table A4.1: Negative and positive onset potentials for the decrease in PL for films with the

Wavelength (nm)

original ligands, 2DA ligands, 2DT ligands and Na$ ligands.

Ligand Negative onset (V vs PRE)  Positive onset (V vs PRE)
OL -1.33 -

2DA -1.23 +0.47

2DT -1.32 -

Na,S -1.37 +0.47
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Summary

Quantum dots (QDs) playa central role in this thesis and can be described as semiconductor
nanoparticles small enough for quantum confinement to occur. The quantum confinement
effect results in the size dependance of several properties of the QDs, including the band
gap energy. The band gap determines the eventual color of the light emitted by the QDs
and observed by our eyes. This means that by simply varying the size of the QDs the
color of the nanoparticles can be tuned. The size-dependent properties, combined with a
high photoluminescence (PL) quantum yield (PLQY) and pure color emission, make QDs
very attractive for incorporation in lighting applications. To comply to modern European
regulations, InP-based QDs are developed, omitting the use of prohibited, toxic elements
such as Cd and Pb. However, the understanding and quality of InP-based QDs lag behind
those of Cd- and Pb-based QD materials, necessitating further investigation into the
material properties. It has been observed that most problems and questions arise from the
surface chemistry of InP QDs. Therefore, this thesis is dedicated to studying the surface
of InP-based QDs and finding methods to improve the overall quality of InP-based QDs.

The main concepts of InP-based QDs are discussed in Chapter 1. First, the general electronic
and optical properties of InP are reviewed and compared to other semiconductor materials.
Then, the synthesis methods considered most standard are discussed and evaluated. The
reviewed synthesis methods will come back in the following Chapters. The resulting QDs
often demonstrate limited efficiency, and the phenomena causing this limited efficiency
are discussed along with previously investigated solutions. The Chapter concludes with an
overview of achieved and possible applications of InP-based QDs.

In Chapter 2, we investigate and optimize a simple postsynthetic treatment to achieve
a near-unity PLQY on core-only InP QDs. Synthesized InP QDs have a PLQY of less
than 1% and show mainly trap state emission. It is generally assumed that a significant
portion of the efficiency quenching is caused by surface oxides and undercoordinated P
atoms on the surface. Surface oxidation is prevented by performing the synthesis under
strict inert conditions. Passivation of the undercoordinated P atoms can be achieved by
providing Z-type ligands. A series of metal salts is tested as Z-type ligands on InP QDs in
a treatment at 150 °C for 30 minutes in the presence of In(PA),. InF, is found as the most
suitable Z-type ligand in these conditions boosting the PLQY to 70%. Optimization of the
temperature and time of the treatment results in a PLQY of 93% for a treatment at 180 for
60 minutes while preventing significant broadening of the emission peak. The treatment
is successfully applied to various sizes of InP QDs and to InP QDs obtained via different
synthesis routes.

Density functional theory (DFT) calculations are used in Chapter 3 to investigate electron
charging of InP core-only and InP/ZnSe QDs on an atomic scale. Two models were
designed, one spherical and the other tetrahedral in shape, of InP QDs, passivated with
Cl atoms mimicking surface ligands with the advantage of lower computational costs.
An energy diagram with a bandgap clear of trap states is obtained for these QD models
in the neutral state. The addition of one extra electron leads to the formation of a trap
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state in both QD models, and it is found that undercoordinated In atoms are responsible
for the formation of these trap states. InP/ZnSe core/shell models with all In atoms fully
coordinated can be charged with electrons without the formation of trap states. These
results show that undercoordinated In atoms should be avoided for InP-based QDs to be
stable upon charging.

To elucidate the experimental effects of charging InP-based QDs, spectroelectrochemical
experiments are performed on thin films of InP core-only and InP/ZnSe/ZnS QDs, and
the results are described in Chapter 4. A dispersion of InP core-only QDs is dropcasted
on an FTO substrate to create a thin film. The film is then placed in an electrochemical
cell, and a cyclic voltammogram is recorded, cycling the potential between two maxima
while recording the current. Simultaneously, the optical features of the QDs are probed by
measuring the absorption. A current is measured while a negative potential is applied to
the core-only QD film, but the absorption spectrum remains unchanged, indicating that
injected charges are not stably injected into the conduction band of the QDs. Changing
the surface ligands showed that the electrochemical reactions that occurred are coupled
to the surface ligands, and no evidence was found that the negative potential resulted in
the reduction of In from the QDs. Thin films made from InP/ZnSe/ZnS QDs showed
a decrease in PL intensity during the spectroelectrochemical measurements without a
change in absorption. This suggests that also for the InP/ZnSe/ZnS QDs, the charges do
not remain in the conduction or valence band. We propose that once the film becomes
conductive trap states located in the band gap are filled with injected charges, or that the
injected charges induce electrochemical reactions leading to trap states. Both phenomena
explain the change in PL without any changes in the absorption of the films.

Throughout these chapters, it has become clear that the surface of InP-based QDs plays a
significant role in the properties of the QDs The pronounced influence of the surface on
the final properties of QDs can be explained by their relatively high surface-to-volume
ratio compared to bulk materials. Implementation of InP-based QDs in applications
thus requires careful study and modification of the surface, whether it is to achieve high
efficiency, create an electrochemically stable system, or successfully inject charges into the
conduction or valence band.
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Kwantum stippen (KS) spelen een centrale rol in dit proefschrift en kunnen worden
beschreven als nanodeeltjes van halfgeleidermateriaal welke klein genoeg zijn om
kwantumopsluiting te laten plaatsvinden. Dit effect zorgt ervoor dat verschillende
eigenschappen, waaronder de bandkloofenergie, athankelijk zijn van de afmetingen van
de KS. De bandkloofenergie bepaalt de uiteindelijke kleur van het licht dat door de KS
wordt uitgezonden en door onze ogen wordt waargenomen. Eenvoudigweg betekent dit
dat door de grootte van de KS te variéren, de kleur van de KS kan worden afgestemd.
De combinatie van grootte-athankelijke eigenschappen, een hoge fotoluminescentie (FL)
kwantumopbrengst (FLKO) en een hoge kleur puurheid, maakt KS zeer aantrekkelijk
voor verlichtingstoepassingen. Op InP-gebaseerde KS zijn ontwikkeld om te voldoen aan
de moderne Europese regelgeving waarbij er geen verboden, toxische elementen zoals
Cd en Pb gebruikt worden. Echter, de kennis en de kwaliteit van InP KS zijn nog niet zo
goed als voor KS gemaakt van materialen gebaseerd op Cd en Pb, wat betekent dat verder
onderzoek noodzakelijk is. Het is bekend dat de meeste problemen en vragen voor InP KS
komen van de oppervlaktechemie van de KS. Dit proefschrift is daarom gewijd aan het
bestuderen van het oppervlak van op InP-gebaseerde KS en het vinden van methoden om
de algehele kwaliteit van de op InP-gebaseerde KS te verbeteren.

De belangrijkste concepten van op InP-gebaseerde KS worden besproken in Hoofdstuk
1. Eerst worden de algemene elektronische en optische eigenschappen van InP besproken
en vergeleken met andere halfgeleidermaterialen. Vervolgens worden de meest gangbare
synthesemethoden besproken en geévalueerd. De besproken synthesemethoden zullen
terugkomen in de volgende Hoofdstukken. De resulterende KS hebben vaak een zeer
beperkte efficiéntie, en de fenomenen die verantwoordelijk zijn voor de beperkte
efficiéntie, worden besproken samen met eerder onderzochte oplossingen. Het hoofdstuk
eindigt met een overzicht van behaalde en toekomstige toepassingen van InP-gebaseerde
KS.

In Hoofdstuk 2 wordt een eenvoudige postsynthese behandeling onderzocht en
geoptimaliseerd om een FLKO van bijna 100% te bereiken op InP KS. Gesynthetiseerde
InP KS hebben een FLKO van minder dan 1% en vertonen voornamelijk emissie van
zogenaamde valkuil toestanden. Over het algemeen wordt aangenomen dat een
aanzienlijk deel van de efficiéntievermindering wordt veroorzaakt door oxides en
ondergecodrdineerde P-atomen op het oppervlak. Oxidatie op het oppervlakte wordt
voorkomen door de synthese uit te voeren onder strikt inerte omstandigheden. Passivatie
van de ondergecodrdineerde P-atomen kan worden bereikt door Z-type liganden
aan te bieden. Een reeks metaalzouten is getest als Z-type liganden op InP KS in een
behandeling bij 150 °C voor 30 minuten in aanwezigheid van In(PA),. InF, blijkt het
meest geschikte Z-type ligand te zijn onder deze omstandigheden, wat de FLKO verhoogt
naar 70%. Optimalisatie van de temperatuur en tijd van de behandeling resulteert in een
FLKO van 93% voor een behandeling bij 180 °C voor 60 minuten, terwijl verbreding
van de emissiepiek kan worden voorkomen. De behandeling is daarnaast ook succesvol
toegepast op verschillende groottes van InP KS en op InP KS verkregen via verschillende
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syntheseroutes.

In Hoofdstuk 3 worden computationele dichtheidsfunctionaaltheorie (DFT) berekeningen
gebruikt om het opladen met extra elektronen van InP en InP/ZnSe KS op atomaire schaal
te onderzoeken. Voor de InP KS zijn er twee modellen ontworpen, één bolvormig en de
andere tetraédrisch van vorm, gepassiveerd met Cl-atomen om oppervlakte-liganden na te
bootsen met het voordeel van lagere computationele kosten. Een energiediagram met een
bandkloof vrij van valkuil toestanden wordt verkregen voor deze modellen in de neutrale
toestand. De toevoeging van één extra elektron leidt tot de vorming van een valkuil toestand
in beide modellen en het blijkt dat ondergecoérdineerde In-atomen verantwoordelijk zijn
voor de vorming van deze valkuil toestanden. InP/ZnSe KS modellen met alle In-atomen
volledig gecoordineerd kunnen worden opgeladen met elektronen zonder de vorming
van valkuil toestanden. Deze resultaten tonen aan dat ondergecooérdineerde In-atomen
moeten worden vermeden voor InP-gebaseerde KS om stabiel te zijn bij oplading.

Om de experimentele effecten van het opladen van op InP-gebaseerde KS te onderzoeken,
worden spectro-elektrochemische experimenten uitgevoerd op dunne films van InP en
InP/ZnSe/ZnS KS en de resultaten zijn beschreven in Hoofdstuk 4. Een dispersie van
InP KS wordt op een geleidend substraat gedruppeld en gedroogd om een dunne film te
creéren. De film wordt vervolgens in een elektrochemische cel geplaatst en een cyclisch
voltammogram is opgenomen, waarbij het potentiaal wordt gescand tussen twee maxima
terwijl de stroom wordt opgenomen. Gelijktijdig worden de optische eigenschappen van
de KS onderzocht door de absorptie te meten. Een stroom wordt gemeten wanner een
negatieve potentiaal over de InP KS film wordt aangelegd, maar het absorptiespectrum
blijft onveranderd, wat aangeeft dat geinjecteerde ladingen niet stabiel in de geleidingsband
van de KS worden geinjecteerd. Verandering van de liganden op het oppervlakte toont
aan dat de elektrochemische reacties die optreden gekoppeld zijn aan de oppervlakte
liganden. Daarnaast is er geen bewijs gevonden dat de negatieve potentiaal resulteerde
in de reductie van In uit de KS. Dunne films gemaakt van InP/ZnSe/ZnS KS toonden
een afname in FL intensiteit tijdens de spectro-elektrochemische metingen zonder een
verandering in absorptie. Dit wijst erop dat ook voor de InP/ZnSe/ZnS$ KS, de ladingen
niet in de geleidings- of valentieband blijven. Het is onze hypothese dat zodra de film
geleidend wordt, valkuil toestanden in de bandkloof worden gevuld met geinjecteerde
ladingen, of dat de geinjecteerde ladingen elektrochemische reacties induceren die leiden
tot valkuil toestanden. Beide fenomenen verklaren de verandering in FL zonder enige
veranderingen in de absorptie van de films.

Door de Hoofdstukken heen is het duidelijk geworden dat het oppervlak van InP
gebaseerde KS een zeer sterke rol speelt in de eigenschappen van de KS. De uitgesproken
invloed van het oppervlak op de uiteindelijke eigenschappen van QDs kan worden
verklaard door hun relatief hoge oppervlakte-tot-volume verhouding vergeleken met bulk
materialen. Implementatie van InP gebaseerde KS in toepassingen vereist dus zorgvuldige
studie en aanpassing van het oppervlak, of het nu is om hoge efficiéntie te bereiken, een
elektrochemisch stabiel systeem te creéren, of succesvol ladingen in de geleidings- of
valentieband te injecteren.
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