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Abstract

Abstract

Colloidal nanocrystals (NCs) with controllable morphologies and sizes are at the core of
nanomaterials research. Among different NCs (zero-dimensional quantum dots, one-dimensional
nanorods, etc.), two-dimensional cadmium selenide (CdSe) nanoplatelets (NPLs) with lateral
extension of over 100 nm? and atomically precise thickness are one of the most promising
semiconductors for optoelectronic applications. However, several issues remain for implementing
CdSe NPLs for applications, including: (1) containing toxic and heavy elements, and (2) lacking
a fundamental understanding of the colloidal stability and the process of charge carrier generation
in solids. This thesis aims to synthesize environmentally friendly alternatives, such as indium
phosphide (InP) NCs with varied shapes, and shed light on colloidal stability and charge carrier
generation and dynamics using conventional CdSe NPLs as the model system.

The introductory Chapter 1 briefly presents an overview of nanomaterials and
nanotechnology, including quantum confinement in NCs, quantum dots, InP NCs, the synthesis
status of CdSe NPLs, colloidal NCs stabilization in dispersion, photophysics of CdSe NPLs, ligand
exchange method, and the thermal annealing method. In Chapter 2, we introduce terahertz (THz)
spectroscopy basics, including the generation and detection mechanism, experimental setups, and
the conductivity models for data analysis to infer charge transport properties in materials of interest.
Chapters 3-5 present the key results of this thesis. In Chapter 3, we synthesize InP NCs with
different shapes and sizes by utilizing triphenyl phosphite as the phosphorus source. We show that
InP NCs can be synthesized and formed from In2O3 NCs. Our findings open new synthetic
possibilities by utilizing a cost-effective, non-pyrophoric, and non-toxic phosphorus precursor. In
Chapter 4, we combine THz photoconductivity measurements with simulations to study the
colloidal stability and aggregation process in CdSe NPL dispersion. We demonstrate that
increasing the facet area of NPLs and the solvent length can reduce the critical concentration at
which NPLs start aggregating. Our simulation attributes the effect to the solvation force-dominated
colloidal stability for the NPL system; the solvation force is enhanced by increasing the NPL lateral
area and the length of solvent molecules. In Chapter 5, we report that thermal annealing
constitutes an effective strategy to control the optical absorption and electrical properties of CdSe
NPLs by tuning the inter-NPL distance. We observe a direct correlation between the temperature-
dependent ligand decomposition and the NPL-NPL distance shortening (by TEM). This leads to a

strong red-shift in the absorption band edge (by UV-vis studies) and enhanced electrical transport



Abstract

in NPL films. Our results illustrate a straightforward manner to control the interfacial electronic

coupling strength for developing functional optoelectronics through thermal treatments.



Zusammenfassung

Zusammenfassung

Kolloidale Nanokristalle (NCs) mit kontrollierbarer Morphologie und GroRe stehen im
Mittelpunkt der Nanomaterialforschung. Unter den verschiedenen NCs (nulldimensionale
Quantenpunkte, eindimensionale Nanostdbe usw.) gehdren zweidimensionale Cadmiumselenid
(CdSe)-Nanoplattchen (NPLs) mit einer lateralen Ausdehnung von iiber 100 nm? und einer atomar
prazisen Dicke zu den vielversprechendsten Halbleitern fur optoelektronische Anwendungen. Es
bleiben jedoch noch einige Probleme bei der Implementierung von CdSe-NPLs fiir Anwendungen
bestehen, darunter: (1) der Gehalt an toxischen und schweren Elementen,(2) das Fehlen eines
grundlegenden Verstandnisses der kolloidalen Stabilitdt und (3) des Prozesses der
Ladungstragererzeugung in Feststoffen. Ziel dieser Arbeit ist es, umweltfreundliche Alternativen
wie Indiumphosphid (InP)-NCs mit unterschiedlichen Formen zu synthetisieren und Licht auf die
kolloidale Stabilitat und die Ladungstragererzeugungsdynamik zu werfen, wobei herkdbmmliche
CdSe-NPLs als Modellsystem dienen.

Das einleitende Kapitel 1 bietet einen Uberblick (ber verschiedene Nanomaterialien und
Aspekte der Nanotechnologie, einschlieBlich des Effekts des Quanteneinschlusses (engl. quantum
confinement) in NCs, der Betrachtung von Quantenpunkten, von InP-NCs, vom Synthesestatus
von CdSe-NPLs, der kolloidale NC-Stabilisierung in Dispersionen, der Photophysik von CdSe-
NPLs, von Methoden zum Austausch von Liganden und der thermischen Gliihmethode. In Kapitel
2 stellen wir die Grundlagen der THz-Spektroskopie vor, einschlieflich des Erzeugungs- und
Detektionsmechanismus, der Versuchsaufbauten und der Leitfahigkeitsmodelle fir die
Datenanalyse, um Ladungstransporteffekte in interessierenden Materialien abzuleiten. In den
Kapiteln 3-5 werden die wichtigsten Ergebnisse dieser Arbeit vorgestellt. In Kapitel 3
synthetisieren wir InP-NCs mit unterschiedlichen Formen und GréRen unter Verwendung von
Triphenylphosphit als Phosphorquelle. Wir zeigen, dass InP-NCs aus In.O3-NCs synthetisiert und
gebildet werden konnen. Unsere Erkenntnisse erdffnen neue Synthesemdglichkeiten durch die
Verwendung eines kostengunstigen, nicht pyrophoren und ungiftigen Phosphorvorldufers. In
Kapitel 4 kombinieren wir THz-Photoleitfahigkeitsmessungen und Simulationen, um die
kolloidale Stabilitat und den Aggregationsprozess in CdSe-NPL-Dispersionen zu untersuchen. Wir
zeigen, dass sowohl eine VergroRerung der Facettenfliche von NPLs, als auch l&ngere
Lésungsmittelalkane die kritische Konzentration verringert, bei der NPLs zu aggregieren beginnen.

Unsere Simulationen fiihren den Effekt auf die durch im Losungsmittel auftretenden Kréfte (engl.
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solvation forces) dominierte kolloidale Stabilitdt fir das NPL-System zuriick; Die im
Losungsmittel auftretenden Kréfte verstarken sich bei einer VergroRerung der interagierenden
NPL-Facetenflachen, sowie bei einer Verlangerung der Losungsmittelmolekile. In Kapitel 5
berichten wir, dass thermisches Tempern eine wirksame Strategie zur Steuerung der optischen
Absorption und der elektrischen Eigenschaften von CdSe-NPLs durch Abstimmung des Abstands
zwischen den NPLs darstellt. Wir beobachten eine direkte Korrelation zwischen der
temperaturabhéangigen Ligandenzersetzung und der NPL-NPL-Abstandsverkirzung (durch TEM).
Dies fuhrt zu einer starken Rotverschiebung der Absorptionsbandkante (durch UV-Vis-Studien)
und einem verstarkten elektrischen Transport in  NPL-Filmen. Unsere Ergebnisse
veranschaulichen eine einfache Mdglichkeit, die Starke der elektronischen Grenzflachenkopplung

fiir die Entwicklung funktioneller Optoelektronik durch thermische Behandlungen zu steuern.
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Chapter 1: Introduction

1.1 A brief overview of nanomaterials and nanotechnology

Nanomaterials generally refer to materials with sizes ranging from 1 to 100 nm in at least one
of the size dimensions. Metal nanoparticles (NPs) are arguably the earliest studied classes of
nanomaterial systems. In 1850, Faraday observed that nanogold sol presents distinct optical
phenomena in which the color of the gel changes with the gold size, which transmuted the
“Alchemy of gold” into fascinating scientific research.! One hundred years later, Feynman
proposed the concept of nanotechnology in his famous lecture “There’s Plenty of Room at the
Bottom: An Invitation to Enter a New Field of Physics” at the annual American Physical Society
meeting in 1959. From then on, controlling matter at the nanoscale is the comprehensive dream of
the nanotechnology field.

Nanomaterials may exhibit novel physical, chemical, mechanical, and optical properties,?
which are fundamentally important for both scientific research and applications. For instance,
along with the size reduction, the much enhanced surface-area-to-volume ratio (in comparison to
their bulk counterparts) substantially increases the chemical reactivity of the materials, relevant
for many chemical and electrochemical processes (e.g., catalysis). Furthermore, quantum
confinement is expected to substantially modulate the electronic and optical properties of
nanomaterials when their size is below the so-called Bohr radius (see more detailed discussions in
1.2.1). Due to quantum confinement, nanomaterials have molecule-like discrete electronic states
that exhibit size-dependent optical and electronic properties. In addition to the quantum
confinement, the accompanied “dielectric confinement” can essentially reduce the charge
screening between photogenerated electrons and holes, resulting in the formation of bounded
electron-hole pairs (or so-called excitons).® The strong exciton effect of nanomaterials may
dominate the electronic and optical properties, even at room temperature.

Quantum dots are nanomaterials with diameters in the range of 2-10 nm. It’s one of the central
topics in nanochemistry and nanomaterial science. In the 1980s, Ekimov, Efros?, and Brus® put
forward the concept of quantum confinement, which presented the start of the semiconductor QDs
field. Peng et al. made a significant step forward by achieving the shape control synthesis of

semiconductor CdSe QDs in 2000.° Since then, QDs have started to rapidly develop for biomedical
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imaging, lasing, lighting displays, photonic quantum technology, and solar cell.”®° However,
many QDs contain toxic elements (cadmium or lead). Thus, the development of nontoxic QDs
composed of inexpensive and earth-abundant elements would greatly facilitate the development
and commercialization of QD applications. In addition, the dimension and shape of nanomaterials
directly impact their physical properties. Two-dimensional semiconductor nanoplatelets (NPLs),
e.g., CdSe NPLs™ are one of the most fascinating newly-developed colloidal nanomaterials, which
has attracted much research attention. The fascinating optical gain effect for laser applications has
been reported to originate from the biexciton states in NPLs.!* Understanding the charge carrier
dynamics (e.g. generation of free carriers and exciton complex in the ultrafast, picosecond (ps)
time scale) is therefore important.

After several decades of meticulous research and intensive development, nanomaterials have
emerged as highly practical and technologically significant foundational components for a wide
range of applications. The community is developing rigorous methodologies to control the size,
shape, and surface structure of a large number of functional materials. These synthetic
developments are aimed at a deep understanding of fundamental electronic, magnetic, and other
processes in nanomaterials.

This thesis dealt with two subjects: (1) developing indium phosphide (InP) NPs as one of the
promising nontoxic nanomaterials for optoelectronics, and (2) understanding the physiochemical
(e.g., colloidal stability) and photophysical (e.g., free carrier generation) of two-dimensional CdSe
NPLs. Prior to presenting the scientific findings, Chapter 1 provides a thorough review of pertinent
literature, encompassing topics such as synthesis methodologies and colloidal stability of NCs.
Furthermore, Chapter 2 offers an overview of the experimental instruments employed throughout
the thesis.

1.2 Semiconductor nanocrystals

1.2.1 Quantum confinement in nanocrystals

When the dimension of semiconductor materials shrink down to a sufficiently small size,
confinement of the electronic wave function can result in new physical properties that drastically
differ from the bulk. In bulk semiconductors, electrons are filled up to the top of the valence band

with no occupation for the bottom of the conduction band. The energy difference between the
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conduction band minimum and the valence band maximum defines a bandgap energy Eq for a
semiconductor. Photoexcitation of semiconductors promotes electrons across the bandgap from
the valence to the conduction band and leaves one “hole” in the valence band. Photogenerated
electrons and holes are subjected to Coulomb interactions. When the electron-hole interaction
energy, e.g. the energy for ionizing electrons far away from the hole (so that they do not interact
anymore) is much larger than thermal excitation (ksT), electrons and holes are bound to form
“excitons”. When excitons are formed (e.g. at cryogenic temperatures), the electron can be seen
orbiting around the hole charge. The physical separation between the electron and the hole defines
the so-called Bohr radius (e.g. CdSe ~ 4 nm, InAs ~ 29 nm).*2 With decreasing the material size,
the energy levels of the conduction band and valence band change from continuous distribution to
discrete distribution (Figure 1-1). As the size reaches the nanoscale, where the nanocrystal is made
up of only a smaller number of atoms or molecules, the number of overlapping orbitals or energy
levels decreases. This will increase the energy gap between the conduction band and the valence

band. This explains the higher energy gap in NP than that in the corresponding bulk material.
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Figure 1-1. Electronic states of bulk and quantum materials.

1.2.2 Quantum dots

QDs are important low-dimensional semiconductor materials that experience strong spatial
guantum confinement due to their small size, which is no larger than twice the Bohr radius. This
quantum confinement makes QDs uniquely capable of potentially color-pure fluorescence (if no
defects) that can be precisely controlled by the size and crystalline structures. QDs are sometimes
called “artificial atoms” because of the discrete electronic energy levels, which are analogous to
isolated atoms in a manner. This confinement effect can be readily understood by the famous
“particle in a box” model.?

QDs are typically spherical or quasi-spherical, with sizes ranging from 2 to 20 nm. The most
common QDs are composed of IV, 11-VI, IV-VI, and I11-V elements. Specific examples include
silicon (Si) QDs,®® germanium (Ge) QDs,** cadmium sulfide (CdS) QDs,*> cadmium selenide
(CdSe) QDs,*® cadmium telluride (CdTe) QDs,'’ zinc selenide (ZnSe) QDs,*® lead sulfide (PbS)
QDs,* lead selenide (PbSe) QDs,?° indium phosphide (InP) QDs,?! and indium arsenide (InAs)
QDs.?? Importantly, a wide array of research areas including biomedical imaging, lasing, lighting
displays, and photonic quantum technology rely on the optimized fluorescent QDs. Figure 1-2

depicts the reported emission ranges for several kinds of QDs.

400 «<— visile —— > 700 1000 A (nm)
B
CdS CdSe/Te alloys PbSe/Te
ZnSe CdTe
CdSe CdZnSe(alloys PbS
InP
InAs
CulnS2 | AgInS2
CulnSe2
CdaP2 CdaAs2

Figure 1-2. The spectral range of emission for the most widely studied semiconductor NCs.?®

(Reprinted with permission from ref. 23, Copyright 2016, American Chemical Society.)
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1.2.3 InP nanocrystals

Since their discovery 40 years ago, QDs have been used in both fundamental research and
application development.? As depicted in Figure 1-3, QD applications are mostly based on
exquisite optical properties including light-emitting diodes (LEDs), photovoltaics,
photoconductors and photodetectors, biomedical and environmental applications, catalysis, and
other applications.?* However, a particular concern is that the best-performed NC system is CdSe-
based. Inherent cadmium toxicity limits its implementation in biological and industrial

applications.

Photoconductors
Photovoltaics and

Photodetectors

QUANTUM
DOTS

Catalysis &
Others

o

Figure 1-3. QD-based applications.?* (Reprinted with permission from ref. 24, Copyright 2020,
American Chemical Society.)

As aresult, toxic-free and environmentally friendly alternative materials, including 111-V QDs
such as InP, have been developed and explored for optical and optoelectronic applications in recent
years.?>%:2" Besides being nontoxic, compared with the CdSe, the smaller bandgap (1.27 vs 1.74
eV for the bulk) allows the InP QDs emission to be tuned from the visible to the near-infrared (IR)
region. Additionally, the bulk InP has higher carrier mobility (up to 4600 cm? V! s1). Another
significant feature is its larger Bohr exciton diameter bigger than CdSe (21.61 vs 6.04 nm), thus
offering greater optical tunability than CdSe.*

So far, the primary research effort on InP nanocrystal materials has been devoted to synthesis
(chemicals, synthetic techniques, and shape control), growth mechanisms (classical nucleation and
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growth mechanisms, cluster formation, size-dependent growth rate), and surface chemistry (ligand,
ligand exchange, surface oxidation).

Synthesis. In most synthetic routes, the solution-based InP nanocrystal synthesis involves the
reaction of indium (long alkyl-chain carboxylates or halide) and phosphorus sources at high
temperatures (>180 °C) in high-boiling point solvents (e.g., ODE). Normally, researchers have
shown that indium carboxylate plays a critical role in tuning NCs size distribution and serves as a
stabilizing ligand. Because of its strong reactivity, tris(trimethylsilyl)phosphine (TMSIP) is the
most common phosphorus source.?® Heat-up, microwave, and hot-injection methods were used to
grow InP NCs with smaller diameters (< 3.5 nm). When aiming at synthesizing large crystals, only
the continuous hot-injection method has been reported to produce large InP NCs up to 27 nm.?° In
2016, Kim et al. produced tetrahedral and triangular prism InP QDs with 5-10 nm through the
synergistic passivation of halide-amine in indium-rich (111) facets (Figure 1-4a).%° In 2021, Jeong
et al. isolated the metastable intermediates (tetrapod InP QDs) from the formation of tetrahedral
InP QDs (Figure 1-4b).3!

Figure 1-4. (a) TEM image of InP tetrahedral NCs.® (Reprinted with permission from ref. 30,
Copyright 2016, John Wiley and Sons.) (b) Schematic illustrations of the crystalline structures
from tetrapod to tetrahedron.®! (Reprinted with permission from ref. 31, Copyright 2021, Springer
Nature.)

Growth mechanisms. Understanding the growth mechanisms allows for optimizing the
quality of InP QDs. For the classical nucleation theory (CNT), the seed crystals form monomeric
precursors and further grow to QDs. Based on CNT, there exists a critical radius, above which the
QD growth is thermodynamically favorable. On the contrary, the nucleus redissolves back into
monomer species (Figure 1-5a). In 1950, the LaMer model was proposed to describe nanocrystal
nucleation and growth. The LaMer model assumes that the rapidly increasing concentration of
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monomers will induce a “burst” of nucleation (Figure 1-5b). However, the growth of InP QDs
shows a significant deviation from classical nucleation theory. In 2009, Xie et al. studied InP
cluster formation through the appearance of an absorbance feature at 386 nm. This nanoscale
cluster, also termed as “magic-sized cluster” (MSC)%?, possesses a precise number of atoms and
is reported to be thermodynamically stable. In 2016, matrix-assisted laser desorption ionization-
time of flight mass spectrometry was used to analyze the MSC information. High-temperature ab
initio molecular dynamics was used to discover the early-stage intermediate InsP MSC (Figure 1-
5c¢). Furthermore, single-crystal X-ray diffraction (XRD) revealed that the InP MSC structure is
Ins7P20(0O2CR)s1 with a pseudo tetrahedral arrangement at a 0.83 A resolution. Hence, the
formation of MSCs is an important intermediate process for the growth of InP QDs. Later, in the

seedless continuous injection method, Achorn et al. found that new QDs continuously nucleated

while the existing larger QDs’ growth slowed significantly (Figure 1-5d).2°
a) b)
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Figure 1-5. (a) Classical nucleation theory model. (b) LaMer model for nucleation vs growth of
nanoparticles.?® (Reprinted with permission from ref. 28, Copyright 2023, American Chemical
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Society.) (c) The cluster formation in the early-stage InP QDs growth process.®* (Reprinted with
permission from ref. 34, Copyright 2016, American Chemical Society.) (d) Size-dependent growth
detected by absorption spectra.?® (Reprinted with permission from ref. 29, Copyright 2020,
American Chemical Society.)

Surface chemistry. The ligands and bonding environment at the surface dominate the surface
chemistry of InP QDs. For a variety of applications, we need to understand and control the ligand
exchange dynamics, surface fluorination, and controllable interface shell (Figure 1-6).%° In the
ligand exchange process, carboxylate-capped InP QDs can be treated with other ligands (amines,
palmitate, or inorganic ligand) to modify surface reactivity and quantum yield.*¢%"3 For surface
fluorination, HF etching is a well-known tactic for increasing InP QD quantum yields.3*4° To
enhance the photoluminescence and chemical stability, the growth of interface shell around QDs
to form so-called core-shell structures has been developed. For InP QDs, Zn- based shell growth

(i.e., ZnSe and/or ZnS) has been developed as the predominant method.*4?

Wiy

TAEIRST
ﬁfl S P

palmitate.

Figure 1-6. Schematic view of InP NCs surface.®® (Reprinted with permission from ref. 35,
Copyright 2016, American Chemical Society.)

1.3 CdSe nanoplatelets

1.3.1 Introduction of nanoplatelets
Quasi-two-dimensional (2D) semiconductor NPLs are atomically flat sheets whose thickness

is much smaller than the Bohr radius. The 2D NPLs family includes cadmium chalcogenides, lead
chalcogenides, indium selenide, and CsPbXs perovskites (Figure 1-7), etc.*
As an emerging class of photoactive materials, 2D semiconducting NPLs can be used in

optoelectronic devices thanks to their large absorption coefficient, high carrier mobility, and
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unique thickness-dependent optical transitions.** Due to their 2D nature, the charge carriers are
strongly confined in the thickness and may be also weakly confined in the lateral dimensions
(depending on the lateral sizes). Thus, the extension of lateral sizes has minor effects on the
electronic structures in NPLs: i.e. their energy levels are independent of the lateral size. Charge
carriers in 2D NPLs can move freely in the plane, which may lead to superior charge transport
compared to QDs. Furthermore, because of the strong quantum confinement in 2D NPLs, the
narrow photoluminescence (PL) emission can be tuned by precisely controlling their thickness at

the nanoscale.

anion
precursor

hot

Figure 1-7. Two-dimensional colloidal semiconductor nanoplatelets: synthesis method and
possible compositions.*® (Reprinted with permission from ref. 45, Copyright 2021, American

Chemical Society.)

1.3.2 Synthesis status of CdSe nanoplatelets
Wourtzite CdSe nanoplatelets. In 2006, the first colloidal CdSe NPLs (which by then were

termed as “nanoribbons”) were synthesized in the solvent phase by Hyeon et al.*® This is also the
first report on semiconductor CdSe NCs with one-dimensional confinement. These NPLs with
wurtzite structures are synthesized at a low temperature (120 °C), compared to molecular beam
epitaxy or chemical vapor deposition at high temperature (500-700 °C). From the TEM image, the
width (10-20 nm) is beyond the quantum confinement. The uniform 1.4 nm thickness confirms its
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2D characteristic. In 2009, Hyeon et al. used selenium and octanamine to obtain large-scale CdSe
NPLs with 1.4 nm thickness (Figure 1-8a).*” The long-chain amine not only reduces the effective
contact between organic layers but also increases the steric hindrance, which weakens the
interaction between nanosheets and makes it possible to monodispersed by simple ultrasonication
(Figure 1-8b).

' 7 oy [CACI,(RNH,).] 2D template
il ////;/// ;. 3|FWHM/~79 meV 2 b)
i ////7 g : g | |
§ Energy (eV) §
E ®
3 =
2 <
*]
&

2.0 4.0

 — {f 'Ener:gg (eV) '
Figure 1-8. (a) TEM images and UV—vis absorption of wurtzite CdSe “nanoribbons”.*® (Reprinted
with permission from ref. 46, Copyright 2006, American Chemical Society.) (b) Lamellar-
structured CdSe NPLs.*” (Reprinted with permission from ref. 47, Copyright 2009, John Wiley
and Sons.)

Zinc-blende CdSe nanoplatelets. Compared with the hexagonal wurtzite structure, the zinc-
blende structure has a more uniform distribution of size, shape, and more controllable thickness
with better dispersion properties in solution.*® The first synthesis of zinc-blende CdSe NPLs
occurred in 2008 by Dubertret et al. (Figure 1-9).*® The temperature was reported as the key to
precisely controlling the thickness of the NPLs from 3 to 5 monolayers (ML). Moreover, the peak
positions of the PL spectrum are located at 462 £ 2 nm, 512 + 2nm, and 550 £ 2 nm. The FWHM
is extremely narrow (~10 nm). The narrow peak indicates the uniform thickness of NPLs.

Compared with the absorption spectrum, the stokes shift is extremely small (nearly zero).
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Figure 1-9. Room temperature UV-Vis (dash line) and PL (dash solid line) spectra of 3 ML, 4 ML,
and 5 ML CdSe NPLs.*® (Reprinted with permission from ref. 48, Copyright 2008, American
Chemical Society.)

The NPL optical properties, such as the Auger recombination rate®® and optical gain
threshold® are strongly correlated to the CdSe NPLs thickness. The synthesis of thicker NPLs is
difficult because the larger seeds easily create spherical QDs rather than 2D growth. Recently,
thicker NPLs have been synthesized with different improved methods. Iwan et al. achieved a
transversal growth of CdSe NPLs from 4 ML up to 8 ML (625 nm emission) by adding CdCl> in
a two-step reaction at high temperature (Figure 1-10a);°! Dmitri et al. introduced the chloride to
change the nucleation barrier for island formation to grow 6 ML CdSe NPLs (Figure 1-10b);%

Emmanuel et al. used the colloidal atomic layer deposition (c-ALD) method to obtain 11 ML CdSe
NPLs (Figure 1-10c).>
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Figure 1-10. (a) Chloride-induced thickness control in CdSe NPLs.* (Reprinted with permission
from ref. 51, Copyright 2018, American Chemical Society.) (b) Direct synthesis of 6 ML (1.9 nm)
thick zinc-blende CdSe NPLs emitting at 585 nm.>? (Reprinted with permission from ref. 52,
Copyright 2018, American Chemical Society.) (c) Thickness-controlled CdSe and CdSe/CdS
NPLs.> (Reprinted with permission from ref. 53, Copyright 2018, AIP Publishing.)

1.3.3 Colloidal nanoparticle stabilization in dispersion

Colloidal stability is one of the major aspects in dispersion chemistry, which is relevant for
not only the processability of NCs for devices but also NCs’ functionality in dispersion. Colloidal
stability depends on the different forces that NPs experience, which include van der Waals (vdW)
attractions, electrostatic interactions (in polar solvent), and solvation forces. Those interaction
forces need to be balanced to get a stable dispersion. When aggregation appears, the surface of the
whole system is reduced, which is unfavorable for applications including catalysis, which requires
a large surface area for operation.

In the following, we review theories and relevant critical forces that have been identified for

describing and governing colloidal stability (in particular for NPLS).

1.3.3.1 DLVO theory
In 1941, Derjaguin and Landau introduced a theory to account for the stability of colloidal

dispersions. In this theory, the vdW attractions are countered by the stabilizing influence of
electrostatic repulsions.®> Seven years later, Verwey and Overbeek reported the same result
independently.*®? The part of interaction forces for stabilized NPs could be described by DLVO
theory (named after Boris Derjaguin, Lev Landau, Evert Verwey, and Theodoor Overbeek), which
combines vdW forces and electrostatic interaction to estimate the actual interaction between NPs.

Van der Waals interaction

In molecular physics, vdW is a distance-dependent interaction between atoms or molecules
which is calculated by the contribution of all interacting atom pairs in NPs. By using the Derjaguin
approximation,'*® the interaction energy G, 4y, between two NPs (spheres or plates) is as follows:

The interaction energy between two spheres:
A A RiR,
vaW " 6DR, + R,

(Equation 1.1)
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The interaction energy between two plates:

A :
Gpaw = — 192D? (Equation 1.2)

Where D is the distance between NPs, R is the radius of NPs, and A is the Hamaker constant.

Electrostatic interaction (Electrostatic double-layer forces)

For electrostatic interaction, the double-layer forces are considered here. In NPs, the charged
molecules form the first layer, and the equilibrium of charged counterions around the first layer
forms the second layer. The electrostatic interaction (EI) between two NPs (spheres or plates) is
as follows:

The interaction energy between two spheres:

64kg TRy ?

5= Bpre"‘D (Equation 1.3)
The interaction energy between two plates:
64kgTpoy?

Gg = % e P (Equation 1.4)

Where kg is the Boltzmann constant, p., is the number density of ions in bulk solution, and
y is the reduced surface potential.

Total interaction energy based on DLVO

The DLVO force is the addition of the vdW force and electrostatic interaction, which is the
total interaction energy between two NPs. Additionally, Born repulsion is the sum of Coulombic
attraction potential and short-range repulsive potential. When the two NPs are closer enough
(smaller than the radio of NPs), the Born repulsion needs to be included. The total energy is given
by:154

The interaction energy between two spheres:

2
_%Rff;z 64k37’;}2?p00y e P + % (Equation 1.5)
The interaction energy between two plates:
A 64kpTpey? oKD 4 1
12nD? K d?

The interactions are summarized in the plot Figure 1-11.

Grotar = Gyaw + Ggr + Gporn =

Gtotar = Guaw + Ggr + Gporn = (Equation 1.6)

13



Chapter 1

G

Born repulsion Electrostatic interaction

Distance

van der Waals interaction

Figure 1-11. Total interaction of DLVO theory with distance (red curve).

1.3.3.2 Solvation forces

When the vdW interactions are weak between NPs, the simplified DLVO theory breaks down.
The ligand and solvent molecules need to be considered. The as-prepared NPs are coated with
ligands and dispersed in organic solvents. The organic solvent can cause fluids around ligand-
capped NCs. When two NPs approach each other, the organic solvent forms layers. Due to the
layering and changed entropy of the solvent, the solvation forces can emerge and can’t be ignored.
More importantly, the solvation forces are critically dependent on the ligand length, ligand grafting
density, and facet area (Figure 1-12).5* We will investigate the criticality of solvent force in
dictating the NPL dispersion stability in chapter 4.

WEAKER SOLVATION FORCES STRONGER SOLVATION FORCES

Smaller facets Larger facets

Longer %, 2l Shorter

ligands T, P e, “uSIle cove ll ligands

Less ligands More ligands
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Figure 1-12. The crucial role of solvation forces in the steric stabilization of NPLs.>* (Reprinted

with permission from ref. 54, Copyright 2022, American Chemical Society.)

1.3.4 Photophysical of CdSe nanoplatelets

For many potential applications in the fabrication of optoelectronic and electronic devices,
deposition of NC thin films from the dispersion is mandatory. Understanding how the charge
carrier dynamics evolve from the solution phase to solid-state assembly is necessary to improve
the device's performance.

The CdSe NPLs are two-dimensional NPs whose thickness is controlled at the atomic level.
The ordered assembly of NPLs into superlattices will lead to new features such as the polarization
of light, the appearance of phonon lines at low temperatures, or efficient energy transfer,>>56:57.%8
Furthermore, when the NPLs are assembled to stack, the exciton transfer between NPLs happens
through resonant non-radiative energy transfer processes which are called homo-Fdérster resonance
energy transfer (FRET).%° Moreover, Nadja et al. manufactured the polymer-encapsulated NPLs
stacks and reduced the inter-NPL distance, as predicted, enhancing the photocurrent in devices.®°
Recently, by enhancing the coupling strength between the NPLs, our group employing THz
spectroscopy, observed a transition from the excitonic response in dispersed NPLs to quasi-free
carriers in the edge-up assembly NPLs.%® However, the as-synthesized NPLs are capped with long
carbonic ligands, which leads to long NPL distances and prohibits efficient charge transport
between NPLs. Therefore, surface ligand modification is an effective way to decrease NPL
distance and improve charge transport efficiency.

There are two main ways to modify surface ligands: ligand exchange and thermal annealing.

1.3.4.1 Ligand exchange method

The exposed Cd-terminated surfaces of zinc-blende CdSe NPLs are stabilized by various
types of ligands. Ligands are an essential part of the NPL-ligand complex, which can play an
important role in tuning the optical features, inter-NPs distance, as well as charge transport
properties of NPLs.

Tuning the optical features. Normally, the NPLs are stabilized in organic solvents (e.g.,
hexane) through long steric ligands (e.g., myristic acid or oleic acid). For optical spectral tunability,

redshifts with varied magnitudes are usually observed after the exchange with various longer
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functionalized molecules (the length is similar to myristic acid), including hexadecyl-
phosphonates (HDPA) (Figure 1-13a, b)5%? and Br/oleylamine (Figure 1-13c).%® The excitonic
transition energies redshift up to 240 meV. These substantial bathochromic shifts or reductions of
bandgap energy were originally from strain-induced lattice distortion.®? The lattice distortions may
be attributed to multiple factors such as strain induced by the van der Waals attraction, surface
reconstruction caused by ligand head groups, or different ligand packing densities.®? Briefly
speaking, the ligand exchange could reduce the confinement effects by extension in the vertical
dimension. Apart from optical spectral tunability, other new features will appear. For example,
HDPA could control the NPLs stack length by varying its concentration and reaction time.5!
Hydrogen bonding between halides and amines provides highly stable colloidal in nonpolar

solvents, passivates the traps, and increases the fluorescence QY (up to 70 %).%
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Figure 1-13. (a) Self-assembly of CdSe NPLs into stacks of controlled size induced by ligand
exchange.%! (Reprinted with permission from ref. 61, Copyright 2016, American Chemical
Society.) (b) The impact of organic ligand shell on the exciton transition energy shift in CdSe
NPLs.%? (Reprinted with permission from ref. 62, Copyright 2017, Royal Society of Chemistry.)
(c) Halide ligands to release strain in CdSe NPLs and achieve high brightness.%® (Reprinted with
permission from ref. 63, Copyright 2019, American Chemical Society.)
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Tuning inter-NPLs coupling for charge transport. To modify the inter-NPL distances, one
of the most straightforward methods lies in ligand exchange. The native long-chain carboxylic acid
could be replaced by halide and short amine/phosphonate/thiolate (Figure 1-14).54656667
Treatment of CdSe NPLs with inorganic halide ions resulted in large bathochromic shifts of
excitonic absorption and a short distance between NPLs. (Figure 1-14a). The halide-capped NPLs
can decrease the inter-NPLs distance by using two-phase ligand exchange and exhibit a reversible
process (Figure 1-14b). The ligand exchange in zinc-blende CdSe NPLs can achieve —
ethylenediamine-terminated to decrease the inter-NPLs distance. (Figure 1-14c).
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Figure 1-14. (a) Shape-selective optical transformations of CdSe NPLs driven by halide ion ligand
exchange.%* (Reprinted with permission from ref. 64, Copyright 2019, American Chemical
Society.) (b) Two-phase ligand exchanges on CdSe NPLs with a reversible process.® (Reprinted
with permission from ref. 65, Copyright 2020, American Chemical Society.) (c) The
ethylenediamine-terminated NPLs.%® (Reprinted with permission from ref. 66, Copyright 2020,
American Chemical Society.) (d) Ligand-dependent tuning of inter-band and inter-subband
transitions of CdSe NPLs.®" (Reprinted with permission from ref. 67, Copyright 2020, American
Chemical Society.)

The as-prepared NPLs could be encapsulated into a polymer shell to form larger units (Figure
1-15a). The NPL larger unit stacks show applications like photo-electrochemical sensing, such as

exciton transport in the stack direction.®® However, the longer NPL-NPL distance within the stacks
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influences the photo-electrochemical properties. Considering that smaller distances should greatly
enhance charge carrier transport due to larger electronic wave function overlap of neighboring
NPLs, a decrease of the NPL-NPL distance might pave the way toward future applications of NPL
assemblies such as (photo)transistors, photoconductors, sensors for photodetection in solar cells,
or as light-emitting diodes. The exchange is assisted by the addition of different amounts of CdBr».
Afterward, the ligand-exchanged NPLs are employed in the assembly of NPL stacks with ultra-
small NPL-NPL distances.

Pristine

o
Jo‘\/OlAc (Cys)
HO? Sy

J

Amount of polymer solution increases

20-fold Br

Figure 1-15. (a) TEM micrographs of polymer-encapsulated NPLs stacks without (a) and with
ligand exchange of different amounts of CdBr. (b) and different lengths of amine (c).®° (Reprinted

with permission from ref. 69, Copyright 2022, John Wiley and Sons.)

1.3.4.2 Thermal annealing method

Thermal annealing is an intuitive but nontrivial method to tune the physical (ductility and
hardness) or chemical properties (stability) of the material, by e.g., removing surface ligands. The
annealing process normally includes three stages: heating to the desired temperature, holding or
“soaking” at this temperature, and cooling down to room temperature. Annealing temperature and

time are important parameters in annealing procedures. The treatment can be a double-edged
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sword: PL may be quenched due to the formation of trap states, surface ligands will be removed,
and the size of NCs may be increased. On the other hand, a significantly stronger photocurrent
appears after thermal annealing due to enhanced inter-NC coupling for free carrier generation and

transport (Figure 1-16).
Increases AL

Organics

Decreases mescence

Figure 1-16. The temperature-dependent photoluminescence, photocurrent, organics, and crystal
sizes.”® (Reprinted with permission from ref. 70, Copyright 2016, Royal Society of Chemistry.)
Furthermore, organic ligands are quickly removed from the supported nanocrystals by a fast
thermal treatment in the air.”* During the treatment, the heating and cooling ramps are in the order
of tens of degrees per second, similar to rapid annealing procedures used in the semiconductor
industry. With this fast treatment, kinetic transformations are favored over thermodynamics,
preventing the system from relaxing to sintering. This fast thermal treatment method is also widely
applicable to NCs with different compositions, sizes, and shapes. Yet, thermal annealing
sometimes performs coking from incomplete ligand pyrolysis, and high temperatures (~400 °C)
are easy to induce the loss of quantum confinement and conductivity. Hence, Brutchey et al.
combined thermal annealing and ligand exchange methods to get improved interparticle coupling,
better colloidal stability, lower organic content, and increased photocurrent response (Figure 1-
17a).”? Jang et al. used ligand washing/exchange methods for the preliminary ligand removal and

annealing process as the second step to remove most of the remaining ligands (Figure 1-17b).”3
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Figure 1-17. (a) Efficient removal of organic ligands by thermal annealing.”* (Reprinted with
permission from ref. 71, Copyright 2015, American Chemical Society.) (b) Ligand exchange on
CdSe NCs by thermal annealing for improving photocurrent.”? (Reprinted with permission from
ref. 72, Copyright 2012, American Chemical Society.) (c) Surface engineering of perovskite QDs
for efficient LEDs.” (Reprinted with permission from ref. 73, Copyright 2018, American
Chemical Society.)
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Chapter 2: THz Spectroscopy and Sample Preparation

2.1 THz basics

In the thesis, we employ THz spectroscopy to investigate the colloidal stability as well as the
charge carrier dynamics of NPLs in dispersion or thin films. We provide the fundamental basis on
the THz spectroscopies including how it is generated, detected and what physical properties we

can learn.

2.1.1 Introduction of THz spectroscopy

Lying between the microwave and infrared regions of the electromagnetic spectrum,
Terahertz (THz, 10*? Hz) radiation consists of waves with frequencies between 10 and 10'% Hz
(i.e. 0.1-10 THz, or equivalently wavelengths between 30 um and 3 mm). In the past twenty years,
with the rapid development of effective generation and detection methods,’*” THz radiation has
been widely employed as novel light sources to probe low-energy resonances (e.g. vibrational or

phonon dynamics in solids), and charge carrier dynamics in semiconductors.’®""7®

THz window
1 THz~4 meV
Microwaves Infrared UV
diowaves Visible X-rays F
J 1 1 »Frequency
GHz THz PHz

Figure 2-1. The location of the terahertz window in the electromagnetic spectrum.
2.1.2 THz generation

2.1.2.1 THz generation from the photoconductive antenna

One of the first developed methods for THz generation is based on the photoconductive
antenna mechanism. The basic THz radiation principle of the photoconductive antenna is shown

in Figure 2-2.
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Figure 2-2. Schematic demonstration of THz generation based on the photoconductive antenna.”
(Reprinted with permission from ref. 79, Copyright 2011, IEEE.)

A pair of metal strip lines (electrodes) with a um gap is deposited on top of a semiconductor
substrate (e.g., Si, InAs, and ZnTe).2% A bias voltage (V,,) creates an electric field between the
electrodes. When a femtosecond optical pulse illuminates the gap between electrodes, the
photogenerated carriers of semiconductors in the gap could be accelerated by the external bias
electric field.®! Time-dependent transient current is expressed as:®?

J(t) = N(t)eu.E4. (Equation 2.1)

Where N(t) is the time-dependent density of photogenerated carriers, and . is the carrier
mobility. A fast current pulse J(t) is set by the laser pulse duration, and RC time constant of the
photoconductive antenna, and influenced by the carrier recombination dynamics. A fast decay time
in the sub-ps to ps time scale enables it to cover a wide range of THz frequencies. The relationship

between the generated THz (with a field strength of E;y,) and the current follows:%

dj(¢)

Erp,(t) « 5 (Equation 2.2)

4megc?

Where g, is the vacuum permittivity, and c is the speed of light in the vacuum.

The advantage of THz generation by photoconductive antenna lies in the achievable low
background noise and thus high signal-to-noise ratio (e.g. over 1:100000).34 On the other hand, the
bandwidth of the THz emission largely relies on the photoresponse (e.g. the lifetime) of charge
carriers, which is not always easy to control. Charge carriers in photoconductive semiconductor
substrates with a relatively slow response often limit the high-frequency performance.®® More
importantly, high excitation often leads to the saturation of THz emission.®®
2.1.2.2 THz generation from optical rectification

Optical rectification (OR) is a second-order nonlinear optical process. It occurs only in non-

centrosymmetric electro-optic crystals such as Zinc Telluride (ZnTe), Gallium Phosphide (GaP),
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or Gallium Selenide (GaSe). The basic THz radiation principle of optical rectification is shown in

Figure 2-3.

Femtosecond electro-optic

optical pulse crystals THz pulse

Figure 2-3. Schematic process of THz generation from optical rectification.

When the laser pulse interacts with the nonlinear medium, a low-frequency or even a dc
electric polarization field can be generated to drive THz pulse generation. In 1962, Bass et.
reported the phenomenon of OR.%’ In the report, they observed a dc polarization when an intense
ruby laser was transmitted through potassium dihydrogen phosphate (KDP) and potassium di-
deuterium phosphate (KDgP) crystals.

In principle, the polarization P generated in the medium by the incident optical pulse electric
field E can be expressed as:

P =¢g,(xWE + xPEE + y®EEE + - ) (Equation 2.3)

Here yis known as linear susceptibility, while y™ (with n>1) is a n-order nonlinear
coefficient. y? describes the second nonlinear optical effect, including OR.

To describe OR for THz generation, we start with a simple continuous wave (CW) with a
frequency w and amplitude E, following:

E(t) = Eycos(wt) (Equation 2.4)
For a given laser beam with an electric field E (t). The second-order polarization is given by:
P,(t) = goxPE2(t) = gy P E2cosQut) + eox P EZ (Equation 2.5)

In the expanded form, the components of cos(2wt) and g,y P EZ describe the second-
harmonic generation (SHG) and optical rectification, respectively.

In a real situation, phase matching in nonlinear crystals (the crystal orientation, thickness, and

dispersion) should be considered for THz generation from optical rectification. As the most
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commonly used nonlinear crystals, ZnTe (several hundreds of um thick) is used for THz generation
of 0.1-3 THz via optical rectification. A 50 um thick GaSe crystal is used for the generation of a
higher THz frequency (31 THz).888

2.1.3 THz detection

2.1.3.1 THz detection by photoconductive antenna

Readout
g electronics
+—
[ o
»
Optical n N 5 Terahertz
beam Wl § beam
| )
A o
Q.
\.

Figure 2-4. Schematic process of THz detection from the photoconductive antenna.®°

Like the generation process, the detection of THz electromagnetic transients based on a
femtosecond laser can be achieved by either photoconductive or nonlinear optical methods. The
process of photoconductive antenna detection of THz is shown in Figure 2-4, and the process is
opposite to the principle of the photoconductive antenna to generate THz.8? Here, the
photoconductor antenna receives the THz beam, which can accelerate the pump-induced
photocarriers. The resulting photocurrent is proportional to the convolution of the terahertz field
and the laser-induced photoconductivity. The THz field-induced current is expressed:

J(t) = Neu,E (1) (Equation 2.6)

Here, N describe the average electron density in the photoconductive antenna and 7 is the time
delay between the THz pulses and the incident femtosecond optical pulse.

After passing through the external amplifying circuit and the lock-in amplifier, the amplified

weak current value can be read out. This current is proportional to the THz electric field.
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2.1.3.2 THz detection by electro-optic sampling

Ml
/\‘l

Femtosecond THz pulse EO crystal a4 Wollaston

optical pulse wave plate  prism Detection
Without THz pulse
Polarization state *fu

N = —10(1 — Ag)
With THz pulse ] | C <
v — 7—10(1+A(p)
Figure 2-5. Schematic process of THz detection from the electro-optic sampling.

In addition to the photoconductive antenna for THz detection, the electric optical (EO)
sampling technique has been widely used to detect THz pulses. The EO sampling technique utilizes
the Pockels effect of EO crystals such as ZnTe, and GaP, probing the THz pulse with a
femtosecond optical pulse.®% The Pockels effect is a linear electro-optic effect in which the THz
field induces birefringence in the nonlinear crystal; the induced birefringence is directly
proportional to the THz electric field. Thus, the THz electric field can be determined by a change
in the polarization state of the probe beam. A typical schematic diagram is shown in Figure 2-5.
Without THz pulse, a linearly polarized probe pulses through the EO crystal and maintains its
polarization states. By propagating through a quarter-wave plate and becoming circularly polarized.
A Wollaston prism is further used to separate two orthogonally polarized components which can
be detected by a pair of balanced detectors. Finally, the lock-in amplifier measures two signals,

giving reading without the THz pulse:

1
I, = EIO (Equation 2.7)

1 :
I, = EIO (Equation 2.8)

Here, I, is the total intensity of the probe beam. I, and I,, are signals from two photodiodes,

respectively.
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On the other hand, when the THz and probe pulse through the EO crystal together, the THz
field induces birefringence in the EO crystal. This rotates the probe pulse polarization, making it

elliptical and causing an imbalance between I, and I,,:
1
I, = 510(1 — Ap) (Equation 2.9)

1 :
I, = 510(1 + Ap) (Equation 2.10)

Here, Ag is the phase retardation between the two polarizations.
This difference between the I, and I, give the information about the THz pulse by using the
following equation:
Iy =1, — I, = [)Ap % Ery, (Equation 2.11)

2.2 Experimental setup

Chopper Parabolic Parabolic
| | Pump PP mirror mirror
Sample
Dealy Stage Wollaston
Polarizer
Chopper ZnTe
Generation & <:
ZnTe Parabolic Parabolic M4
Dealy Stage mirror mirror wave plate
1
Sampling |

Figure 2-6. Schematic diagram of the THz setup employed in this thesis.

The system used in the experiment of this thesis is shown in Figure 2-6. The laser source is a
Ti: sapphire regenerative amplifier system that generates pulses of central wavelength A = 800 nm
(1.55 eV). The pulse duration is ~ 50 fs. An ultrafast laser pulse is mainly divided into three parts:
a pump, a generation, and a sampling beam. In detail, the pump is used to photo-excite the sample.

The pump beam can be up-converted into 3.1 eV by second harmonic generation in a BBO or any
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energies between 0.4 to 4.1 eV by an optical parametric amplifier (OPA). The reflected part of the
light pulse is further split into a sampling and a generation beam. The generation beam through a
1-mm-thick ZnTe crystal generates THz pulses for probing the conductivity of samples. The pump
and probe pulses were synchronized with a controllable delay (). In the following, we are going
to introduce the experiments performed in our thesis based on this setup.

Optical-pump terahertz—probe spectroscopy

Pump

le—

& -AE
Pt ? E
® -
R
st
THZ VAL

Figure 2-7. Schematics for the OPTP spectroscopy. The change in conductivity induced by the
pump (in red), e.g. photoconductivity Ac, is probed by a THz pulse (in blue). The relative change
in the THz transmission (—AE/E) is linearly proportional to the real part of Ac. The shift of the
incoming THz-field E (At) comes from the presence of charge carriers (e.g. exciton and/or free
carriers).

To shed light on charge carrier dynamics in NPL dispersion or solids, we employ optical-
pump THz probe (OPTP) spectroscopy. An optical pulse in the VU-vis regime is utilized to excite
samples. The THz pulse subsequently probes the conductivity of photogenerated charge carriers
i.e. photoconductivity. The time evolution of photoconductivity can then be tracked by controlling
the pump-probe delay time. By fixing the sampling time at the peak of the THz pulse, we can
monitor the photo-induced amplitude change in THz transmission (—AE). On the other hand,

excitons as charge-neutral species, mainly induce a phase shift (At) in THz probe pulses.
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Figure 2-8. Propagation of the reference and sample signals through air and film on a substrate.
To determine the frequency-resolved complex THz conductivity of the material, we need to
record the THz field transmitted through the reference substrate (e.g., fused silicon substrates in
our studies) E,..r, and the sample E,,. Such a sample geometry, as depicted in Figure 4-1, is
directly used in my thesis to quantify the charge transport of NPL solids (with 10s of nm thickness)
deposited on the fused silicon. Here o, x, s, and n represent the surrounding air, sample, supporting
substrate, and refractive index, respectively. L and d are the thicknesses of the reference substrate
and sample, respectively. Here r is the distance between the emitter and detector. We discuss two
situations for extracting the (photo) conductivity ¢ of samples without and with photoexcitation.
For studying the static conductivity of the sample, i.e. when there is no photoexcitation, the
reference signal E,.r and the sample signal E,, are as follows, according to Figure 2-8.
Erer = Eincigent * €U D/¢ x tyo x e'@lns/C st )« MR, (Equation 2.12)
Esam = Einciaent * €07 " 0/C xty x e xty 5 MRy x @M x 1,

* MR, (Equation 2.13)
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MR, and MR, are the multiple reflections of the sample and substrate, given by:
MRy = [1 + Ty * 1y * €2M594/<| ™ (Equation 2.14)

MR, = [1 + g * Ty * eZi"S“’L/C]_l (Equation 2.15)

. Esam e—iwd/c einxwd/c

* Loy * lys

Eref - tos i 147, 1 * e2inywd/c (EquatiOTl 216)

Here tyy (tos, tox: txs, OF tso) IS Fresnel field transmission coefficients and 7y, (1,01 75) IS
Fresnel field reflection coefficients. These are given by:

2n, Ny — Ny

t,y, = Ty =
Yon, 4+n Y ny, +n,

When the n, = 1(refractive index of air),

(Equation 2.17)

_ n, (1 + ng)e twd/c I
™ L+ ) * Cos(ewd /0) — (2 + ) + sin(ywd /o) 1Haton 2:49)

When the thickness of the material is smaller than the THz wavelength d « 2, thereby we
could reduce the above longer equation to the short expression as:

(1+n) |
- (1+n,) — in2wd/c (Equation 2.19)

This is the so-called thin-film approximation.

T

For the refractive index of the sample (n,), the permittivity of the sample (g,) is given by
g, = n2 (Equation 2.20)
The photoconductivity o, permittivity, and refractive index of the sample are related as
0 = —iwegy = —iwnigy = —iwn2/Zyc (Equation 2.21)
Here Z, = cg, is the impedance of free space (for the conductive film). Then, we rewrite the
formula using icZ, = —inZw/c.
(1 +ny) :
= A+ 1)+ i0Zyd (Equation 2.22)
Therefore, the photoconductivity reads as:
_ (A +ny) Erer = Esam
Zod

When the sample is photoexcited,

) (Equation 2.23)

Esam

_ (1 + ns) Eref - Eunpump
Oumpump = Zod

) (Equation 2.24)
Eunpump
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. — (1 + ns) Eref -
pump Zod Epump
The pump-induced conductivity change, e.g. photoconductivity Ac can be defined as:

(1 + ns) ( ref = Epump) (1 + ns) < ref Eunpump)

pump Zod

_ (1 + ns) {( ref — pump) ( ref unpump)}
Z 0 d pump unpump
(1 + ns) ( ref unpump ref Epump)

ZOd Epump Eunpump

_ (1 + ns) Eref <Eunpump - Epump>
Z 0 d E pump E unpump

_ (+ny) AE ( Eyef

Zy d Eunpump

E
pump) (Equation 2.25)

Ao = Opump — Oumpump = E
unpump

> (Equation 2.26)
Epump

As shown previously, —=<f = 1 = WIHold gy arion 2.27)
Epump T (1+ns)

By applying the thin-film approximation (as d <« A), one can neglect the contribution of the
imaginary term, so that:

Evey _ (1+4n)

Epump (1 +ny)

This leads to the final photoconductivity form:

= 1 (Equation 2.28)

Ao = _ (+ng)  AE ( Eref > _ _(4n)  AE ( _ (4ns) AE

Eqguation 2.2
Zod Eunpump Zod E ( q )

Zod  Eynpump \ Epump

2.3 Conductivity models

2.3.1 Drude model

Figure 2-9. Schematic diagram of the Drude model electrons (shown in red) constantly bouncing

between the heavier, relatively fixed positive ions (shown in grey).

30



Chapter 2

In the Drude model, electrons and holes are treated as ideal classical gas, and their scattering
to the lattice or defects are assumed to take place through a momentum randomized scattering

event with a mean scattering time .

Real

O Drude

0 1 2 3
Frequency (THz)

Figure 2-10. Drude conductivity versus angular frequency times scattering time.

2.3.1.1 Deriving the Drude conductivity

We treated the conduction of charges classically following Newton's second law of motion.
By applying a time-varying electric field E (t) to electrons with drift velocity V; and an effective
mass of m, the equation of motion for electrons reads:

F dVd dzr

=ma=m——=m-——
dt dt?

Here, r represents displacement and a is acceleration.

Two forces are acting on the charge carrier: the electric force —eE (t) and the force caused

by collisions —F = —m VdT(t) By applying the equation of motion, we obtain:

mE = —eE(t) — de(t)
T T
e _dva(t) | Va()
_EE(t) Cdt + T

For a giving electric field with angular frequency w:
E(t) = Eje~ 't
The drift velocity of carriers depends on the applying time-varying E(t):
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Vi(t) = Vye it

d(VOe—iwt) N E _
dt
By converting the formula, we obtain the drift velocity as:

e . . .
—EEOe_“"t = Voe 't x (—iw) + Vge ' 1 = V(1 — iwT) /T

. eT 1
Vi(t) = Eje 't —
a() 0¢ ml-—iot

The carrier mobility u can be defined as the proportionality factor between the drift velocity

and the applied electric field:

Va(®) et 1

E(t) ml-iwt

The conductivity is the mobility of elections times the density of electrons N:

u(w) =

(@) = New( )_Nezr 1
Oprude (W) = Neulw) = m 1—iwt
. e2N
With the plasma frequency w, = /m
0
wigyT
p<0
O drude (@) = 1—iwt

2.3.2 Drude-Smith model

C

Il
1
S
n

O Drude—Smith

0 1 2 3
Frequency (THz)

Figure 2-11. Drude-Smith conductivity versus angular frequency times scattering time for
backscattering parameters.
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In nanoscale materials with finite boundaries, the assumption of complete momentum
randomizing scatting in the Drude model may be no longer valid (e.g. strong backscattering events
to the grain boundaries).”®* As a modified version of the Drude model, the Drude-Smith model
takes into account the possibility that charge carriers are scattered at e.g. grain boundary, leading
to preferentially backward scattering, following:

2
W2ELT c
p<0

Oprude—Smith = - *(1+ : )

rude—Smi 1—iwt 1-iwt

Here c is a parameter to describe the backscattering effect, which can vary between 0 and -1:
while ¢ = 0 describes full momentum randomized scattering (the classical Drude model) and ¢ =

—1 describes a full backscattering event.

2.4 Sample preparation

In this thesis, 4 ML CdSe NPLs were used for the THz spectroscopy study. In the following,

we prepare experimental details on the sample preparation and thermal treatments.
2.4.1 Preparation of 4 ML CdSe NPLs

Chemicals

All reagents were purchased and used without further purification. 1-Octadecene (ODE,
Technical Grade, 90 %, 1 L), oleic acid (OA, Technical Grade, 90 %, Sigma-Aldrich, 1 L), myristic
acid (> 98%, Sigma-Aldrich, 500 g), cadmium acetate dihydrate (Cd(OAc)2.2H-0, 98%, Acros
Organics, 50 g), Se (99.999 %, Alfa Aesar, 50 g), CdO (99%, Fisher Scientific, 250 g),
trifluoroacetic anhydride (TFAA, TCI, Tokyo Chemical Industry, 100 mL), trifluoroacetic acid
(99.5%, TFA, Tokyo Chemical Industry, 100 mL), triethylamine (99.5%, TEA, Alfa Aesar, 1 L),
methanol (MeOH, HPLC Grade, VWR Chemicals, 5 L). N-Hexane (> 95%, Analytical Reagent
Grade, 5 L) and acetonitrile (CH3CN, HPLC grade, 2.5 L) were purchased from Fisher Scientific
Chemical. Methyl acetate (99%, HPLC grade, 2.5 L) was purchased from Merck KGaA.

Synthesis of Cadmium myristate [Cd(myristate)z]

Cadmium myristate (Cd(myr)2) was synthesized following the procedure described by

Rossinelli et al.* In a typical synthesis of a 100 mL three-necked flask, 5.75 g (44.78 mmol) of
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CdO and 20 mL of acetonitrile were mixed and stirred at room temperature (RT, 500 rpm). And
then, 0.7 mL (9.15 mmol) of trifluoroacetic acid (TFA) and 6.2 mL (43.98 mmol) of trifluoroacetic
anhydride (TFAA) were slowly added to the mixture. Then, the mixture was stirred for an
additional 10 min at RT. Afterward, the reaction mixture was heated up to 50 °C under stirring for
60 min. In another 500 mL beaker, 100 mL of 2-propanol, 14 mL (100.44 mmol) of triethylamine
(TEA), and 10.23 g (44.80 mmol) of myristic acid were mixed. Then the cadmium trifluoroacetate
solution was added slowly to the 500 mL baker while stirring (500 rpm). The product-white
precipitate was vacuum-filtered and washed several (more than 4) times with 50 mL of cold
methanol. Finally, the final product was collected, dried in a vacuum oven at 40 °C overnight, and

stored under ambient conditions for further use.

Synthesis of 4 Monolayer (4 ML) CdSe NPLs with varied lateral sizes nm (NPLs-5, 10, 15,
and 20)

The 4 ML CdSe NPLs were prepared by modifying the procedure published by Rebecca et
al.%® In a typical synthesis of a 100 mL three-necked flask, 170 mg (0.3 mmol) of Cd(myr)z, 12 mg
(0.15 mmol) of Se, and 15 mL of ODE were mixed. Then the mixture was degassed under a
vacuum, heated up to 100 °C in 10 min, and refluxed at 100 °C for 13 min. Then, we turn off the
vacuum and turn on the argon. Based on the inert atmosphere, the solution was heated up to 240 °C
within 16 min. 80 mg (0.3 mmol) of Cd(ac)..2H.0 was added quickly to the mixture at 188 °C.
After 6 min at 240 °C, the reaction mixture was quickly cooled down by a water bath. During the
cooling step, 0.5 mL of OA was added at 185 °C. Finally, 5 mL of hexane was added to the mixture
and centrifuged at 5000 rpm for 5 min. The supernatant was discarded, and the precipitate was
dispersed in 5 mL hexane and centrifuged at 8000 rpm for another 5 min. The supernatant (4 ML+3
ML) was collected and stored. After one week, the remaining 3 ML NPLs precipitated could be
removed by centrifugation at 8000 rpm for 5 min. The 4 ML NPLs in hexane were precipitated by
using methyl acetate in a 1:1 volume ratio to remove residual ODE and oleic acid. Finally, the
mixture was stored in the fridge at 5 °C for 1 h followed by another centrifugation at 8000 rpm for
10 min. The precipitate was dispersed in hexane. The dispersed NPLs could be stored in hexane
for several months. By tuning the reaction time to 5- 8 min at 240 °C, one can readily control the

lateral size of NPLs from 5*5 to 20*20 nm?.
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2.4.2 Thermal annealing treatments

Thermal annealing treatments of 4 ML CdSe NPLs in the air at different temperatures

A solution drop-casting method was used to prepare the 4 ML CdSe NPLs film. 20 uL
solutions of as-synthesized NPLs (1.07 x 10°® M, based on the absorption) were transferred by
pipette and then dropped on cleaned fuse silicon (1 cm x 1 cm). The as-synthesized NPLs film was
placed in the middle of a tube furnace and then heated to a targeted temperature (200, 225, 250,
300, 325, 335, 340, or 350 °C) for 30 min with a heating rate of 5 °C min* in the air. Finally, it
was naturally cooled down to room temperature in 120 min. The obtained samples were named
NPLs-X °C.

Thermal Annealing Treatments of 4 ML CdSe NPLs at 300 °C with Different Gas

The process was the same as described in the rapid thermal annealing treatment in the air at
different temperatures except that the gas atmosphere is argon or hydrogen. The temperature was
kept at 300 °C. Finally, the representative sample was hamed NPLs-Ar-300 °C or NPLs-H,-300 °C.

Figure 2-12. The CVD system used in this thesis.
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Chapter 3: Anisotropic and Hyperbranched InP Nanocrystals via Chemical

Transformation of in situ Produced 1n203

This chapter is based on the following publication:

Anisotropic and hyperbranched InP nanocrystals via chemical transformation of in situ
produced InoOs. Shuai Chen, Andreas Riedinger. Chem. Commun., 2022, 58, 9246. This article is
licensed under a Creative Commons Attribution 3.0 Unported Licence. We can use material from
this article in other publications without requesting further permissions from the RSC.

My contributions to the project were conceiving and designing the experiments, and synthesis
of the InP nanocrystals. Furthermore, | performed transmission electron microscopy
characterization of InP nanocrystals. Michael Steiert and Christoph Sieber did the XRD

measurements, and Prof. Mischa Bonn attended the fruitful discussions.

3.1 Introduction

The synthesis of colloidal nanocrystals (NCs) with regular and controllable morphology and
size is at the core of nanomaterials research.®®°"% Many synthesis approaches have been
developed to produce high-quality nanoparticles, nanorods, nanowires, or other nanostructures for
metals, semiconductors, and oxides.100101.192 The control over morphology and functionalization
in preparation and synthesis are important parts of the development of nanotechnology and are the
basis for exploring the properties of nanostructures and their applications.103104105

Indium phosphide (InP) is one of the most widely studied I11-V compound semiconductor
nanocrystals in colloidal form. InP nanowires (NWSs) have attracted considerable interest due to
their versatility in electronics and optoelectronics.1%6:197:108109 And InP quantum dots are drawing
a large interest as a potentially less toxic material for lighting applications and electrochemical
reduction of CO,.11011L112 potentially, there are still many different shapes of InP NCs waiting for
their discovery.

Until now, various types of P precursors have been reported to synthesize InP NCs, such as
single-source precursor (In(PButy)s),*® magic-sized clusters (MSCs),'* elemental phosphorus
precursor,!* trioctylphosphine (TOP),'® PH; gas,''” aminophosphine,!*® metal phosphorus

(NazP),*® and most widely, tris(trimethylsilyl) phosphine P(SiMes)s.1?° However, many of these
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P precursors, in particular P(SiMes)s, are air and water sensitive, hazardous, and/or expensive.
Therefore, alternative, safer, and cheaper P precursors are very desirable.

Among various phosphites, triphenyl phosphite (TPOP) would be the most effective P
precursor for InP synthesis, since three benzene rings would stabilize the partial charges for In-P
monomer formation.'?? Interestingly, TPOP is reported as an effective phosphorus source for
synthesizing various metal phosphide nanocrystals such as Ni2P, MoP, CozP, FezP, and CusP.!?
Recently, Lee et al. used TPOP to synthesize bulk InP.}?2 A black powder appeared after the
purification process but was not dispersible in solvents. This is a promising method because TPOP
can form InP phases, it is a cheap and non-pyrophoric, non-toxic chemical. However, so far, no
control over size and shape with TPOP as a precursor for InP nanomaterials has been reported.

Here, we show how this can be achieved by choosing the right synthetic conditions in the
reaction between indium chlorides and carboxylates and TPOP in the presence of hexadecylamine
(HDA) in ODE, to yield InP NCs with control over size and shape. We show that by changing the
temperature, we mainly gain control over the shape that spans from wires to tetrahedrons to
hyperbranched NCs. The size of InP NCs could be controlled by the hot injection of TPOP. We
also investigate the formation of InP. We find that In.Oz is formed first, and converted to InP upon
the addition of TPOP.

a) Previous work b) This work

triphenyl phosphite

single source precursor P, magic sized clusters (TPOP)

Figure 3-1. Phosphorus precursors in the synthesis of indium phosphide NCs.
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3.2 Experimental part:

3.2.1 Chemicals and materials:

All reagents were purchased and used without further purification. 1-Octadecene (ODE),
indium chloride, indium oxide, indium bromide, indium iodide, hexadecaneamine (HDA), and

triphenyl phosphite (TPOP) were purchased from Acros chemicals.

3.2.2 Synthesis of InP nanocrystals

Synthesis of indium phosphide at different temperatures. In a typical synthesis, 0.5 mmol
of InCls, and 0.5 mmol In(ac)s were mixed with 5 mmol of HDA, 1.5 mL of TPOP, and 15 mL of
ODE. The obtained mixture was heated under argon flow to 150 °C in 15 min and maintained at
this temperature for 60 min to dissolve the metal precursor and to ensure the removal of traces of
low-boiling-point impurities. Afterwards, the solution was heated to 230 °C, 235 °C, 255 °C,
300 °C, 320 °C and kept at that temperature for 30 min. Then, the mixture was allowed to cool
naturally to room temperature. Finally, NPs were thoroughly purified by multiple precipitations
and dispersion steps, using 2-propanol for precipitation and hexane for dispersion.

Synthesis of indium phosphide with the hot injection of TPOP. In a typical synthesis, 0.5
mmol of InCls, and 0.5 mmol of In(ac)s were mixed with 5 mmol of HDA, and 15 mL of ODE.
The obtained mixture was heated under argon flow to 150 °C in 15 min and maintained at this
temperature for 60 min. Then, during the second step to heat at 300 °C for 30 min, we added 1.5
mL of TPOP to the reaction at 270 °C. Then, the mixture was allowed to cool naturally to room
temperature. Finally, NPs were thoroughly purified by multiple precipitations and dispersion steps,
using 2-propanol for precipitation and hexane for dispersion.

Tracking the reaction process during the synthesis of indium phosphide. In a 100 mL
three-necked flask, InClz (0.5 mmol), In(ac)z (0.5 mmol), HDA (5 mmol), and TPOP (1.5 mL)
were mixed in ODE (15 mL). The mixture was heated up to 150 °C in 15 min in an inert
atmosphere (argon) and refluxed at 150 °C for 15 min. The solution was heated up to 300 °C within
15 min. At 230 °C, 240 °C, 250 °C, 260 °C, 280 °C, and 300 °C, we took out the sample to measure
XRD and TEM.

Tracking the intermediate states during the heating process with and without TPOP. In
a 100 mL three-necked flask, InCls (0.5 mmol), In(ac)s (0.5 mmol), and HDA (5 mmol) were
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mixed in ODE (15 mL). Then the temperature was increased to 150 °C and 270 °C. Later, we got
the sample from 150 °C and 270 °C. When the temperature reached 270 °C, we added TPOP to
this reaction and took the sample out of this reaction at this temperature. Finally, we measured the
PXRD and TEM of those samples.

Tracking the transition state process of In203 to form InP. In a 100 ml three-necked flask,
InCl3z (0.5 mmol), In(ac)z (0.5 mmol), and HDA (5 mmol) were mixed in ODE (15 mL). Then the
temperature was increased to 150 °C and 270 °C. At 270 °C, we took out the sample one time.
Then, we added TPOP to this reaction. After TPOP addition, 5 min, 10 min, 13 min, 15 min, 18
min, 25 min, and 33 min, we took out the samples to measure the XRD to track the transition state
process.

Co-decomposition experiments of chloride ion sources with commercial 1n20s. In a 100
mL three-necked flask, NH4Cl (1.5 mmol), ammonium acetate (1.5 mmol), In203 (0.5 mmol),
HDA (5 mmol), and TPOP (1.5 mL) were mixed in ODE (15 mL). The mixture was heated up to
150 °C and refluxed at 150 °C for 60 min. Later, the solution was heated up to 300 °C within 15
min and kept at this temperature for 30 min. Finally, NPs were thoroughly purified by multiple
precipitations and dispersion steps, using 2-propanol for precipitation and hexane for dispersion.

Effects of other halides (Br/ ). In a 100 mL three-necked flask, InBrs/ Inl3 (0.5 mmol),
In(ac)s (0.5 mmol), HDA (5 mmol), and TPOP (1.5 mL) were mixed in ODE (15 mL). The mixture
was heated up to 150 °C and refluxed at 150 °C for 60 min. Later, the solution was heated up to
300 °C within 15 min and kept at this temperature for 30 min. Finally, NPs were thoroughly
purified by multiple precipitations and dispersion steps, using 2-propanol for precipitation and
hexane for dispersion.

The effects of acetic acid. In a 100 ml three-necked flask, InCls (0.5 mmol), In(ac)z (0.5
mmol), HDA (5 mmol), and TPOP (1.5 mL) were mixed in ODE (15 mL). Later, we added
different amounts of acetic acid (10 uL, 20 uL, 30 uL, or 40 uL) in different reactions. The mixture
was heated up to 150 °C and refluxed at 150 °C for 60 min. Later, the solution was heated up to
300 °C within 15 min and kept at this temperature for 30 min. Finally, NPs were thoroughly
purified by multiple precipitations and dispersion steps, using 2-propanol for precipitation and

hexane for dispersion.
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3.3. Result and discussion

Here, the InP NCs were prepared by a one-pot reaction of indium chloride and indium acetate
in a mixture of TPOP as a phosphorus source and HDA as a stabilizer in ODE as the solvent. In a
typical synthesis, 0.5 mmol of In(ac)z, 0.5 mmol of InCls, 5 mmol of HDA, and 1.5 mL of TPOP
were mixed with 15 ml of ODE. The mixture was heated up to 150 °C in 15 minutes under an
argon atmosphere and kept at 150 °C for 60 minutes. Then, the mixture was heated to a higher
temperature (230 °C-320 °C) within several minutes and kept at this temperature for 30 min.

The temperature dependence of the nanoparticle size and shape was investigated for a range
of 230 °C-320 °C. In these experiments, all other variables remained constant. The transmission
electron microscopy (TEM) images reveal the differently shaped nanomaterials resulting from
varying temperatures (see Figure 3-2). The temperature affects the NCs' size and shape, ranging
from nanowires to tetrahedrons and hyperbranched NCs. As powder X-ray diffraction (PXRD)
revealed, all products displayed a cubic InP crystal phase in the space group F.sam, witha=b =¢
= 0.587 nm (see Figure 3-2). The appreciable diffraction peaks at 20 = 26.34, 30.48, 43.58, and
51.78 are assngned to the (111), (200) (220), and (311) planes of InP (PDF#65 0233) respectlvely

l ! A e
25 30 35 40 45 50 25 30 35 40 45 50 25 30 _35 40 45 50 25 30 35 40 45 50 25 30 _35 40 45 50
2 Theta (degree) 2 Theta (degree) 2 Theta (degree) 2 Theta (degree) 2 Theta (degree)

Figure 3-2. TEM images and PXRD patterns of indium phosphide NCs synthesized at different
temperatures, ranging from 230 °C to 320 °C. At lower temperatures, InP wires are formed (a).
Increasing the temperature leads first to branching on the wires (b), then to hyperbranched
spherical InP nanoparticles (c). Increasing the temperature above 300 °C leads to a reduced length
of the branches (d) and finally, NCs are sintered together into large aggregates (e).

Our experiments found that the molar ratio of the InCls: In(ac)s was a key factor that affects

the formation of indium phosphide NCs. With only InClz or In(ac)s as In precursor, the color of
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the solution did not change even during prolonged heat treatment, and no product could be
precipitated from the reaction solution (Figure 3-3). However, InP particles formed when we
utilized mixtures of In(ac)s and InCls as the precursors. More importantly, only a molar ratio of
1:1 of In(ac)s: InCls resulted in the formation of regular InP NCs.

Figure 3-3. The reaction with only InClz (a) or In(Ac)s (b).

As InP is synthesized by the one-pot heating-up method. Here we used the one-pot heating-
up method to track the transient reaction process at different temperatures (230 °C, 240 °C, 250 °C,
260 °C, 280 °C, and 300 °C) to see the transient change of the morphologies and phases of products.
For the experiment, we added InClz, In(ac)s, HDA, TPOP, and ODE at the beginning. Then the
obtained mixture was heated to 150 °C under argon flow in 15 min and maintained at this
temperature for 60 min. Later, the mixture was heated to 300 °C in 15 min. We quickly took out
the products at the target temperature during the second step. To confirm the morphologies and
phase of the intermediate products, we measured their TEM and PXRD. As we can see from the
result (Figures A3-1, 2), the InP forms at 230 °C, and later it aggregates from big particles. So the
morphologies and phases of intermediate products could be determined by those results.

Furthermore, we investigated the impact of the hot injection of TPOP instead of heating the
complete mixture in a one-pot reaction scheme. At room temperature, we added InCls, In(ac)s,
HDA, TPOP, and ODE to the flask. Since the color of the mixture had already become intensely
dark at 270 °C. When the temperature reached 270 °C, we injected different amounts of TPOP into
the reaction mixture. Figure 3-4 displays representative TEM micrographs and the PXRD patterns
of the InP NCs produced following this procedure.

It is interesting to note that the NCs' size increased when decreasing the amount of TPOP.
For example, when we injected 1 mL of TPOP into the solution, we were able to synthesize the

biggest hyperbranched NCs with a diameter of around 160 nm (Figure 3-4e). Figures 3-4a, b, c,
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and d show TEM images of InP NCs with sizes of around 20 nm, 70 nm, 80 nm, and 120 nm,
which were synthesized at injection amounts of 3 mL (Figure A3-7), 2.5 mL (Figure A3-6), 2 mL
(Figure A3-5), 1.5 mL (Figure A3-4), and 1 mL (Figure A3-3) of TPOP, respectively. PXRD
patterns reveal that the NCs are all in the cubic InP phase, with an F.43m space group (Figure 3-4f).

25 30 35 40 45 50 v
2 Theta (degree) ~ 100 nm ' 100 nm

Figure 3-4. TEM images and PXRD of InP NCs synthesized at different temperatures. (a) 230 °C.
(b) 240 °C. (c) 250 °C. (d) 260 °C. (e) 280 °C. (f) 300 °C.

Interestingly, smaller, tetrahedron-shaped InP nanoparticles could be produced by spiking the
reaction mixture with acetic acid. We got the idea of adding acetic acid from the literature.'?* In
this paper, acetic acid was used to tune the shape of PbS nanoparticles from quasi-spherical
particles via octahedrons to six-armed stars. So when we did the reaction, we added different
amounts of acetic acid to the reaction. We found that by spiking the reaction mixture with more
acetic acid, indeed, smaller tetrahedron-shaped InP nanoparticles with sizes in the range of 10-20

nm can be obtained (Figure 3-5).
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40ul acetic acid

Figure 3-5. TEM of InP with different amounts of acetic acid added.

To shed some light on the InP nanomaterial formation, we monitored the formation of
eventual intermediate products during a typical synthesis, as summarized in Figure 3-6. Firstly, we
added InCls, In(ac)s, HDA, and ODE to the reaction flask and heated the mixture to 150 °C for 60
min. Then we injected the TPOP at 270 °C. Aliquots were taken before and after TPOP addition
and analyzed by TEM and PXRD. Interestingly, ~ 60 nm-sized InP hyper branch NCs (Figure 3-
6b) formed from ~ 20 nm-sized In203 NCs (Fig. 3-6c¢).
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Figure 3-6. lllustration of In,O3 to form InP. (a) PXRD before and after the addition of TPOP. (b)
TEM of InP NCs. (c) TEM of In203 NCs at 270 °C before the addition of TPOP.
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During the heating process, we added InCls, In(ac)s, HDA, and ODE at the beginning, and
then the temperature was increased to 270 °C. During the process, we got the products at 150 °C
(Figure 3-7a) and 270 °C (Figure 3-7b) before TPOP was added. So In203 is formed after 60 min
at 150 °C, as the PXRD pattern was found to match the reference pattern of In2Os (Figure 3-8). No
additional peaks were observed, suggesting that few or no crystalline impurities were present. Then
we injected the TPOP at 270 °C, and the PXRD patterns for samples collected after 5, 10, 13, 15,
18, 25, and 33 min. It showed the progressive transformation of the In,O3z NCs to InP NCs. The
planes on these NPs (generally (111) or (220)) are readily available for P diffusion.!® After 33
min, the complete transformation of the InoO3 NCs into hyperbranched InP NCs was confirmed
by PXRD and TEM (Fig. 3-12).

—150°C without TPOP added| |[_270°¢c without TPOP added
—In,0; —In0,

5 —_

2 l. A —t l' L L 1 4 2 A l
25 30 35 40 45 50 925 30 35 40 45 50
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Figure 3-7. TEM images and PXRD of the intermediate states without TPOP were added. The
intermediate states during the heating process need to be captured (150 °C-270 °C), without TPOP
added. (a) 150 °C without TPOP added. (b) 270 °C without TPOP added.
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Based on this interesting observation, commercial In2Os was used to conduct the reaction
under the same situation. For the experiment, we added chloride ions as acetate sources with
commercial In;O3 at the beginning. Unfortunately, we could not yield InP NCs (Figure 3-8). This
hints that the transformation from In203 to InP only works when the oxide NCs are produced from
In(ac)s and InCls. We speculate that the halide on the oxide NCs’ surface plays an important role

in this reaction.
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Figure 3-8. The co-decomposition experiments of chloride ion sources with commercial In20s.
For reaction, InBrsz and Inls have been examined to prove the important role of halide. From
the results, we found that they also formed the InP, and the morphologies are similar. From the
results, we found that they also formed the InP, and the morphologies were similar (Figure 3-9).
For example, the halide ion influences the formation of nickel nanoparticles and their conversion

into hollow nickel phosphide.?®
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Figure 3-9. The reaction with InBrs (a) or Inls (b).

The transformation of metal oxides to metal phosphides is known for a variety of
nanomaterials, yet not for InP. Brock et al.,'?® studied NiO nanoparticles that enable their
transformation into Ni2P phosphides by solution-phase reaction with trioctyl phosphine (TOP) at
temperatures of 385 °C. Sun et al.,'?® reported that bimetallic phosphides, Co-Fe-P could be
obtained by the reaction between Co-Fe-O nanoparticles and TOP at high temperatures for 12 h.
Surprisingly, we were able to yield InP NCs at lower temperatures in around 2 h.

In summary, our experiments revealed that the formation of InP proceeds via the chemical

transformation of in situ-produced In,O3 NCs by a simple one-pot reaction.
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Figure 3-10. From In203 NCs to InP NCs.

3.4 Conclusion

We present a facile approach to nanostructured InP via a high-temperature (230-320 °C)
reaction of indium chloride and indium acetate with TPOP. In the synthesis, the co-presence of
acetate and chloride is necessary for the formation of InP NCs and facilitates the anisotropic
growth of InP into either wires, tetrahedrons, or hyperbranched NCs. The size of the NCs is
controlled by the amount of (hot injected) TPOP. Our experiments revealed that the formation of
InP proceeds via the chemical transformation of in situ-produced In2Os NCs. Our approach
provides a new approach to indium phosphides with control of morphology and size. This new
approach to anisotropic and hyperbranched InP nanomaterials is especially interesting for

applications that require large surface areas, such as catalysis and energy storage applications.
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Chapter 4: Solvation Forces Affect the Colloidal Stability of CdSe

Nanoplatelets

My contributions to this project were conceiving and designing the experiments, synthesis,
characterization (UV-vis, TEM, THz spectroscopy), and data analysis of CdSe nanoplatelets.
Nanning Petersen and Martin Girard helped with the molecular dynamics simulations. Heng Zhang,

Wenhao Zheng, and Jaco J Geuchies discussed the data of THz spectroscopy.

4.1 Introduction

Colloidal semiconductor nanoparticles (NPs) have attracted significant scientific attention
due to their size-dependent optical and electronic properties,127:128129.130.131 A discussed in Chapter
1.3.3, several forces, including van der Waals (vdW) attractions, electrostatic interactions (for
polar solvents), and solvation forces, can contribute to free energy and the interaction between NPs
and thus the colloidal stability: the ability/tendency of NPs to remain dispersed in solution without
aggregation or sedimentation over time. Tuning one or more of the forces mentioned above allows
for controlling colloidal stability. An increase (or reduction) in the attraction between NPs will
lower (increase) colloidal stability, which lowers (or enhances) the critical concentration at which
the NPs start to aggregate. A recently published molecular dynamics simulation study by Petersen
et al. showed that solvation forces play a crucial role in dictating CdSe nanoplatelets (NPLs)
interactions and, thus, colloidal stability in octane solvents.>* They found that large facet areas,
short surface ligand length, and high ligand grafting density lead to strong solvation forces between
NPLs, enhancing attraction between them.>* They put forward that the ligand-capped CdSe NPL
is an ideal model for studying solvation forces between NPs. Several advantageous features of
NPLs, including a large facet-to-NPLs size ratio and a dense ligand shell, favor strong solvent
layering and, thus, strong solvation forces for NPLs.133134135136.137 The NPL-NPL van der Waals
attraction, on the other hand, is found to be very weak,> negligible compared to the solvation
forces. While the simulation work by Petersen et al. provided theoretical insights into the critical
role of solvation forces in tuning the NPL stability, its direct experimental access remains largely
unexplored, yet critical for testing the prediction. Generally, little attention has been paid to

elucidating the role of solvents on the colloidal stability of NPLs.
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In this study, we applied a combined experimental and simulation approach to study the
aggregation process of CdSe NPLs in dispersion. Employing optical pump-THz probe (OPTP)
spectroscopy, we experimentally show that both the facet area of NPLs and the solvent nature
(solvent alkane length) play critical roles in governing the colloidal stability of NPLs. By
increasing the NPL concentration, the aggregation of NPLs occurs to enhance the inter-NPL
coupling and, thus, the conductivity of photogenerated charge carriers, which OPTP can readily
capture. In line with the simulation by Petersen et al. (for both previously published work and
extended simulation for this study), we show that increasing facet areas of NPL and the length of
alkane solvent hamper the stability of NPL dispersion: larger CdSe NPLs with longer alkane
solvent aggregate more easily than small ones with short alkane solvent. The combined
experimental and simulation investigation pointed out the critical role of the NPL solvation forces
in dictating the colloidal stability, which is relevant for the NPL processing for optoelectronic

devices.
4.2. Result and discussion

4.2.1 Synthesis and characterization

-----

NPLs-15

NPLs-10

Absorbance and Emission (a.u.)

400 450 500 550 600 650
Wavelength (nm)

Figure 4-1. Characterizations of synthesized 4 ML CdSe NPLs with varied facet areas. (a-d) TEM
image of the four NPLs with an average side-length of (a) ~5 nm, (b) ~10 nm, (c) 15 nm, and (d)
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20 nm. The samples are marked as NPLs-L, with L as the side length of NPLs (in nm). (e)
Absorption and PL spectra of CdSe NPLs dispersed in hexane.

We synthesized a series of zinc-blende 4 ML CdSe NPLs with a fixed thickness of 1.4 nm,
capped with myristate ligands, following a previously reported procedure with minor modification
(for details, see Chapter 2).134 By adjusting the growth time, four nearly square-shaped 4 ML CdSe
NPLs with tunable side lengths of ~5, ~10, ~15, and ~20 nm (corresponding to facet areas ranging
from 24, 119, 215, and 420 nm?) are synthesized. Typical morphologies of the samples are
captured by transmission electron microscopy (TEM) studies shown in Figure 4-1 (a-d). For
convenience, we term samples here as NPLs-L, with L as the averaged side lengths of the NPLs
in nm (with L =5, 10, 15, and 20, respectively).

We further measured the absorption and emission spectra of all samples, as presented in
Figure 4-1e. For the 4 ML CdSe NPLs, sharp peaks around 480 and 512 nm involve the light and
heavy hole transitions, respectively. As we can see, except for a minor ~7 nm shift from NPLs-5
to NPLs-10, no spectral shift in both absorption and photoluminescence (PL) spectra are observed
with further increasing facet area. These results are in line with a previous report'* stating that the
electronic structure of the NPLs is predominantly controlled by the strong quantum confinement
induced by the limited thickness, and lateral confinement plays a minor role in determining the

optical absorption for the samples used here.

4.2.2 Lateral area matters: tracking size-dependent NPLs aggregation kinetics
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Figure 4-2. Investigation of charge carrier dynamics in CdSe NPLs dispersion by THz

spectroscopy, divided by the absorbed photon density Nass. (a) The concentration-dependent, time-
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resolved THz conductivity following 3.1 eV excitation for NPLs-20. (b) Summary of the
concentration-dependent photoconductivity averaged between 1.5 ps to 2 ps of the real part of the
photoconductivity normalized to the absorbed photon density following 3.1 eV excitation for
NPLs-5, 10, 15, and 20.

To shed light on the concentration-dependent aggregation of CdSe NPLs, optical pump-THz
probe (OPTP) spectroscopy is employed to study the electrical properties of NPLs in dispersion
by measuring their photoconductivities (Ac). The schematic OPTP study is illustrated in Figure 2-
7 in Chapter 2. In short, we optically promote electrons from the valence band to the conduction
band in the NPLs by utilizing an ultrafast (~100 fs, 400 nm) laser pulse. The pump-induced change
in the conductivity, i.e., photoconductivity Ag, is probed by a THz pulse with a duration of ~1 ps.
Note that Ao is a complex quantity, containing real (R) and imaginary (1) parts: Ac=Aor + iAar.
Free charge carriers and bound charge states, e.g., excitons, possess distinctly different dispersion
in the THz frequency window (up to 2.5 THz here). The THz field (E) accelerates free carriers,
attenuating the THz field. The photo-induced THz attenuation (AE) is linearly proportional to the
real part of photoconductivity Acr. On the other hand, excitons, as charge-neutral species, mainly
induce a phase shift in THz probe pulses. This phase shift is related to the polarizability of excitons
and proportional to the imaginary part of the photoconductivity Ao.

In our 4 ML CdSe NPLs, pulsed excitation creates (exciton-dominated) charge species. When
the NPLs form dimers or stacks, the electronic coupling between the NPLs increases. Free carrier
generation can result from enhanced inter-NPL charge separation, and potentially also the mobility
of the free charge carriers is expected to increase with increasing NPL aggregation. As such, one
would expect an increase in the photoconductivity Aor with increasing inter-NPL coupling. This
transition in the photoconductivity in the aggregation process can be measured by the OPTP
experiments,> which can report on the aggregation of NPLs. In our study, we exploited this effect
to distinguish single NPLs and assembled NPLs to evaluate the critical concentration at which
aggregation of NPLs begins. For NPLs-5 dispersed in hexane, the THz response is purely excitonic,
as evident from the zero real and purely imaginary THz photoconductivity. This observation holds,
even at extremely high concentrations (Figure A4-1). The effect can be rationalized by a
combination of strong exciton effect in NPLs-5 (so that the majority, if not 100%, of charge carriers

are in exciton states), and moderate mobility of free carriers (if any) due to the imposed structural
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strong confinement as the lateral size of NPL is smaller than the Bohr radius of CdSe
semiconductors.

We then further studied NPLs with large lateral sizes. The UV-vis absorption spectra of
NPLs-20 with different concentrations are shown in Figure A4-2c. As the absorbance of the heavy
hole transition increases by a factor of ~ 10 (from 0.11 to 1.02), the corresponding NPLs
concentration increases linearly from 1.9 x 1078 to 1.7 x 10~" mol/L. Importantly, no significant
peak shift in absorption is observed upon a change in the concentration. Following optical
excitations, THz photoconductivity in the NPLs-20 dispersion evolves with the concentrations as
shown in Figure 4-2a and Figure A4-2f. The dynamics are dominated by the imaginary Ao, which
indicates that a significant portion of charge carriers are in the exciton state even for NPLs-20. On
the other hand, we observe a finite contribution in the real part of the photoconductivity for all
concentrations studied. We assign this signal to free charge carrier generation and their finite
conductivity thanks to the reduced confinement effects in NPL aggregates.>® Similar effects have
been observed in NPLs-10 and 15 (see details in Figure A4-2). To make a fair photoconductivity
comparison for all 4 NPL sizes with different concentrations, we normalize all the Ao data to the
absorbed photon density (Nabs). We summarize the size- and concentration-dependent real
photoconductivity (average 1.5 ps to 2 ps) in the NPLs dispersion under the excitation photon
energy of 3.1 eV for all the samples in Figure 4-2b. As we can see, for sufficiently large NPLs
(NPLs-10, 15, and 20), the photoconductivity undergoes a sigmoidal-type transition by increasing
the concentration. Here, we assign the concentration-independent conductivity in the diluted limit
to the intrinsic intra-NPL free carrier generation and transport (whose amplitude intuitively
increases with the lateral size). Aggregation in the high concentration limit, is expected to further
enhance the free carrier population and mobility, resulting in the photoconductivity transition
observed in Figure 4-2b. Our assignment of the NPL aggregation-induced sigmoidal
photoconductivity transition is further supported by two observations: (1) the critical concentration
for aggregation is reduced with the NPLs facet area: i.e. the larger the NPLs, the easier they
aggregate. This result is fully in line with recent simulation results by Petersen in which the
solvation force was claimed to increase with the facet area: the larger the NPLs, the easier they
turn to aggregate. This effect leads to the transition in the photoconductivity appearing at lower
concentrations for bigger facet areas. (2) we investigate complementarily concentration-dependent

PL emission quantum yield. In principle, in the diluted limit, the PL efficiency normalized to the
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concentration (npL/c) is expected to show no dependence on the concertation (or, in other words,
the PL efficiency increases linearly with concentration). With further concentration increase, npL/c
goes down. This can be rationalized as follows: the aggregation favors inter-NPL charge transport
(CT) or energy transfer (ET, e.g., via the Forster-mechanism). The enhanced CT or ET reduces PL
quantum yields, as they result in charge separation, increasing their non-radiative recombination
via defects (as charges can map out much larger space to encounter defects).24141 Qur
experimental result, as shown in Figure A4-3, aligns nicely with the expectation and previous
reports. More importantly, the critical concentration at which np./c starts to decrease is close to

the aggregation ¢ quantified by OPTP measurement.

4.2.3 The solvent nature matters: tracking solvent length-dependent NPLs aggregation

In the next step, we studied the effect of different solvents on NPLs aggregation. We studied
four alkanes with different lengths (hexane, octane, decane, and dodecane). As shown in Figure
A4-4, concentration-dependent photoconductivity is measured with different solvents following
400 nm excitations. We summarize the peak value of photoconductivity in Figure 4-3. As we can
see, the critical aggregation concentration drops with increasing solvent alkane length. This result
indicates that the attraction between the NPLs increases with the solvent alkane length.

0.7

O NPLs-10nm-Hexane(C6)
0.1 O NPLs-10nm-Octane(C8)
| O NPLs-10nm-Decane(C10)
0.0 FI NPILs-10rI\m-Doldecanle(C12)

0 1x1072x1073x107 4x107 5x107 6x107 7x107 8x107
Concentration (mol/L)

Figure 4-3. Summary of the concentration-dependent photoconductivity average 1.5 ps to 2 ps of
the real part of the one-dimensional conductivity normalized to the absorbed photon density

following 3.1 eV excitation for NPLs in hexane, octane, decane, and dodecane.
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To shed light on the role of solvent length in dictating solvation force and, thus, NPL
aggregation processes, our colleagues Nanning Petersen, Valsson Omar, and Martin Girard at
MPIP further extended their coarse-grained molecular dynamic simulations to study the effect of
the alkane length on the NPL interaction, particularly for our solvents. The simulation procedure
follows that described in their early publication,> and the model is briefly shown in Figure 4-4a.
NPLs, modeled by surface beads, have a thickness of 1.5 nm and a base facet area of 35.6 nm?2.
The surface beads serve as grafting points for the ligand molecules. We use the MARTINI force
field to describe the interactions of the ligand and solvent molecules. Within the MARTINI model,
one bead represents four CHx atom groups. This type of description has the advantage of reducing
the number of particles in the simulation compared to an all-atom approach, thus considerably
reducing the computational effort.

The myristic acid ligands have 14 C atoms (including the functional group). Therefore, within
the MARTINI model, myristic acid can be modeled by three or four ligand beads. Petersen et al.
have shown that the ligand length influences the strength of the pair interaction.>* With increasing
ligand length, the attraction between the NPLs is reduced. To get a lower bound of the attraction,
the myristic acid ligands were simulated by four ligand beads. The solvent molecules are described
by one to four beads, screening hexane to hexadecane.

Following Petersen’s paper,® by using molecular dynamic simulations, we study the free
energy in the face-to-face orientation of the NPLs (Figure 4-4).142 The zero point of free energy
was placed in the first minimum. Although the strength of the interaction increases with the alkane
length, all four curves are qualitatively similar in their shape. The computational effort increases
with increasing alkane length due to the increasing viscosity and the increasing number of beads
in the simulation. Therefore, only the beginning of the free energy curves with 3 and 4 solvent
beads were fully converged (Figure 4-4b). Here the free energy difference between the first
minimum and the bulk (10 nm distance) defines the attraction, in other words, defines the solvation
forces. Even though the exact bulk free energy values for three and four beads have not been
calculated, it can be concluded that the solvation forces between the NPLs increase strongly with
the alkane length. These simulation results further confirm the conclusion of Petersen et al.>* that

solvation forces crucially influence the CdSe NPLs interaction, and dominate it.
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Figure 4-4. Molecular dynamic simulations by the MARTINI force field. (a) The model system
setup. Surface beads are shown in red, ligand beads in gray, and solvent beads in yellow. We
calculate the free energy curves in the face-to-face orientation of the NPLs. (b) We compare the
effect of different solvent molecule lengths on the free energy curve and the NPL pair
interaction.

4.3. Conclusion

In this chapter, OPTP was used to study the aggregation of 4 ML CdSe NPLs in the dispersion.
We demonstrate experimentally that both the facet area of NPLs and the solvent nature (e.g. the
alkane length) matter for the NPLs’ colloidal stability. We observed that increasing NPLs’ facet
area and solvent length leads to a decrease in the critical concentration at which aggregation starts.
The former effect is perfectly in line with the recent simulation results by Petersen in which the
solvation forces were found to increase with the facet area NPLs, causing aggregation.
Furthermore, our simulation result shows that the solvation force increases with the alkane length,
leading to a strong NPLs aggregation effect in solvents with a long alkane length. Our studies not
only unveil the critical physiochemical factors governing the NPLs dispersion stability but also
establish THz spectroscopy as a sensitive probe to the microscopic aggregation of nanoscale
materials. Our method will be particularly powerful for studying the colloidal stability of

semiconducting nanomaterials with weak or PL emission.
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Chapter 5: Ligand Decomposition Governs the Inter-Nanoplatelet Distance

and Coupling Strength by Thermal Annealing

My contributions to this project were conceiving and designing the experiments, synthesis,
characterization (UV-vis spectroscopy, TEM, THz spectroscopy), and data analysis of CdSe
nanoplatelets. Raman spectroscopy was done by Samir H. Al-Hilfi. Guangbo Chen and Xinliang
Feng helped with the TGA-MS analysis. Heng Zhang, Wenhao Zheng, Lucia Di. Virgilio, Jaco J
Geuchies, and Junren Wang discussed the data of TEM and THz spectroscopy.

5.1 Introduction

Colloidal nanocrystals (NCs) are solution-processable building blocks for cost-efficient
electrical and optoelectronic devices,'#31441%° including field effect transistors, light-emitting
diodes, photovoltaic devices, and photodetectors, 146147148149 Among different NCs (zero-
dimensional quantum dots (QDs),**® one-dimensional nanorods, etc.),®! CdSe nanoplatelets
(NPLs) are promising two-dimensional (2D) semiconductors with lateral extension up to over 100
nm? and an atomically precise thickness.%®1°2152 The confinement in the thickness direction, which
is tunable by controlling the NPLs’ layer numbers, has been shown to dominate the electronic and
optical properties of CdSe NPLs.®>¢ Due to 2D quantum confinement and reduced dielectric
screening, photogenerated electrons and holes in NPLs are subject to enhanced Coulomb
interactions. This leads to the formation of strongly bound electron-hole pairs, so-called excitons
in NPLs. So far, an extremely high exciton binding energy, i.e., the ionization energy needed to
dissociate excitons into free carriers, on the order of over 100s of meV has been reported in CdSe
NPLs (e.g. ~ 170 meV for 4 monolayers (ML) NPLs).*"18 The strong exciton effect results in
excellent optical properties including giant oscillator strength,'%¢% and strong fluorescence
quantum yields*®! (up to unity, which is highly desirable for light emission applications).

In conjunction with the thickness-tunable excellent optical properties, the 2D geometry makes
NPLs ideal materials to potentially conduct charge carriers for light-to-electrical energy
conversion applications, including solar cells and light detectors. In this regard, understanding the
exciton dissociation and free carrier generation mechanism in NPLs solids is fundamentally

important for high-performance electronic and optoelectronic devices.
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The key to achieving efficient free carrier generation and enhanced charge transport
properties (e.g., high carrier mobility) lies in “connecting” the NCs to allow sufficiently strong
inter-NC electronic coupling. The coupling strength between NCs has been well-known and shown
to increase exponentially with decreasing NC-NC distance,!62163164.165166167.1688 |y the QD
community, so far, two methods have been demonstrated to effectively modulate the distance
between NCs and thus their coupling strength: ligand exchange and thermal annealing. First,
replacing the lengthy native ligands (e.g., cadmium myristate) with shorter ones (including both
organic and inorganic) has been widely investigated.16316416516% Eqr instance, Talapin et al.
employed short inorganic ligands (5%, SnSe*, Te?, Se?, or HSe") to cap QDs and achieved band-
like transport in their solids with high electron mobility and photoconductivity.}’®'"* Second, the
key idea behind the thermal annealing strategy lies in removing surface ligands to gradually “fuse”
QDs, which leads to an enhanced photoresponse. For instance, octylamine-capped PbS NCs
annealed at 220 °C were reported to show a 200-fold increase in the short circuit current.}’2 CsPbXs
NCs were shown to possess significantly increased photocurrent after annealing.’*1* CdSe NCs
exhibited excellent electrochemical photocurrent, even after a mild heating treatment at 200 °C.17°

In comparison to the QD field, there are fewer experimental efforts toward fabricating
strongly coupled NPL solids and understanding their charge transport properties. In this direction,
some preliminary work has been done by employing ligand exchange in 2D NPLs. For instance,
Nadja et al. synthesized polymer-encapsulated NPL stacks and then manipulated the NPL-NPL
distance. Reducing the inter-NPL distance, as expected, increases the photocurrent in devices.'’
While effort is still needed to understand the ligand exchange in 2D NPLs, even less research effort
has been made to understand one of the most intuitive ways for linking NPLs: thermal annealing.
This method should allow modulating inter-NC distance, and thereby optical properties and charge
transport, in a very straightforward manner.

In this work, we combine optical absorption, transmission electron microscopy (TEM), and
thermogravimetric analysis with mass spectroscopy (TGA-MS), and provide experimental
evidence that the thermal stability of the surface ligands (e.g., their thermal decomposition)
governs the inter-NPL distance and thus electronic coupling strength. Employing ultrafast
terahertz (THz) spectroscopy, we show that the enhanced electronic coupling increases the free

carrier generation efficiency as well as the short-range mobility in NPL solids. Our study provides
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a new insight for employing thermal treatments as an intuitive and effective method to tune the

optical and electrical properties of NPL solids.

5.2 Results and discussion

5.2.1 Synthesis and characterization

In the study, we used 4 ML CdSe NPLs with zinc-blende structure, which were prepared
following the method reported by Ithurria.'’” As illustrated in Figure 5-1a, the NPLs consisted of
4.5 CdSe monolayers. The TEM images revealed rectangular-shaped 4 ML CdSe NPLs with lateral
sizes of 12.0 = 3.4 nm by 15.7 + 2.6 nm (Figure 5-1b). The absorption spectra possess two
pronounced excitonic peaks at 512 and 480 nm as shown in Figure 5-1c, which can be assigned to
the heavy hole (HH) and the light hole (LH) transitions respectively.”8% The photoluminescence
(PL) emission peak at 513 nm has a full width at half-maximum (FWHM) below 9 nm
(equivalently, 32.5 meV) (Figure 5-1c). Both absorption and PL data are consistent with results
previously reported for 4 ML CdSe NPLs.%®
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Figure 5-1. Characterizations of 4 ML CdSe NPLs. (a) Atomic structure illustration of 4 ML CdSe
NPLs, which contain 5 ML of Cd atoms and 4 ML Se in the structure. The chelating carboxylate
ligand is bound to the surface Cd atom to make the system charge neutral. (b) The TEM image of
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face-down 4 ML CdSe NPLs. (c) Absorption (black) and PL emission (red) spectra of 4 ML CdSe
NPLs. (d) Temperature-dependent absorption spectra and (e) the inferred absorption peaks of 4
ML CdSe NPLs in air. (f) Raman spectra of the 4 ML CdSe NPLs film with native ligands (black),
annealing at 250 °C (red), 300 °C (blue), and 350 °C (olive) in the air.

To understand the effect of different annealing treatments on the ligand thermal stability and
tuning the inter-NPL distance (and thus the electronic coupling strength), we combine optical
absorption, TEM, TGA, and THz spectroscopy to characterize 4 ML CdSe NPLs in thin-films
using different annealing temperatures (T). The samples are prepared by drop-casting 20 pL
solutions of as-synthesized 4 ML CdSe NPLs (1.07 x 10 M, estimated from the absorption
spectrum) on fused silica substrates (1 cm x 1 cm). The as-prepared NPLs film was annealed in a
tube furnace heated to a target T between 200-350 °C for 30 min in the air (for more details, see
the supporting information). Samples are then cooled down to room temperature in 120 min for

further characterization.

5.2.2 UV-vis analysis

As shown in Figure 5-1d, increasing the annealing T leads to a gradual change in the optical
absorption including a significant redshift of the lowest exciton (i.e., the HH transition) transition,
when going beyond ~ 250 °C. Annealing treatments are expected to reduce the distance between
the NPLs by presumably removing the capping ligands (see the discussion on the detailed
mechanism later).17>179.18018L182 Thjg resylts in enhanced inter-NPL coupling strength and thus
loosened quantum and dielectric confinement in NPLs, which explains the absorption changes.
Above 340 °C, a gentle increase of annealing T (e.g., from 340 to 350 °C) triggers a sudden
transition from a sharp excitonic-like transition to a broader absorption feature with an absorption
onset shift from 543 nm to ~700 nm. The inferred bandgap energy (see the Tauc plot in Figure A5-
1) is 1.70 eV for the sample which was annealed at 350 °C, and is close to the bandgap of the bulk
CdSe (1.74 eV or ~ 710 nm).'®184 This result indicates that NPLs are fused into bulk-like
aggregates (see TEM images below and in Figure A5-2) above an annealing T of 340 °C.

5.2.3 Raman spectroscopy analysis
To further shed light on the thermal annealing procedure, we performed Raman spectroscopy

on NPLs film under different annealing T (Figure 5-1f). Two characteristic Raman modes at ~ 208
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and 410 cm* can be well assigned to the longitudinal optical (LO) and 2 LO phonon modes of 4
ML CdSe NPLs, which is consistent with literature reports.'® By annealing the NPL film at 350 °C,
we observe three newly emerged peaks at 290, 392, and 938 cm™* (marked in green) which can be
attributed to CdO.!8 Together with the absorption data, we can conclude that along with the
formation of bulk CdSe, oxide formation takes place simultaneously by annealing at 350 °C.
Formation of CdO likely takes place at the surface of the CdSe aggregates following (at least

completely) ligand removal.
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Figure 5-2. TEM images of 4 ML CdSe NPLs as-synthesized (a), after annealing at 80 °C (c),
250 °C (e), 300 °C (g), and 340 °C (i). The NPL-NPL distances are 3.8+ 0.5 nm (a), 2.5 = 0.4 nm
(), 2.5+ 0.5 nm (e), 1.5 £ 0.4nm (g), and 1.0 = 0.2 nm (i), respectively. Histograms of the NPL-
NPL distance of 4 ML NPLs as-synthesized (b), after annealing at 80 °C (d), 250 °C (f), 300 °C
(h), and 340 °C (j). ~ 100 NPL-NPL distances were analyzed.
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5.2.4 TEM analysis

We performed TEM on NPLs films to obtain direct information on the morphology change
(e.g., the inter-NPL distance change) after the thermal treatment. The as-prepared 4 ML CdSe
NPLs films assemble in an edge-up geometry with a 3.8 + 0.5 nm face-to-face stacking distance,
as shown in Figures 5-2a, b. This inter-NPL distance is slightly higher than twice the Cd-myristate
ligand length (nominally ~1.7 nm).*®” By further increasing the annealing T, as shown in Figure
5-2c (for 250 °C) and Figure 5-2e (for 300 °C), the edge-up configuration is maintained. The inter-
NPL distance gradually drops with increasing T. More precisely, we observe that the first decrease
in inter-NPL distance occurs at already at a low T, at around 80 °C (from 3.8 nm to ~ 2.5 nm),
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which is slightly above the evaporation point of the solvent used to disperse the NPLs (hexane,
69 °C). This effect may be related to the evaporation of solvent molecules trapped in the voids of
the NPL film, in line with previous reports.'8! By further increasing T, the distance remains nearly
unchanged until 250 °C, after which it decreases further to below 1 nm at 340 °C. Finally, the film
annealing at 350 °C results in the formation of clusters or the “necking” of NPL leading to a fused
solid (Figure A5-2). In this narrow T range, combining the absorption result (i.e. the sudden
changes from weak “excitonic” to bulk-like absorption), Raman data (i.e. the emergence of
oxidation signal) and TEM analysis, we conclude that ligands are gradually removed from the NPL
surface between 250-340 °C, and undergo a remarkably sudden removal of residual ligands
between 340 - 350 °C.
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Figure 5-3. (a) Thermogravimetric Analysis with Mass-Spectrometry curve for the decomposition
of Cd(myr)2. (b) Correlation between the TGA weight loss and the NPL-NPL distance versus the

excitonic absorption peak for treatments until 340 °C.

5.2.5 Thermogravimetric analysis with mass-spectrometry (TGA-MS) analysis

To better understand the desorption of the potent myristic acid-related capping ligands, we
conducted TGA-MS to study the decomposition of Cd(myr)2. In an ideal situation, we would have
conducted the study for Cd(myr)2 capped 4 ML CdSe NPLs, but we have insufficient CdSe NPLs
to do so. Such a simplified study can still provide molecular insights into the effects of thermal
treatment. Figure 5-3a presents the normalized T-dependent gas release kinetics. First, the TGA
curve shows two important weight loss steps, with the first step at a temperature range of ~250 -
350 °C with 62 wt. % loss (the T range that is relevant to our studies). In this region, the recorded
gases detected by MS include various oxygen-containing molecules of organic molecules (i.e., CO,
COg, and H20), and carbon-rich fragments (such as CH3z, CH2, C2Hs, and C2H>). Increasing the
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temperature from 355 °C to 475 °C results in a second weight loss step with 11% more weight loss
(Table A5-1). The released gases in the second step are only C and CO2. We believe the first
decomposition reactions happen during the first step, as most ligands were lost from the NPL solid
and turned to gases. Furthermore, based on the MS signals, all the C-H containing parts of the
ligands were released in the first step as well, while only C and C-O species were detected in the
second step. Finally, given the rich gases (for both oxidized and C-based ones) releases and their
similar kinetics, we exclude a scenario in which all the ligands decompose simultaneously in a
step-by-step fashion, by losing -CHs, or -CHz- groups (by simple decomposition or oxidation) one
by one.

When we thermally anneal the ligand-capped NPL film in the air, we propose that O, oxidizes
the Cd-myristate ligands to liberate gases. As a result, the ligand density decreases at high
temperatures, thus gradually decreasing the inter-NPL distance. This proposal is consistent with
previous reports. David et al. reported the decomposition and fragmentation products of CdSe QDs
with the tertbutylthiol ligand.'” Isobutene and isobutane were observed as the major volatile
products during TGA measurements, and CxHy was removed first. This provides fine control on
inter-NPL distance. In addition, SEM-EDX analysis shows a similar Cd/Se ratio for annealed
NPLs, and a reduced amount of C content with increased annealing T, further supporting the
conclusion of selectively removing ligands during the thermal annealing process (Table 5-1). In
Figure 5-3b, we demonstrate that the weight loss by heat treatment can correlate perfectly with the
NPL-NPL distance (by TEM) and shifts in the absorption, providing a direct correlation between
the thermal decomposition of ligands to the morphology modulation, and as a result, to the physical

properties of NPL solids.

4 ML CdSe NPLs Cd Se C Cd: Se
Native Myristate Ligand 13.51 wt% 10.81 wt% 75.67 wt% 1.25
250°C in the air 22.63 wt% 18.44 wt% 58.93 wt% 1.23
300°C in the air 36.71 wt% 29.63 wt% 33.66 wt% 1.24

Table 5-1. Elemental compositions of as-prepared CdSe NPLs, NPLs-Air-250 °C, and NPLs-
Air-300 °C determined by SEM-EDX analysis.
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Figure 5-4. (a) Annealing-T-dependent photoconductivity dynamics by optical-pump-THz probe
(OPTP) spectroscopy following 3.10 eV photoexcitation. (b) Normalized OPTP peak in (a) as a
function of annealing T. Frequency-resolved photoconductivity spectra of (c) 4 ML CdSe NPLs
with native ligand, (d) NPLs-300 °C and (e) NPLs-350 °C, respectively. The data are measured at
0.2 ps after the OPTP peak. The data are fitted by the Drude-Smith model, as described in the main
text. The red and black solid lines represent the real and imaginary parts of the complex THz

photoconductivity as modeled with the Drude-Smith model, respectively.

5.2.6 Photoconductivity measurements by THz spectroscopy

To investigate the effect of the shortened ligand length on the optoelectronic properties
following thermal annealing at varied T, we employ contact-free, optical pump-THz probe (OPTP)
spectroscopy to measure the time- and frequency-resolved photoconductivity with sub-ps time
resolution. The pump-induced change in the conductivity, i.e., photoconductivity Ao, is
proportional to the photoinduced THz absorption (AE = Epump - E) at varying pump-probe delays,
where Epump and E represent the transmitted THz field with and without photoexcitation (See
Methods section). Figure 5-4a compares the photoconductivity dynamics of NPL films annealed
at different T, normalized to the absorbed photon densities (Nabs). Though displaying a similar

dynamic evolution within 10 ps, the different films show distinctly varied intensities. Specifically,
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in line with all the structure and thermal analysis above, with increasing T over 250 °C, the OPTP
intensity increases substantially, which is further demonstrated clearly in Figure 5-4b. Since
(40)/Nabs 1S proportional to the product of the photon-to-free-carrier quantum yield ¢ and charge
mobility 4, the enhanced OPTP signal at elevated annealing T is attributed to a higher free carrier
population and/or improved charge transport properties. As the averaged ligand length becomes
shorter with annealing, the electronic coupling between the adjacent layers increases, which could
give rise to an enhanced out-of-plane dielectric screening and reduced quantum confinement.
These effects will greatly reduce the exciton binding energy and, thus, raise the proportion of the
free electrons and holes. Besides, the out-of-plane charge transport across the adjacent NPLs will
increase because of the enhanced inter-NPL electronic coupling.

To confirm and disentangle these two contributions from the free carrier density and charge
mobility, we conducted THz time-domain spectroscopic (THz-TDS) analysis at a given pump-
probe delay time. THz-TDS provides the frequency-resolved complex photoconductivity spectra,
including the real and imaginary parts, as shown in Figures 5-4(c-e). At RT, the photoconductivity
spectrum shows an exciton-dominated response with a finite real part and a pronounced negative
imaginary part, which can be described by a Lorentz model.*® This is in line with the large exciton
binding energy of 170 meV in 4 ML CdSe NPLs with native ligands, which leads to a dominant
exciton population. At high annealing T, the photoconductivity spectra change, as illustrated in
Figures 5-4d and 5-4e, and are dominated by the real component, indicating the free-carrier-
dominated dynamics. The conductivity dispersion can be adequately described by the so-called

Drude-Smith model:188

2
’ o= (1)
Drude—Smith 1 — iwT 1 —iwT

Here, 7, wp, and & are the effective scattering time, plasma frequency, and vacuum
permittivity, respectively. In this model, free carriers dominate the photo-response and experience
preferential back-scattering resulting from spatial confinement due to e.g., grain boundaries or
interfaces.8%1% This effect is evaluated quantitatively by the parameter ¢ ranging from -1 to 0.
When ¢ = 0, the free carriers undergo a Drude-like transport with a momentum-randomizing
scattering; for ¢ = -1, these free carriers are subject to a complete back-scattering with strong
confinement. As shown in Table 5-2, the extracted parameter ¢ from the fits increases with

increasing the annealing T, which indicates reduced confinement of the photogenerated free
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carriers as the interlayer distance becomes smaller. When T = 350 °C, there is a significant and
sudden jump of the parameter ¢ and scattering time: for the former, it reduces from close to -0.95
to -0.67, and for the latter, there is a large increase from 40-50 to ~70 fs. This result is in line with
our expectation, in which a structural transition from quasi-2D to 3D with the complete removal

of the interlayer ligands. Both parameters have changed in a direction to substantially enhance the
short-range charge carrier mobility at the dc limits, following u = fn—T (1 4+ ¢), by increasing the
annealing T from 250 to 350 °C. The free carrier density increases gradually by T, and the free

carrier generation quantum yields are estimated to increase from ~1.0 % to 2.8% between 250 to
350 °C based on the fitting.

Annealing temperature (°C) T (fs) c Carrier density (m™)
250 43 +3 —0.95+0.01 417 x 10%* + 1 x 10%°
300 44 172 —0.87 £ 0.01 8.35x 10?1 + 2 x 10°
325 47 x5 —0.89 + 0.03 8.54 x 10%* + 5 x 10%°
335 49 + 4 —0.83 £ 0.01 9.08 x 10%* + 3 x 10*°
350 69 £ 5 —0.67 £ 0.02 12.10 x 10?1 + 2 x 10*°

Table 5-2. The obtained Drude-Smith parameters for different temperatures.

5.3 Conclusion

In summary, we report that thermal annealing represents an effective strategy to tune the
optical absorption and electrical properties of NPL assemblies by controlling the inter-NPL
distance. The underlying mechanism for such morphology control lies in the stability of the surface
ligands: we observe a direct correlation between the T-dependent ligand decomposition and the
NPL-NPL distance shortening (by TEM), the strong red-shift in the absorption band edge (by UV-
vis studies), and furthermore, the enhanced electrical transport within the NPL films. Our results
illustrate a straightforward manner to control the interfacial electronic coupling strength for
developing functional optoelectronics through thermal treatments.
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Chapter 6: Summary and Conclusion

Thanks to their excellent optical properties including size-tunable photoluminescence,
cadmium/lead chalcogenide nanocrystals (NCs, e.g. nanoplatelets) have shown great promise for
optoelectronics, in particular for light emission applications. The toxicity of cadmium/lead, on the
other hand, has hampered their device integration and further commercialization. In addition,
processing NCs from solution into optoelectronic devices requires a detailed understanding of the
colloidal stability of NCs in dispersion, which has not been well-studied. Finally, understanding
and controlling the inter-NC electronic coupling on the transport effects of photogenerated charge
carriers play a fundamentally important role in optimizing device performance. To this end, we
are dedicated to understanding the synthesis mechanism of nontoxic InP semiconducting
nanocrystals, unveiling the key parameters regulating the colloidal stability of CdSe NPLs
dispersion, and probing the charge carrier dynamics in CdSe NPLs thin films.

Following the introduction and motivation presented in Chapter 1, we presented the
materials synthesis details and techniques used in the thesis in Chapter 2. Chapter 3 presents a
facile approach to synthesizing nontoxic, nanostructured InP via a high-temperature (230-320 °C)
reaction with the co-presence of indium chloride and indium acetate with triphenyl phosphite. Our
work revealed that the formation of InP proceeds via the chemical transformation of pre-
synthesized In.O3 NCs.

In Chapter 4, we investigate the colloidal stability or aggregation process of CdSe NPLs by
combining THz photoconductivity measurements and simulations. We experimentally
demonstrate that increasing NPLs’ facet area or the solvent length leads to decrease in the critical
concentration at which NPL starts aggregation. Simulations by our collaborators Peterson et.al
have revealed the dominant role of the solvation forces in determining the NC stability: increasing
the facet area of NPLs and the length of the solvent increase the NPL solvation force to induce
aggregation.

In Chapter 5, we employ thermal annealing as an effective method to control the inter-NPL
distance, further the optical absorption and electrical properties of assembled NPL solids. We
provide a direct correlation between the T-dependent ligand decomposition and the NPL-NPL

distance shortening (by transmission electron microscopy), the strong red shift in the absorption
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band edge (by UV-vis studies), and the enhanced electrical transport within NPL films. The TGA-
MS analysis confirms that the ligand decomposition at elevated temperatures decreases gradually
the inter-NPL distance and thus enhances the electrical properties of NPL solids.

Overall, this thesis provides a new way to synthesize nontoxic anisotropic and hyperbranched
InP NCs. In addition, we demonstrate how the solvation force governs the colloidal stability, and
how to control the electronic coupling in NPL solids for enhanced charge transport properties by

thermal annealing.
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Figure A3-1. TEM images of InP NCs synthesized at different temperatures. (a) 230 °C. (b)
240 °C. (c) 250 °C. (d) 260 °C. (e) 280 °C. (f) 300 °C.
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Figure A3-2. PXRD of InP NCs synthesized at different temperatures. (a) 230 °C. (b) 240 °C.
(c) 250 °C. (d) 260 °C. (e) 280 °C. (f) 300 °C.
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Figure A3-3. TEM of InP with 1 mL TPOP added.
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-4. TEM of InP with 1.5 mL TPOP added.

Figure A3

Figure A3-5. TEM of InP with 2 mL TPOP added.

Figure A3-6. TEM of InP with 2.5 mL TPOP added.
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Figure A4-1. (a) The time-resolved THz conductivity following 3.1 eV excitation. (b) Frequency-
resolved THz conductivity was measured at 10, 100, and 900 ps after photoexcitation following

excitations of 3.1 eV excitation.
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Figure A4-2. The UV-vis absorption spectra of NPLs-10 (a), 15 (b), and 20 (c) with different
concentrations. The concentration-dependent, time-resolved THz conductivity following 3.1eV
excitation of NPLs-10 (e), 15 (d), and 20 (f) respectively.
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Figure A4-3. The UV-vis absorption (a) and PL (b) spectra of NPLs-10 with different
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Figure A4-4. The UV-vis absorption spectra of NPLs in octane (a), decane (b), and dodecane (c)
with different concentrations. The concentration-dependent, time-resolved THz conductivity
following 3.1eV excitation of NPLs- in octane (d), decane (e), and dodecane (f) respectively.

Chapter 5
Characterization:

Transmission Electron Microscopy (TEM):

TEM grid. Conventional bright-field TEM imaging was carried out on a JEOL JEM-1400
microscope equipped with an accelerating voltage of 120 kV. NPLs’ sizes were measured from
the TEM images by using Image J. The distance NPL-NPL was measured from the TEM images
by using Digital Micrograph.

UV—-Vis Absorption Spectroscopy:

The absorption spectra of the dispersion and film were measured using an Agilent Cary 60
UV-Vis spectrometer between 300-1000 nm or an Avantes UV-Vis spectrometer between 400-

800 nm consisting of Avantes Ava Light-DH-S-BAL as the UV—Vis light source passing through
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a neutral density filter (optical density = 2.0) and fiber-coupled to an Avantes Sens Line Ava Spec-
HSC-TEC detector.
Raman Spectroscopy:

The Raman spectra 4 ML CdSe NPLs films under various temperatures and gas were recorded
with a confocal Raman spectrometer (alpha 300 R, x10 objective, 600 grooves/mm grating, 5 mw)
with a 532 nm excitation and 10 seconds integration.

Scanning Electron Microscopy:

SEM imaging was performed on a Zeiss LEO Gemini 1530 Scanning Electron Microscope
(Zeiss) with an accelerating voltage of 3 kV.

Thermogravimetric Analysis with Mass-Spectrometry:

The TGA-MA measurements were conducted on an STA 449 F5 Jupiter (Netzsch) coupled
with an MS Aéolos® (Netzsch).

—350°C in the Air|

Abs

E,=1240/730 =1.70 eV

400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure A5-1. Absorption spectra of 4 ML CdSe NPLs film annealing at 350 °C in the air for 30

min.
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Figure A5-2. TEM images of 4 ML CdSe NPLs after annealing at 350 °C in the air.
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Figure A5-3. The photoconductivity dynamics by optical-pump THz probe technique following

3.10 eV photon excitation of annealing at 350 °C in the air.
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Appendix

Figure A5-4. Frequency dependence THz conductivity at 0.2 ps after 400 nm excitation of (a)
NPLs-250 °C, (b) NPLs-325 °C, and (c) NPLs-335 °C. The lines are fitted to the Drude-Smith

model (the red solid for the real, and the black dash for the imaginary).

Temperature °C 25 200 250 284 300 355 475

Weight % 100%  99.06% 98.41% 96.13%  89.65% 36.26%  24.68%

Table A5-1. The weight loss with the temperature range.
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