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Abstract

Colloidal quantum dots can control the bandgap by controlling the particle size, and are capable of
solution processing, which is cost competitive, and has a narrow half width of the emission wavelength.
Using these characteristics, it is possible to utilize various kinds of LED, solar cell, and bio imaging.
Among them, indium phosphide (InP) quantum dots have a bandgap capable of emitting light in the
near-infrared region from the visible light region, and are less toxic to humans and the environment
than cadmium-based quantum dots, and are attracting attention as next generation light emitting
materials.

However, the limited choice and high cost of P precursors have a negative impact on their practical
applicability. In this work, I report the large-scale synthesis of highly luminescent InP@ZnS QDs from
an elemental P precursor (P4), which was simply synthesized via the sublimation of red P powder. The
size of the InP QDs was controlled by varying the reaction parameters such as the reaction time and
temperature, and the type of In precursors. This way, the photoluminescence properties of the
synthesized InP@ZnS QDs could be easily tuned across the entire visible range, while their quantum
yield could be increased up to 60% via the optimization of reaction conditions. Furthermore, possible
reaction pathways for the formation of InP QDs using the P, precursor have been investigated with
nuclear magnetic resonance spectroscopy and it was demonstrated that the direct reaction of Py
precursor with In precursor produces InP structures without the formation of intermediate species. The
large-scale production of InP@ZnS QDs was demonstrated by yielding more than 6 g of QDs per one-
batch reaction.

In the case of InP using different precursor P except the Tris(Trimethylsilyl) phosphine ((TMS);P)
there has been a problem that the size distribution is poor. Two kinds of P precursors with different
reactivities were used to separate the nucleation and growth processes and to induce growth along the
Lamer mechanism to produce uniform particles. For this, (TMS)3;P and DEAP were used as fast reacting
P precursors, and P4 was used as a slow reacting P precursor. Through this, the possibility of uniform
particle formation was observed. I strongly believe that the newly developed approach bears the

potential to be widely used for manufacturing inexpensive high-quality QD emitters.
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Chapter 1. Introduction of Quantum dots and its application

1.1 Introduction of quantum dots

1.1.1 The definition of quantum dots

Quantum dots have been of great interest for fundamental study so that 14,000 papers are published
during the past 30 years since they were first discovered. Quantum dots were first discovered by Dr.
Louis Brus of Bell Laboratories and Dr. Alexei Ekimov of Russia for studying solar cells to overcome
the energy in 1980's.[J

When the size of materials is reduced to the size range of a few nanometers, the inherent energy state
of the inorganic crystal changes to discontinuous, resulting in unique physical and chemical properties.?!
However, in the case of semiconductor materials, these characteristics are more evident. Because the
Fermi level exists between the bands in the case of semiconductor quantum dots, the edges exist in a
discontinuous energy state, which greatly affects the optical and electrical properties of the
semiconductor materials. Therefore, the quantum dots are 0-dimensional semiconductor nanoparticles
of several nanometers in size. When the radius of the nanocrystals is smaller than the exciton bore radius,
electrons and holes are limited in movement and the energy level of a material has a discontinuous value
for all directions. Due to the quantum confinement effect, the quantum dot is a material that emits light
of various colors by itself without any device depending on the size of the nanocrystal."!

Figure 1 shows the density of states function in metals and semiconductors, showing that quantum
dots are intermediates between atoms or molecules with discontinuous electron energy densities and
bulk crystals with continuous energy bands. In other words, the optical and electrical properties of
quantum dots are different from those of atoms, molecules, and bulk materials."

Figure 2 shows the change in the density of states function of semiconductor material according to
the dimension. Unlike bulk (3-D), film (2-D) and wire (1-D) materials, quantum dots (0-D) have the
same density of states as the delta function. And the electrons and holes have a discontinuous energy
state due to the limitation of their movement. Such quantum dots can be used in a variety of fields such
as displays, solar cells, biosensors, and quantum computers in that they emit various high-purity light

and excellent chemical properties.
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1.1.2 Quantum confinement effect

When the radius of the semiconductor particles becomes smaller than the exciton bore radius,
electrons and holes are spatially limited within the quantum dot, which causes discontinuous energy
levels such as the energy state of the atom.* In the case of quantum dots having the same composition
of semiconductor, the discontinuity of the energy level becomes larger as the size becomes smaller, and
the bandgap of the quantum dot increases. The bandgap can also be explained by the following equation
(1) by the particle in the box theory. The energies of a particle (En) is inversely proportional to the
confinement distance of the particles (L). Therefore, the larger particle size, the smaller allowable
energy difference of the particles. The quantum confinement effect is a phenomenon in which the band

gap changes according to the size of the quantum dot.

p= e =1,2.3 ) (D)

As the size of the quantum dot is reduced as shown in Figure 31, the semiconductor band gap is
widened to absorb or emit light of a short wavelength. According to the quantum confinement effect, a
large size quantum dot can absorb or emit light in near-infrared and visible light regions. By using this

phenomenon, quantum dots can control the optical and electrical properties depending on the size.

14



CB

Figure 3. Concept of quantum confinement effect!”)

15



1.2 Core@Shell structure of quantum dots

If the single core structure of the quantum dots is formed, the electric and optical properties of the
quantum dots are deteriorated.) Because it acts as a trap site for electrons or holes and causes non-
radiative recombination. To solve this problem, the Hines group reported for the first time how to
stabilize the quantum dot itself by enclosing a shell of inorganic material in the core itself.[”) The
core/shell structure has been studied as one of the methods for improving the stability and quantum
efficiency of the quantum dots. The core/shell structure is divided into Type I and Type II as shown in

Figure 5.

1.2.1 Type I of structure

In the Type I structure, the bandgap of the core is located between the bandgap of the shell, and
electrons and holes existing in the core and shell are trapped inside the core. As a result, the
recombination in the quantum dots having a core/shell structure is increased as compared with the
quantum dots having only the core, leading to an increase in quantum efficiency. For example, a
quantum well is formed by placing a CdSe (bandgap:1.74 eV) with a small bandgap on the core and a
CdS (bandgap:2.42 eV) with a large band gap."! Since the CdSe surface is capped by CdS, the surface
traps can be reduced and it is more stable than the CdSe single core quantum dot. At this time, the
electrons are scattered throughout the quantum dot, but the holes are restricted to the cores only, so that
photo-oxidation by the recombination of the hole-surface is prevented and stable fluorescence
characteristics are exhibited. Since the quantum efficiency can be improved by increasing the
recombination probability at the quantum dot, the quantum dot of such a structure is suitable for the
light emitting diode device. As a typical example, CdSe / CdS, CdS / ZnS, CdSe / ZnSe, InP / ZnS and

the like are known.®"]

1.2.2 Type II of structure

Type 11 structure is a structure in which the core band gap and the shell band gap are staggered by
zigzag, and the location of trapping of electrons and holes depends on the thickness of the shell and the
position of the band gap. If the conduction band and the valence band of the core are lower or higher
than the shell, the lifetime of the excitons is lengthened. So that electrons and holes are spatially
separated between the core and the shell in a low energy state before recombination. Type II structures
are limited to the core/shell, respectively, so that radiative recombination occurs at the interface of the

core/shell. When two or more semiconductor materials are formed in this manner, the portion having a
16



small difference in bandgap serves as a bandgap of the core/shell. This structure causes a considerable
long wavelength shift depending on the thickness of the shell. In addition, as the thickness of the shell
increases, electrons and holes are also present in the outer shell, so that quantum efficiency and optical
stability can be expected as with type 1. Another advantage of this structure is that the decay time of the
fluorescence is increased because the electron and hole are separated and the overlap of the wave
function is reduced. This is suitable for photovoltaic devices such as solar cells because it is

advantageous to extract electrons by separating electrons and holes from each other.”!
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1.3 Application for quantum dots

The quantum dot can realize the light of the entire visible region through the quantum confinement
effect. As shown in Figure 6, research is being actively carried out in LED, laser beam, solar cell and
bio field.['!5] In the field of solar cell, the quantum dot solar cell is a concept that can overcome the
theoretical limit of the previous solar cell. Compound semiconductor quantum dot solar cells can be
applied to satellite, military, and condensing type of solar cells. The quantum dot solar cell can be
controlled to absorb light of a specific wavelength by the quantum confinement effect. In other words,
if one solar cell is combined with quantum dots of different sizes, it is possible to cover the whole solar
spectrum, and thus it is expected that the efficiency can be enhanced as compared with a general bulk
compound semiconductor.

The LED market is expected to form a huge component and materials market that surpasses the
semiconductor market in the future. Because it spans all industries as well as display devices such as a
mobile phone, a PDA, a digital camera, a computer, a television. LED are attracting attention as display
devices that can solve the limitations of conventional LCD such as backlight requirement, high power
consumption, slow response speed. In the field of LEDs, the colloidal quantum dot has excellent
luminescence characteristics (high color purity, high luminescence efficiency, and various emission
bands), and a new display device can be realized by using quantum dots. Actually, such as OLED
properties, the quantum dots can emit light themselves are similar, but it can create even smaller pixels
to implement an improved color sharpness. In addition, because it is produced by printing method, it
can be enlarged, folded and folded, and it is emerging as a next generation display that surpasses
conventional LCD. MIT and QD Vision have developed light emitting diodes using the
electroluminescence properties of quantum dots. For the application of quantum dot light-emitting
devices, the development of non-toxic environmentally friendly quantum dots containing no heavy
metals such as Cd, Hg and Pb, study of optical properties of quantum dots, and development such as
nano patterning technology are needed.

Finally, observing molecules or cells through fluorescent probes in the field of biotechnology is now
widely used as an important technology for revealing biological mechanisms. Since the size range of
quantum dots is similar to that of functional biomaterials, biocompatible nanoparticles can predict

breakthroughs in biological and medical applications.
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Figure 5. Various application for quantum dots; QD-LEDs/White LED, Solar cell, Bio-
sensing.[10-13]
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1.4 Semiconductor nanocrystals

Most of the quantum dot materials consist of II-VI group and I1I-V group compound semiconductor.
CdSe, CdS, CdTe, ZnS, and ZnSe is example of II-VI group compound semiconductor.!' Although it
has high luminescence efficiency and optical stability, recently human hazard has been raised as a
problem. III-V group are typically InP quantum dots. InP are the most widely studied quantum dots due
to their non - toxic nature and their broad emission range similar to CdSe quantum dots. However, since
the luminescence efficiency is lower than that of the II-VI group quantum dots and InP has a relatively
wide full width half maximum (FWHM) value, research is needed to overcome these problems.!'”? As
shown in Figure 6, CdSe and InP quantum dots, especially among various kinds of quantum dots, are
suitable quantum dots for display applications because they can control the size to a desired wavelength

in the entire visible light.

1.4.1. II-VI group quantum dots

The II-VI group quantum dots have been studied extensively as a material capable of emitting light
with high luminescence efficiency, optical stability. Among the II-VI group, the CdSe quantum dot is a
direct bandgap of 1.74 eV and can emit light with high luminous efficiency, optical stability, and full
viewing range. In the CdSe quantum dot synthesis, the properties of the quantum dots depend on various
conditions such as reaction temperature, reaction time, precursor concentration and pH.!'"¥! The main
determinant factor of nucleation and growth on CdSe quantum dots is the reaction temperature.
Although Cd(CH3), was mainly used for the initial CdSe quantum dot synthesis, Cd(CHz3): is highly
toxic at room temperature and chemically unstable. Furthermore, when the temperature rises, it becomes
explosive and is very dangerous. For this reason, the synthesis method using Cd(CH3), can be
synthesized only under limited equipment and conditions, and is unsuitable for making large quantum
dots. In the Pengs group, cadmium salt and cadmium acetate such as CdO and Cadmium carbonate were

used as substitutes for the Cd precursor.!')

1.4.2. I11-V group quantum dots

Typical II-VI group semiconductor have received much attention due to their advantages such as high
luminescence efficiency and stability, and much research have been studied. However, not only does
Cd*" and Se* contain harmful substances, but it also causes serious problems and may have harmful

effects on the human body when applied to the biotechnology field.['”! In order to solve this problem, a

21



large number of III-V binary and I-III-VI ternary compound semiconductor quantum dots, which can
replace II-VI series quantum dots, have been studied. Of the III-V group quantum dots, the InP quantum
dot are the most extensively studied materials due to their non-toxicity advantages compared with the
II-VI compound semiconductors, their luminescent area similar to the CdSe quantum dots, and good
luminescence efficiency. InP quantum dot are representative III-V group quantum dot having a wide
emission range from the visible light to the near infrared region. In general, however, InP quantum dots
exhibit inferior quantum yield and relatively broad emission FWHM values as compared with the [I-VI
group quantum dots. For this reason, many studies have been conducted to synthesize InP quantum dots

having improved luminescence efficiency.

1.4.3. I-111I-VI group quantum dots

I-III-VI group quantum dot have recently attracted attention as bio- and medical applications due to
their non-toxicity and environmental harmlessness, as well as III-V series quantum dot. Typical
examples include CulnSex(CISe), CulnS,(CIS) and AgInS>(AIS).2*2!1 Among them, CIS, which is a
direct bandgap semiconductor, has a band gap of 1.5 eV and its absorption characteristic is similar to
the sunlight spectrum. In addition, the CIS quantum dot is suitable for bio applications due to their
stability, and they are actively studied due to the relatively non-toxic characteristics of CISe quantum

dot.
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1.5 Indium Phosphide Quantum Dots

1.5.1 Basic properties of InP QDs

InP, which is a representative I1I-V semiconductor, is a direct band gap semiconductor like CdSe, and
it emits light by recombination of excitons excited by external light. Therefore, it has narrow visible
light emission linewidth among non-Cd type quantum dots, and is becoming a subject of more intensive
research and development. InP is a zinc blende structure at room temperature and has a band gap of
1.35 eV for bulk crystals and has a bore radius of about 15 nm. Therefore, it is possible to expand band
gap and discontinuous band gap at sizes below 10 nm. InP quantum dots can control the emission
spectrum from the near-infrared region to the visible region (green) through particle size control. The
synthesis of InP quantum dots is mainly performed by a hot injection method like the conventional
CdSe. In this method, a precursor mixture at room temperature is injected into a high-temperature
medium containing a surfactant. However, because of the nature of covalent InP, it is not easy to
synthesize. Tris(trimethylsilyl)phosphine [(TMS);P], which is used in most synthetic processes,
requires a great deal of caution in handling it as a flammable compound that is harmful to the human

body.!7

1.5.2 history of InP QDs

The synthesis of InP with zinc blende crystal structure was the first colloidal synthesis using the
oxalate complex of indium chloride (prepared by the reaction of indium trichloride and sodium oxalte)
and TMSP as indium precursor and phosphorus sources, respectively. In this study, trioctylphosphine
oxide and trioctylphosphine were used together to enhance the stability, and the reaction was carried
out at 270 ° C for 3 days.[ref] X-ray diffraction and high-resolution TEM were used to reveal that it has
a zinc blende crystal structure and an ellipsoidal shape. InP was synthesized by varying the In: P ratio
in order to optimize QD characteristics. The narrowest particle size distribution was obtained from
excess indium. However, the emission spectrum occurred in two bands. On the other hand, when
phosphorus was added excessively, it had a wide size distribution. Despite such a long time of three
days, it showed a broad size distribution and had to undergo a size selction process after synthesis. In

order to synthesize satisfactory quality InP nanocrystals without additional selction process, it is
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important to control the conditions of the proper coordinating and noncoordinating solvents, strict ratio
control of indium and ligand, and reaction mixture.

Subsequently, peng et al. first succeeded in synthesizing high-quality InP QDs by using fatty acids
such as 1-octadecene, noncoordinating solvents and different chain lengths, amines, phosphines, and
phosphonic acids as capping ligands.** Indium acetate (In(Ac);) and P(TMS); were used as precursors.
Now, the best results were obtained when the indium: phosphorus ratio was 2:1, and all the synthesized
nanocrystals were dissolved in a general polar solvent. Also, when fatty ligands such as palmitic acid
and myristic acid were used, the best results were obtained under the conditions using ODE. This
method has an elongated shape, and the QY of 3 nm size does not exceed 5%, but it was a breakthrough.
Compared to the conventional method, which took several days, it could be synthesized in a few hours,
the particles obtained had a narrow size distribution, and the particle size could be adjusted.

Today, most of the InP NCs synthesis methods using P(TMS); use 1-octadecene with indium
precursors and stabilizing ligands such as fatty acids, amines or alkylphosphines. This method relies on
an expensive TMSP precursor as a phosphorus precursor, which performs a hampering scale-up of the
synthesis. In(tBuzP)s,**) NasP,*4 CasP,**! PC151*%) and as well as white phosphorus(P4)?” have been
studied as alternative phosphorus precursors for phosphorus precursors which are less costly in

synthesis and less toxic.
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Chapter II. Synthesis of InP colloidal quantum dots with white phosphorus for new

phosphine precursor

2.1 Introduction

Colloidal semiconductor quantum dots (QDs) have attracted considerable attention in various
disciplines due to their unique size- and shape-dependent optical and electronic properties.[?*34 In
particular, their light-emitting characteristics in a wide range of wavelengths, i.e., from ultraviolet to
near-infrared, makes them a new class of emitters for various technological applications such as light-

35-411 As of today, various semiconductors (including

emitting diodes, lasers, and biomedical imaging.!
the II-VI“2-#) and [1I-V“*-*¥] families) have been suggested for such uses, and InP QDs can be
recognized as important candidates for cd-free environmentally benign emitters, operating across the
entire visible range. However, despite the recent efforts to synthesize high-quality InP QDs, reliable
protocols are still required for realizing their reproducible size control, narrow size distribution, and
large-scale production. In fact, manufacturing of these QDs is negatively affected by the limited
choice and high cost of P precursors, which must possess sufficient reactivity to overcome the
covalent nature of the In—P bond.[*-!]

The reactivity of P precursors strongly depends on the energy of their P—X bonds (X = Si, Ge, or
N). Since Wells et al. have first reported a dehalosilylation reaction of an indium halide salt with
tris(trimethylsilyl)phosphine (P(TMS)3), tris(trialkylsilyl)phosphine represents the most widely
used P precursor with a relatively low P—Si bond dissociation energy (around 363 kJ/mol),'**! which
leads to its high reactivity during the reaction with an In precursor. At the same time, such a high
reactivity of P precursors sometimes results in their fast depletion at high temperatures,®**>! which
makes the control of the formation and growth of the resulting InP QDs very difficult. Furthermore, it
restricts the large-scale production of InP QDs due to its sensitivity to temperature homogeneity of the
reaction batch. Thus, there have been significant research efforts to develop alternative P precursors
such as Na;P,?* Ca;P,*! and PC15,% as well as P41**%"]. P is one of the relatively abundant elements
and typically exists as a phosphate form, which is converted industrially to elemental P, such as white
P (P4) and red P allotropes.®3%") Red P is considered the most common P allotrope and can be
transformed to P4, which is the most reactive P allotrope. Also, P4 exhibits the moderately high bond
dissociation energy of 460 kJ/mol of the P—P bond in P43 and thus has been extensively utilized for
designing P-containing transition metal complexes. Recently, several attempts have been made to use
P4 and related compounds as precursors for the synthesis of InP QDs via solvothermal reactions.5%57)

For example, Xie et al. reported the solvothermal synthesis of InP nanocrystals using P4 precursor in

the presence of the reducing agent KBH4.5¢ The size of synthesized nanocrystals was in the range of
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11-20 nm, and, further, nanorods with a diameter of 150 nm were produced. Mézailles et al.
synthesized InP QDs with diameters of 2—10 nm via the reaction of P4 with preformed In
nanoparticles.>”) However, all these approaches were unable to provide a reliable synthesis route for
monodispersed and highly luminescent InP-based QDs. In this work, I developed a synthesis of InP
and InP@ZnS QDs using P4 as a P precursor, which had been simply synthesized from red P powder.
The luminescence colors of InP@ZnS QDs were easily tuned from blue (480 nm) to red (630 nm) by
controlling their sizes. In particular, the optimized synthesis condition increased the quantum yield
(QY) of InP@ZnS QDs to 60%. In addition, possible reaction pathways for the formation of InP QDs
were studied with *'P nuclear magnetic resonance (*'P NMR) technique. Finally, I demonstrate that
our synthesis approach allows large-scale production of InP@ZnS. This new type P precursor will
enrich the chemistry for the synthesis of various metal phosphide nanocrystals. Moreover, I believe
that our approach will provide a great potential for various applications of InP QDs as economic and

high-quality emitters.
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2.2 Experimental session

2.2.1 Materials

Indium(III) chloride (99.999%), zinc(Il) chloride (98+ %), indium(I1I) iodide (99.998%), zinc(II)
iodide (98+%), oleylamine (OLA, 98+%), hexadecylamine (HDA, 98%), dodecylamine (DDA, 99%),
octylamine (OTA, 99%), tri-n-octylphosphine (TOP, 97%), tri-n-butylphosphine (TBP, 97%), zinc
acetate (99.99%), oleic acid (90%), 1-octadecene (ODE, technical grade, 90%), and 1-dodeca-nethiol
(98+%) were purchased from Sigma-Aldrich. Phosphorus powder (98.9%) was purchased from Alfa
Aesar. Chloroform-D1 was purchased from Merck Millipore. All chemicals above were used directly

without any purification.

2.2.2 Synthesis of White P (P4).

First, 35 g of amorphous red P powder was put into an Erlenmeyer flask. The Erlenmeyer flask was
connected with a 250 mL round-bottom flask using a U-shaped connector (Figure 7a). In order to
capture vaporized P4, the round-bottom flask was lowered into a cooling bath containing a mixture of
acetone and dry ice. The red P was heated to 350 °C with a heating rate of 6 °C/min under vacuum
and maintained at this temperature for at least 4 h. At this stage, the obtained P was a mixture of red P
and P4. For further purification, the obtained product was sublimated using a sublimator kit and heated
slowly to 100 °C under vacuum (Figure 7b). This sublimation process was performed thrice to

improve the purity of P4. The finally obtained P4 was a lump-like solid with a weight of ~28 g, and
the chemical yield was ~80%. The purity of the synthesized P4 was confirmed by *'P NMR

spectroscopy analysis (Figure 8). The *'P NMR spectrum shows a single peak that can be assigned to
P4. In particular, no peaks related to red P were detected. Caution! P4 spontaneously ignites when it is
exposed to the air. Therefore, all synthetic processes to produce P4 must be carried out in a glovebox
under inert atmosphere. Additionally, the synthesized P4 should be stored in the dark (in the glovebox)

since P4 transforms slowly to yellow P when exposed to light.

2.2.3 Synthesis of Blue-Emitting InNP@ZnS QDs

A 148.7 mg amount of indium iodide and 469.2 mg of zinc iodide were dissolved in 3.3 mL of
OLA in a 50 mL three-neck flask. This solution was degassed at 120 °C for 1 h and then heated to
180 °C under inert atmosphere. A 37 mg amount of P4 powder was dissolved into TOP at 80 °C for

28



several hours. Subsequently, the solution was injected into the reaction mixture, which was kept at
that temperature for 30 min. For coating the ZnS shell, the previously prepared InP core solution was
heated to 210 °C. Then, 4 mL of zinc oleate (1.376 g of zinc acetate was dissolved in 4.75 mL of oleic
acid at 120 °C under Ar atmosphere and diluted with 10.25 mL of ODE) was added into the InP core
solution. After 1 min, 1.8 mL of 1-dodecanethiol was injected into the solution and the reaction was
maintained for 90 min. The solution was then cooled to room temperature and precipitated with the
addition of mixed nonsolvents of 20 mL of acetone, 10 mL of 1-butanol, and 20 mL of ethanol. The
mixture was subsequently centrifuged at 5000 rpm for 5 min. The final product was re-dispersed in

hexane.

2.2.4 Synthesis of Green-Emitting InP@ZnS QDs.

A 66.4 mg amount of indium chloride and 200.4 mg of zinc chloride were dissolved in 3.3 mL of
OLA in a 50 mL three-neck flask. This solution was degassed at 120 °C for 1 h and then heated to
150 °C under inert atmosphere. A 2 mL aliquot of P4+-TOP solution containing 56 mg of P4 was injected
into the reaction mixture which was kept at that temperature for 30 min. For coating the ZnS shell, the

reaction method and conditions were the same as above.

2.2.5 Synthesis of Yellow-Emitting InP@ZnS QDs

A 66.4 mg amount of indium chloride and 200.4 mg of zinc chloride were dissolved in 3.3 mL of
OLA in a 50 mL three-neck flask. This solution was degassed at 120 °C for 1 h and then heated to
180 °C under inert atmosphere. A 2 mL aliquot of P4s-TOP solution containing 56 mg of P4 was
injected into the reaction mixture which was kept at that temperature for 30 min. For coating the ZnS

shell, the reaction method and conditions were the same as above.

2.2.6 Synthesis of Orange -Emitting InP@ZnS QDs.

A 66.4 mg amount of indium chloride and 200.4 mg of zinc chloride were dissolved in 1.65 mL of
OLA in a 50 mL three-neck flask. This solution was degassed at 120 °C for 1 h and then heated to
180 °C under inert atmosphere. A 2 mL aliquot of P4~-TOP solution containing 56 mg of P4 was
injected into the reaction mixture which was kept at that temperature for 30 min. For coating the ZnS

shell, the reaction method and conditions were the same as above.

2.2.7 Synthesis of Red-Emitting InP@ZnS QDs
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A 66.4 mg amount of indium chloride and 200.4 mg of zinc chloride were dissolved in 1.65 mL of
OLA in a 50 mL three-neck flask. This solution was degassed at 120 °C for 1 h and then heated to
210 °C under inert atmosphere. A 1.1 mL aliquot of P4~-TOP solution containing 31 mg of P4 was
injected into the reaction mixture which was kept at that temperature for 10 min. Then, the secondary
injection of 0.9 mL of P4+-TOP solution containing 25 mg of P4 was performed for the further growth
of InP QDs. As before, the reaction mixture was kept at a temperature of 210 °C for 10 min. For

coating the ZnS shell, the reaction method and conditions were the same as above.

2.2.8 Optical Properties

Absorption spectra were recorded with a Shimadzu UV-1800 UV—visible spectrometer.
Photoluminescence (PL) spectra were taken with an Agilent FL 1004 M00S. Measure-ments for
nanocrystal solutions were performed for each sample at room temperature. Time-resolved PL
(TRPL) measurements were performed with a time-correlated single-photon counting setup
(FluoTime 300, PicoQuant) at room temperature. The QD samples were diluted in hexane solution
and excited by a 450 and 510 nm CW and pulsed diode laser head (LDH-D-C 450 and LDH-D-C 510)
coupled with a laser diode driver (PDL 820, PicoQuant) and a repetition rate of between 196 kHz and
40 MHz. The peak photon count was set to 10000 for all measurements. The PL lifetime (1) was
obtained by fitting the decay curve with a triexponential decay function. PL QY of InP@ZnS QDs
synthesized from P4 was obtained by comparing PL intensities between primary dye solution and
InP@ZnS QDs at the same excitation wavelength. For example, in the case of InP@ZnS with
emission wavelength of 530 nm, Coumarin 545 was used as a primary dye solution and PL intensity
was measured at 484 nm excitation wavelength. The relative PL QY of QDs was calculated by the

following equation.

nhexane,

PL QY = 0.95x 122 x 2dve o

IIdye Agp ~ methanol, M

In this equation, I is the integrated area of a PL spectrum, A is the absorbance of a solution at
excitation wavelength, and n is the refractive index of the solvent used. Rhodamine 101, Rhodamine
6G, and Coumarin 545 were used as a primary dye solution, depending on their PL wavelengths. The
measurements of PL QY and full-width at half-maximum (fwhm) were conducted on more than five
sets of samples exhibiting PL at 480, 530, 560, 600, and 630 nm, respectively. The results with

standard error are summarized in Table 1.

2.2.9 Nuclear Magnetic Resonance Analysis.
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All NMR tubes were baked at 120 °C overnight and transferred to a glovebox before used. TOP
(300 pL) was mixed with chloroform-D1 (300 pL). P4 (0.05 g) was melted at 80 °C and mixed with
chloroform-D1 (500 pL). P4 (0.05 g) and TOP (2 mL) was mixed at 80 °C, and 300 pL of P4+-TOP
solution was mixed with chloroform-D1 (300 pL). P4 (0.05 g), TOP (2 mL), and OLA (2 mL) was
mixed at 80 °C and 300 pL of P4~-TOP-OLA solution was mixed with chloroform-D1 (300 pL). All
mixtures were transferred to NMR tubes inside the glovebox and used for *'P NMR spectroscopy. For
the time-evolution measurement of reaction solutions, 1, 3, 10, and 30 min aliquots (300 uL) were
taken from the reaction mixture during the synthesis of InP QDs at 180 °C after the injection of P4-

TOP solution and immediately mixed with chloroform-D1 (300 pL).

2.2.10 Transmission Electron Microscopy.

Transmission electron microscopy (TEM) and HRTEM images were taken with a JEOL JEM-2100
microscope with an acceleration voltage of 200 kV using copper grids (Ted Pella, USA). The hexane

solutions containing nanocrystals were deposited on the copper grids.

2.2.11 X-ray Powder Diffraction.

X-ray powder diffraction (XRD) measurements were carried out with a Rigaku Ultimate-IV X-ray
diffractometer operated at 40 kV/200 mA using the Cu Ka line (A=1.5418 A). Nanocrystal powder
samples were placed onto glass substrates after purification by the standard precipitation procedure

with hexane as the solvent and acetone and ethanol as precipitation reagents.
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Figure 8. *'P-NMR spectrum of P4 synthesized from red P. The inset indicates *'P NMR
spectrum of red phosphorus in the literature.
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Table 1. QY and FWHM of InP@ZnS QDs.

QD PL peak (nm) 482+1 529+2 555+2 595+2 635+3
QY (%) 8+2 60+2 60+1 4043 18+2
fwhm (nm) 58+1 631 692 771 761
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2.3 Result & Discussion

2.3.1 Synthesis and Optical Properties of InP quantum dots using P4 precursor

InP QDs were synthesized from newly developed elemental P precursor solution. Red P powder
was sublimated to obtain P4, and subsequently, it was dissolved in TOP by stirring at a moderate
temperature of 80 °C (Figure 9a). The resulting P4 solution in TOP was then injected into a solution of
indium halide in oleylamine in the presence of Zn halides at a specified temperature (Figure 9a). OLA
served both as a solvent and as a source of ligands for the resulting nanocrystals.[®'¢3 It is well-known
that Zn?* ions effectively passivate the growth of InP QDs without diffusing into the InP lattice, thus
improving the QD size distribution (Figure 10a).[%%6% To synthesize InP@ZnS QDs, zinc oleate and 1-
dodecanethiol were subsequently added into the reaction mixture and aged. The ZnS shell coating
significantly improved the photoluminescence (PL) properties of the QDs (Figure 10b).

The absorption and PL spectra were measured for the synthesized InP@ZnS core@shell QDs over
the entire visible range (Figure 9b,c). The absorption spectrum of InP@ZnS QDs shows the distinct
first excitonic transition, indicating a narrow size distribution of the nanocrystal ensembles.
Furthermore, the first excitonic transition peak in the absorption spectrum of InP@ZnS core@shell
QDs was precisely tuned from 424 to 589 nm, showing the wide range of achievable sizes. This size
control was best demonstrated by the tuning of the emission color of InP@ZnS QDs from blue to red
(Figure 9c,e), as shown in the PL spectrum tuned from 480 to 630 nm. The QY of green- and yellow-
emissive InP@ZnS QDs was reproducibly increased up to a magnitude of 60% and more (Table 1).

The fact that the blue-, orange-, and red-emitting QDs exhibited a lower QY than the green- and
yellow-emitting ones (Table 1) is in line with various previous studies, where InP@ZnS QDs were
synthesized using P(TMS)3, and which report that the highest QY was achieved in green- and yellow-
emitting QDs. Furthermore, with our results, I demonstrate for the first time the synthesis of highly
luminescent InP-based QDs by using a P4 precursor, which exhibit a QY that can compete with the
QY of InP@ZnS QDs synthesized by using P(TMS);. The full width at half-maximum of the PL peak
of InP@ZnS QDs was in the range from 50 to 80 nm and increased with increasing wavelength of the
PL peak (Table 1).

TRPL measurements were performed for InP@ZnS QDs with various sizes to investigate the PL
decay kinetics (Figure 9d), and the obtained data were analyzed using a triexponential model
depending on the type of indium halide precursor (Figure 11). The average PL decay times measured
for the red-, orange-, yellow-, and green-emitting QDs (synthesized using InCl; as the In precursor)
were around 55—58 ns, which was comparable to the reported values for InP@ZnS QDs!®®! and larger

than the value of ~22 ns obtained for the blue-emitting QDs synthesized from Inl; (Table 2). It is
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interesting to note that the portion of the fastest exciton decay component ( ~ 3.5 ns) in the blue-
emitting QDs was much higher than in the other InP@ZnS QDs. Since the decay time is very
sensitive to the surface passivation of QDs due to the recombination of excitons in the internal core
state, this phenomenon may originate from surface defects of blue-emitting QDs, synthesized from
Inl;.[7:681 The steric hindrance effect of I” ions partially capping InP QDs may slow the surface
reaction rate for the ZnS shell coating and form surface defects.[%?! In fact, typical InP core QDs
without inorganic shell coating are known to exhibit exciton decay times in the order of several
nanoseconds, which is comparable to that of the current blue-emitting InP@ZnS QDs.[**7% This
phenomenon was further reflected by the relative low QY of blue-emitting InP@ZnS QDs because the

QY strongly depends on the degree of surface passivation (Table 1).
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Figure 10. a) UV-Vis absorption spectra of InP QDs synthesized by varying [In/Zn] molar
ratios at the reaction time of 30 min at 180 C. b) PL spectra of InP and InP@ZnS QDs.
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decays of all types of InP@ZnS QDs were fitted by triexponential model. b) Log scale of PL
decays of InP@ZnS QDs.
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Table 2. PL decay time components and amplitudes of the triexponential fit curves.

Ay 71 (ns) A T2 (ns) As 73 (ns) x Tavg (DS)

Red 0.26 103.93 0.63 47.40 0.11 10.67 1.15 57.82
Orange 0.26 104.49 0.61 46.95 0.13 9.28 1.33 57.07
Yellow 0.29 95.76 0.61 45.66 0.10 6.54 1.05 55.97
Green 0.23 106.87 0.65 49.75 0.11 12.09 1.16 57.89
Blue 0.16 77.21 0.38 23.48 0.46 3.46 1.28 22.53
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2.3.2 Structural Characteristics of InNP@ZnS QDs

Structural characteristics of InP@ZnS QDs were investigated with TEM and XRD analyses (Figure
13). TEM images and size histograms of red- and green-emitting InP@ZnS QDs exhibiting PL peaks
at 630 and 530 nm, respectively, show monodisperse nanocrystals with the average size of 3.83 + (.22
nm for the red-emitting ones and 3.31 + 0.22 nm for the green-emitting ones (Figure 12a—d). To
obtain the size histogram and distribution, the diameter of at least 50 nanocrystals in three or four
low-magnification TEM images (Figure 13) was measured. The size of the QDs was estimated based
on the assumption that the nanocrystals were spherical. The high-resolution TEM images (depicted in
the insets of Figure 12a,b) clearly show lattice fringes of 3.2 A, indicating the crystalline nature of the
QDs. The XRD pattern of InP@ZnS QDs in Figure 12e shows three broad main peaks corresponding
to the zinc-blende crystal structure of InP (JCPDS No. 32-0452) with slight peak shifts. These peak
shifts are attributed to the lattice contraction arising from an epitaxially grown ZnS shell on the InP

core and agree with previously reported observations in the synthesis of InP@ZnS QDs.!7%"!]
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Figure 13. Low-magnification TEM images (500K) of a) green- and b) red —emitting InP@ZnS

quantum dots to be used to estimate the size distribution of quantum dots.
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2.3.3 Various Reaction Parameters to Control the Size and Size Distribution

In the current synthesis, TOP was found to be the proper solvent to dissolve P4 and to ensure the
monodispersity of the nanocrystals and their high QY, when compared to other high boiling point
solvents. For example, I comparatively conducted synthesis experiments of InP QDs with TOP, OLA,
and TBP to dissolve P4 and observed that InP@ZnS QDs synthesized with TOP-P4 solution showed
the sharpest excitonic transition in the absorption spectrum as well as the highest QY in PL spectrum
(Figure 14). In addition to the optimization of the P4 precursor solution, I identified several reaction
parameters which are important for the size control and distribution of InP QDs, such as reaction
temperatures, growth time, the types and concentration of akylamine, and the type of In precursors.
First, the optimized reaction temperature was found to be critical for producing monodispersed InP
QDs (Figure 15a). For example, InP QDs synthesized at reaction temperatures higher than 210 °C or
lower than 150 °C for 30 min with InCl; precursor and ZnCl, additive showed featureless absorption
spectra due to their broad size distributions, which indicates an optimum temperature between 150
and 210 °C (Figure 15¢,f). Therefore, the green-, yellow-, and orange-emitting QDs were synthesized
at reaction temperatures of 150, 180, and 210 °C, respectively.

In addition to the reaction temperature, the accessible size range in a reaction can be controlled by
varying the type of indium halide precursors. I performed the synthesis of InP@ZnS QDs where
InCls, InBr3, and Inl; precursors were used in the presence of ZnCl, additive under the reaction
temperature of 180 °C for 30 min. I found that use of Inls in the reaction led to a significant shift of
the absorption peak to lower wavelengths. Since halides can be adsorbed on the InP surface, the
variation of the binding strength or steric effects may lead to slower growth of QDs (Figure 15b). To
verify a halide termination of nanocrystal surfaces, I performed X-ray photoelectron spectroscopy
(XPS) analysis on InP QDs synthesized with InCl; and Inls precursor in the presence of ZnCl,. The
XPS spectra of InP QDs synthesized with Inl; (Figure 16a) showed peaks in both, the I 3d and C1 2p
region, whereas peaks only in the Cl 2p region were observed in the spectra of InP QDs synthesized
with InCls (Figure 16b). This finding demonstrates that the surfaces of InP QDs are passivated with
halide ions, which should originate from InX3 precursors and the ZnCl, additive. At the same time, I
cannot rule out the possibility that the type of InX; affects nucleation kinetics because the bond
dissociation energy of InX; decreases in the order of F~, CI~, Br-, and I".[? Based on the halide
termination effect, I could synthesize the smaller sized and blue-emitting InP@ZnS QDs by using Inl;
precursor and Znl, additive under the same reaction condition for yellow-emitting QDs (Figure 17a).

The size of InP QDs can also be tuned by the amount of alkylamines and their chain length (Figure
15¢,d).[®1 The syntheses were conducted by using InCls precursors and ZnCl, additive under the

reaction temperature of 180 °C for 30 min. To investigate the chain length of alkylamine, 10 mmol of
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alkylamine was used for this reaction, regardless of their chain lengths. I found that the size of InP
QDs was increased by using alkylamine with shorter chain length. The indium—alkylamine complex
formed during the reaction of InCl; with alkylamine acts as an In source. Thus, the heavier
indium—alkylamine complex may diffuse more slowly into the surface layers of growing InP QDs; as
a result, smaller QDs are produced.!”® Since OLA (used as a solvent) also acts as a source of surface
passivating ligands for QDs, varying its amount may affect the degree of QD surface passivation
during the growth stage as well as the size of the resulting QDs. For example, the orange-emitting
QDs can be synthesized by using half the amount of OLA, compared with that for yellow-emitting
QDs, at 180 °C for 30 min. I also investigated the effect of the precursor ratio between InCl; and P4
and observed an increase in size while lowering the In/P ratio (Figure 17b).

Although the various reaction parameters enable adjusting the size of the QDs, the monodispersed
red-emitting QDs exhibiting the PL peak at the wavelength higher than 630 nm could not be
synthesized under the described conditions. Thus, I performed the experiment that additional P4
precursor in TOP was injected into the reaction mixture for the synthesis of orange-emitting QDs at

210 °C, making them further grow to form red-emitting QDs exhibiting PL at 630 nm (Figure 18).
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Figure 14. a) Absorption spectra of InP cores b) PL spectra of InP@ZnS QDs using P4
solution in tri-n-butylphosphine (TBP), oleylamine (OLA), and trioctylphosphine (TOP).
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Figure 15. UV—vis absorption spectra indicating the effect of different reaction parameters

on the size evolution of InP nanocrystals: a) temperature; b) indium halide precursor; ¢) OLA
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Figure 16. XPS spectra of InP quantum dots using InCl; and Inlz precursors in the a) I 3d
range and b) CI 2p range.
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2.3.4 Reaction Mechanism of InP QDs

Elucidation of possible reaction pathways for the synthesis of InP QDs from P-containing
precursors is critical for fabricating highly luminescent QDs because all stages of their formation
(such as nucleation, growth, and ripening) are significantly affected by the P precursor reactivity. To
investigate the mechanism of the reaction described in this study, the entire process was continuously
monitored by *'P NMR spectroscopy. The *'P NMR spectrum of P4 solution in TOP, OLA, and the
mixed solvent of TOP and OLA (Figure 19a) exclusively show peaks corresponding to P4 and TOP,
respectively. Peaks related to red P and any possible reaction products between P4 and solvents were
not detected.!” This finding demonstrates the high purity of the P4 precursor for the synthesis of InP
QDs. After the injection of the P4 solution into the In precursor solution, the P4 peak in the *'P NMR
spectrum progressively decreased during the reaction (Figure 19b,¢). Furthermore, no other spectral
changes were observed during the synthesis except for the decrease in the P4 peak intensity, indicating
that the P4 precursor reacted directly and only with the In precursor to produce InP without the
formation of intermediates (Figure 20a). In addition, no P-containing byproducts were formed during
the reaction with P4. Since no reactive intermediates were obtained from the P4 precursor in this study,
it can be suggested that the P precursor concentration has decreased slowly during the growth of InP
QDs, which is further confirmed by the presence of the P4 peak in the 3'P NMR spectrum recorded as
late as after 45 min of the reaction.

This result is in sharp contrast to previous studies which reported reaction pathways for the
synthesis of InP QDs with various P precursors’®®7578] because the latter are typically transformed to
reactive intermediate species. For example, it has been reported that the widely used P(TMS);
precursor is transformed to protonated compounds at high temperatures and vigorously reacts with In
precursors to form InP QDs.[>7¢]

In particular, the recently developed tris(dimethylamino)phosphine(P(NMe»)3) precursor is utilized
with indium halides precursors in the presence of a primary alkylamine, of which the reaction
conditions are similar to the currently developed methodology using P4 precursor. In the former
synthesis, P(NMe,); is fully transformed to P(NHR); by the trans-amination reaction with a primary
alkylamine used as a solvent. This intermediate product of P(NHR )3 acts as a P precursor to react with
In precursors.””-”8 Furthermore, the formation of P(NHR); is easily demonstrated by 3'P NMR
analysis, which clearly shows multiple peaks depending on the number of alkylamines in P(NHR), in
the range of 0—120 ppm. However, in the current synthesis, I could not observe any peaks related to
the formation of P(NHR);. The enlarged *'P NMR spectra in the range of 0—120 ppm showed solely
the peaks related to TOP (Figure 20b). Although the current synthesis shares the similarity with that

using P(NMe»); precursor, these results demonstrate the different reaction mechanisms for the
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formation of InP QDs.

Considering the oxidation states of the In precursor (In*"), three electrons should be supplied to the
reaction to form the InP structure. In the current reaction, to specifically identify the reducing agent, 1
conducted control experiments in which OLA or TOP were replaced with an inert solvent, in detail 1-
octadecene (ODE). In this case, I found that the reaction did not occur in the absence of OLA (Figure
21a). This observation hints at the reducing effect of OLA on the reaction between In and P
precursors. The previous reports on the synthesis of InP QDs using indium halides also suggested the
importance of the reducing effect for forming InP structures. Xie et al. reported the solvothermal
synthesis of InP nanocrystals using InCls in the presence of the reducing agent KBH4.®! Similarly, in
two recent mechanistic studies of InP QDs by Tessier et al.l’”! and by Mézailles et al.,[’®! the authors
pointed out the additional role of tris(diethylamino)-phosphine P(NEt,)3) precursor as reducing agent
in its reaction with indium halides.

TOP is often utilized as a P source for the synthesis of metal phosphide nanocrystals.[*#% It is
difficult to rule out the possibility that TOP acts as a P source in our synthesis rather than a solvent.
To clarify this issue, I performed a control experiment where only TOP was injected into the reaction
mixture instead of TOP-P4 solution. As shown in Figure 21b, the reaction mixture with TOP injection
does not exhibit any absorption characteristics in the visible range. This finding demonstrates that

TOP did not act as a P source in our synthesis of InP QDs.
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Figure 19. a) 31P NMR spectra of solutions of P4 in TOP, OLA, and the mixed solvent of
TOP and OLA. b) 31P NMR spectra of the aliquots taken from the reaction mixture during
the synthesis. ¢) Concentration profiles of P4 during the synthesis of InP.
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Figure 20. a) Full-scale time-resolved *'P-NMR spectra of the reaction solutions for the
synthesis of InP QDs. b) The enlarged 31P-NMR spectra of TOP and solutions of P4 in TOP,
the mixed solvent of TOP and OLA.
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2.3.5 Large-scale synthesis of InP@ZnS QDs

The described characteristics of the P4 precursor, including its relatively slow reaction with indium
halides, can offer the possibility of large-scale production of high-quality InP QDs. In fact, by today
typically used P precursor P(TMS); has a critical issue of fast depletion at high temperatures. This
limitation restricts the production of InP QDs in a large-scale batch to a reaction which is less
sensitive to the homogeneity of the reaction mixture. As an alternative, the relatively slow reaction of
P4-TOP can provide a solution to this challenge. Thus, scaling up the batch reaction for InP QDs by a
factor of 10 successfully yielded 6.3 g of InP@ZnS QDs (Figure 22a). Furthermore, the synthesized
QDs exhibited a QY of 51% in the PL spectrum with a fwhm of 70 nm, which is comparable to the
values obtained for the QDs from the small-scale synthesis (Figure 22b). These results highlight the
applicability of the proposed synthetic method to produce high-quality emitters on a large scale.
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Figure 22. (a) Photograph showing the amount of final product QDs obtained by a single-batch

reaction. (b) UV—vis and PL spectra of corresponding InP@ZnS QDs. The inset shows the
photograph of corresponding InP@ZnS QDs solution under UV irradiation.
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2.4 Conclusion

In summary, I developed a new type P precursor based on P4 for the synthesis of highly
luminescent InP@ZnS QDs. This precursor was easily synthesized from red P powder, which is the
cheapest form of P existing on Earth’s crust. I systematically studied various reaction parameters to
control the size and size distribution of InP@ZnS QDs and therefore, tuning the luminescence color
across the entire visible range with the high QY of InP@ZnS QDs (over 60%). In addition, the
reaction pathway for the current synthesis using P4 precursor was investigated by monitoring the
reaction during the growth of InP QDs using *'P NMR analysis and I found that P4 precursor directly
and slowly reacted with In precursor without the formation of reactive intermediate species. Thus, the
relatively low reactivity of P4 precursor could allow for the large-scale production of InP@ZnS QDs,
yielding more than 6 g of QDs per one-batch reaction. The proposed new type of P precursor can be
widely utilized in various fields of chemistry. Moreover, I strongly believe that the currently
developed approach will pave the way to produce high-quality economic QD emitters, shedding new

light on the QD display industry.
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Chapter III. Synthesis of InP colloidal quantum dots with combined phosphorus

sources.

3.1 Introduction

InP has emerged as a new light emitting material to replace CdSe, but has a problem that its
luminescence characteristics are weaker than those of Group 2-6. In addition, the relatively broad size
distribution of InP makes the segregation of nucleation and growth stages more difficult. The first is
due to the more covalent nature of the ionic properties of groups 2-6, and the second is due to the rapid
depletion of molecular precursors at higher temperatures. Especially, the reason of this rapid depletion
is due to TMSP, which is a P precursor which is mainly used for InP synthesis. The TMSP precursor in
the allen group was found to deplete very rapidly without leaving any molecular phosphorus precursors
capable of monomer formation during the growth step at high temperatures. This prevents the supply
of phosphorus monomers necessary for growth after the InP quantum dot nucleation reaction. When
Phosphorus is stopped, quantum dots cannot be grown by monomer, but by Oswald ripening by non-
molecular InP species. These growth steps through Ostwald ripening are associated with increased
polydispersity. For this reason, the size distribution is poor compared to the II-VI material.

In order to solve these problems, I use p precursors with different reaction rates. I have attempted to
synthesize homogeneous and stable InP nanoparticles by separating the growth using a relatively fast P
precursor using the nucleation step and a slow P precursor. White phosphorus was used for the slow P
precursor and TMSP and DEAP for the fast P precursor. Especially, DEAP synthesis method uses
precursors similar to white phosphorus, but its mechanism is very different. In the case of DEAP, InP
occurs as a transamination reaction, but in the case of WP, P directly reacts. Therefore, I can easily
synthesize InP quantum dots of homogeneous particles by separating the P precursor acting on the
nucleation and the P precursor acting on the growth without further injection by using the difference in

reactivity.
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3.2 Experimental session

3.2.1 Materials

Indium(III) chloride (99.999%), zinc(II) chloride (98+ %), oleylamine (OLA, 98+%), tri-n-
octylphosphine (TOP, 97%), trisdiethylaminophosphine(DEAP,98%) were purchased from Sigma-
Aldrich. Phosphorus powder (98.9%) was purchased from Alfa Aesar. All chemicals above were used

directly without any purification.

3.2.2 Synthesis of InP core using combined phosphorus

A 0.3 mmol of indium chloride and 1.47 mmol of zinc chloride were dissolved in 1.64 mL of OLA
in a 50 mL three-neck flask. This solution was degassed at 120 °C for 1 h and then heated to 180 °C
under inert atmosphere. A 37mg amount of P4 powder was dissolved into TOP at 80 °C for several
minutes. After cooling to room temperature, add 0.1 mmol of TMSP or DEAP. Subsequently, the
solution was injected into the reaction mixture in the batch, which was kept at that temperature for 30

min.
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3.3 Result and Discussion

I compared amino phosphorus and white phosphorus about combined phosphorus. As the ratio of P
to Indium increases, the amino phosphorus shifts to blue while the white phosphorus shift to red.(figure
17 b and figure 23 a) When the amount of OLA is varied, it also shows a different tendency.(figure 15
¢ and figure 23 b) When the amount of the OLA increases for synthesis using the white phosphorus
precursor blue shift, however, for the synthesis using the DEAP show the opposite trend. This means
that the entering precursors are similar, but have different mechanisms. In this way, I tried to achieve
uniform synthesis by separating nucleation and growth through combine with other phosphorus. First,
WP is injected to form a monomer, and DEAP or TMSP, which is relatively rapidly generated, is injected

to form nucleation.
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Figure 23. Absorption peak change according to a) In / P ratio and b) OLA of InP synthesized
with DEAP.
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3.3.1. TMSP + WP combined phosphorus

I experimented with mixing TMSP and WP. TMSP, as mentioned in the Intro, is the most commonly
used P precursor and has the fastest reactivity. Using a ratio of TMSP to WP of 0.1: 1, nucleation is
caused by the addition of a very small amount of TMSP. The remaining amount was formed as a
monomer together with a large amount of WP to induce the growth process. Usually, the reaction
temperature of TMSP is 300 °C. In this context, as shown in figure 24 a, the uv-vis confirms that no dot
is formed at temperatures below 300 °C. In case of the peak at 180 °, cluster appears as the region
appearing in the cluster. At 250 ° C, the red shift was more reversible than the 180 ° C but the first
excitonic peak was not found. The formation of the dot at 300 ° C was confirmed by the TEM image.
Figure 24 b is TEM data of InP synthesized with WP and TMSP at 300 ° C, and the dot size of about 4
nm was confirmed. Figure 24 c is the uv-vis data which reacted at 300 °C with just TMSP and TMSP
WP together. When not at all, first excitonic peak was observed at around 450 nm, but when it was put
together, red shift occurred at around 630 nm. This is the result of showing that the insertion of WP
helps the growth of nucleation formed by TMSP. I also found that the XRD data is well matched to InP.
(figure 24 d) TMSP has a disadvantage that it is difficult to reach the red region, but it shows the
possibility of InP synthesis in the NIR region by using it with WP.
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Figure 24. (a) Absorbance change according to the temperature of the InP core with (TMS)3P
and P4. (b) TEM of InP core synthesized using (TMS)3P and P4 at 300 °C. (c) Absorbance
change in the presence of P4. (d) XRD data of InP core with only (TMS)3;P and (TMS)3P + P4
combined phosphorus.
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3.3.2. DEAP + WP combined phosphorus

We used DEAP and WP together to synthesize InP core. First, since the tendency between two
precursors is different, it is judged that the mechanism is different, and the experiment on the ratio is
performed first. Figure 25a shows the uv-vis data that attempted to adjust the amount of nucleation by
fixing the amount of WP and changing the amount of DEAP. According to the previous assumption, as
the amount of DEAP increases, the number of nucleation increases, so the result of blue shifting of uv-
vis data should be shown. However, in the case of experiment with WP, the first excitonic peak showed
little difference even though the amount of DEAP was increased, so that it can be seen that the number
of nucleation does not greatly differ even if the amount increases. However, blue shifted compared to
the InP core containing only DEAP. This was also the opposite of the assumption that WPs grow as
monomers that help growth. (Figure 25b) This time, the amount of DEAP was fixed and the amount of
WP was increased. When the amount of WP was increased, (Figure 25¢). In order to reveal this, we
considered that the TOP was mixed with the WP, fixed the amount of DEAP and injected TOP only. As
shown in figure 25d, blue shift was observed as the amount of TOP increased, and the distribution of

TOP increased as the amount of TOP increased. It seems that the overall concentration affected TOP.
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3.4 Conclusion

I tried to synthesize uniform nanoparticle following Lamer model. The combination of TMSP and
WP, DEAP and WP was tried by mixing precursor. In the case of InP core using TMSP and WP, TEM
image shows that the dot is synthesized at over 300 degrees. In addition, as the assumption was made,
the size was increased through the uv-vis data rather than the InP core using only TMSP. Also, when
TMSP was used together, it was also found that the crystallinity was increased by XRD data. When InP
core was synthesized by mixing DEAP and WP, it was blue shifted when the amount of WP was fixed
and the amount of DEAP was changed. This was due to the influence of TOP, which is a solvent used
with solid WP, that blue shift and size distribution were better as the amount of TOP was increased.
Using two P precursors together, we solved the problem of using only TMSP and confirmed that the
size distribution was also improved. This suggests the possibility of more uniform and variable size InP

QD synthesis.
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Conclusion

In summary, I developed a new type P precursor based on P4 for the synthesis of highly
luminescent InP@ZnS QDs. This precursor was easily synthesized from red P powder, which is the
cheapest form of P existing on Earth’s crust. I systematically studied various reaction parameters to
control the size and size distribution of InP@ZnS QDs and therefore, tuning the luminescence color
across the entire visible range with the high QY of InP@ZnS QDs (over 60%). In addition, the
reaction pathway for the current synthesis using P4 precursor was investigated by monitoring the
reaction during the growth of InP QDs using *'P NMR analysis and I found that P4 precursor directly
and slowly reacted with In precursor without the formation of reactive intermediate species. Thus, the
relatively low reactivity of P4 precursor could allow for the large-scale production of InP@ZnS QDs,
yielding more than 6 g of QDs per one-batch reaction.

Also, I tried to synthesize uniform nanoparticle following Lamer model. The combination of TMSP
and WP, DEAP and WP was tried by mixing precursor. In the case of InP core using TMSP and WP,
TEM image shows that the dot is synthesized at over 300 degrees. In addition, as the assumption was
made, the size was increased through the uv-vis data rather than the InP core using only TMSP. Also,
when TMSP was used together, it was also found that the crystallinity was increased by XRD data.
When InP core was synthesized by mixing DEAP and WP, it was blue shifted when the amount of WP
was fixed and the amount of DEAP was changed. This was due to the influence of TOP, which is a
solvent used with solid WP, that blue shift and size distribution were better as the amount of TOP was
increased. Using two P precursors together, we solved the problem of using only TMSP and confirmed
that the size distribution was also improved. This suggests the possibility of more uniform and variable
size InP QD synthesis.

The proposed new type of P precursor can be widely utilized in various fields of chemistry.
Moreover, I strongly believe that the currently developed approach will pave the way to produce high-

quality economic QD emitters, shedding new light on the QD display industry.
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