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Abstract 

This study explores the colloidal synthesis, growth mechanism and optical 

properties of colloidal wurtzite ZTe (Z=Zn, Cd) nanoplatelets. 

Chapter 1 introduces the necessary research background of this study. The 

definitions of colloidal semiconductor nanocrystals (CSNCs) and magic-sized 

nanoclusters (MSNCs), the brief history of developing the colloidal synthetic 

methods for semiconductor nanocrystals, surface chemistry of CSNCs, 

photophysical properties of CSNCs, the previous investigations on two-

dimensional CSNCs were given in the following subsections of Chapter 1. The 

thesis organization section in Chapter 1 explains the structure of this thesis.  

In chapter 2, the material characterization techniques and analysis methods 

such as spectroscopy techniques and density functional theory calculations 

employed in this study were explained.  

Chapter 3 reports the colloidal synthesis, growth mechanism and optical 

properties of colloidal wurtzite ZnTe nanoplatelets. In this work, we successfully 

synthesized 2D wurtzite ZnTe NPLs with a thickness of about 1.5 nm by using 

polytellurides as tellurium precursor. Mechanistic studies, both experimentally 

and theoretically, reveal that the step-wise transition of metastable ZnTe F323 

MSNCs produces metastable ZnTe F398 MSNCs that then form wurtzite ZnTe NPLs 

via oriented attachment along [100] and [002] directions.  

Chapter 4 reports the colloidal synthesis, growth mechanism and optical 

properties of colloidal wurtzite CdTe nanoplatelets. In this work, we investigated 

the shape-controllable synthesis of 2D wurtzite CdTe nanoplatelets by simply 

tuning Te precursor reactivity. We have successfully prepared ribbon-, shield- and 

bullet-like NPLs from a step-wise conversion of CdTe MSNCs by using Te3
2-, Te2

2- 

and Te2- polytellurides as tellurium precursor, respectively. X-ray photoelectron 

spectroscopy and Fourier-transform infrared spectroscopy techniques were used 

to investigate the surface chemical environment and composition of as-prepared 

CdTe NPLs.  

In Chapter 5, the conclusions of this thesis were summarized and outlook was 

given for following research project. 
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CSNCs colloidal semiconductor nanocrystals 
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TOP trioctylphosphine 
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trioctylphosphine oxide 
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WZ wurtzite 

ZB zinc-blende 

RS rock-salt 

CBC the covalent bond classification 

R-NH2 primary amines 

R3P trialkylphosphines 

DDA dodecylamine 

DOS density of electronic states 
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E energy 

OA oriented attachment 

UV-vis ultra-violet-visible 

IR infrared 

NMR nuclear magnetic resonance 

FTIR Fourier transform infrared 

TEM transmission electron microscopy 

HRTEM high-resolution TEM 

FFT fast Fourier transform 

STEM scanning transmission electron microscopy 

HAADF-STEM high angle annular dark field-STEM 

STEM-EDX STEM-energy-dispersive X-ray spectroscopy 

XRD X-ray diffraction 

SAED selected area electron diffraction 

def2-SVP def2-Split valence polarization 

DFT density functional theory 

VASP Vienna Ab Initio Simulation Package 

PAW projector-augmented wave 

PBE Perdew-Burke-Ernzerhof 

B3LYP Becke, 3-parameter, Lee–Yang–Parr 

XC exchange-correlation 

LDA local-density approximation 

GGA generalized gradient approximations 

LSDA local spin density approximation 

UHF unrestricted Hartree–Fock 

HF Hartree-Fock 

TDDFT time-dependent density functional theory 

PCM polarized continuum model 

LEDs light-emitting diodes 
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Chapter 1 Introduction 

1.1 Colloidal semiconductor nanocrystals and magic-sized nanoclusters 

Quantum dots (QDs) are also termed as colloidal semiconductor nanocrystals 

(CSNCs) that contain but are not limited to spherical dots (SDs),1-6 nanorods 

(NRs),7-15 nanowires,16-21 and nanoplatelets (NPLs).22-29 They are fragments in 

nanometer scale of their corresponding bulk materials and approximately 

compose of 100 to 100,000 atoms as shown in Figure 1.1.30 As an intermediate 

between molecules and nanocrystals, magic-sized nanoclusters (MSNCs) are well-

defined structures with only tens of atoms. Currently, metal nanoclusters31-35 and 

colloidal semiconductor MSNCs36-37 have been found. Owing to the similar size 

scale (1-2 nm) between MSNCs and crystal nuclei,38-41 a better understanding of 

MSNCs can provide more insights to the formation of crystal nuclei. Interestingly, 

MSNCs have been used as crystal seeds to grow larger nanocrystals and as 

monomer reservoirs to modulate the growth kinetics of colloidal nanocrystals.42-43 

In addition, colloidal semiconductor MSNCs may provide ideal hosts for doping of 

metal ions such as Co2+ and Mn2+.44-45 As an emerging research field, colloidal 

semiconductor MSNCs are attracting great attention in the community. Compared 

with MSNCs, CSNCs have been well investigated. Colloidal SDs, NRs and NPLs have 

been synthesized where their excitons are confined in three-, two- and one-

dimensions in nanometer size scale, respectively.46 To increase the 

photoluminescence (PL) quantum yield or modify the bandgap structure, core-

shell nanocrystals were prepared and studied. In addition, hybrid  metal-CSNCs 

heteronanostructures47-54 and doped CSNCs55-62 have attracted great attention 

because of their potential applications in photocatalysis,47, 63-66  microelectronics67-

70 and optoelectronics.71-78  

As the synthetic chemistry of CSNCs is extensively investigated, the precise size 

and shape control of CSNCs have been successfully achieved. Monodispersed 

CSNCs with high photoluminescence quantum yield have been produced and used 

to fabricate various commercialized products such as quantum dot lighting 

emitting diodes (QLED) TV, Qdot® probes, and CFQQD® lighting as shown in Figure 

1.2. 
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Figure 1.1 Number of atoms as a scale of representative substance. 

 

 

Figure 1.2 Representative commercialized products using CSNCs. 
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1.2 Colloidal synthesis of semiconductor nanocrystals 

1.2.1 A brief history  

In the early 1990s, the organometallic syntheses in coordinating solvent was 

firstly introduced to prepare colloidal CdSe nanocrystals with narrow size 

distribution by Bawendi et al.79 However, this synthetic approach possesses 

several intrinsic disadvantages such as the extreme toxic, expensive, explosive and 

pyrophoric materials along with the sophisticated equipment. This synthetic 

method was replaced by the safe, simple, reproducible, versatile alternative route 

(the CdO approach) proposed by Peng et al. in 2001.80 Due to the relatively simple 

nucleation and growth approach, the alternative route can produce nearly 

monodisperse nanocrystals with the PL quantum efficiency reaching close to 85%. 

In addition, the single-molecule precursor synthetic method has also been 

developed as another approach.81 Nevertheless, this method is investigated rarely 

in the following years due to complicated preparation of single-molecule 

precursors. In 2006, Hyeon et al. investigated the synthesis of two-dimension CdSe 

nanoribbons assisted by bilayer mesophase templates comprised of CdCl2-

alkylamines complex.82 

Table 1.1 Events of the colloidal synthesis of semiconductor nanocrystals 

Time Events 

1993 organometallic syntheses79 

1997 single-molecule precursor synthetic method81 

2001 the CdO approach80 

2006 soft colloidal template syntheses82 

1.2.2 Precursor chemistry 

The precursor chemistry of the colloidal synthesis of CSNCs plays the key role 

in achieving the shape and size control of produced nanocrystals as well as the 

processes of nucleating and crystal growth. Generally, the chemistry reactivity of 

the cation and anion precursors are required to be balanced to prepare 

monodispersed nanocrystals. Organometallic precursors such as Zn(CH3)2 and 

Cd(CH3)2 were first introduced as cation precursors in organometallic synthetic 

route.83-87 As mentioned above, these organometallic precursors are extreme toxic 

and expensive along with high reactivity, which is replaced by metal oxides and 

fatty acid salts in the an alternative synthetic route. The precursor reactivity can 
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be further tuned by adding activation agent.88-94 In addition, the selection of 

precursors and the molar ratio between cation and anion precursors have impacts 

on the PL quantum yield and the crystal phase.95 Figure 1.3 presents the relations 

between factors in precursor chemistry. 

 

Figure 1.3 Relations between factors in precursor chemistry. 

 

Figure 1.4 Comparison of reactivities of selected cation and anion precursors. 

1.2.3 Coordinating solvents and non-coordinating solvents 

Coordinating solvents such as fatty acids, alkylamines, phosphonic acids, 

trioctylphosphine oxide (TOPO) were firstly used in the colloidal syntheses of 

semiconductor nanocrystals.40, 79, 96-99 Meanwhile, these solvents act as ligands for 

both the monomers and nanocrystals in the reaction. In contrast, non-

coordinating solvents neither participate in the reaction nor act as ligands for the 
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monomers and nanocrystals. They act as the reaction medium that help to tune 

the reactivity of the monomers by changing the ligand concentrations in the 

reaction process. Furthermore, the tunable chemistry reactivity of monomers 

controlled by the ligand strength and concentration can provide a necessary 

balance between the processes of nucleation and nanocrystal growth, and thus 

acting as a key factor in the colloidal synthesis of high quality nanocrystals with a 

narrow size distribution. Long chain alkanes and alkenes are used as typical non-

coordinating solvents without participating the reaction due to their liquid state at 

elevated temperatures and good stability to withstand the reaction temperatures 

of semiconductor nanocrystal syntheses. Non-coordinating organic solvents, such 

as 1-octadecene (ODE),100 tetradecane,101 tetracosane,91 and 1-eicosene102 have 

been used in the colloidal synthesis of CSNCs. Nevertheless, ODE is most widely 

used owing to its liquid state at the room temperature and capability in acting as a 

reaction medium at elevated temperatures above 300 oC. In addition, ODE is easy 

to be removed after syntheses because of its liquid state at the room temperature 

and extremely non-polar structure. ODE can also be removed from the reaction 

mixture by using methanol and hexanes. Nanocrystals will stay at the hexane layer 

while the excess unreacted monomers and ligands are staying at the methanol 

layer. Nanocrystals can be precipitated out with further additions of methanol or 

acetone in the hexane layer, which prove to be gentler for nanocrystals and more 

effective than directly using excess acetone to precipitate the nanocrystal from 

the mixture. In addition, it was found that tetradecane is an excellent solvent at a 

reaction temperature below 200 °C due to its availability as a high-purity reagent 

and lower viscosity compared with ODE at the operational temperature.101 

Table 1.2 Selected solvents for the colloidal syntheses of CSNCs. 

Solvents Function 

oleic acid ligands 

oleylamine ligands 

TOPO ligands 

ODE reaction media 

1.2.4 Nucleation and growth mechanism of CSNCs 

A thorough understanding of the processes of nucleation and growth 

mechanism of CSNCs is vitally important for synthesizing size-, shape- and 
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composition-controlled CSNCs. As shown in Figure 1.5, the formation of CSNCs 

includes three distinct stages: pre-nucleation (stage I), nucleation (stage II) and 

nanocrystal growth (stage III) according to the LaMer diagram established in 

1950.103  The seminal work of LaMer studied the various stages of the formation 

processes of CSNCs from homogeneous reaction solution, which shows the 

necessity to temporally separate the nucleation and growth process for obtaining 

monodispersed CSNCs. Generally, the “hot-injection” method is used to achieve 

the temporal separation of the rapid burst of self-nucleation and the growth 

period. In the pre-nucleation stage, the precursors will convert to the monomers 

and the concentration of the monomers will exceed the concentration of the 

critical concentration Cc, triggering the burst of nucleation. Subsequently, the 

growth stage occurs as the concentration of the monomers drops down to Cc. 

Currently, the “hot-injection” method is the most widely employed synthetic 

method to synthesize monodisperse CSNCs.104-106 Another synthetic approach is 

the “heat-up” method, in which the reaction mixture is increased from room 

temperature (RT) to an elevated reaction temperature.107-110  Compared with the 

“hot-injection” method, the pre-nucleation and nucleation period in the “heat-

up” method are much longer. 
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Figure 1.5 LaMer diagram: stage I, the processes of the precursor conversion and 

the increase of the monomer concentration above the critical concentration Cc 

(pre-nucleation); stage II, nucleation; stage III, the process of nanocrystals growth 

from the reaction solution while the monomer concentration C is in the range 

from Cs to Cc. 

 

In 2009, Hyeon et al. reported that CdCl2-alkylamines complexes can act as soft 

colloidal template to synthesize two-dimensional (2D) wurtzite nanosheets.111 

Cation precursors with bilayer template structure are prepared by mixing 

cadmium chloride with octylamine and oleylamine, then anion precursors were 

injected into the cation precursors. Subsequently, Buhro et al. found that two 

families of MSNCs can be synthesized using the soft colloidal template method 

and the MSNCs can act as nuclei to evolve into 2D nanocrystals such as quantum 

platelets.38, 112  
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Scheme 1.1 Schematic illustration of the synthetic process of a) lamellar‐

structured CdSe nanosheets and b) separated single‐layered CdSe nanosheets. 

Reprinted with permission from ref. 111. Copyright 2009 John  Wiley and Sons.111 

 

 

It was found that the injection of anion precursors at a low temperature 

ranging from room  temperature to 100 oC is the key to form the soft colloidal 

template and MSNCs. Also, it was observed that the (CdSe)13 MSNCs will evolve 

into (CdSe)34 as the reaction temperature increases,41 which verifies the thermal 

stability of MSNCs is closly related to temperature.  

 

 

1.2.5 “Focusing of size distribution” and “Defocusing of size distribution” 

The formation of colloidal monodisperse high-quality nanocrystals depends on 

the so-called “focusing of size distribution” principle.86 Generally, a controllable 

synthesis requires a swift injection of precursor providing a quick and short 

nucleation formation and followed by a relatively slow and long crystal growth 

process. Initially, crystal nucleus with a relatively narrow size distribution will be 

formed, and then the slow growth stage will provide enough time to easily tune 

the resulting nanocrystals. At a given monomer concentration, there is a critical 

size vaule at equilibrium. In addition, nanocrystals with size smaller than the 

critical size value will possess negative growth rates whereas larger nanocrystals 

grow at rates that strongly depend on their size. The relatively small nanocrystals 

with the size larger than the critical size value will grow much faster than larger 

nanocrystals due to their greater chemical reactivity for either reaction-controlled 
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or diffusion-controlled growth processes, resulting in narrow size distribution. 

When the monomer concentration decreases because of the consumption of 

crystal growth, the critical size value will become larger than the mean size value 

of present nanocrystals; the size distribution will broaden as smaller nanocrystals 

will dissolve and then disappear but larger nanocrystals will still grow, which is 

called “defocusing of size ditribution” or Ostwald ripening. However, the size 

distribution will be refocused by additional injections of monomers at growth 

temperature. Thus, the focusing time and the focused size can be tuned by 

changing the initial monomer concentration  due to the time for depletion of the 

monomer concentration changes. 

 

Figure 1.6 Size-distribution focusing. 

 

1.2.6 Oriented attachment growth of nanocrystals 

Oriented attachment (OA)  was widely observed in different syntheses of two-

dimensional (2D) and one-dimensional (1D) CSNCs such as CdSe nanoplatelets,113 

PbS nanosheets,114 CdSe nanorods,115 and ZnSe nanowires.116 The oriented 

attachment occurs due to the high surface energy of certain crystal planes and the 

dipole-dipole interaction of nanocrystals along certain crystal direction. Banfield et 

al. investigated the oriented attachment and asymmetric crystal formation of 

nanoparticles using molecular energetic calculations.117 It was found that the 
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orientation-specific long-range interatomic interactions  along with surface energy 

reduction could predict the crystal morphology development  and explain how 

oriented attachment produces crystals with lower symmetry than the initial 

material. In addition, the results show that the Coulombic interactions instead of 

van der Waals interactions control the oriented attachment growth of ionic 

nanocrystals.117 

 

Figure 1.7 Diagram showing an oriented attachment (OA) process in which two 4 

nm particles are attached on an  (hkl) surface. Reprinted with permission from ref. 

117.  Copyright 2012 American Chemical Society.117 

 

1.2.7 Seed-mediated growth 

Seed-mediated growth was observed in colloidal syntheses of CSNCs. Both 

MSNCs and nanocrystals can be used as crystal seeds. Buhro et al. investigated the 

synthesis of 2D CdSe wurtzite quantum platelets converting from (CdSe)34 

MSNCs.41 Recently, Peng et al. reported that CdSe nanocrystals with a diameter 

between 1.7 nm to 2.2 nm was used as crystal seeds to produce 2D CdSe zinc-

blende nanocrystals assisted by cadmium acetate to form single-dot intermediates 

and followed by oriented attachment.113  First, crystal seeds grow into single-dot 

intermediates via intra-particle ripening, then those single-dot intermediates 

become 2D crystal embryo through attachment. Next, 2D nanocrystals are formed 
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by oriented attachment and intra-particle ripening of 2D crystal embryo. The 

schematic illustration of the synthetic process is depicted in Figure 1.8. 

 

Figure 1.8 Schematic illustration of the seed-mediated growth of zinc-blende CdSe 

nanoplatelets. Reprinted with permission from ref. 113. Copyright 2017 American 

Chemical Society.113 

 

 

1.2.8 Crystal structure of CSNCs  

There are three representative types of crystal structure of CSNCs such as 

wurtzite (WZ), zinc-blende (ZB) and rock-salt (RS), as shown in Figure 1.9. Wurtzite 

structure (space group:P63mc) is also called hexagonal structure. Crystals with a 

wurtzite structure belong to AB covalent bond crystals with A atoms in hexagonal 

close packing and B atoms filled in the tetrahedral void formed by the nearest A 

atoms. The lattice parameters for a wurtzite structure is a=bc and ==90o, 

=120o. Zinc-blende structure (space group:F-43m) is also termed as cubic 

structure. Crystals with a zinc-blende structure belong to AB covalent bond 

crystals with B atoms in cubic close packing and A atoms filled in the tetrahedral 

void formed by the nearest B atoms. The lattice parameters for a zinc-blende 

structure is a=b=c and ===90o. Rock-salt structure (space group:Fm3m) is 

commonly known as cubic structure. Crystals with a rock-salt structure belong to 

AB-type crystals with a face-centered cubic array of B atoms with A atoms inside 

the octahedral holes. The lattice parameters for a rock-salt structure is a=b=c and 

===90o. For some substance, the stability of their crystal structure depends on 

temperature if crystal phase transition exists. The WZ ZnSe and ZnTe nanocrystals 

are thermodynamically metastable at low temperatures.118-119 In addition, the 

ligand-surface interaction affects the crystal structure. Peng et al. reported that 
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the formation of zinc-blende and wurtzite CdSe nanocrystals was determined by 

the interactions between ligands and crystal surfaces instead of the interior crystal 

structure difference.95 Phosphonate ligands promoted the formation of CdSe 

nanocrystal with wurtzite structure while carboxylate ligands promoted the 

formation of CdSe nanocrystals with zinc-blende structure during both the 

processes of nucleation and growth. In contrast, phosphines, phosphonic acids 

and fatty amines did not show determinant effects. Interestingly, fatty amines are 

a secondary factor for the determination of crystal structure likely owing to their 

highly dynamic nature and weak bonding to the crystal surface. 

 

Figure 1.9 Three representative crystal structures of CSNCs (a) wurtzite, (b) zinc-

blende, (c) rock-salt. 

 

1.3 Surface chemistry of CSNCs  

1.3.1 The covalent bond classification (CBC) method 

The surface chemistry of CSNCs influences their electronic structure, the PL 

quantum yield and colloidal stability due to the interactions between the surface 

inorganic or organic ligands coordinated to the surface atoms of the CSNCs and 

the surface atoms or solvents. In conformity with the covalent bond classification 

(CBC) method proposed by Green,120 there are three basic types of interaction by 

which a ligand may bond to a metal centre and the ligand is classified by the 

nature and the number of these interactions. The symbols Z, X and L represent the 

three types of interaction, corresponding to 0-electron neutral, 1-electron and 2-

electron ligands respectively and are clearly distinguished according to a 

molecular orbital representation of the bonding as shown in Figure 1.10. An L-

type ligand is one interacting with a metal centre via a dative covalent bond in 

which both electrons are donated by the L-type ligands. Those L-type ligands are 



13 
 

Lewis bases that have lone pairs of electrons such as primary amines (R-NH2) and 

trialkylphosphines (R3P trialkylphosphines). An X-type ligand is one interacting 

with a metal centre via a normal 2-electron covalent bond, composed of one 

electron donated from the metal and one electron from the X-type ligand. Simple 

examples of X-type ligands are Cl and H. For a Z-type ligand, they also interact with 

a metal centre via a dative covalent bond with two electrons donated from the 

metal. Z-type ligands are Lewis acids with a vacant orbital to accept a pair of 

electron from the metal. 

 

Figure 1.10 Molecular orbitals of three basic types of interactions between a 

metal centre and a ligand. 

 

Owen et al. employed the CBC method to explain the surface chemistry of 

CSNCs and gave a schematic illustration of nanocrystal ligand binding motifs as 

depict in Scheme 1.2. They further investigated the stoichiometry of metal 

chalcogenide nanocrystals and the ligand exchange by NMR spectroscopy. It was 

found that the relative displacement potency mainly depends on geometric 

factors such as steric effect, chelation and the hard/soft match with cadmium 

ion.121 In addition, they shows that most under-coordinated “dangling” atoms do 

not form surface traps and the X- and L-type ligands are favorable to the electronic 

structure stability of CSNCs. Nevertheless, the Z-type ligands will induce mid-gap 

states which localize on the 4p lone pair of 2-coordinated chalcogenide surface 

atoms.122 
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Scheme 1.2 Nanocrystal ligand binding motifs according to the covalent bond 

classification method. Reprinted with permission from ref. 121. Copyright 2013 

American Chemical Society. 121  

 

1.3.2 Core/shell heterostructures 

Because the surface atoms of CSNCs cannot be fully passivated by organic 

ligands, another approach to remove the surface traps of nanocrystals, improve 

the PL quantum yield and tune the electronic structure of CSNCs is to grow an 

inorganic passivation layer epitaxially on the surface of CSNCs to form a core/shell 

heterostructures.104, 123-131 In addition, an inorganic shell of another 

semiconductor on the core CSNCs can intentionally manipulate the charge carrier 

spatially due to bandgap alignment.58, 132-137 The electronic structures of core, type 

I and type II core/shell heterostructure CSNCs are depicted in Figure 1.11. 
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Figure 1.11 The electronic structure of core (a), type I (b) and type II (c) core/shell 

heterostructure of CSNCs. 

 

For the bare core CSNCs without a shell of another semiconductor, there could 

be some surface traps, which makes the energy of the emitted light smaller than 

the bandgap energy of the core CSNCs. For type I core/shell CSNCs, both holes and 

electrons are confined in the core CSNCs due to the lower valence and conduction 

band energy of the core CSNCs than that of the shell CSNCs. Therefore, the energy 

of the emitted light equals to the energy of the bandgap of the core CSNCs. In 

contrast, the electrons and the holes are respectively confined in core and shell 

CSNCs, which makes the bandgap energy of type II core/shell CSNCs smaller than 

that of both bare core and type I core/shell CSNCs. Figure 1.12 presents the band 

alignment of representative CSNCs. Simple examples of type I core/shell CSNCs 

include ZnTe/ZnS, ZnSe/ZnS, CdTe/CdS, and CdSe/CdS. Simple examples of type II 

core-shell comprise ZnSe/ZnTe and CdSe/CdTe. 
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Figure 1.12 Band alignments of selected semiconductor materials at room 

temperature (the top of the valence band of ZnS in vacuum is set to 0 eV). 

 

Generally, it is easy to grow an inorganic passivation layer on the surface of 

CSNCs if the lattice mismatch between the shell and the core CSNCs is below 10%. 

Figure 1.13 shows the lattice mismatch of representative core-shell CSNCs. For 

most of the II-VI CSNCs, the lattice mismatch is below or close to 10%. 

 

Figure 1.13 Lattice mismatch of representative core-shell CSNCs.  
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1.3.3 Purification 

The as-synthesized CSNCs need to be purified for material characterization 

such as TEM and XRD. Herein, a pair of non-polar solvent and polar solvent is used 

for size selective precipitation.138 The hydrophobic stabilizing molecules on the 

surface of as-prepared CSNCs make them soluble in non-polar solvents due to the 

hydrophobic interactions between the solvent molecules and the tails of the 

surfactant molecules on the surface of CSNCs. The solvent-surfactant interactions 

are progressively disrupted if a polar solvent is added to the solution gradually, 

leading to the aggregation of CSNCs. Then, the CSNCs can be collected using a 

centrifuge. Usually, the pair of non-polar solvent and polar solvent includes 

toluene and methanol, toluene and acetone, chloroform and acetone, chloroform 

and methanol. The schematic illustration of the purification of as-synthesized 

CSNCs is shown in Figure 1.14. 

 

Figure 1.14 Schematic illustration of the purification of as-synthesized CSNCs. 
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1.3.4 Entropic ligands  

The solution processability of CSNCS is the key for solution-processed 

optoelectronics, biomedical labeling and printable electronics etc. Peng et al.  

proposed a concept “entropic ligands” to represent a class of ligands that make 

the CSNCs with outstanding solubility.123, 139-140 “Entropic ligands” can maximize 

the intramolecular entropic effects due to the bending and rotation entropy of the 

C-C σ bonds within organic ligands, increasing the solubility of various CSNCs by 

102-106 times. Figure 1.15 shows the schematic illustration of the solubility of 

entropic ligands coated CdSe nanocrystals. 

 

Figure 1.15 The solubility of entropic ligands coated CSNCs. Reprinted with 

permission from ref. 139. Copyright 2016 American Chemical Society.139 

 

1.4 Photophysical properties of CSNCs 

CSNCs have aroused great scientific interest owing to their tunable and size-

dependent bandgap, which is the so-called quantum size confinement effect. 

Binary II-VI and III-V CSNCs are most extensively investigated as their bandgaps are 

close to or in the range of the visible spectral range.141-146 This makes them hold 

great promise for developing novel light sources such as QLED. Figure 1.16 

highlights the size-dependent bandgap of CdSe CSNCs.147 
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Figure 1.16 (a) Sketch of the effect of band-gap narrowing by increasing the size of 

NCs. (b) Suspensions of colloidal CdSe/ZnS core/shell HNCs of different sizes under 

UV excitation and (c) Relative size-dependent emission spectra. Reprinted with 

permission from ref. 147. Copyright 2016 Royal Society of Chemistry.147 
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The electronic structure of CSNCs was first explained by Brus using effective 

mass approximation model.148 In his model, the excited states are a strong 

function as the size of CSNCs and the bandgap shift is approximately expressed as  

𝐸 =
ℏ2𝜋2

2𝑅2 [
1

𝑚𝑒
+

1

𝑚ℎ
] −

1.8𝑒2

𝑅𝜖
, 

where E is the energy shift regarding the bulk bandgap; ℏ is the reduced Planck 

constant; 𝑚𝑒  and 𝑚ℎ  are the effective masses of electron and hole of the 

semiconductor in units of 𝑚0, respectively; R is the size of CSNCs; 𝜖  is the 

dielectric constant of the semiconductor. When the exciton Bohr radius of the 

semiconductor is larger than the size of CSNCs, the size of the exciton depends on 

the shape of the NC instead of the strength of the electron-hole Coulombic 

interaction.149 The exciton Bohr radius ae is expressed as  

𝑎𝑒 =
4𝜋𝜀0ℏ2

𝑚0ℯ2 𝜀∞ [
1

𝑚𝑒
+

1

𝑚ℎ
] = 𝑎0𝜀∞ [

1

𝑚𝑒
+

1

𝑚ℎ
], 

where a0 is the Bohr radius of a hydrogen atom (0.529 Ǻ); 𝜀∞ is the high frequency 

dielectric constant of the medium;  ℏ is the reduced Planck constant; 𝑚ℎ and 𝑚𝑒 

are the effective masses of hole and electron of the semiconductor in units of 𝑚0, 

respectively.  

The electronic energy states of a semiconductor become discrete when its size 

is smaller than its exciton Bohr radius. Figure 1.17 shows the electronic energy 

states of semiconductor in the transition from discrete molecules to CSNCs and 

bulk semiconductors. 

 

Figure 1.17 The electronic energy states of semiconductor in the transition from 

discrete molecules to CSNCs and bulk semiconductors. 
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Figure 1.18 depicts the schematic illustration of the energy level structures of 

bulk semiconductor and semiconductor nanostructures with excitons confined in 

different dimensions, i.e. 0D (excitons are confined in all directions), 1D (excitons 

are confined in the diameter direction) and 2D (excitons are confined only in the 

thickness dimension), as well as their densities of electronic states (DOS) as a 

function of energy. 

 

Figure 1.18 The schematic illustration of the energy level structures of bulk 

semiconductor and semiconductor nanostructures with excitons confined in 

different dimensions and their densities of electronic states as a function of 

energy. 

 

1.5 Two-dimensional colloidal semiconductor nanocrystals 

Two-dimensional (2D) CSNCs have aroused great interest recently. These 

nanocrystals with flat basal planes and atomic-thickness are called as nanoribbons 

(quantum belts) or nanosheets,82, 150-152 nanoplatelets (quantum platelets),97, 153-

157 or quantum disks158-159 due to different lateral dimensions and aspect ratio. 

Their remarkable optical properties such as sharp and intense absorption and PL 

spectra, nearly zero stoke shift, and shorter fluorescence lifetime gradually have 

attracted intense interest in the scientific community.  
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1.5.1 A brief history of wurtzite nanoplatelets 

In 2006, Hyeon et al. first reported the solution-phase synthesis of wurtzite 

CdSe nanoribbons with a uniform thickness of 1.4 nm at low temperature.82 The 

CdSe QBs were synthesized from the mixture of CdCl2(octylamine)2 complex and 

octylammonium selenocarbamate at 70 oC. Both their absorption and PL spectra 

with extremely sharp peaks and the nearly zero stoke shift confirm the formation 

of 2D nanostructure. The full width at half maximum (FWHM) of the PL spectrum 

is about ~70 meV. 

 

Figure 1.19 The standing on CdSe QBs and their absorption and PL spectra. 

Reprinted with permission from ref. 82. Copyright 2009 American Chemical 

Society.82 

 

In 2009, the same group reported the synthesis of lamellar-structured CdSe 

nanosheets from the reaction of CdCl2(octylamine)2 complex and selenium (Se) 

powder in octylamine at 100 oC. By replacing the CdCl2(octylamine)2 complex with 

CdCl2(octylamine)2(oleylamine)2 complex, single-layered CdSe nanosheets were 

produced after the sonication of reaction mixture.111 
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Figure 1.20 Characterization of the lamellar‐structured CdSe nanosheets. a) TEM 

image (top), SAED pattern (bottom left), and HRTEM image (bottom right). b) TEM 

image (top) and HRTEM image (bottom left) of the edges of CdSe nanosheets; 

bottom right image illustrates the crystallographic nature of the nanosheets. 

Reprinted with permission from ref. 111. Copyright 2009 John Wiley and Sons.111  

 

Followed by the work of Hyeon et al., the isolation of [(CdSe)13(n-

octylamine)13] and [(CdSe)13(oleylamine)13] magic-sized CdSe nanoclusters were 

reported by Buhro et al. in 2012.160 The magic size number was determined to be 

13 by LDI (Laser Desorption/Ionization) mass spectrum. Two years later, the same 

group reported the isolation of II-IV semiconductor MSNCs such as (ZnSe)13(n-

butylamine)13, (ZnTe)13(n-butylamine)13, (ZnS)34(n-butylamine)34, (CdS)34(n-

butylamine)18 and the syntheses of CdS, ZnS, CdSe, ZnSe quantum platelets and 

CdTe quantum belts.38 Recently, the same group reported the isolation of (ZnSe)34 

and (CdTe)34 MSNCs.112 The characteristic absorption peaks of the II-VI MSNCs, 

quantum platelets (QPs) and quantum belts (QBs) were listed in Table 1.3.  
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Table 1.3 Characteristic absorption peaks of II-VI MSNCs, quantum platelets (QPs) 

and quantum belts (QBs).38, 161 

MSNCs/QPs 
Max absorption peak (nm) 

1st 2nd 3rd 

(CdS)34(n-butylamine)18 361 326  

(ZnS)34(n-butylamine)34 258   

(ZnSe)13(n-butylamine)13 289 279  

(CdTe)13(n-octylamine)13 373 353  

(ZnTe)13(n-butylamine)13 323 302  

CdS QPs 375 337  

ZnS QPs 282   

ZnSe nanosheets 347 329  

ZnSe QPs 347 329 304 

CdTe QBs 491 444  

In 2014, Buhro et al. reported that these 2D nanocrystals were converted from 

MSNCs that were characterized by mass spectrometry.41 These (CdSe)34 MSNCs 

were first formed in the soft templates, then converted to quantum platelets by 

annealing at a temperature of 25 oC or >40 oC by first-order kinetics with no 

induction period. The control of the thickness (1.4, 1.8 and 2.2 nm) of CdSe QPs 

was achieved by using different alkylamine or dialkylamine in combination of the 

control of the reaction temperature. 

1.5.2 A brief history of zinc-blende nanoplatelets 

In 2008, Ithurria and Dubertret et al. first reported the colloidal synthesis of 

zinc-blende CdSe nanoplatelets with controllable thickness at the atomic level.162 

Cadmium myristate and selenium powder are used as cadmium and selenium 

precursor, respectively. The colloidal synthesis is based on the solution-phase 

reaction of the precursors in presence of ODE and acetate salt. By changing the 

injection temperature of selenium precursor, the thickness of the CdSe 

nanoplatelets can be tuned at 1.9 or 2.2 or 2.5 nm, respectively, which is derived 

from the PL excitation spectra and theoretical calculation. Although Dubertret et 

al. proposed a growth mechanism as shown in Figure 1.21, no direct evidence of 

the growth of zinc blend CdSe nanoplatelets was given in that work. 
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Figure 1.21 The schematic illustration of the formation of zinc-blende CdSe 

nanoplatelets. Reprinted with permission from ref. 162. Copyright 2008 American 

Chemical Society.162 

 

Figure 1.22 presents the TEM images of zinc-blende CdSe colloidal 

nanoplatelets synthesized at different injection temperatures of selenium 

precursor and reaction time. The lateral size of these nanoplatelets ranges from 

15 to 50 nm. Interestingly, rolled-up CdSe nanobelts were produced if cadmium 

acetate is injected at the room temperature with the other precursors prior to 

heating. 

 

Figure 1.22 TEM images of zinc-blende CdSe colloidal nanoplatelets synthesized at 

different injection temperatures of selenium precursor. (a) Injection of cadmium 

acetate at 195 °C and heating at 240 °C for 10 min. (b and c) Same as in (a) with a 

second precursor injection at 240 °C and heating for 20 min. (d) High resolution 

TEM of (b). (e) Same as (a) using manganese acetate in place of cadmium acetate. 

(f) Cadmium acetate is injected at room temperature with the other precursors 

prior to heating. Scale bars: (a−d) 10 nm, (e, f) 20 nm. Reprinted with permission 

from ref. 162. Copyright 2008 American Chemical Society.162 
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Figure 1.23 shows the room temperature PL (dash line) and PLE (solid line) 

spectra of CdSe nanoplatelets synthesized at different injection temperatures of 

selenium precursor. The PLE spectra exhibit an absorption doublet which are 

transitions from heavy hole and light hole at valence band to electron at 

conduction band. The first exciton absorption peak at a longer wavelength has 

near-zero shift with the PL emission peak, which is a characteristic of colloidal 

semiconductor nanoplatelets. These CdSe nanoplatelets with the first exciton 

absorption peak at 462, 512 and 550 nm, respectively, is deduced to be with a 

thickness of 1.9 or 2.2 or 2.5 nm. 

 

Figure 1.23 Room temperature PL (dash line) and PLE (solid line) spectra of CdSe 

nanoplatelets synthesized under different reaction conditions. (a) Cadmium 

acetate injected at a low temperature, (b) Cadmium acetate injected at 195 °C. (c) 

Same as in (b) with one additional injection of precursors at 240 °C. Reprinted 

with permission from ref. 162. Copyright 2008 American Chemical Society.162 
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Although there are many reports about the colloidal synthesis of zinc-blende 

II-VI NPLs, the growth mechanism is yet still debated. Peng et al. reported that the 

formation of zinc-blende nanoplatelets included the conversion of 0D seeds to 2D 

nanocrystals and two symmetry-breaking of events as shown in Figure 1.24.113 The 

symmetry breaking between the thickness and lateral directions took place in the 

early stage via the rapid formation of dot intermediates with the appearance of 

flat polar [110] basal planes and of the desired thickness from the seeds via intra-

particle ripening. The first symmetry breaking between the thickness and lateral 

directions of NPLs was achieved due to the rapid formation of single intermediate 

0D nanocrystals via intra-particle ripening of the seeds whereas the second 

symmetry breaking between two lateral dimensions occurred from the unequal 

growth of the polar and well-passivated [100] side crystal facets during the 

process of oriented attachment. It was found that the addition of cadmium salts 

of short-chain carboxylic acids such as cadmium acetate can assist both the 

formation of single-dot intermediate and their oriented attachment. However, 

cadmium alkanoates with a long hydrocarbon chain can promote the conversion 

of the 0D seeds to 2D nanocrystals and transport insoluble acetate to the surface 

of the nanocrystals. 

 

Figure 1.24 The schematic illustration of the formation of zinc-blende CdSe 

nanoplatelets. Reprinted with permission from ref. 113. Copyright 2017 American 

Chemical Society.113 
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Figure 1.25 Temporal evolutions of UV−Vis/PL (left) and TEM images (right) of 

CdSe nanocrystals at 250 °C. The dashed line (left panel) indicates the absorption 

peak position of the persistent 0D nanocrystals. Reprinted with permission from 

ref. 113. Copyright 2017 American Chemical Society.113 

 

The temporal evolutions of UV-vis/PL and TEM images of CdSe nanocrystals in 

Figure 1.25 clearly show the formation of zinc-blende CdSe nanoplatelets from the 

conversion of 0D seeds to 2D nanocrystals. The absorption peak redshifted from 

480 to 490 nm at the first 30s of the reaction (Figure 1.25, left panel), which 

means the size growth of 0D seeds. The corresponding PL peak evolved from a 

symmetric and sharp peak to a peak with two shoulders on both sides. This was 

verified by the TEM images (Figure 1.25, right panel) which show the size of the 

nanocrystals increases slightly from 1.8 to 2.0 nm. When the reaction proceeded 

beyond 300s, the population of 0D nanocrystal seeds decreased and gradually 

disappeared. After the reaction proceeded for 180s, irregular 2D CdSe NPLs 

appeared, accompanied by the appearance of sharp absorption peak shown in the 

left panel of Figure 1.25. 0D nanocrystals fully are converted to 2D regular CdSe 
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NPLs after 1200s of the reaction time. 

Compared with the oriented-attachment mechanism, Norris et al. reported the 

theory of the intrinsic growth instability for the growth mechanism of zinc-blende 

nanoplatelets in 2017.163 They applied the general theory of 2D nucleation and 

crystal growth to CdSe nanocrystals with the assumption of an existing zinc-

blende CdSe crystallite bounded by Cd-terminated (001) facets. By DFT calculation 

of the energy changes for different crystal facet dimensions when an island 

nucleates and expands to cover the facet, they evaluated the energy difference in 

wide and narrow facet regimes. For large facets, a nucleated island will grow 

isotropically to minimize its energy and the critical island size determines the 

corresponding nucleation barrier. For narrow facets with thickness less than the 

critical size, the nucleated island swiftly expands the whole facet and grows along 

the facet. Therefore, the corresponding nucleation barrier significantly decreased, 

resulting in a faster growth rate at reaction temperatures. The red and blue areas 

in Figure 1.26(a) show new edges and surfaces formed by the nucleated islands, 

respectively.  

 

Figure 1.26 Theory of the intrinsic growth instability for the growth mechanism of 

zinc-blende NPLs. a: Qualitatively different growth modes on wide and narrow 

facets of a nanocrystal. b–d, Calculated energy versus island size on facets of 

different thicknesses based on parameters obtained from DFT calculations for 

CdSe (b), CdS (c) and CdTe (d). Reprinted with permission from ref. 163. Copyright 

2017 Springer Nature.163 
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Figure 1.26(b-d) presents the calculated formation energy versus island size on 

facets with different thicknesses according to parameters derived from DFT 

calculations for CdSe (b), CdS (c) and CdTe (d). The black dashed line in each figure 

symbolizes the wide-facet limit while the coloured lines embodies various 

thicknesses of the narrow facets in monolayers (MLs) of NPLs as labelled. Circles in 

each figure represents the corresponding nucleation barriers. From the results, 

the model predicts that CdSe or CdS or CdTe NPLs with one monolayer thickness 

are thermodynamically unstable because their island energy expands continually 

with island area. For NPLs with thickness thicker than one monolayer, the growth 

of NPLs is suppressed because the nucleation barrier reaches the wide-facet limit.  

1.6 Thesis organization 

The first chapter of this thesis, i.e. introduction, provides the basic research 

background of colloidal semiconductor nanocrystals such as the colloidal chemical 

synthetic approaches, the surface chemistry, photophysical properties, and 

especially the history of 2D colloidal semiconductor nanocrystals, which lays the 

foundation to help the readers better understand this thesis. The second chapter 

describes the material characterization techniques and analysis methods 

employed in this PhD thesis such as UV-vis spectroscopy, PL spectroscopy, infrared 

spectroscopy, NMR spectroscopy, transmission electron microscopy, XRD and 

density function theory calculation. The third and fourth chapter introduces the 

colloidal synthesis, growth mechanism and optical properties of colloidal wurtzite 

ZnTe and CdTe nanoplatelets, respectively. Conclusions and outlook will be 

included in the final chapter. 
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Chapter 2 Material characterization techniques and 

analysis methods 

Chapter two introduces the material characterization techniques and analysis 

methods, including UV-vis spectroscopy, nuclear magnetic resonance (NMR) 

spectroscopy, Fourier-transform infrared (FTIR) spectroscopy, transmission 

electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), powder X-ray 

diffraction (XRD) and density function theory (DFT) calculation.  

2.1 UV-vis spectroscopy 

UV-vis absorption spectroscopy is the principal research technique employed 

to record the absorbance spectra of a compound in solution. Herein, we used a 

Cary 4000 UV−vis spectrophotometer. The spectrometer is equipped with a 

mercury light source and measurements were made with 1 nm resolution and 

step of 0.1 nm between 200 and 800 nm. Diluted samples were loaded into 

polished quartz cuvettes for analysis. Purified samples were taken directly from a 

glovebox using airtight quartz cuvettes. The schematic illustration of the 

experimental setup is shown in Figure 2.1. The beam from the mercury light 

source is split through a monochromators and passes through a series of mirrors 

and the reference and sample. Then the photodetector measures the difference in 

energy of the transmitted beam from the reference and the sample.  

 

Figure 2.1 The schematic illustration of an UV-vis spectrometer. 

 

 

 

 



48 
 

2.2 Photoluminescence spectroscopy 

PL spectra were measured using a Hitachi F-7000 fluorimeter. Diluted samples 

were loaded into polished quartz cuvettes for analysis. Purified samples were 

taken directly from a glovebox using airtight quartz cuvettes. Figure 2.2 presents 

the schematic illustration of a photoluminescence (PL) spectrometer. 

 

Figure 2.2 The schematic illustration of photoluminescence spectrometer. 

 

2.3 Nuclear magnetic resonance (NMR) spectroscopy 

The principle of NMR spectroscopy is shown in Figure 2.3. NMR spectroscopy is 

commonly used to determine the molecular structure of organic compounds. The 

theory behind NMR is that the nuclei of atoms can line up with or against external 

magnetic field by spinning clockwise or counter clockwise as shown in Figure 2.4.  

Solution 1H and 31P NMR spectroscopy was conducted on a Bruker Avance III 500 

MHz spectrometers. NMR samples were prepared in CDCl3. Chemical shift values 

are given in ppm. 1H NMR spectra were measured with sufficient relaxation delay 

to enable complete relaxation between pulses. 
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Figure 2.3 The principle of NMR spectroscopy. 

 

2.4 TEM, HRTEM, SAED, HAADF-STEM, and STEM-EDX analysis 

Low-resolution transmission electron microscopy (TEM) was conducted with a 

JEOL 2100 Model TEM as shown in Figure 2.4 with an accelerating voltage of 120 

kV. High-resolution TEM (HRTEM), high angle annular dark field-scanning 

transmission electron microscopy (HAADF-STEM), selected area electron 

diffraction (SAED) and STEM-energy-dispersive X-ray spectroscopy (STEM-EDX) 

were conducted on a FEI Titan G2 80-200 Model TEM (Figure 2.5) operating at 200 

kV. Fast Fourier transform (FFT) technique was employed on HRTEM images to 

analyze their crystalline orientation regarding their shape.  
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Figure 2.4 The digital photograph of JEOL 2100 Model TEM. 

 

 

Figure 2.5 The digital photograph of FEI Titan G2 80-200 Model TEM 
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2.5 X-ray diffraction (XRD) principle and analysis 

Figure 2.6 shows the principle of XRD based on the famous Bragg’s Law. The 

interference pattern of the X-rays scattered by the crystals is explained by the 

formula nλ = 2𝑑ℎ𝑘𝑙 sin 𝜃. λ is the wavelength of the incident X-ray; n is positive 

integer;  dhkl is the interplanar spacing of the crystal. 

 

Figure 2.6 The illustration of the Bragg’s Law. 

 

After purification, samples of CSNCs were concentrated in toluene or 

chloroform and then were drop-casted on a <100> Si wafer. The solvent was 

allowed to evaporate to obtain powder sample. This was repeated for several 

repetitions until visible surface coverage was achieved. Powder X-ray diffraction 

(p-XRD) patterns were obtained with an X'per PRO (PANalytical) X-ray 

diffractometer equipped with a rotating anode and a Cu Kα (λ=1.5406 Å) operated 

at 40 kV and 40 mA. The size of CSNCs can be determined by the Scherrer 

equation1-2 

τ=Kλ/βcosθ 

where τ is the mean size of the ordered or crystalline domains, which is smaller or 

equal to the grain size; λ is the X-ray wavelength; K is known as the dimensionless 

shape factor or Scherrer constant with a value close to 0.9; β is the line 

broadening at full wavelength at the half the maximum (FWHM) intensity after 

deducting the instrumental line broadening with unit in radians; θ is the Bragg 
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angle. In terms of CSNCs with size less than 20 nm, diffraction peak broadening is 

considerably ordered due to the reduced crystalline size. Nevertheless the 

selected area electron diffraction (SAED) technique is more accurate for 

estimating the crystal structure of particularly tiny CSNCs due to its ability to 

isolate the diffraction pattern of a single crystal. 

2.6 Fourier-transform infrared spectroscopy (FTIR) 

Fourier-transform infrared spectroscopy (FTIR) is a spectroscopic analysis 

technique to record the infrared absorption spectrum of substance. 

The infrared vibrational modes in a molecule are described by the anharmonic 

oscillator model. The frequencies v of basic bending and stretching modes are 

deduced from the following formula: 

𝑣 = 1303√
𝐹

𝜇
,    𝜇 =

1

𝜇1
+

1

𝜇2
 

where F is force constant; μ1 and μ1 are masses of involved atoms.  

The infrared spectrum are divided into five major regions of interest (ROI), i.e. 

below 1000 cm-1 (out of plane modes, such as C-X: X=Cl, Br, I and heavier atoms), 

1000-1500 cm-1 (E-X single bonds: E=B, C, N, O, deformation, rocking modes), 

1500-2000 cm-1 (E-X double bonds: E=X=C, N, O), 2000-2700 cm-1 (E-X triple 

bonds: E=X=C, N, O), 2700-4000 cm-1 (E-H stretching, E=B, C, N, O).  The molecule 

must have a net change in dipole moment when it absorbing infrared radiation, 

which results in vibrational or rotational motion. These vibrations are subdivided 

into two categories according to whether the bond length and bond angle are 

changing, i.e. bending (scissoring, rocking, wagging and twisting) and stretching 

(symmetric and asymmetric). 

2.7 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy is a surface-sensitive quantitative 

spectroscopic analysis technique to investigate elemental composition at the 

chemical states and electronic states of the elements. XPS spectrum is recorded by 

illuminating samples with a beam of X-rays and measuring the number and kinetic 

energy of electrons that escape from the surface of samples. XPS can be used to 

analyse the elemental composition of the sample surface from top 0 to 10 nm. 

2.8 Density functional theory (DFT) 

The first-principles pseudo potential method and the first-principles method 
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based on the density function theory (DFT) are employed to investigate the 

surface energy of ZnTe NPLs. The DFT calculations were performed by the Vienna 

Ab Initio Simulation Package code with the projector-augmented wave method 

using the Perdew-Burke-Ernzerhof exchange-correlation functional.  

The Projector-augmented wave (PAW) method is a technique employed for Ab 

Initio electronic structure calculations. This is a generalization of the 

pseudopotential and linear augmented-plane-wave methods, which enables DFT 

calculation with greater computational efficiency.3  

Local-density approximations (LDA) are approximations to the exchage-

correlation (XC) energy functional for DFT calculation which only depends on the 

value of the electronic density at each point in space. A local-density 

approximation for the exchange-correlation energy in a spin-unpolarized system is 

𝐸xc
LDA|𝜌| = ∫ 𝜌(𝒓)𝜖xc (𝜌(𝒓))d𝒓 , 

where 𝜖xc  and ρ are the exchange-correlation energy per particle of a 

homogeneneous electron gas of charge density and the electronic density, 

respectively. The exchange-correlation energy can be further decomposed into 

correlation and exchange terms expressed as 

𝐸xc = 𝐸x + 𝐸c , 

where the separate expressions for 𝐸x and 𝐸c can be sought. LDA are important to 

construct approximations to the exchange-correlation energy such as hybrid 

functionals and generalized gradient approximations (GGA). The local spin density 

approximation (LSDA) is an extension to the LDA methodology which resembles 

Unrestricted Hartree–Fock (UHF) calculations.  

Hybrid functionals are approximations to the exchange-correlation energy 

functional in DFT which includes a portion of exact exchange from Hartree-Fock 

(HF) theory with the rest of the exchange-correlation energy from empirical and 

ab initio sources.  

One of the most widely used version is B3LYP (Becke, 3-parameter, Lee–Yang–

Parr). The hybrid density functional B3LYP is a popular exchange-correlation  

functional developed in late 1980s and expressed as4  

𝐸xc
B3LYP = (1 − 𝑎0)𝐸x

LSDA + 𝑎0𝐸x
HF + 𝑎x∆𝐸x

B88 + 𝐸c
LSDA + 𝑎c∆𝐸c

PW91, 

where the 3-paramter are 𝑎0 =0.20, 𝑎x =0.72, and 𝑎c =0.81;5  ∆𝐸c
PW91  is the 

Perdew-Wang gradient correction to the correlation functional;6 ∆𝐸x
B88 is Becke’s 

gradient correction to the exchange functional; 𝐸x
LSDA is LSDA to the standard 
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local exchange functional;7  𝐸c
LSDA is LSDA to the correlation functional;8 𝐸x

HF is a 

linear combination of the Hartree-Fock exchange functional expressed as  

𝐸x
HF = −

1

2
∑ ∬ 𝜑𝑖

∗(𝐫1)𝜑𝑗
∗(𝐫2)

1

r12
𝑖,𝑗 𝜑𝑗(𝐫1)𝜑𝑖(𝐫2)d𝐫1d𝐫2 . 

A basis set in theoretical or computational chemistry is a set of functions 

employed to symbolize the electronic wave function in the DFT or HF method to 

enable the partial differential equations of the model into algebraic equations for 

efficient computation performance.  The def2-Split valence polarization (def2-SVP) 

basis set is chosen in this work because it has the polarization functions on all 

atoms. 
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Chapter 3 Oriented attachment growth of 

wurtzite ZnTe nanoplatelets from metastable 

magic-sized nanoclusters 

3.1 Introduction 

Over the last decade, colloidal semiconductor nanoplatelets (NPLs) with a few 

layers of atomic thickness1-18  have been of great interest due to their exceptional 

photophysical properties such as short PL lifetime,19-23 extremely narrow PL 

linewidth,24-28 ultralow optical gain thresholds,29-35 large linear and nonlinear 

absorption cross-sections,36-38 and giant oscillator strength.39-41 Thanks to these 

advantageous optical and electronic properties, NPLs hold great potential in 

numerous applications including lasers, phototransistors,42-44 photodectectors,45-46 

and light-emitting diodes (LEDs) with ultrahigh colour purity.47-54 Unlike the 

synthesis of zinc-blende II-VI nanoplatelets in 1-octadecene (ODE), which 

combines fatty acid salts with fatty acids as the cation precursor solution at 

elevated temperatures, the colloidal synthesis of wurtzite II-VI nanoplatelets was 

proposed to be evolved from stoichiometric (1:1) magic-sized nanoclusters 

(MSNCs) as intermediate synthons within soft colloidal alkylamine bilayer 

templates under mild reaction temperature.3-4, 55-58 Currently, the majority of II-VI 

colloidal nanoplatelets with wurtzite or zinc-blende structure are based on 

cadmium chalcogenides. The toxicity of materials and governing regulations, 

however, hinder the widespread use of heavy metals, especially semiconductor 

nanocrystals containing cadmium. Potential alternatives are heavy-metal-free zinc 

chalcogenide semiconductor nanocrystals because they are environment-benign 

and earth-abundant materials.  

Among ZnX (X=S, Se, Te) semiconductors, ZnTe with a direct bandgap of 2.26 eV 

in bulk and excellent physical properties such as ultrafast charge separation and 

transfer dynamics, has important applications such as photodetector,59 solar 

cells,60 terahertz imaging.61 Compared with the broad full width at half maximum 

(FWHM) of emission peaks of ZnTe spherical dots or nanorods, the narrow PL 

linewidth of ZnTe NPLs makes them more advantageous to fabricate 

optoelectronic devices such as lasers, phototransistors, and LEDs with ultrahigh 
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colour purity.  

Although bulk ZnTe materials are stable under ambient conditions, their 

counterparts such as ZnTe nanocrystals are extremely vulnerable to air and 

moisture and are tend to undergo decomposition as they have a large portion of 

surface atoms. This makes the study on ZnTe nanocrystals challenging because of 

the instability of ZnTe nanocrystals as well as the rigid oxygen- and moisture-free 

conditions required in the post-synthesis handling. Furthermore, the chemistry of 

tellurium precursors is not well-developed and therefore substantial effort in this 

field is highly demanded.  

Zhang et al. developed a synthetic approach for producing wurtzite ZnTe 

nanorods with controllable aspect ratio by tuning the reaction temperature.62 In 

addition, they reported the self-assembly of two families of ZnTe MSNCs that 

evolved into one-dimensional (1D) wurtzite ZnTe ultrathin nanowires via 

alignment and fusion along the [002] crystal direction at a prolonged reaction 

time,63 which is different from the growth behavior of CdSe MSNCs as nucleant for 

the growth of wurtzite CdSe nanoplatelets.58, 64 Hyeon et al. suggested that the 

growth of wurtzite CdSe nanoplatelets preferred a mild reaction temperature 

because it can differentiate the subtle surface energy difference between the 

(100) and (110) facets of wurtzite structure and also stabilize the MSNCs and the 

soft colloidal alkylamine templates.58 However, because of the metallic 

characteristics of both zinc and tellurium, a reaction for the synthesis of ZnTe 

nanocrystals conducted at a mild temperature may not be able to overcome the 

reaction activation energy barrier; therefore, tellurium precursors with 

appropriate reactivity are required. This suggests that care should be taken to 

keep the balance between the reactivity of tellurium precursors and the reaction 

temperature in the preparation of ZnTe nanocrystals with one-dimensional or 

two-dimensional shapes. Tellurium precursors such as bis(tert-butyldimethylsilyl) 

telluride,64 trioctylphosphine telluride (TOP-Te),62 polytellurides reduced from 

TOP-Te by superhydride,65 tributylphosphine telluride (TBP-Te)66 and 

tris(dimethylamino)phosphine telluride67 were used to synthesize CdTe or ZnTe 

nanocrystals. For the synthesis conducted at a mild reaction temperature, high-

quality ZnTe or CdTe nanocrystals can only be prepared by using polytellurides 

reduced from TOP-Te by superhydride or tris(dimethylamino)phosphine telluride 

as precursor, suggesting these tellurium precursors with higher reactivity. 
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As analyzed above, we speculate that the reaction temperature and the 

reactivity of tellurium precursor are two determinants of the evolution from ZnTe 

MSNCs to 1D nanowires or 2D nanoplatelets because of the subtle surface energy 

difference between the (100) and (110) facets of wurtzite structure and the higher 

reaction activiation energy required at a mild reaction temperature. To this end, 

we took both critical factors into account by the combination of the tellurium 

precursor with proper reactivity and a mild reaction temperature to prepare 

wurtzite ZnTe NPLs.  

In this work, we have successfully synthesized free-standing single-layered 

wurtzite ZnTe NPLs with a thickness of 1.5 nm by using superhydride (LiEt3BH) 

reduced tributylphosphine-Te (TBP-Te) as the tellurium precursor. From both 

experimental and theoretical perspective, we reveal that the growth process of 

ZnTe NPLs involved a stepwise evolution from metastable self-assembled ZnTe 

F323 magic-sized nanoclusters (MSNCs) to self-assembled ZnTe F398 MSNCs, then 

oriented attachment of ZnTe F398 MSNCs along [100] and [002] directions to form 

wurtzite ZnTe NPLs.  

3.2 Experimental section 

3.2.1 Materials 

Zinc chloride (99.999%, trace metals basis), oleylamine (technical grade, 70%), 

dodecylamine (99%), tributylphosphine (mixture of isomers, 97%), super-hydride® 

solution (1.0 M lithium triethylborohydride in THF), anhydrous hexane (95%), 

anhydrous toluene (99.8%), and anhydrous methanol (99.8%) were purchased 

from Sigma-Aldrich. Tellurium powder (~325 mesh, 99.99% metals basis) was 

obtained from Alfa Aesar. CDCl3 (deuterium, 99.8%) was purchased from 

Cambridge Isotope Laboratories, Inc. All materials were used as received without 

further purification. 

3.2.2 Preparation of 0.5 M tributylphosphine tellurides (TBP-Te) stock 

solution 

Transparent and yellow TBP-Te stock solution (0.5 M) were prepared by 

heating 30 ml tributylphosphine (TBP) and 1.914 g (15 mmol) tellurium powder at 

240 oC for 3 hours under nitrogen atmosphere using the standard Schlenk line 

techniques. The color of the solution change from opaque black gradually to 

opaque dark green, light yellow, translucent orange, finally to transparent brick 
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red during the reaction period.  

3.2.3 Synthesis of self-assembled ZnTe MSNCs and ZnTe NPLs using 

polytelluride species as tellurium precursor.   

In a 50 ml flask, 272 mg ZnCl2 (2 mmol), 3.224 g dodecylamine and 16 ml 

oleylamine were mixed and degassed at room temperature for three times, then 

the mixture was heated at 200 oC for an hour before cooling down to 60 oC under 

nitrogen for hot-injection of the tellurium precursor that was freshly prepared in a 

glove box by using 4 ml oleylamine, 2 ml TBP-Te stock solution (0.5 M) and 1.2 ml 

of superhydride solution. After hot-injection, the reaction temperature was 

increased from 60 oC to 120 oC in 6 minutes. As the reaction mixture was kept for 

2 hours at 120 oC, the first aliquot was taken, which was the reaction product of 

self-assembled ZnTe F323 MSNCs. Then the reaction temperature was further 

increased to 200 oC in 5 minutes. As the reaction proceeded at 200 oC for 2 

minutes, the second aliquot was taken, which was the reaction product of self-

assembled ZnTe F398 MSNCs. After another 30 minutes, the reaction was stopped 

by removing the heating mantle and cooled it down to room temperature. 

3.2.4 Measurement and characterization 

UV−vis absorption spectra were recorded on a Cary 4000 UV−vis 

spectrophotometer with 1 nm resolution in a quartz cell with 1 cm path length. 

Low-resolution transmission electron microscopy (TEM) and selected-area 

electron diffraction (SAED) were conducted using a JEOL 2100 transmission 

electron microscope with an accelerating voltage of 120 kV. The SAED pattern was 

fitted using PASAD tools for Digital Micrograph. High-resolution TEM (HRTEM), 

high angle annular dark field-scanning transmission electron microscopy (HAADF-

STEM) and STEM-energy- dispersive X-ray spectroscopy (STEM-EDX) were 

performed on a FEI Titan G2 80-200 transmission electron microscope operating 

at 200 kV. All the reaction products were purified in a glove box using anhydrous 

hexane or anhydrous toluene as solvent, and anhydrous methanol as antisolvent. 

The reaction products were centrifuged at 6000 rpm/3 minutes for ZnTe F323 

MSNCs and at 5000 rpm/3 minutes for ZnTe F398 MSNCs and ZnTe NPLs. The 

purification was repeated again and then purified ZnTe MSNCs and NPLs were 

redispersed into anhydrous toluene, then a drop of the solution was added onto a 

ultra-thin carbon-coated copper grid and the grid with the nanocrystals was dried 
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in a glove box. Nuclear magnetic resonance (NMR) samples of TBP-Te were 

prepared in CDCl3. 1H and 31P NMR spectra were recorded on a Bruker Avance 

Bruker Avance III 500 MHz spectrometer. 

3.2.5 DFT calculations of surface energy 

We employed the first-principles method based on the density function theory 

(DFT) and the first-principles pseudo-potential method to investigate the surface 

energy of ZnTe NPLs. The DFT calculations were carried out by the Vienna Ab Initio 

Simulation Package (VASP) code with the projector-augmented wave (PAW) 

method using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation 

functional.68-70 The plane wave cutoff was set as 500 eV, with the total energy 

convergence at 10-6 eV for the self-consistent iterations. The Gaussian smearing 

method with σ=0.05 eV was considered for Brillouin-zone integration and the 

geometry optimizations were stopped until the forces on the atoms were < 0.01 

eV/Å. We used the finite-sized slab technique to investigate the surface energy of 

ZnTe NPLs. The slab models were built from the wurtzite ZnTe crystal structure 

determined by Kart et al.71 The lattice parameters of bulk ZnTe, optimised with a 

12×12×6 k-point grid, were a = b = 3.996Å, c = 6.626 Å, which are in good 

agreement with experimental values. According to the exposed surfaces of ZnTe 

NPLs, four different surfaces were studied: two non-polar surfaces of (110) and 

(100), and two polar surfaces (Zn-terminated (002) and Te-terminated (002̅) 

(Figure 3.1).  

 

Figure 3.1 The slab model structures of (110), (100), Zn-terminated (002) and Te-

terminated (002̅) surfaces of wurtzite ZnTe NPLs. 

All these slab models in periodical super cell were separated by a vacuum 

region of 20 Å thick. Each slab of nonpolar surface models contains four zinc and 

four tellurium atoms within each Zn-Te layer in a repeated slab configuration, 
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whereas for the polar surface models each one contains eight zinc or eight 

tellurium atoms within each Zn-Te layer in a repeated slab configuration. The 

surface free energy of the particular slab with a repeated geometry is given by the 

equation: 

σ = (𝐸𝑠𝑙𝑎𝑏 − ∑ 𝑛𝑖𝜇𝑖
𝑖

) 2𝐴⁄  

where Eslab is the total energy of the particular slab; 𝑛𝑖 and 𝜇𝑖  are the number of 

atoms and the chemical potential of the ith constituent of the slab, respectively; A 

is the surface area. The factor of 2 accounts for two equivalent surfaces in the 

particular slab. The surface energies of non-polar surface were found to converge 

with slab thickness and were converged to smaller than 0.001 eV/Å2 with respect 

to eight-layer slab thickness. We therefore used the eight-layer thick ZnTe slabs for 

studying the surface energy of (110) facet and of (100) facet with 3×6×1 and 

6×3×1 Monkhorst-Pack k-point grid, respectively. Special care should be taken 

with the computational treatment of the polar surface, in particular to avoid the 

build-up of an overall artificial dipole field. Here, we adopted symmetric 

structures of the nine-layer slab model for the Zn-terminated (002) and Te-

terminated (002̅) surfaces, as shown in Figure 3.1. The surface free energy 

equation is a thermodynamic function of the chemical potential of the constituent 

in the slab. Therefore, the surface energy is governed by the chemical potentials 

of the constituents of the slab, i.e. 𝜇𝑍𝑛 and 𝜇𝑇𝑒. Invoking equilibrium of ZnTe bulk, 

𝜇𝑍𝑛+ 𝜇𝑇𝑒  = 𝐸𝑏𝑢𝑙𝑘
𝑍𝑛𝑇𝑒, the dependence of the surface free energy on the chemical 

potential can be further simplified by eliminating 𝜇𝑇𝑒, leading to a dependence on 

𝜇𝑍𝑛only. We restricted the values of 𝜇𝑍𝑛to 𝜇𝑏𝑢𝑙𝑘
𝑍𝑛  + ∆𝐻𝑓(𝑍𝑛𝑇𝑒) ≤ 𝜇𝑍𝑛 ≤ 𝜇𝑏𝑢𝑙𝑘

𝑍𝑛 , i.e. 

∆𝐻𝑓(𝑍𝑛𝑇𝑒) ≤ ∆𝜇𝑍𝑛 = 𝜇𝑍𝑛 − 𝜇𝑏𝑢𝑙𝑘
𝑍𝑛 ≤ 0, according to thermodynamically allowed 

ranges. These ranges were determined by the assumed constraints, 𝜇𝑍𝑛 ≤ 𝜇𝑏𝑢𝑙𝑘
𝑍𝑛  

and 𝜇𝑇𝑒 ≤ 𝜇𝑏𝑢𝑙𝑘
𝑇𝑒 , which means that Zn and Te do not crystalline on the surface. In 

addition, the formation enthalpy of bulk ZnTe was given by ∆𝐻𝑓(𝑍𝑛𝑇𝑒) =

𝐸𝑏𝑢𝑙𝑘
𝑍𝑛𝑇𝑒 − 𝜇𝑍𝑛 − 𝜇𝑇𝑒.  We have calculated the surface energies as linear function of 

𝜇𝑍𝑛, -2.360 eV≤ ∆𝜇𝑍𝑛 ≤ 0. The chemical potential ∆𝜇𝑍𝑛 = 0, i.e. 𝜇𝑍𝑛 = 𝜇𝑏𝑢𝑙𝑘
𝑍𝑛 , 

represents the Zn-rich condition while ∆𝜇𝑍𝑛 = −2.360eV represents the Te-rich 

condition. 
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3.2.6 DFT calculations for simulating UV-vis absorption spectra of (ZnTe)34 

isomers and the growth of wurtzite ZnTe NPLs 

We used DFT as implemented in the Gaussian 09 to simulate the growth of 

ZnTe NPLs.7 We have chosen the hybrid density functional B3LYP with def2-svp 

basis set. UV-vis absorption spectra of model systems were calculated at the time-

dependent density functional theory (TDDFT) level. The convergence thresholds 

for total energy and the forces were set to 10−8 eV and 10−3 eV/Å respectively. 

Solvent effects were simulated using the polarized continuum model (PCM) with 

the appropriate dielectric constant-propylame, as incorporated the Gaussian-09 

software package. 

3.3 Results and discussion 

Figure 3.2 and 3.3 show the 1H and 31P NMR spectra of TBP and TBP-Te, 

respectively. The chemical shifts from the H atoms in TBP and TBP-Te were labled 

as shown in Figure 3.2. The main resonance appearing at -30.8 ppm (upper curve 

in Figure 3.3) was from TBP in the absence of Te. The broad resonance at -24.7 

ppm (bottom curve in Figure 3.3) was from the mixture of TBP-Te and TBP, which 

results from the fast exchange of Te between TBP-Te and TBP. 

 

Figure 3.2 1H NMR spectra of TBP and TBP-Te. 
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Figure 3.3 31P NMR spectra of TBP and TBP-Te. 

Figure 3.4 presents the absorption spectra of aliquots taken at various reaction 

stages, which clearly shows the sharp absorption peaks of ZnTe MSNCs and NPLs. 

After hot-injection of tellurium precursor at 60 oC, the reaction mixture was 

increased to 120 oC in 6 minutes. The mild hot-injection temperature is necessary 

to stabilize the MSNCs because we found that ZnTe MSNCs were not produced if 

the injection temperature is higher than 60 oC. The first aliquot was taken from 

the turbid white solution when the reaction proceeded for 2 hours at 120 oC. The 

corresponding absorption spectrum (red curve in Figure 3.4) presents a sharp 

peak at 323 nm along with a shoulder at 297 nm, which matches well with the 

characteristic absorption peak locations of ZnTe F323 MSNCs.63 Within 5 minutes, 

the reaction temperature further increased to 200 oC and the reaction mixture 

turned turbid light-yellow gradually. As the reaction proceeded for 2 minutes at 

200 oC, the second aliquot was taken and its absorption spectrum (green curve in 

Figure 3.4) exhibits two peaks at 362 and 398 nm, matching the unique absorption 

peak locations of ZnTe F398 MSNCs.63 As the reaction proceeded for 30 minutes at 

200 oC, ZnTe NPLs were obtained and the exciton absorption peaks of ZnTe NPLs 

(blue curve in Figure 3.4) appear at 360 and 396 nm. In addition, the first exciton 

absorption peak of ZnTe NPLs is much sharper than that of ZnTe F398 MSNCs. 

Here, the “double absorption peaks” feature is usually observed for both zinc 

blende and wurtzite II-VI semiconductor nanoplatelets due to the electron-light 

hole (e-lh) and electron-heavy hole (e-hh) transitions.4, 56, 64 
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Figure 3.4 UV-vis absorption spectra (red curve) of ZnTe F323 MSNCs, ZnTe F398 

MSNCs (green curve) and ZnTe NPLs (blue curve).  

 

To analyse the detailed transition from metastable ZnTe MSNCs to ZnTe NPLs, 

more aliquots were taken to investigate this process. The temporal evolution of 

UV-vis absorption spectra of aliquots was compared in Figure 3.5 as the reaction 

temperature increased from 120 oC to 200 oC. As the temperature increased from 

60 oC to 120 oC, the absorption spectrum of the aliquot shows a broad peak at 325 

nm (curve 1, Figure 3.5). As the reaction evolved from 10 to 120 min at this 

temperature, this broad peak becomes sharper (curve 1-4, Figure 3.5) and two 

absorption peaks emerged at 302 nm and 323 nm. The absorption spectrum 

(curve 4, Figure 3.5) of ZnTe F323 MSNCs displays two distinctive exciton peaks at 

302 nm and 323 nm, which are the characteristic absorption features of ZnTe F323 

MSNCs. As the reaction temperature increased from 120 oC to 200 oC, the 

absorption peaks of ZnTe F323 MSNCs fade along with the appearance of the 

characteristic absorption peaks of ZnTe F398 MSNCs (curve 5-6, Figure 3.5). The 

coincidence of the characteristic absorption features of both ZnTe F323 MSNCs 

and F398 MSNCs confirms the stepwise transition from metastable ZnTe F323 
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MSNCs to ZnTe F398 MSNCs, which is similar to that observed in CdSe MSNCs 

reported elsewhere.72 Interestingly, the exciton absorption peak of ZnTe NPLs 

(curve 8, Figure 3.5) shows a slight blue shift of 2 nm with respect to that of ZnTe 

F398 MSNCs (curve 7, Figure 3.5). This might indicate that ZnTe NPLs form an 

atomically flat basal plan therefore the excitons are confined only in the thickness 

direction of ZnTe NPLs. Both ZnTe MSNCs and NPLs do not have detectable PL, 

which may result from surface traps and the dynamic nature of alkylamine 

ligands.73 

 

Figure 3.5 Temporal evolutions of UV-vis absorption spectra of ZnTe MSNCs and 

NPLs. Aliquots taken at (1) 120 °C/0 min, (2) 120 °C/10 min, (3) 120 °C/60 min, (4) 

120 °C/120 min, (5) 140 °C/0 min, (6) 160 °C/0 min, (7) 200 °C/2 min, (8) 

200 °C/30 min. 

 

The TEM image of ZnTe F323 MSNCs (Figure 3.6a) obtained at 120 oC for 120 

minutes shows that the MSNCs self-assembled in coin-like plates with a lateral size 

of ~20 nm. Interestingly, those self-assembled MSNCs (Figure 3.7) can stack with 

each other due to weak interactions between the bilayer mesophase template.64 

As the reaction temperature increased from 120 oC to 200 oC and proceeded for 2 



66 
 

minutes at this temperature, the first exciton absorption peak has a profound red-

shift from 323 nm to 398 nm (red and green curve in Figure 3.4), which 

corresponds to the transition from metastable ZnTe F323 MSNCs to ZnTe F398 

MSNCs. This suggests that the increase of the reaction temperature broke the 

structural stability of metastable self-assembled ZnTe F323 MSNCs and resulted in 

the formation of ZnTe F398 MSNCs from the transition of self-assembled ZnTe 

F323 MSNCs.  

 

Figure 3.6 Formation of ZnTe NPLs. TEM image of (a) self-assembled ZnTe F323 

MSNCs, (b) F398 MSNCs, and (c) ZnTe NPLs. (d) Schematic illustration of the 

synthesis of ZnTe NPLs converted from the stepwise transition of metastable self-
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assembled ZnTe F323 and F398 MSNCs.  

 

 

Figure 3.7 TEM image of stacking self-assembled ZnTe F323 MSNCs. 
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Figure 3.8 HAADF-STEM image of self-assembled ZnTe F398 MSNCs. 

 

Figure 3.6b presents the TEM of self-assembled ZnTe F398 MSNCs with 

irregular plate-like shape. In addition, the high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) image (Figure 3.8) reveals that 

these self-assembled ZnTe F398 MSNCs were composed of individual small 

particles, being similar to those reported by Zhang et al.63 After the reaction 

proceeded for 30 minutes at 200 oC, well-defined rectangle-shaped ZnTe NPLs 

(Figure 3.6c) with lateral dimensions of ~20 nm×~60 nm. Figure 3.6d presents a 

schematic illustration to summarise the synthesis of ZnTe NPLs converted from the 

stepwise transition of metastable self-assembled ZnTe F323 and F398 MSNCs. 

 

Figure 3.9 Structural characterizations of ZnTe NPLs. (a) TEM image of single-

layered ZnTe NPLs. (b) HRTEM image of an individual ZnTe NPL. (c) FFT of the 

HRTEM image. (d) SAED pattern of ZnTe NPLs. (e) TEM image of ZnTe NPLs 

standing on their edges. (f-i) HAADF-STEM image and STEM-EDX elemental maps 
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of ZnTe NPLs.  

Figure 3.9a shows the TEM image of single-layered ZnTe NPLs. ZnTe NPLs with a 

two dimensional rectangle shape are observed alongside with black dots. These 

black dots are Te metal dots due to the oxidizaiton of ZnTe NPLs. The high-

resolution TEM (HRTEM) image (Figure 3.9b), the fast Fourier transform (FFT) of 

the HRTEM (Figure 3.9c) and selected-area electron diffraction (SAED) pattern 

(Figure 3.9d) of ZnTe NPLs reveal that ZnTe NPLs are single-crystalline with a 

hexagonal wurtzite structure. Lattice spacing values extracted from the FFT of the 

HRTEM are 0.355 nm and 0.374 nm for (002) and (100) crystal facets, respectively, 

confirming that the long lateral direction of ZnTe NPLs corresponds to the c-axis of 

wurtzite structure. To further analyze the crystal structure of the as-prepared ZnTe 

NPLs, the SAED pattern of ZnTe NPLs  was resolved by using PASAD tools (Figure 

3.10). The corresponding Miller indices were annotated to the diffraction peaks 

(Figure 3.11) according to the resolved lattice spacing values as listed in Table 3.1, 

which confirms the as-prepared ZnTe NPLs with a wurtzite structure. The fitted 

lattice spacing values of ZnTe NPLs were a little bit smaller than the standard 

values for wurtzite bulk CdTe (JCPDS No. 19-1482), which results from the lattice 

contraction phenemenon that was also observed in CdSe nanosheets64 and CdTe 

quantum belts.74 Figure 3.9e shows that each ZnTe NPL stands on its edge. The 

thickness of a single ZnTe NPL is estimated to be ~1.5 nm, which is close to 

~1.4nm thickness of ZnSe and CdSe nanosheet.64, 75 Figures 3.9f-i presents the 

HAADF-STEM image and the corresponding STEM-EDX elemental maps of ZnTe 

NPLs. The element maps show that the obtained NPLs contain both Zn and Te 

elements, with both elements being evenly distributed throughout the ZnTe NPLs. 

The element maps shown in Figure 3.9i also confirms the formation of the Te 

metal dots, which is attributed to the oxidizaiton of ZnTe NPLs during the 

preparation or purification or characterizations of the TEM samples. 
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Figure 3.10 The SAED profile fitted by PASAD tools. Red curve (reduced 

background), green curve (residual plot), blue curve (final fitted profile).  

 

Figure 3.11 The fitted SAED profile by using PASAD tools annotated to the 

original SAED pattern with labeled Miller indices. 
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Table 3.1 Lattice spacings of ZnTe NPLs fitted by using PASAD tools. 

k 

(nm-1) 

Fitted 

lattice 

spacings 

d (Å) 

Miller 

indices 

(hkl) 

Standard lattice 

spacings 

d (Å) 

(JCPDS No. 

19-1482) 

Lattice 

contraction 

(%) 

2.72 3.47 (002) 3.55 2.2 

2.95 3.24 (101) 3.31 2.1 

3.78 2.50 (102) 2.57 3.1 

4.19 2.11 (110) 2.16 2.3 

4.86 1.96 (103) 2.00 2.0 

5.34 1.79 (200) 1.86 3.7 

6.65 1.44 (203) 1.46 1.4 

 

To elucidate the growth mechanism of wurtzite ZnTe NPLs, density functional 

theory (DFT) calculations were performed. We studied the surface energies of 

(110), (100) and (002)/(002̅) facets, which are relevant to the growth of wurtzite 

ZnTe NPLs. The (110), (100) and (002)/(002̅) terminated facets of wurtzite ZnTe 

NPLs are shown in Figure 3.1. The surface energy calculations show that the polar 

(002)/(002̅) facets have significantly higher surface energy than any of the non-

polar (110) and (100) facets over almost the entire thermodynamically allowed 

range (Figure 3.12), being similar to other system with a hexagonal wurtzite crystal 

structure.76 In this sense, fast growth or oriented-attachment of ZnTe nanocrystal 

or MSNCs along polar [002]/[002̅] directions is thermodynamically favoured, 

dominating the growth of wurtzite ZnTe NPLs. Since the surface energies of (110) 

and (100) facets are almost equal, which cannot explain the size difference 

between (110) and (100) facets of as-synthesized wurtzite ZnTe NPLs.  
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Figure 3.12 Surface energy as a function of the chemical potential ∆μZn of wurtzite 

ZnTe slab surface.  

 

Figure 3.13 The simulated cluster structure I (a), II (b) and III (c) and their 

simulated UV-vis absorption spectrum of (ZnTe)34 MSNCs. Zn and Te atom is 

labeled with blue and yellow color, respectively. 

 

To further investigate the growth behaviour along [110] and [100] directions, 
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we chose a wurtzite (ZnTe)34 MSNC as a nucleate because the magic number 34 

has been experimentally determined for other II-IV MSNCs.74, 77 Three isomers of 

(ZnTe)34 MSNCs with a stackable morphology are shown in Figure 3.13. Structure I 

in Figure 3.13a presents a bilayer wurtzite stack which contains ten hexagons rings 

and one complementary atom connecting two hexagonal edges on each layer with 

the calculated energies of -69611.6675 au; structure II in Figure 3.13b also 

corresponds to the bilayer wurtzite stack with ten hexagons on each layer and a 

complementary atom connecting two hexagonal edges on each layer with the 

calculated energies of -69611.6302 au; structure III in Figure 3.13c corresponds to 

a four-layer wurtzite stack with four hexagons on each layer and a complementary 

atom connecting two hexagonal edges on each layer with the calculated energies 

of -69611.4918 au. Among these three isomers of (ZnTe)34, structure I is the most 

stable structure. Furthermore, we have used the time-dependent DFT method to 

calculate the UV-vis absorption spectra of these (ZnTe)34 isomers (Figure 3.13).  

Among all the simulated structures, the calculated adsorption spectrum of 

structure I has two strongest peaks located at 367 nm and 397 nm, respectively, 

agreeing well with the two distinct absorption peaks of as-prepared ZnTe F398 

MSNCs located at 362 nm and 398 nm. However, the absorption peak locations of 

the calculated adsorption spectrum of structure II and III do not match with the 

expermental results. Therefore, structure I was chosen as the structure model of 

(ZnTe)34 MSNCs.  
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Figure 3.14 (a) Two (ZnTe)34 MSNCs stacking along [100] direction. (b) Two (ZnTe)34 

MSNCs stacking along [110] direction. (c) Schematic illustration of the formation 

of zigzag ZnTe lateral size by more [100] stacking of (ZnTe)68 nanoclusters. Zn and 

Te atom is labeled with blue and yellow color, respectively. 

 

Then we stacked two structure models of (ZnTe)34 MSNCs along [110] and 

[100] directions to simulate the growth of wurtzite ZnTe NPLs and calculated the 

formation energy of the resulted (ZnTe)68 MSNCs (Figure 3.14a and 3.14b). The 

binding energy was calculated as Ebinding = E68 - 2E34, where E68 and E34 are the total 

binding energy of (ZnTe)68 nanocluster and the energy of (ZnTe)34 nanocluster, 

respectively. The binding energy of [110] stacking and [100] stacking are -0.12 eV 

and -1.18 eV, respectively. For [100] stacking, the rhombic ring of one (ZnTe)34 

nanocluster is opened and bonded to another (ZnTe)34 cluster, which leads to two 

new hexagons ring and enhance the stability of (ZnTe)68 clusters. The calculation 

results show that [100] stacking is a thermodynamically spontaneous process and 

more energy preferable than that of [110] stacking. Thus, we can speculate that 

(ZnTe)68 nanoclusters will continue to attach orientally along [100] direction, 

which leads to the formation of zigzag lateral structure (Figure 3.14c) with larger 

size along [100] direction and the flat dominant (110) facet. In addition, the 

thickness of the zigzag lateral structure is determined to ~1.4 nm from the eight 

layers of (ZnTe)68 cluster, which is close to the experimental measurement of 1.5 

nm. In summary, experimental results and DFT calculations reveal that oriented 
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attachment growth of ZnTe F398 MSNCs along [100] and [002] directions form 

(110) facet dominant wurtzite ZnTe NPLs. 

3.4 Conclusion 

In conclusion, we have synthesized free-standing wurtzite ZnTe NPLs with an 

atomically uniform thickness of ~1.5 nm by using polytelluride species reduced by 

superhydride from TBP-Te as tellurium precursor. This growth process involved a 

stepwise evolution from metastable self-assembled ZnTe MSNCs and oriented 

attachment of ZnTe F398 MSNCs along [100] and [002] directions. The availability 

of ZnTe NPLs opens the gate for extending their properties of multiple-quantum 

well structures with a variety of potential applications in optoelectronics, sensors 

and detectors. 
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Chapter 4 Shape-controllable synthesis of wurtzite 

CdTe nanoplatelets by tuning Te precursor reactivity 

 

4.1 Introduction 

In the past decade, colloidal semiconductor nanoplatelets (NPLs),1-6 quantum 

disk,7-9 nanosheets,10-16 nanoribbons,17-21 quantum belts,22-25 quantum platelets26-

27 with excitons only confined in the thickness dimension have been of great 

interest due to their attractive photophysical properties such as extremely narrow 

photoluminescence linewidth,28-30 giant oscillator strengths,31-32 and large 

nonlinear absorption cross-section.33-38  Unlike the synthesis of zinc-blende II-VI 

nanoplatelets in 1-octadecene (ODE) as solvent and fatty acid salts as cation 

precursor at elevated temperatures,3, 39-41 wurtzite II-VI NPLs prone to form from 

magic-sized nanoclusters (MSNCs) at a relatively low temperature.26, 42-43 Buhro et 

al. have systematically investigated the synthesis, the conversion and optical 

spectroscopic properties of II-VI magic-sized nanoclusters. 

Among the II-VI semiconductors, CdTe with a direct bandgap of 1.47 eV in bulk 

at room temperature44 and a bulk exciton Bhor radius of ~7.3nm45 has important 

applications in photovoltatics46-51 and photodetectors52-55 due to its high optical 

absorption coefficient in the visible-infrared region and excellent photo 

responsivity. Although there are many reports on colloidal synthesis of CdTe 

quantum dots,56-59 nanorods60-62 and nanowires,63-64 synthesizing CdTe NPLs still 

remains challenging. This is so because there are limited choices of tellurium 

precursor for the synthesis of CdTe nanocrystals. Currently, tellurium precursors 

such as  trioctylphosphine telluride (TOP-Te),65-67 tributylphosphine telluride (TBP-

Te),68-69 polytellurides reduced from TOP-Te by superhydride,70-71 bis(tert-

butyldimethylsilyl) telluride,42 and tris(dimethylamino)phosphine telluride72 have 

been used as the tellurium precursors for synthesizing ZnTe or CdTe nanocrystals. 

For the synthesis of high quality CdTe nanocrystals, tellurium precursors with 

appropriate reactivities are required.  

In 2013, Dubertret et al. reported the colloidal synthesis of zinc-blende CdTe 

nanoplatelets with photoluminescence emission at 428, 500 and 556 nm due to 

their different thicknesses.73  In that work, cadmium propionate (Cd(prop)2) or 
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cadmium oleate (Cd(OA)2) was used as the cadmium precursor and  TOP-Te was 

used as the tellurium precursor. 1-octadecene (ODE) and oleic acid (OA) were 

used as the non-coordinating solvents and ligands, respectively. The hot-injection 

of tellurium precursor into the cadmium precursor was performed at 180, 210 and 

215 oC, which produced CdTe NPLs with their first excitonic emission peak at 428, 

500, 556 nm, respectively. As shown in Figure 4.1, there is a nearly zero shift 

between the first exciton absorption peak and PL emission peak of these CdTe 

NPLs, which is a characteristic of colloidal semiconductor NPLs. Interestingly, these 

synthesized CdTe NPLs have different lateral size and shape. By changing the hot-

injection temperature or the molar ratio of oleic acid to the cadmium precursor 

with short-chain carboxylate groups, the lateral size and shape can be further 

controlled as illustrated in Figure 4.2. 

 

Figure 4.1 CdTe NPLs with three different thicknesses. Left, absorption (black) and 

photoluminescence (orange) spectra of NPLs with different thicknesses. Right, 

TEM images of the corresponding samples. (a) NPLs with the first excitonic peak at 

428 nm, (b) NPLs with the first excitonic peak at 500 nm, (c) NPLs with the first 

excitonic peak at 556 nm. Reprinted with permission from ref. 73. Copyright 2013 

American Chemical Society.73 
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Figure 4.2 Control of the NPLs lateral sizes. TEM images of NPLs synthesized in 

presence of 0.5 mmol of Cd(prop)2 in 10 mL of ODE. The concentration of OA acid 

is 25 mM in a and c and 50 mM in b and c. 0.1 mmol of TOP-Te 1 M is injected at 

180 °C in a and b giving 428 NPLs, while at 210 °C in c and d giving as final product 

500 NPLs. Reprinted with permission from ref. 73. Copyright 2013 American 

Chemical Society.73 

Two growth mechanisms of zinc-blende CdTe NPLs were proposed to explain 

the formation of NPLs with different thicknesses as presented in Scheme 4.1. The 

mechanism A illustrates that the thinnest CdTe NPLs dissolve completely to form 

crystal seeds which react rapidly with precursors to produce thicker NPLs with 

better stability. The mechanism B presents that the thinnest CdTe NPLs dissovle 

partially to assist the growth of another layer on existing NPLs for reacting with 

precursors in ripening. 
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Scheme 4.1 Possible mechanistic schemes to explain the thickness evolution CdTe 

NPLs during the synthesis. Reprinted with permission from ref. 73. Copyright 2013 

American Chemical Society.73 

 

In 2018, Buhro et al. prepared tris(dimethylamino)phosphine telluride 

((Me2N)3PTe) by dissolving tellurium granules in tris(dimethylamino)phosphine 

((Me2N)3P) at 100 oC for 3h as a new telluride precursor to synthesize CdTe 

nanocrystals.72 The molecular structures of transaminated phosphine tellurides 

are shown in Scheme 4.2. This new tellurium compound is sufficiently reactive for 

synthesizing CdTe nanocrystals at 100 oC. 

 

Scheme 4.2 Transaminated phosphine tellurides. R=n-octyl. Reprinted with 

permission from ref. 72. Copyright 2018 American Chemical Society.72 

As a benchmark approach of the bottom-up method, shape-controllable 

synthesis of colloidal semiconductor nanocrystals is of great importance due to 

the shape-dependent optical properties of semiconductor nanocrystals. In 

addition, it provides chemical insights into the nucleation and growth kinetics and 

growth mechanisms of nanocrystals. Generally, the shape control of 

semiconductor nanocrystals can be achieved with different reaction conditions 

such as by changing the reaction temperature and duration, and tuning the 

precursor reactivity and concentration.  

 

In this work, we report a shape-controllable synthesis of 2D wurtzite CdTe 

nanoplatelets by simply tailoring Te precursor reactivity. Ribbon-, shield- and 

bullet-like NPLs were prepared by a stepwise conversion from CdTe MSNCs by 
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using Te3
2-, Te2

2- and Te2- polytellurides as tellurium precursor, respectively. In 

addition, the surface chemical environment and composition of as-prepared CdTe 

NPLs were investigated by X-ray photoelectron spectroscopy (XPS) and Fourier-

transform infrared (FTIR) spectroscopy.  

4.2 Experimental section 

4.2.1 Materials 

Anhydrous cadmium chloride (CdCl2, trace metals basis, 99.99%), oleylamine 

(70%, technical grade), octylamine (99%), tributylphosphine (97%, mixture of 

isomers), super-hydride® solution (1.0 M lithium triethylborohydride in 

tetrahydrofuran), anhydrous toluene (99.8%), and anhydrous methanol (99.8%) 

were obtained from Sigma-Aldrich Pty Ltd, Australia. Tellurium (Te) powder (~325 

mesh, 99.99% metals basis) was purchased from Alfa Aesar, Thermo Fisher 

Scientific Australia Pty Ltd. All chemicals were used as received without further 

purification. 

4.2.2 Preparation of TBP-Te stock solution (1.0 M) 

In a 25 ml round-bottom flask, a mixture of 15 ml TBP and 1.914 g (15 mmol) 

tellurium powder were heating at 240 °C for 3 hours under nitrogen atmosphere 

using the standard Schlenk line techniques. The color of the solution changed 

from opaque black gradually to opaque dark green, light yellow, translucent 

orange, finally to transparent brick red during the reaction period. After the 

reaction solution was cooled to room temperature, clear yellow TBP-Te stock 

solution was prepared and stored in a glove box for use. 

4.2.3 Preparation of Te3
2-, Te2

2- and Te2- species as tellurium precursor 

First, 2 ml oleylamine and 0.6 ml TBP-Te stock solution (1.0M) were well 

mixed in a 12 ml glass vial using syringe in a glove box. Into this mixture, 0.4ml 

(2/3 equivalent of TBP-Te) was injected and further mixed using syringe. After the 

injection of superhydride solution, many bubbles were observed and the color of 

the mixture turned from yellow into red. For preparation of Te2
2- and Te2-, 0.6 (1 

molar equivalent of TBP-Te) and 1.2 ml (2 equivalent of TBP-Te) superhydride 

solution was injected, respectively. Also, many bubbles were observed, and the 

color of the mixture turned into purple from yellow for preparation of Te2
2- and 

into pale rustic from yellow for preparation of Te2- as tellurium precursor, 

respectively. 



89 
 

4.2.4 Synthesis of free-standing CdTe NPLs using Te3
2-, Te2

2- and Te2- as 

tellurium precursor 

In a typical synthesis, 1 mmol CdCl2, 7 ml oleylamine and 3 ml octylamine 

were mixed and degassed three times at room temperature. Then, this mixture 

was heated to 110 oC and kept at 110 oC for an hour, followed by cooling it down 

to 60 oC under nitrogen for injecting the freshly prepared Te3
2- or Te2

2- or Te2- as 

tellurium precursor in a glove box. After the hot injection, the reaction 

temperature was increased from 60 oC to 120 °C and was kept at 120 °C for the 

growth of CdTe NPLs. Aliquots were taken out at different time intervals to 

monitor the formation of CdTe NPLs. 

4.2.5 Synthesis of stacking CdTe NPLs using Te2- as tellurium precursor 

First, 1 mmol CdCl2 and 10 ml oleylamine were mixed and degassed three 

times at room temperature. Then, this mixture was heated to 110 oC and kept at 

110 oC for an hour, followed by cooling it down to 60 oC under nitrogen for 

injecting the freshly prepared Te2- as tellurium precursor in a glove box. After the 

hot injection, the reaction temperature was increased from 60 oC to 120 °C and 

was kept at 120 °C for the growth of stacking CdTe NPLs.  

4.2.6 Measurement and characterization 

UV−vis spectra were measured using a Cary 4000 UV−Vis spectrophotometer 

with 1 nm resolution in a quartz cell with 1 cm path length. Low-resolution 

transmission electron microscopy (TEM) and selected-area electron diffraction 

(SAED) were recorded using a JEOL 2100 transmission electron microscope with an 

accelerating voltage of 120 kV. The SAED pattern was fitted with PASAD tools for 

Digital Micrograph.74 High-resolution transmission electron microscopy (HRTEM) 

images were performed on a FEI Titan G2 80-200 transmission electron 

microscope operating at 200 kV. All the reaction mixtures were purified using 

anhydrous toluene as the solvent and anhydrous methanol as the antisolvent. 

After the second purification, purified CdTe nanocrystals were redispersed into 

anhydrous toluene and a drop of the solution was added onto a ultra-thin carbon-

coated copper grid. X-ray photoelectron spectroscopy (XPS) measurements were 

performed on a Kratos Axis Ultra DLD spectrometer equipped with a 

monochromatic AlKα (1486.6 eV) irradiation source operating at an X-ray gun 

power of 150 W. The vacuum pressure of the analysis chamber within the 
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spectrometer was maintained at 8 x 10-9 Torr or lower. The binding energy scale 

was calibrated by setting the main line of the C 1s spectrum to 284.8 eV. XPS 

spectrum was recorded with a pass energy of 160 eV for the survey spectrum and 

40 eV for the high-resolution spectra. Shirley background corrections were applied 

to the survey and high-resolution spectra. Each high-resolution spectrum was 

fitted with a Gaussian-Lorentzian (70%-30%) line shape with the full-width half 

maximum (FWHM) constrained to values considered reasonably for each element. 

Shirley background corrections were applied to the survey and high-resolution 

spectra. Each high-resolution spectrum was fitted with a Gaussian-Lorentzian 

(70%-30%) line shape with the full-width half maximum (FWHM) constrained to 

values considered reasonably for each element. Fourier-transform infrared (FTIR) 

spectrum was measured by using a Nicolet iS50 FT-IR spectrometer. Powder X-ray 

diffraction (XRD) patterns was recorded using Cu Kα (λ=1.5406 Å) photons from an 

X'per PRO (PANalytical) X-ray diffractometer operated at 40 kV and 40 mA. 

4.3 Results and discussion 

In this work, the shape control of 2D wurtzite CdTe nanoplatelets was achieved 

by simply tuning the reaction activity of a Te precursor. The Te precursor with a 

different reactivity was obtained by adding different equivalent (equiv.) 

superhydride to reduce tributylphosphine-telluride (TBP-Te). To investigate the 

effect of the Te precursor reactivity on the shape control of CdTe nanoplatelets, 

detailed studies on the Te precursor with or without the addition of superhydride 

were performed. 

4.3.1 Polytelluride precursors 

According to previous investigations, the reactivity of chalcogenide precursor 

has a significant effect on the synthesis and shape control of colloidal 

semiconductor nanocrystals.65, 75-77 Figure 4.3(a) shows a digital photograph of the 

TBP-Te stock solution without and with adding of different equivalent 

superhydride solution. After the addition of superhydride, the colour of the TBP-

Te stock solution gradually turned from yellow to red (3#, superhydride:TBP-

Te=2/3:1), violet (4#, superhydride:TBP-Te=1:1), and pale rustic (5#, 

superhydride:TBP-Te=2:1) by mixing using syringe. The obvious colour change in 

the TBP-Te stock solution is related to the formation of different polytelluride 

species. The polytelluride with distinctive red, violet and pale rustic colour  is Te3
2-, 
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Te2
2- and Te2- species, respectively, which was also investigated by Schultz et al. 

although they reduced the tellurium using alkali metal as the reducing agent in 

liquid ammonia soution.78 Figure 4.3(b) presents the proposed reaction pathways 

for preparing soluble polytellurides by reducing TBP-Te with different molar 

equivalent of superhydride solution. In addition to the production of three kinds 

of polytellurides, hydrogen and triethylboron (Et3B) as byproducts were also 

produced. The production of hydrogen was further proved by occurrence of many 

bubbles after adding superhydride solution to Te-TBP stock solution and mixing 

the solution. In addition, superhydride can gradually reduce TBP-Te to Te3
2-, Te2

2- 

and Te2- with an increase molar equivalent, which presents different colours as 

shown in Figure 4.3(a) due to the different valence states of polytellurides. 

 

Figure 4.3 (a) A digital photograph of 2ml oleylamine (1#), 0.6ml TBP-Te stock 

solution (1.0M) in 2ml oleylamine (2#), and with adding different molar equivalent 

superhydride solution of Te-TBP: 2/3(3#), 1(4#), 2(5#). (b) Proposed reaction 

pathways for preparing soluble polytellurides by reducing TBP-Te with different 

molar equivalent of superhydride solution. 

Among the three polytelluride species, the reactivity of Te2−could be highest 

because it is ready to form ZnTe monomer as shown in the following reaction: 
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Zn2+ + Te2− → ZnTe 

whereas the other two polytellurides Te3
2- and Te2

2- need to be further reduced to 

Te2-. In addition, the Ab initio calculations of the Gibbs free-reaction energies for 

the formation of ZnSe, ZnSe2 and ZnSe3 from Zn2+ and Se2-, Se2
2- and Se3

2- shows 

that the exergonicity of these reactions increases in the order: Se3
2− < Se2

2− ≪ 

Se2−, and the reactivity of polytellurides is expected to follow this trend as: Te3
2− < 

Te2
2− ≪ Te2− because Se and Te are at the same VI main group in the periodic table 

with similar chemical properties. 

4.3.2 Morphological and structural characterizations 

Figure 4.4(a) shows the absorption spectra of as-prepared CdTe MSNCs and 

NPLs using Te2- as tellurium precursor. The absorption spectrum (red curve in 

Figure 4.4(a)) exhibits a sharp peak at 366 nm along with a shoulder at 347 nm, 

matching well with the characteristic absorption peaks of (CdTe)13 MSNCs.43 Then, 

the absorption peaks of (CdTe)13 MSNCs (green curve in Figure 4.4(a)) faded away 

and another two absorption peaks present at 433 and 476 nm, which are the 

unique absorption peaks of (CdTe)34 MSNCs.79 The coexistence of the featured 

absorption peaks of (CdTe)13 and (CdTe)34 MSNCs proves the stepwise evolution 

from (CdTe)13 MSNCs to (CdTe)34 MSNCs. The blue curve in Figure 4.4(a) presents 

the absorption spectrum of CdTe NPLs, wherein a sharp absorption peak appears 

at 489 nm and a shoulder at 444 nm. These absorption peak positions of CdTe 

NPLs match well with the spectral features in wurtzite CdTe quantum belts 

reported previously with only a shift of 2nm due to different ligand effect.43 

However, these absorption peak positions of as-synthesized wurtzite CdTe NPLs 

are not in accordance with those of zinc-blende CdTe NPLs because of different 

size in thickness. This “double absorption peaks” feature is usually observed for 

both zinc blende and wurtzite II-VI semiconductor nanoplatelets due to the 

electron-light hole (e-lh) and electron-heavy hole (e-hh) transitions.1, 3, 35, 39-40, 80 

Figure 4.4(b) shows the temporal evolution of UV-vis absorption spectra of CdTe 

MSNCs and NPLs, which gives a clearer picture of the evolution process. When the 

reaction was allowed to proceeded for 30 mins at 120 °C, (CdTe)34 MSNCs 

completely transformed themselves into CdTe NPLs (curve 3 in Figure 4.4(b)). 

Gradual sharpening of the first exciton absorption peak of CdTe NPLs was 

observed for a longer annealing at 120 oC for 180 mins (curve 3 to curve 5 in 

Figure 4.4(b)), which indicates that CdTe NPLs gradually form an atomically flat 
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basal plane therefore the excitons are better confined only in the thickness 

dimension of CdTe NPLs. 

 

Figure 4.4 (a) UV-vis absorption spectra of as-prepared CdTe MSNCs and NPLs 

using Te2- as tellurium precursor; (b) Temporal evolution of UV-vis spectra of CdTe 

MSNCs and NPLs. Aliquots taken at (1) 120 °C/1 min ((CdTe)13 MSNCs), (2) 

120 °C/2 min ((CdTe)34 MSNCs), (3) 120 °C/30 min (CdTe NPLs), (4) 120 °C/90 min 
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(CdTe NPLs), (5) 120 °C/180 min (CdTe NPLs). 

In addition, Figure 4.5 and 4.6 respectively present the UV-vis absorption 

spectra of as-prepared CdTe MSNCs and NPLs using Te3
2- and Te2

2- as tellurium 

precursor, wherein the absorption peak positons also match well with these of 

CdTe MSNCs and NPLs. However, it is notable that the absorption peaks of as-

prepared CdTe NPLs using Te3
2- as tellurium precursor are slightly broaden. This 

could result from the imperfect planes in the thick dimension, which will be 

further discussed later. 

 

Figure 4.5 UV-vis absorption spectra of as-prepared CdTe MSNCs and ribbon-like 

NPLs using Te3
2- as tellurium precursor.  

 

Figure 4.6 UV-vis absorption spectra of as-prepared CdTe MSNCs and sheild-like 
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NPLs using Te2
2- as tellurium precursor.  

Figure 4.7(a) presents the TEM image of CdTe NPLs prepared using Te3
2- as 

tellurium precursor. From these NPLs standing on their edges (labeled by red 

dotted line) and non-standing NPLs, we can see that these ribbon-like NPLs have a 

large aspect ratio reaching up to 9. In addition, these NPLs are not perfectly grown 

due to the co-existence of nanodots, which broadens the absorption peaks of the 

products as shown in Figure 4.5. However, the as-prepared CdTe NPLs have a 

shield-like shape with a much smaller aspect ratio when Te2
2- was used as 

tellurium precursor. Interestingly, bullet-like CdTe NPLs were prepared when Te2- 

was used as tellurium precursor. The absorption peaks of shield- and bullet-like 

CdTe NPLs are featured sharply without broadening, which suggests that these 

NPLs have uniform thickness dimension. This demonstrates that the shape-

controllable synthesis of CdTe NPLs can be achieved simply by tailoring the 

reactivity of Te precursor. Generally, two-dimensional II-IV colloidal semiconductor 

nanocrystals have regular sheet- or plate-like shapes.10-11, 81 Nevertheless, it is also 

possible to tune the shape of CdSe nanosheets from hexangon to quadragon to 

triangle by altering the nucleation and growth process via simply increasing the 

concentration of bromoalkanes that act as complexing agents and ligands.13 In this 

work, the reactivity of polytelluride tellurium precursor plays a key role in the 

nucleation and growth of CdTe nanoplatelets. Here, we may suggest that the 

polytelluride tellurium precursor with different reactivity might have different 

impact on the oriented attachment of CdTe MSNCs along the lateral direction, 

which results in the formation of these different shape-like CdTe NPLs. As reported 

by Hyeon et al. that sole alkylamine as ligand favors the synthesis of stacked CdSe 

nanosheets,42 the stacked CdTe NPLs were also prepared by using Te2- as tellurium 

precursor and oleylamine as sole ligand. Figure 4.8 presents the TEM image of 

these stacked CdTe NPLs. The thickness of those CdTe NPLs was estimated to be 

around 1.6 nm from the NPLs standing on their edges (the inset of Figure 4.8). 
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Figure 4.7 TEM images of ribbon-, sheild-, bullet-like CdTe NPLs prepared using (a) 

Te3
2-, (b) Te2

2-, (c) Te2- as tellurium precursor, respectively. All scale bars: 50 nm. 
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Figure 4.8 TEM image of stacked CdTe NPLs prepared by using Te2- as tellurium 

precursor and oleylamine as sole ligand. 

 

Figure 4.9 (a) XRD pattern (blue curve) of CdTe NPLs and standard XRD 

pattern of bulk CdTe with zinc-blende (green lines) and wurtzite (red lines) 

structure; (b) SAED pattern of CdTe NPLs resolved by using PASAD tools. 
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Table 4.1 Lattice spacings vaules of CdTe NPLs fitted by using PASAD tools. 

k 

(nm-1) 

Fitted 

lattice 

spacings 

d (Å) 

Miller 

indices 

(hkl) 

Standar

d lattice 

spacingsd 

(Å) [a] 

Lattice 

contraction 

(%) 

2.56 3.85 (100) 3.98 3.2 

2.79 3.43 (101) 3.52 2.6 

3.58 2.66 (102) 2.74 2.9 

4.05 2.23 (110) 2.30 3.0 

4.60 2.06 (103) 2.12 2.8 

5.62 1.71 (202) 1.76 2.8 

6.28 1.51 (203) 1.55 2.6 

6.90 1.42 (211) 1.46 2.7 

7.42 1.29 (300) 1.32 2.3 

7.77 1.26 (213) 1.29 2.3 

8.06 1.22 (006) 1.25 2.4 

[a] standard lattice spacings of wurtzite bulk CdTe referenced from JCPDS No. 

19-0193. 

 

Figure 4.9(a) presents the XRD pattern of CdTe NPLs and standard XRD pattern 

of bulk CdTe with zinc-blende and wurtzite structure. The crystal structure of CdTe 

NPLs is indexed to wurtzite due to good agreement with the standard PDF card 

(JCPDS No. 19-0193) of wurtzite bulk CdTe. The significantly small shift of XRD 

diffraction peaks to higher angles can be attributed to the lattice contraction 

which was also observed in CdSe42 and ZnSe82 NPLs. The intense diffraction peaks 

with shoulders ranging from 20o to 30o are assigned to the diffraction peaks of 

(100), (002), and (101) crystal facets, respectively. To further analyze the crystal 

structure of the as-prepared CdTe NPLs, the SAED pattern of CdTe NPLs shown in 

Figure 4.9(b) was resolved by using PASAD tools. The corresponding Miller indices 

were annotated to the diffraction peaks according to the resolved lattice spacing 

values as listed in Table 4.1, which further confirms the as-prepared CdTe NPLs 

with a wurtzite structure. The fitted lattice spacing values of CdTe NPLs were 

smaller than the standard values for wurtzite bulk CdTe, which results from the 

lattice contraction of 1.6 nm thick CdTe nanosheets and was also oberseved in 
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CdTe quantum belts.43 Compared with the standard lattice spacing values of 

wurtzite bulk CdTe, these smaller lattice spacing values are also in consistance 

with the slight shift of XRD diffraction peaks to higher angles according to the 

Bragg law 2dsinθ=nλ. 

 

Figure 4.10 The FTIR spectra of oleylamine and purified CdTe NPLs. 

 

To characterize the surface chemistry of the as-prepared CdTe NPLs and 

investigate the interaction between alkylamine ligands and CdTe NPLs, FTIR 

spectra of oleylamine and purified CdTe NPLs were measured and shown in 

Figure 4.10. The absorption bands were assigned to corresponding vibrational 

modes, as depicted in Table 4.2. The FTIR spectrum of CdTe NPLs is similar to the 

standard FTIR spectrum of oleylamine, suggesting that the CdTe NPLs are 

passivated with oleylamine which acts as surface ligands. Due to the coordination 

between the -NH2 group from oleylamine and the cadmium atom from CdTe 

nanocrystals, significant absorption peak shifts from N-H2 bending (1618 cm-1), C-

N stretching (alkyl) (1071 cm-1), N-H bending (out of plane, 793 cm-1) are observed 

in nitrogen-related functional groups. In addition, marginal absorption peak shifts 

are observed from non-nitrogen related function groups such as the =CH 
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stretching (3006 cm-1), C-H2 stretching (2920, 2852 cm-1), CH2 bending (1465 cm-1), 

CH3 bending (1375 cm-1), C-H bending (966 cm-1), and CH2 bending (722 cm-1). 

 

Table 4.2 Infrared vibrational assignments. 

Vibrational modes Frequency (cm-1) 

=CH stretching 3006 

C-H2 stretching 2920, 2852 

N-H2 bending 1618 

CH2 bending 1465 

CH3 bending 1375 

C-N stretching (alkyl) 1071 

C-H bending 966 

N-H bending (out of plane) 793 

CH2 bending 722 

 

XPS measurements were further used to characterize the composition of the 

as-prepared wurtzite CdTe NPLs. Figure 4.11(a) shows the survey XPS spectrum of 

the obtained wurtzite CdTe NPLs. The survey spectrum indicates the presence of 

Cd, O, Te and C element. The presence of C and O is likely from the capping ligands 

and oxidation of CdTe NPLs during the characterization process, respectively. The 

C 1s level at 284.8 eV was used for calibration of the binding energy scale. High-

resolution XPS of the most intense peaks of the two main elements (Cd 3d and Te 

3d levels) was furthered investigated as depicted in Figure 4.11(b-c). The peak of 

Cd 3d in Figure 4.11(b) is split into 411.1 (Cd-Te 3d3/2) and 404.3 eV (Cd-Te 3d5/2) 

with a split orbit of about 7 eV, which is in good accordance with the value of Cd 

(II).83 The binding energy of 582.1 and 571.5 eV in Figure 4.11(c) corresponds to 

the Te-Cd 3d3/2 and 3d5/2 levels, respectively.84 The XPS shoulders located at 584.1 

and 574.5 eV corresponds to the Te-O 3d3/2 and 3d5/2 levels,84 respestively, 

suggesting the partial oxidation state of Te from the as-prepared wurtzite CdTe 

NPLs. 
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Figure 4.11 (a) The survey XPS spectrum of the obtained wurtzite CdTe NPLs. XPS 

spectra of CdTe NPLs: (b) Cd and (c) Te regions. 
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4.4 Conclusion 

In conclusion, we report a shape-controllable synthesis of 2D wurtzite CdTe 

nanoplatelets by simply tailoring Te precursor reactivity. Ribbon-, shield- and 

bullet-like CdTe NPLs were synthesized from a stepwise conversion of CdTe MSNCs 

by using Te3
2-, Te2

2- and Te2- species as tellurium precursor, respectively. X-ray 

photoelectron spectroscopy and Fourier-transform infrared spectroscopy were 

used to investigated the surface chemical environment and composition of as-

prepared CdTe NPLs. The availability of wurtzite CdTe NPLs provides exciting 

opportunity to explore its photophysical properties for potential applications in 

optoelectronics, sensors and detectors. 
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Chapter 5 Conclusions and Outlook 

The research presented in this PhD thesis was intented to investigate the 

synthesis, growth mechanism and optical properties of colloidal wurtzite ZTe 

(Z=Zn and Cd) nanoplatelets. Although there are intensive investigations on 2D 

zinc-blende or wurtzite CdSe nanocrystals in the literature, there are only a few of 

reports on the synthesis of 2D ZTe (Zn and Cd) nanocrystals. The synthesis of high-

quality collodial 2D wurtzite ZTe (Z=Zn and Cd) nanocrystals is challenging because 

of the limited choice of tellurium precursor and the instability of 2D ZTe (Zn and 

Cd) nanocrystals. We found that 2D wurtzite ZnTe nanoplatelets are extremely 

vulnerable to air and moisture and are tend to undergo decomposition as they 

have a large portion of surface atoms which made the material characterization 

difficult. Therefore, we prepared the samples in a glove box for rigid oxygen- and 

moisture-free conditions which were usually required in the post-synthesis 

handling. 

In charpter 3, we have successfully prepared 2D wurtzite ZnTe NPLs with a 

thickness of about 1.5 nm by using superhydride (LiEt3BH) reduced 

tributylphosphine-Te (TBP-Te) as the tellurium precursor. Mechanistic studies 

including experimentally UV-vis absorption spectra as well as TEM morphological 

characterizations and theoretical DFT calculations reveal that the transition of 

metastable ZnTe F323 magic-sized nanoclusters (MSNCs) produces metastable 

ZnTe F398 MSNCs which then form wurtzite ZnTe NPLs via oriented attachment 

along [100] and [002] directions.  

Inspired by the synthetic experience from colloidal 2D wurtzite ZnTe NPLs, we 

further tried to synthesize colloidal 2D wurtzite CdTe NPLs based on the synthetic 

method of colloidal 2D wurtzite ZnTe NPLs with some modifications in charpter 4. 

The growth temperature of wurtzite CdTe NPLs is around 120 oC, which is much 

lower than that (200 oC) of wurtzite ZnTe NPLs. The different growth temperature 

could result from the different formation energy between Cd-Te and Zn-Te bond. 

Interestingly, we found that the shape of 2D wurtzite CdTe nanoplatelets is 

controllable by simply tailoring tellurium precursor reactivity. Ribbon-, shield- and 

bullet-like 2D CdTe NPLs were prepared by a step-wise conversion from CdTe 

magic size nanoclusters (MSNCs) by using Te3
2-, Te2

2- and Te2- polytellurides as 

tellurium precursor, respectively.  
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This research laid a foundation for the synthesis of colloidal wurtzite ZTe (Z=Zn 

and Cd) nanoplatelets. Due to the instability of colloidal wurtzite ZTe (Z=Zn and 

Cd) nanoplatelets that results in surface traps on the nanocrystals, no 

characteristic PL from 2D colloidal wurtzite ZTe (Z=Zn and Cd) nanoplatelets was 

detected. The possible approach to reduce the surface traps and increase the 

quantum yeild of characteristic PL emission from 2D colloidal wurtzite ZTe (Z=Zn 

and Cd) nanoplatelets is to grow an inorganic shell to eliminate the surface traps. 

To summarize, the availability of the intriguing colloidal wurtzite ZTe (Z=Zn and 

Cd) nanoplatelets paves the way for further extending their properties of multiple-

quantum well structures with a variety of potential applications in 

optoelectronics, sensors and detectors. 
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Appendix A: Def2-SVP Basis Set for Zn and Te in 

Gaussian-format 

 

Zn    0 

S  6  1.00 

  82000.711629      .14210764000E-02 

  12312.471777      .10891499487E-01 

  2801.3944193      .54057188059E-01 

  790.99424302      .18847463904 

  257.56551079      .38346549346 

  88.814933400      .29723794197 

S  3  1.00 

  171.86353716     -.11051849523 

  20.302534785      .64607716984 

  8.3464123068      .44220117322 

S  3  1.00 

  14.847536940     -.22705309278 

  2.4495029507      .72433217935 

  .99845821824      .44836495592 

S  1  1.00 

  .11891307937      1.0000000000 

S  1  1.00 

  .42297428760E-01  1.0000000000 

P  5  1.00 

  1071.5185372      .92767797235E-02 

  252.69712152      .69541149434E-01 

  80.100829126      .27156772564 

  28.903393172      .53401355573 

  10.768899879      .34501323446 

P  3  1.00 

  5.6446212530      .34129600164 
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  2.1678291347      .56390521973 

  .80540898341      .23676109735 

D  4  1.00 

  56.088939191      .29588869140E-01 

  15.751908917      .158725714045 

  5.3115812367      .379762291591 

  1.7737904917      .468989591719 

D  1  1.00 

  .51975583665      .309071490776 

P  1  1.00 

   .162455    1.000000 

 

 

A. Schäfer, H. Horn, R. Ahlrichs; “Fully optimized contracted Gaussian basis sets for 

atoms Li to Kr”, J. Chem. Phys. 97, 2571 (1992). 

 

**** 

Te    0 

S  3  1.00 

  2.4738251440      .24373106576 

  1.5164659774     -.60050992723 

  .24617861660      .81317963772 

S  1  1.00 

  .96587532924E-01  1.0000000000 

P  4  1.00 

  2.3887340000     -.13002261391386 

  1.5277144816      .31729704779928 

  .37921156859     -.34274527164499 

  .16289707664     -.57386855562281 

P  1  1.00 

  .64536787436E-01  1.0000000000 

D  1  1.00 

  .237               1.000 

K. Eichkorn, F. Weigend, O. Treutler, R. Ahlrichs, “Auxiliary basis sets for main row 
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atoms and transition metals and their use to approximate Coulomb potentials”, 

Theor. Chem. Acc. 97, 119 (1997). 

 

 

 

TE     0 

TE-ECP     3     46 

f POTENTIAL 

  1 

2      1.93927000          -17.86464100 

s-f POTENTIAL 

  3 

2      2.92379400           50.08380500 

2      1.15275400            1.96814000 

2      1.93927000           17.86464100 

p-f POTENTIAL 

  3 

2      2.60308600          119.82070200 

2      0.98544800           -2.03904800 

2      1.93927000           17.86464100 

d-f POTENTIAL 

  2 

2      1.43501900           37.75721400 

2      1.93927000           17.86464100 

 

 

A. Bergner, M. Dolg, W. Kuechle, H. Stoll, H. Preuss, “Ab initio energy-adjusted 

pseudopotentials for elements of groups 13–17”, Mol. Phys. 80, 1431 (1993). 
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