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1. Abstract

In order to achieve nanocrystals (NC) with stable and high photoluminescence
(PL) and light harvesting efficiency (LHE), rare earth (RE) elements doped core/shell
(CS) type semiconductors NC quantum dots (QDs) of group III-V elements were
attempted with group II-VI element shell materials. An industrially adaptable low
temperature ammine-ligands based process was chosen initially for the synthesis. Color
control was achieved by tuning the size of the NCs. QDs having photoluminescence
(PL) from infrared (IR) to blue were successfully synthesized. Quantum yield (QY) of
these materials were attempted to increase by tuning the shell architecture. PL
enhancement was observed with multiple shell growth indicating the inappropriate
electronic (bandgap and band alignment) and surface (lattice mismatch) parameters for
InP/ZnS binary CS system. A core/shell/shell (CSS) structure was attempted to
overcome this lattice mismatch issue. Improvisation in efficiency was expected by
converting them to upconverting nanoparticles (NPs). Doping with suitable IIB (Zn),
VIIB (Mn) and RE elements (Ce, Er) can make them upconverting NPs free from
environmental issue. Doping also could improve their thermal stability in display
devices and increase the QY. Upconverting NPs are advantageous because in their
hybrid photovoltaic devices they can produce high QY at IR region where solar
spectrum has the highest photon flux density and also it is the region where most of the
other materials fail. Doping these NCs with RE elements exhibited increase the optical
efficiency. To improve the interparticle charge transport, surface modified versions of
these nanoparticles were synthesized by replacing organic capping ligands on
chemically synthesized nanocrystals with metal-free inorganic S* and HS™ ions which

provided colloidal stability for the NCs in polar solvents.

2. Introduction

2-1. Background

In both organic and inorganic materials many physical phenomena are

connected to their length scale between 1 and 100 nm. The knowledge that the control
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of material properties can be achieved by tuning physical size of materials has
widespread attention among science communities. In nm-scale structures, finite size
effects give rise to novel electronic, magnetic, optical, and structural properties. The
desire to identify, understand, and exploit the size-dependent properties of materials at
the nanometer scale motivates the study of monodisperse nanometer-scale crystals,
known as nanocrystals (NCs). Nanoparticles or nanoclusters of semiconductors
materials are often called Quantum Dots (QDs). Nanocrystal QDs have efficient
photoluminescent (PL) and electroluminescence (EL) properties, which make them
suitable candidates for display applications. Usually QDs are consisted of an inorganic
core with a size that comparable to Bohr exciton diameter of the corresponding bulk
material, surrounded by an organic shell of ligands. Group II sulfides, selenides and
tellurides formed by chemical synthesis are one of the most studied classes of light
emitting materials with demonstrated potential in a wide range of applications.'® CdSe
QDs as the current workhorse have been demonstrated to possess a high capacity for
such electroluminescence applications due to its broad color range.” However, CdSe is
environmentally restricted and has little future in industry since Cd and Se are toxic
elements.”

Semiconductors based on group III elements were found with a wide range of
band gaps ranging from 6.2 eV, to 0.7 eV (Fig. 1). In terms of energy this spans from
UV to IR region of the spectrum.”"" Group III elements are considered nontoxic since,
they are used in in vivo experiments and clinical trials as medical imaging materials.'*"*
Of the various nano materials reported from this group, InP has been observed with
efficient photoluminescence.'”"® InP QDs have tunable PL properties as in the case of
CdSe QDs.8 Even though, other combinations such as InN, GaN, InGaN, InP/ZnS core
shell structure, InGaAs/GaAs core-shell structure are also reported, reports of colloidal
synthesis yielding good quality group III-V QDs with efficient PL properties are
scarce.'”"” Most of the nanocrystalline group III materials reported previously are
typically large agglomerations with no reports of individual, colloidal solubility in
organic solvents. Discrete colloidal nanoparticles with proper surface modification

would enable large area deposition methods for building devices.
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Fig. 1. Some important materials and their band gaps in bulk.”' %%’

2-2. Motivation

Compound semiconductors based on combinations of elements from Groups II
and VI, IlIT and V, III and VI, and IV and VI (Fig. 2) have significant impact on our day
to day life. Materials such as CdSe, ZnS, CdS, CdTe, GaAs, aluminum gallium arsenide
(AlGaAs), gallium nitride (GaN), indium phosphide (InP), zincselenide (ZnSe),
cadmiumtelluride (CdTe), and copper indium gallium selenide Cu(In;_xGay)Se, (CIGS)
have a wide variety of applications in satellite TV receivers, optical fiber
communications, compact disk players, barcode readers, full color advertising displays,
and solar cells. Group II is referred to the elements which belong to the group 12 of the
current [UPAC convention. The elements of this group are Zn, Cd and Hg. Of these
elements Zn and Cd are widely used in semiconductor preparation. Group III, presently
known as group 13 according the IUPAC convention consists of the elements B, Al, Ga,
In and TI. The elements of importance as building block to semiconducting materials
are Al, Ga and In. Group V and VI, presently know as group 15 and 16 composed of N,
P, As, Sb, Bi and O, S, Se, Te, Po respectively. Though the thin films of these materials
have been widely studies their quantum nanostructures like nanowire and QDs are

expected to have greater applications.”® Group II-VI semiconducting nanocrystals are
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one of the most explored groups of materials. Wurtzite-structured cadmium selenide
(CdSe) is an important II-VI semiconductor which has long been popular in the field of
optoelectronics due to their quantum size-tunability of its properties leading to narrow
emission wavelengths. Based on these properties they have been used as a model
system for investigating a wide range of nanoscale electronic, optical, optoelectronic,
and chemical processes. CdSe has a direct band gap of 1.8 eV. These quantum dots
have been employed in laser diodes, nanosensing, and biomedical imaging.** However
Cd being class A toxic element and Se being class B toxic element CdSe QDs are
environmentally restricted and hence despite of their very interesting properties they

have no preference in the industry.®

VIB
0
S
B
Cu Zn Se
Ag Cd Te
Au Hg Po

Fig. 2. Group II, III, IV, V and VI elements in periodic table.

III-V semiconductors could offer a broader emission color range similar to that
of CdSe QDs but without intrinsic toxicity. Group III based material growth is subject
to numerous challenges that have impeded the development and study of their
compounds such as InP, GaP, GaN, InN, InGaP and InGaN. Epitaxial method is one of
the most affordable methods for high quality crystal growth for many Group III based
materials. Although some progress has been made in bulk GaN growth, lattice

mismatch with the substrates induces the formation of defects and dislocations that
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restrict film thickness and reduce device applicability. Another challenge arises is
growth temperature. Even though, a few group IIl materials like, GaN has a high
decomposition temperature that makes it amenable for fast growth by vapor-phase
epitaxy (VPE), most other group III based materials suffer a much lower decomposition
temperature. In the case of InN a temperature between 500-650 °C, that hinders defect
free film growth. The extremely different growth conditions for GaN and InN suggests
InGaN would be a difficult material to grow. This causes a miscibility gap preventing
full band gap tunability between 0.7-3.4 eV. There have been no reports so far that
produce a full compositional tunability in thin films.

Switching to the nano growth regime offers a new set of tools and conditions for
synthesizing these materials. Moreover colloidal synthesis does not require a substrate.
Unlike thin film growth processes, nanoparticle growth protocols, especially in solution
processes such as solvothermal methods, can be conducted at lower temperatures (<
200 °C) and less extreme reaction environments, avoiding high pressure and toxic
gases.”® With regards specifically to InGaN, full compositional tunability has been
claimed in nanowires, though mild compositional modulation was observed for 70-90%
indium, and the success is attributed to low processing temperatures and strain-relaxed
nanowire growth.’' It is clear that the rules governing thin film growth do not directly
apply in the nano regime. Moving from nanowires into the quantum dot regime is
further advantageous. Size shrinking really matters for materials by increased influence
of surface interactions, and also colloidal nanoparticles can be manipulated through
chemistry to change solubility and interparticle forces. In addition, quantum dots
demonstrate quantum confinement, which is a powerful and versatile way to control the
electrical and optical properties of the material. Suitable surface functionalization leads
to highly desirable properties like self assembly; and enables tailoring of nanoparticles
for a variety of applications.”*™ In summary, a colloidal nanocrystal system of group
III elements may offer important advances in the PL device fabrication by utilizing their
increased application flexibility. Synthesis of high quality III-V QDs, is a challenging
process. Existing problems surrounding III-V QDs include poor emission efficiency,

poor control of size distribution, poor size tunability, and/or poor stability. Moreover,
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the synthetic protocols for III-V QDs are more complicated than that for II-VI
nanocrystals.

In this background, based on our previous experience in extensive studies on PL
properties of organic as well as inorganic materials including QDs and their

I . - 3441
applications in optoelectronics,

we have designed syntheses and modifications of
II-V QDs in order to get high QY nanomaterials for industrial use. Initial attempts
were dedicated to develop good quality nanomaterials using various possible and
potential combinations of the III-V elements. Latter modification of these nanocrystals
by growing different types of shells with materials having higher bandgap compared to
that of the core and surface ligand modification to improve the electronic properties of

the NCs and processability.

3. Experimental

3-1. Synthesis of core/shell nanocrystals of group III-V elements

3-1-1. GaN NC synthesis

A modified adaptation of reported procedure*? was followed to prepare GaN
nanoparticles. 1.0 g of GaCl; was combined with 0.9 g of LiN(CH3), in 100 mL
anhydrous hexane under an inert atmosphere and allowed to mix overnight. Afterwards,
the mixture was left undisturbed for several days, allowing the LiCl precipitate to settle
to the bottom of the flask. Under nitrogen or argon atmosphere, 10 mL of the hexane
supernatant, which held the precursor dimer Ga[N(CHs),]6, was put in a 50 mL three-
neck, round bottom, borosilicate glass flask with a glass stir bar. 2 mL of trioctylamine
and 0.25 g of hexadecylamine were added to the flask. The flask was then sealed with
rubber septum and brought out into a laboratory hood with a prepared condenser topped
with a bubbler. Due the difficulties in handling and hazardous nature, instead of the
ammonia gas reported in the original literature nitrogen gas was delivered into the
sealed flask through a syringe needle piercing one septum, created a higher pressure

inside the flask, which allowed the central septum to be removed and the flask attached
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to the condenser without allowing backflow of air into the flask. The gas flow remained
steady for the duration of the synthesis. A thermocouple through the third septum
monitored the reaction temperature while the stir bar maintained homogeneity of the
solution. During the beginning of the temperature ramp to 300 °C over 4 hours, the
solution changes from transparent liquid to an opaque, milky white gel. Simultaneously,
the temperature of the mixture rises linearly to approximately 90 °C, after which the rise
slows while the hexane was slowly boiled out of the system through the bubbler. Once
all the hexane was evaporated, the solution temperature continued to rise to 300 °C. The
heater was turned off after 20 hours at 300 °C, and the flow of nitrogen was continued
until the solution reach to room temperature. The final product was found insoluble in
organic solvents or water. Attempts to solubilize it in water by sonicating with
octylamine, as reported by the original literature were also failed. A transition electron
micrograph (TEM) coupled with electron dispersive X-ray spectroscopy (EDS) of the
reaction samples prepared from a water suspension showed that no nanoparticles are

formed.

3-1-2. InP/ZnS core/shell synthesis in one-pot protocol

Fig. 3. Colloidal synthesis of group III phosphide QDs and group III

phosphide/zinc sulfide core shell QDs in one pot protocol. Reagent
abbreviations used, MsA: myristic acid, ODE: octadecene, M(Ac)s:
group III acetate, OA: octylamine, P(TMS);: tris(trimethylsilyl)-
phosphine, MP QDs: group III phosphide quantum dots, Zn(St),: zinc
stearate, Sg: sulfur, MP/ZnS: group III phosphide/ZnS core shell

structure.
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Method-1

The preparation of injection solution: 0.4 mmol of tris(dimethylamino)-
phosphine (P(NMe;);) and 4.8 mmol of I-octylamine were dissolved in 3.0 mL 1-
octadecene (ODE) in a glove box for injection. Then a 0.8 mmol of indium acetate
(In(OAc)3) and 2.9, 3.0 or 3.3 mmol of myristic acid (MA) in SmL ODE were loaded
into a three-neck flask. The mixture was heated to 188 °C under nitrogen for 5 min. To
this clear hot solution, P(NMe;)s/amine solution made in glove box was injected. The
cold injection solution brought the reaction temperature down to 178 °C for the growth
of InP nanocrystals. To monitor the growth of the nanocrystals, aliquots were taken at
different reaction times for absorption measurement.

For the growth of ZnS shell, the reaction solution was cooled down to 150 °C.
Typical synthesis of InP/ZnS core/shell nanocrystals was performed by thermal cycling.
Zinc stearate (0.1 M in ODE) and sulfur (0.1 M in ODE) precursors (1.2 ml each) were
added consequently to the reaction flask with the InP nanocrystals, waiting for 10 min
between each injection at 150 °C. After that, the temperature was increased to 220 °C
for 30 min to allow the growth of ZnS shell. Then the reaction temperature was cooled
down to 150 °C for further growth of core/shell nanocrystals by repeating the procedure
but with a different amount of the precursor solutions (1.6 ml of zinc and sulfur
precursors). When the synthesis was completely, the reaction was cooled down to room
temperature. For purification, 10 mL of hexane was added to reaction solution, the
unreacted compounds and byproducts were removed by successive methanol extraction
until the methanol phase was clear. As prepared InP/ZnS nanocrystals were dispersed in

chloroform.

Method-2

The preparation of injection solution: 0.4 mmol of tris(trimethylsilyl)phosphine
(P(TMS)3) and 4.8 mmol of I-octylamine were dissolved in 3,0 mL I-octadecene
(ODE) in a glove box for injection. Then a 0.8 mmol of indium acetate (In(OAc);) and
2.9, 3.0 or 3.3 mmol of myristic acid (MA) in SmL of ODE were loaded into a three-
neck flask. The mixture was heated to 188 °C under nitrogen for 5 min. To this clear hot

solution P(TMS);/amine solution made in glove box was injected. The cold injection
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solution brought the reaction temperature down to 178 °C for the growth of InP
nanocrystals. To monitor the growth of the nanocrystals, aliquots were taken at different
reaction times for absorption measurement.

For the growth of ZnS shell, the reaction solution was cooled down to 150 °C.
Typical synthesis of InP/ZnS core/shell nanocrystals was performed by thermal cycling.
Zinc stearate (0.1 M in ODE) and sulfur (0.1 M in ODE) precursors (1.2 ml each) were
added consequently to the reaction flask with the InP nanocrystals, waiting for 10 min
between each injection at 150 °C. After that, the temperature was increased to 220 °C
for 30 min to allow the growth of ZnS shell. Then the reaction temperature was cooled
down to 150 °C for further growth of core/shell nanocrystals by repeating the procedure
but with a different amount of the precursor solutions (1.6 ml zinc and sulfur
precursors). When the synthesis was completely, the reaction was cooled down to room
temperature. For purification, 10 mL of hexane was added to reaction solution, the
unreacted compounds and byproducts were removed by successive methanol extraction
until the methanol phase was clear. As prepared InP/ZnS nanocrystals were dispersed in

chloroform.

Method-3

The preparation of injection solution: 0.4 mmol of tris(trimethylsilyl)phosphine
(P(TMS)3) and 4.8 mmol of 1-hexadecylamine were dissolved in 1-octadecene (ODE,
3.0 mL) in a glove box for injection. Then a 0.8 mmol of indium acetate (In(OAc);) and
2.9, 3.0 or 3.3 mmol of myristic acid (MA) in SmL of ODE were loaded into a three-
neck flask. The mixture was heated to 188 °C under nitrogen for 5 min. To this clear hot
solution P(TMS)s/amine solution made in glove box was injected. The cold injection
solution brought the reaction temperature down to 178 °C for the growth of InP
nanocrystals. To monitor the growth of the nanocrystals, aliquots were taken at different
reaction times for absorption measurement.

For the growth of ZnS shell, the reaction solution was cooled down to 150 °C.
Typical synthesis of InP/ZnS core/shell nanocrystals was performed by thermal cycling.
Zinc stearate (0.1 M in ODE) and sulfur (0.1 M in ODE) precursors (1.2 ml each) were

added consequently to the reaction flask with the InP nanocrystals, waiting for 10 min
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between each injection at 150 °C. After that, the temperature was increased to 220 °C
for 30 min to allow the growth of ZnS shell. Then the reaction temperature was cooled
down to 150 °C for further growth of core/shell nanocrystals by repeating the procedure
but with a different amount of the precursor solutions (1.6 ml zinc and sulfur
precursors). When the synthesis was completely, the reaction was cooled down to room
temperature. For purification, 10 mL of hexane was added to reaction solution, the
unreacted compounds and byproducts were removed by successive methanol extraction
until the methanol phase was clear. As prepared InP/ZnS nanocrystals were dispersed in

chloroform.

3-1-3. Synthesis of core/shell/shell (CSS) type InP/ZnSe/ZnS NCs in one-pot protocol

Method-4

InP core was synthesized following the InP synthetic procedure reported before
in Method-2. For the growth of ZnSe shell, the reaction solution was cooled down to
150 °C. A 0.1 M of zinc stearate solution and 0.1 M of Se in trioctylphosphine (TOP)
solution (1.2 mL each) were added consequently to the reaction flask with the InP
nanocrystals, waiting for 10 min between each injection at 150 °C. After that, the
temperature was increased to 220 °C for 30 min to allow the growth of ZnSe shell. The
reaction mixture was again cooled down to 150 °C for the growth of ZnS shell. Zinc
stearate (0.1 M in ODE) and sulfur (0.1 M in ODE) precursors (1.2 ml each) were
added consequently to the reaction flask with the InP/ZnSe nanocrystals, waiting for 10
min between each injection at 150 °C. After that, the temperature was increased to 220

°C for 30 min to allow the growth of ZnS shell.

Method-5

A stock solution of Se was made by degassing Se (0.744 g, 9.4 mmol) in 80 g of
ODE at 100 °C for 20 min and subsequently heating the mixture under nitrogen at
200 °C for 2 h. During this time, the ODE/Se mixture changed from colorless to
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orange-red and finally to yellow. The resulting transparent yellow solution was then
cooled to room temperature where it remained stable for weeks under nitrogen.

InP core was synthesized following the procedure reported in Method-2. For the
growth of ZnSe shell, the reaction solution was cooled down to 150 °C. A 0.1 M of zinc
stearate solution and 0.1 M of Se solution (stock solution previously prepared) (1.2 mL
each) were added consequently to the reaction flask with the InP nanocrystals, waiting
for 10 min between each injection at 150 °C. After that, the temperature was increased
to 220 °C for 30 min to allow the growth of ZnSe shell. After this the reaction solution
was again cooled down to 150 °C for the growth of ZnS shell. Zinc stearate (0.1 M in
ODE) and sulfur (0.1 M in ODE) precursors (1.2 ml each) were added consequently to
the reaction flask with the InP/ZnSe nanocrystals, waiting for 10 min between each
injection at 150 °C. After that, the temperature was increased to 220 °C for 30 min to

allow the growth of ZnS shell.

3-1-4. Surface passivation of InP/ZnS core/shell NCs with simple inorganic metal-
free ligands

Colloidal dispersions of different NCs with organic ligands were prepared in
toluene and a solution of inorganic ligand was prepared in formamide (FA). For a
typical ligand exchange using S* ions, ImL of InP/ZnS NC solution (~2 mg/mL) was
mixed with 1 mL of K;S solution (5 mg/mL). The mixture was stirred for about 10 min
leading to a complete phase transfer of InP/ZnS NCs from toluene to the FA phase. The
phase transfer can be easily monitored by the color change of toluene (red to colorless)
and FA (colorless to red) phases. The FA phase was separated out followed by triple
washing with toluene to remove any remaining nonpolar organic species. The washed
FA phase was then filtered through a 0.2 um PTFE filter and ~1 mL of acetonitrile was
added to precipitate out the NCs. The precipitate was redispersed in FA and used for
further studies. Ligand exchange with HS™ was carried out in a similar manner. The
solutions of S* capped NCs when handled in inert atmosphere the colloidal stability
was found for months, while when handled in air their colloidal stability preserved only

for several days.
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3-1-5. Synthesis of ce* ions doped InP/ZnS core/shell NCs in one-pot protocol

InP core was synthesized following the InP synthetic procedure reported before
in Method-2. After the desired growth time, the reaction mixture was cooled to 130 °C.
A not well dissolved cerium acetate (Ce(OAc)s) slurry in ODE was made by heating 5
and 10 mol % Ce(OAc); in 2 mL ODE at 200 °C. This slurry was added to the reaction
mixture at 130 °C in one-shot. The reaction mixture was further heated to 210 °C for the
diffusion of Ce®" ions into the InP nanocrystals. For the growth of ZnS shell, the
reaction solution was cooled down to 150 °C. Zinc stearate (0.1 M in ODE) and sulfur
(0.1 M in ODE) precursors (1.2 ml each) were added consequently to the reaction flask
with the InP/ZnSe nanocrystals, waiting for 10 min between each injection at 150 °C.
After that, the temperature was increased to 220 °C for 30 min to allow the growth of
ZnS shell.

3-1-6. In(Zn)P/ZnS core/shell synthesis

Zn(St),
+

Sulfur

Fig. 4. Scheme for colloidal synthesis of group III (Zinc) phosphide
QDs and group III (Zinc) phosphide/zinc sulfide core shell QDs in
one pot protocol (Method-1). Reagent abbreviations used, MA:
myristic acid, ODE: octadecene, In(Ac);: group III acetate, P(TMS)s:
tris(trimethylsilyl)phosphine, Zn(St),: zinc stearate, Sg: sulfur.

13|Page



Method-6

The preparation of injection solution: 0.8 mmol of indium acetate (In(OAc)s3)
and 2.9, 3.0 or 3.3 mmol of myristic acid (MA) were dissolved in 10mL of ODE in a
glove box and heated it up to 188 °C for 20 min. Under the N, atmosphere the mixture
of 0.8 mmol of tris(trimethylsilyl)phosphine (P(TMS)3) and 0.8 mmol of zinc stearate is
mixed. In this mixture the heated former solution is injected as shown in the above
Figure 4. The flask was then sealed with rubber septum and brought out into a
laboratory hood with a prepared condenser topped with a bubbler. And then the solution
is heated up to 220 °C. To prepare the QDs with different optical energies the growth
time of NC (nanocrystals) is controlled. For the growth of ZnS shell, typical synthesis
of In(Zn)P/ZnS core/shell nanocrystals was performed by thermal cycling. The reaction
solution was cooled down to 150 °C. To this clear hot solution 3 ml of zinc stearate (0.8
mmol) and sulfur (0.8 mmol) in ODE (5 ml) precursors were taken in syringe and then
added. The whole mixture is heated to 220 °C for 30 min. When the synthesis is
completed, the reaction mixture was cooled down to room temperature. For purification,
10 mL of chloroform was added to reaction solution, the unreacted compounds and
byproducts were removed by successive acetone extraction until the acetone phase was

clear. As prepared In(Zn)P/ZnS nanocrystals were dispersed in chloroform.

Method-7

For the preparation of QD core the previous Method 6 is employed except the
3.3 mmol of myristic acid (MA) used. For the growth of ZnS shell, typical synthesis of
In(Zn)P/ZnS core/shell nanocrystals was performed by thermal cycling. The reaction
solution is cooled down to 150 °C. To this clear hot solution only 3 ml of sulfur (0.8
mmol) in ODE (5 ml) precursors is taken with syringe and then added. And the whole
mixture is heated to 220 °C for 30 min.

Method-8

The preparation of injection solution: 0.8 mmol of indium acetate (In(OAc);) and
2.9, 3.0 or 3.3 mmol of myristic acid (MA) were dissolved in 10mL of ODE in a glove
box and heated it up to 188 °C for 20 min. A 0.8 mmol solution of tris(trimethylsilyl)-
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phosphine (P(TMS);) and 0.8 mmol zinc stearate are mixed in N, atmosphere. In this
mixture the heated injection solution is added. The flask was then sealed with a rubber
septum and brought out into a laboratory hood with a prepared condenser topped with a
bubbler; and heated up to 220 °C. To prepare the QDs with different optical energies the
growth time of NC (nanocrystals) is controlled. For the growth of ZnS shell, typical
synthesis of In(Zn)P/ZnS core/shell nanocrystals was performed by thermal cycling.
The reaction solution was cooled down to 150 °C. To this clear hot solution 3 ml of
Zinc stearate (0.8 mmol) and sulfur (0.8 mmol) precursors in ODE (5 ml) is added
using a syringe. The whole mixture is heated to 220 °C for 30 min. We prepared

core/shell QDs with different ZnS shell thickness by above thermal cycling 1-8 times.

3-1-7. Synthesis of Mn’" ions doped In(Zn)P/ZnS core/shell NCs in one-pot protocol

Zn(St),
+
Sulfur

<

ODE

Fig. 5. Scheme of colloidal synthesis for group III (Zinc) phosphide QDs
doped with Mn’" ions and group III (Zinc) phosfide/zinc sulfide core shell
QDs in one pot process. Reagent abbreviations used, MA: myristic acid, ODE:
octadecene, In(Ac);: group III acetate, P(TMS);: tris(trimethylsilyl)phosphine,

Zn(St),: zinc stearate, Sg: sulfur.

In(Zn)P QD cores doped with with Mn®" ions in different concentration of 5 %
and 10 % are synthesized as the same route as the In(Zn)P synthetic procedure
described in Method-6. In the glove box the injection solution of indium acetate
(In(OAc)3) 0.8 mmol, myristic acid (MA) 3.3 mmol and 5 mol % (or 10 mol %) of
manganese acetate (Mn(OAc)3) is prepared in 10mL of ODE in a 100 mL three-neck
flask and heated for 20 min at 188 °C. Under the N, atmosphere 0.8 mmol of
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tris(trimethylsilyl)phosphine (P(TMS);) and 0.8 mmol of zinc stearate is mixed. In this
mixture the heated former solution is injected as shown in the above Figure 5. The flask
was then sealed with rubber septum and brought out into a laboratory hood with a
prepared condenser topped with a bubbler. The solution is heated up to 220 °C. To
prepare the QDs with different emission properties the growth time of nanocrystals is
controlled. For the growth of ZnS shell, typical synthesis of In(Zn)P/ZnS core/shell
nanocrystals was performed by thermal cycling. The reaction solution was cooled down
to 150 °C. To this clear hot solution 3 ml of zinc stearate (0.8 mmol) and sulfur (0.8
mmol) in ODE (5 ml) precursors is taken with syringe and then added. And the whole
mixture is heated to 220 °C for 30 min. When the synthesis was complete, the reaction
was cooled down to room temperature. For purification, 10 mL of chloroform was
added to reaction solution, the unreacted compounds and byproducts were removed by
successive acetone extraction until the acetone phase was clear. As prepared

In(Zn)P/ZnS nanocrystals were dispersed in chloroform.

3-1-8. Synthesis of E¥’" ions doped In(Zn)P/ZnS core/shell NCs in one-pot protocol

In(Zn)P QD cores doped with with Er’* ions in different concentration of 5 %
and 10 % are synthesized as the same route as the In(Zn)P synthetic procedure
described in Method-6. In the glove box, the injection solution of indium acetate
(In(OAc)3) 0.8 mmol, myristic acid (MA) 3.3 mmol and 5 mol % (or 10 mol %) of
erbium acetate (Er(OAc)s) is prepared in 10mL of ODE in a 100 mL three-neck flask
and heated for 20 min at 188 °C. Under the N, atmosphere 0.8 mmol of
tris(trimethylsilyl)phosphine (P(TMS);) and 0.8 mmol of zinc stearate is mixed. In this
mixture the heated former solution is injected as shown in the above Figure 5. The
shelling process is the same as described in Mehtod 8. Work-up and separation is

followed as the previous procedures.
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4. Results and Discussions

4-1. Synthesis of nanocrystals of group III-V elements

Colloidal semiconductor nanocrystals (NCs), also termed ‘‘quantum dots’’
(QDs), are composed of an inorganic core, made up of a few hundred to a few thousand
atoms, surrounded by an organic outer layer of surfactant molecules (ligands). Their
small size results in an observable quantum confinement effect, defined by an
increasing bandgap accompanied by the quantization of the energy levels to discrete
values. This effect is accompanied by an exaltation of the coulomb interaction between
the charge carriers.

The tunable optical and electronic properties of quantum dots make them ideal
building blocks in nanoscale photonic, photovoltaic, and light-emitting diode (LED)
device applications. The most widely utilized quantum dots to date are II-VI
semiconductor nanocrystals such as cadmium selenide, cadmium sulfide, and cadmium
telluride. Presence of poisonous heavy metals makes these nanostructures unattractive
for large scale uses such as that in industry. II1I-V QDs are very powerful alternative to
II-VI QDs which are under intensive investigation in the recent years. An III-V material
GaN was attempted to synthesize for photoluminescence application. A modified
adaptation of a reported procedure*” was followed to synthesize GaN nanoparticles.
Instead of ammonia gas used in the reported procedure nitrogen gas was used during the
synthesis due to the hazardous nature and difficulties in handling of ammonia (see
‘Experimental’ 3-1-1). GaCl; was combined with LiN(Me), in hexane at inert
conditions and kept stirring for several days. This mixture was treated with
trioctylamine and hexadecylamine. Nitrogen was bubbled through the reactor instead of
ammonia. Reaction mixture was heated to 300 °C over a period of 4 h. After extraction
of the material it was found that the reaction failed to produce required GaN
nanocrystals. Experiments with different combinations of temperature, time and
reactants were attempted to solve the issue. The replaced ammonia gas with N, may be
the reason which made the reaction difficult to produce GaN nanocrystals. Due to the

safety reasons and difficulties in handling ammonia gas in the laboratory conditions, a
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potential alternative and less frequently reported InP/ZnS core/shell (CS) NCs has been
attempted instead of GaN. CS structures are very important when the quantum yield and
stability of these sensitive materials are considered. In NCs, the nanometric crystal size
of the core results in a very high surface to volume ratio. In the naked core alone
structures, the co-ordination sphere of this surface atoms partially occurs via complex
formation with the stabilizing ligands. Nevertheless, a significant fraction of these
organically passivated core NCs typically exhibit surface related trap states acting as
fast non-radiative de-excitation channels for photogenerated charge carriers, thereby
reducing the fluorescence quantum yield (QY). Shell overgrowth with a second
semiconductor to form CS systems is an important strategy to improve NCs’ surface
passivation.

When the bandgap of the shell material is larger than that of the core, both
electrons and holes are confined in the core and such type of CS systems are classified
as type-I. In such CS NCs, the shell is used to passivate the surface of the core in order
to improve its optical properties. Bulk bandgap of ZnS is higher than that of InP. Hence
InP/ZnS system act as a type-I quantum dot. Apart from electron confinement, ZnS
shell physically separates the surface of the optically active core from its surrounding
medium. Consequently, the sensitivity of the NC towards the local environment like
oxygen or water molecule is reduced. With respect to core NCs, CS systems exhibit
generally enhanced stability against photodegradation. At the same time, shell growth
reduces the number of surface dangling bonds, which can act as trap states for charge
carriers and thereby reduce the fluorescence QY. At the same time it significantly
improves the fluorescence QY and stability against photobleaching, the shell growth is
accompanied by a small red shift of the excitonic peak in the UV/Vis absorption
spectrum and the photoluminescence (PL) wavelength. This observation is attributed to
a partial leakage of the exciton into the shell material. A one pot protocol was tailored
to synthesize InP/ZnS CS structures.

An ammine based reaction was chosen to design an industrially preferred low
temperature protocol. A modified version of a reported procedure® was adapted for the
initial attempts (see ‘Experimental’ 3-1-2, Method-1). Indium myristate was prepared in

situ by treating indium acetate and myristic acid in ODE at 188 °C. P(NMe;,); was used
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as the phosphorous donor. The reaction with different combinations of reaction time,
reactant amounts and temperatures below 200 °C produced InP NCs. The reaction
mixture was cooled to 150 °C and a 0.1 M solution of Zn and S precursors (both 1.2 mL
each) were added to grow a single layer of shell. For the shell growth the reaction
temperature was raised to 220 °C over a period of 30 minutes. All the samples resulted
with PL emission only in blue region. It may be due to the difficulty in stabilizing the
free phosphide in the reaction conditions prevents growth of NCs to a larger size.
Attempts with different alkylamines like decyl amine (DA) and dodecyl amine (DDA)

are in progress to solve this issue.
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1d
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Fig. 6. UV-vis and PL spectra of InP/ZnS core shell QDs prepared from
indium acetate (4 mmol) and tris(dimethylamino)phosphine (8mmol) at

178 °C.
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Fig. 7. TEM image of InP/ZnS core/shell red emitting QDs prepared

from indium acetate (4 mmol) and tris(trimethylsilyl)phosphine (§mmol)

at 178 °C.

A one-pot CS nanoparticle
(P(TMS)5) as phosphorous donor was attempted and it was successful in producing NCs
with PL ranging from infrared (IR) to blue region. This reaction typically followed the

previously described protocol.

synthesis

with tris(trimethylsilyl)phosphine
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Fig. 8. Photo taken under the 365 nm UV radiation(Left) and UV-vis and

PL spectra (Right) of InP/ZnS core shell blue QDs prepared from indium

acetate (4 mmol) and tris(trimethylsilyl)phosphine (8mmol) at 178 °C.
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Time of reaction was chosen as the variable to tune the color of PL by varying
the size of the NCs. Varying amounts of myristic acid (MyA) used in the one-pot
protocol also plays an important role in determining the size and their uniform
distribution. For larger size NCs at elevated temperatures, excess amounts of MyA in
the medium will support the stability of indium myristate and hence a slow and
continuous supply of In’" is ensured for long reaction time. While a relatively lesser
amount of MyA ensures immediate consumption of In’" ensuring the small NCs with

relatively uniform distribution.
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Fig. 9. UV-vis and PL spectra of InP/ZnS core shell green emitting QDs
prepared from indium acetate (4 mmol) and tris(trimethylsilyl)phosphine

(8mmol) at 178 °C.
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Fig. 10. Photo taken under the 365 nm UV radiation (Left) and UV-vis

0.0

and PL spectra (Right) of InP/ZnS core shell red QDs prepared from
indium acetate (4 mmol) and tris(trimethylsilyl)phosphine (8mmol) at
178 °C.
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Fig. 11. Photo taken under the 365 nm UV radiation with different color
emitting InP/ZnS QDs prepared from indium acetate (4 mmol) and
tris(trimethylsilyl)phosphine (8mmol) at 178 °C; (A) Aem = 492 nm, (B)
505 nm, (C) 526 nm, (D) 604 nm, (E) 632 nm, (F) 809 nm.

While a 20 seconds reaction produced blue color QDs, a 5 minutes reaction produced
green dots and a one hour reaction produced red dots. A relatively broader (50 nm) full
width at half maximum (FWHM) for PL were observed for NCs obtained through this
method. These materials are generally reported with broader FWHM.

4-2. Optical Properties of Nanocrystals of Group III-V Elements containing Zn;
In(Zn)P

The Optical characteristics of In(Zn)P/ZnS core/shell (CS) NCs (3-1-6. Method-1)
has been evaluated by their UV-vis absorption and photoluminescence spectroscopy.
Usually increasing the size of QDs, their UV absorption and PL get shifted to a longer
wavelength. The size of In(Zn)P/ZnS core/shell (CS) NCs increased as the reaction time
increases. In addition the amount of myristic acid influences the size of the QDs is well
known and observed during the research. In order to concentrate the effect of QD size
on the optical property, the amount of MyA was optimized to 3.28 mmol. As the
reaction time increases it is obvious that their absorption and PL A,y is red-shifted. As
shown in Fig 12, 13, and 14, with increasing the reaction time from 40 sec, 50 sec and
20 min, their PL A,y is red-shifted 516 nm, 518 nm and 600 nm, respectively. It is
observed there is a time limit for the growth of QD size. After 20 min the color does not

shift to the longer wavelength any more.
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Fig. 12. Photo taken under the 365 nm UV radiation (Left), and UV-vis
and PL spectra (Right) of In(Zn)P/ZnS core/shell (CS) NCs: reaction
composition and condition of In(OAc);: P(TMS); 1 : 1 (0.8 mmol : 0.8

mmol) , myristic acid 3.28 mmol , and reaction time 40 s.
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Fig. 13. Photo taken under the 365 nm UV radiation (Left), and UV-vis
and PL spectra (Right) of In(Zn)P/ZnS core/shell (CS) NCs: reaction
composition and condition of In(OAc); : P(TMS); 1: 1 (0.8 mmol : 0.8

mmol), Myristic acid 3.28 mmol , Reaction time 50 s.
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Fig. 14. Photo taken under the 365 nm UV radiation (left), and UV-vis
and PL spectra (right) of In(Zn)P/ZnS core/shell (CS) NCs: reaction
composition and condition of In(OAc); : P(TMS); 1 : 1 (0.8 mmol : 0.8

mmol) , Myristic acid 3.28 mmol , Reaction time 20 min.

When In(Zn)P/ZnS core/shell (CS) NCs growth was stopped at 40 sec, it exhibited a
pale green emission with Aem max 516 nm. The sample that was stopped at 50 sec
exhibited a greener emission with with Ay max 518 nm is exhibited, and stopped at 20
min an orange with Aey max 600 nm, as shown in Fig. 12, 13, and 14, respectively. This
demonstrates a successful control of shape to achieve differentiation in emission

maxima within In(Zn)P/ZnS core/shell (CS).

Fig. 15. Photos of different colors emitted by In(Zn)P/ZnS QDs under
365 nm UV irradiation. (A) Ay = 516 nm (B) 532 nm (C) 564 nm (D)
600 nm
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Fig. 16. TEM image of In(Zn)P/ZnS core/shell green emitting QDs with

4 shells, reaction time, 40 sec.

Fig. 17. TEM image of In(Zn)P/ZnS core/shell red yellow green QDs / 1

shells, reaction time, 50 sec.

Fig. 18. TEM image of In(Zn)P/ZnS core/shell orange emitting QDs /

4 shells, reaction time, 30 min.

25|Page



4-3. Influence of shell thickness

The control of the shell thickness is a delicate point in the fabrication of CS NCs
and deserves special attention. If the shell is too thin, the passivation of the core NCs
will be inefficient, resulting in reduced photostability. In the opposite case, the optical
properties of the resulting CS NCs generally deteriorate as a consequence of strain
induced by the lattice mismatch of the core and shell materials, accompanied by the
generation of defect states. Using successive ion layer adsorption and reaction (SILAR)
method on CdSe/CdS and CdS/ZnS QDs it was reported that PL QY of the core/shell
nanocrystals increased as the shell thickness increased.” Such a detailed structural
characterization and precise determination of the shell thickness are lacking in most I1I-
V QD related reports. The latter is obviously complicated by the increased size
distribution of the core InP NCs as compared to their II-VI semiconductor

counterparts.5 6
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Y Bml ZnS
5 5ml ZnS
& FWHM 4ml ZnS
g = 16.4 nm 3ml ZnS
b 2ml ZnS
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Fig. 19. a) UV/ Vis absorption spectra; b) PL spectra recorded during the
addition of 6mL of the ZnS precursor solution corresponding to the
growth of a 5-monolayer-thick ZnS shell on 4-nm CdS core NCs. Figure

taken from reference 45

In this regard a study on increasing size distribution of ZnS shell over InP core

was done by growing different size shells following SILAR method. Initially over a
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green emitting InP core a 0.1 M solution of Zn and S precursors (both 1.2 mL each)
were added at 150 °C to grow a single layer of shell. For the shell growth the reaction
temperature was raised to 220 °C over a period of 30 minutes. Another sample with 0.2
M solution of Zn and S precursors (both 1.2 mL each, single layer) were made and
analyzed for the absorption and emission. Samples with different shell thickness by two,
three, four, and five successive addition of the 0.2 M solution of Zn and S precursors
(both 1.2 mL each) were made and analyzed for the absorption and emission
characteristics. Summary of the results are depicted in figure 19. As expected the shell
growth is accompanied by a small red shift of the excitonic peak in the UV/Vis
absorption spectrum and the photoluminescence (PL) wavelength. For the reaction with
0.1 M shell precursor solutions producing single layer shell where observed with
unusually high PL QY compared to that of the 0.2 M shell precursor solutions
producing single, double and triple shells. While the single shell with 0.1 M solutions of
precursors is giving a quantum yield of 15 %, the highest obtained quintuple shell with
0.2 M solution showed a quantum yield of 20 %. Exact measurements of the shell
thickness and its relation with QY are in progress along with other studies such as the
effect of shells with 0.1 M precursor solutions producing multiple layers of shells and

0.2 M shell precursor solutions producing over six layers of shells.
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Fig. 20. UV-vis and PL spectra of samples with different ZnS shell

thickness over InP emitting green color.
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For In(Zn)P/ZnS core/shell (CS) NCs, the effect of shell thickness was investigated
with ZnS shell component. In(Zn)P/ZnS core/shell (CS) NCs synthesized according to
3-1-6. Method-8 are measured varying the thickness of ZnS shell. Thickness of shell of
In(Zn)P/ZnS core/shell (CS) NCs varied froml to 8. Started from 1 to the 4 their QY
increased 8 %, 14 %, 21 % and 30 %, as shown in Table 1. While, increasing the layers
of ZnS shell from 5 to 8 decreases the emitting efficiency as shown in Fig. 21. It

implies that the shell thickness enables increasing the optical efficiency.

Table 1. The reaction conditions for different shell thickness. Shell
thickness from 1 to 4.

@ I(0AS)s +MyA @ In(0AQ)s +MyA @ In(0AS)s +MyA @ In(OAc)s +MyA
+ ODE(10ml) +ODE(10ml) +ODE(10ml) + ODE( 10ml)

@ PTMS + Zn(Str) » @ PTMS + Zn(Str) 2 @ PTMS + Zn(Str) 2 @ PTMS + Zn(Str) 2

@ Sulfur+ ODE(3ml) @ Sulfur+ ODE(3ml) @ Sulfur + ODE(3ml) @ Sulfor+ ODE(3ml)
+Zn(St) 2 +Zn(Su) 2 +Zn(Str) 2 +Zn(Str) 2

+® 300°C (30min), cool

1 Oc‘ . o 2 ¥ + iy
@+® 300°C (30min), +cool down{ 10min)+3) 220°C (30m)+

D+3 300°C (30min), cool down(10min)+ @ 220°C (30m) 2
I T % & +(3 220°C
+® 300°C (30min). cool down( 10min)+@ 220°C (30m) + cool down(10min)+@® 220°C lc:(w)cl‘ll‘:l:\: ‘I)I(l‘ l1 3:::.111:‘{ i ;(;';.m‘Zi é}
down( 10min)+3 300°C (2h) + cool down(10min)+ @ 220°C (30m) + cool down(10min) + @ 25 9y £ ool o108 :omun
(30m) 220°C (30m) LEMR e op
+@ 220°C (30m)
Q=2 QY=14% QY=21% QY=30%
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Fig. 21. UV-vis and PL spectra of red emitting In(Zn)P/ZnS core shell
QDs with different shell layers from 5 to 8.

4-4. Influence of core/shell/shell (CSS) type InP/ZnSe/ZnS NC structures

The influence of shell thickness on QY originates from the lattice-mismatch of
core material with the shell. The lattice mismatch value between InP and ZnS is high
(~7 %). So the difficulty to respond simultaneously to the requirements of appropriate
electronic (bandgap, band alignment) and structural (lattice mismatch) parameters for
most binary CS systems was the motivation to synthesize NCs containing multiple
shells. In particular the lattice mismatch between the core and the shell material
strongly limits the possibility to grow a shell with significant thickness without
deteriorating the photoluminescence properties. The use of a strain-reducing
intermediate shell sandwiched between the core NC and an outer shell has first been
proposed in the core/shell/shell (CSS) systems such as CdSe/ZnSe/ZnS.””® The energy
band of the intermediate shell is in such a way that it is higher than that of the core but
lower than that of the outer shell so that the type-I structure is preserved without
alteration. The interest of such structures lies in the combination of low strain, provided
by the intermediate layer serving as a ‘‘lattice adapter’” and efficient passivation and
charge-carrier confinement assured by the outer shell. In the case of CdSe/ZnSe and

CdSe/ZnS the CSS system offers higher stability against photo-oxidation than the CS
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system and higher QYs than in the CS system of as evidenced by Talapin and co-
workers who also extended this approach to CdSe/CdS/ ZnS CSS NCs.*’ For an InP
system its lattice mismatch with ZnSe is only ~3.5 % and that between ZnSe and ZnS is
5 %. The bulk bandgap value for ZnSe (2.70 eV) is lower than that of ZnS (3.88 eV)
and higher than that of InP (1.344 eV), which also makes it comfortable to choose ZnSe
as the lattice adapter.

A InP/ZnSe/ZnS CSS system was attempted. In order to prepare the ZnSe shell,
a 0.1 M zinc stearate solution in ODE and 0.1 M Se solution in TOP was used (1.2 mL
each) at 150 °C. After allowing the shell growth at 220 °C for 30 minutes, the reaction
mixture was brought down to 150 °C again for the addition of Zn and S precursor
solutions. For the ZnS layer growth the reaction was brought to 220 °C for 30 minutes.
Various combinations of Zn and Se precursor and various layers of ZnSe and ZnS by
SILAR method were attempted. None of them produced any increase in QY, instead a
quenching of QY was observed. The samples are presently being analyzed thoroughly
for understanding the combinations and structure for further studies.

As this method has failed to give an admirable result, an alternative Se
utilization was designed using elemental Se dispersed in l-octadecene. A selenium
stock dispersion was prepared by heating a calculated amount of elemental selenium in
l-octadecene at elevated temperatures for several hours. Experiments utilizing this

stock solution are under progress.
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Fig. 22. UV-vis and PL spectra of InP/ZnSe/ZnS and comparison of PL
spectra of InP/ZnS and InP/ZnSe/ZnS.
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4-5. Surface passivation of InP/ZnS core/shell NCs with simple inorganic metal-

free ligands

Despite progress in NC synthesis, fabrication of competitive solid-state devices
from solution-processed colloidal building blocks remains challenging. In a NC solid,
where each individual NC carries size dependent properties of the respective metal,
semiconductor, or magnet, the transport of charges is dominated by the interparticle
medium. The most successful synthetic methodologies developed for colloidal
nanomaterials use surface ligands to stabilize the particles with long (C8 to C18)
hydrocarbon chains or bulky organometallic molecules. These large molecules create
highly insulating barriers around each NC. Complete removal of surface ligands has
proven to be difficult and can create surface dangling bonds and charge-trapping centers.
It would be beneficial to design surface ligands for colloidal nanostructures that adhere
to the NC surface and provide colloidal stabilization, which can also provide stable and
facile electronic communication between the NCs. Moreover this can constructively
supplement the properties of the NC solid. We propose a generalized approach that is
compatible with existing methodology for NC synthesis and is based on exchange of
the original organic ligands with molecular metal free chalcogenide complexes. They
provide colloidal stabilization of various nanostructures while enabling strong
electronic coupling in the NC solids.

For this study S* and HS™ ligands were selected since reactions with these
ligands could be done even at normal atmosphere. For the reaction QDs were taken as
toluene solutions (~2 mg/mL) was mixed with a formamide solution of K,S (~5
mg/mL) in a 10 mL glass vial. This was sonicated for a period of 10~15 minute, until
the color of the toluene layer was completely transferred to the formamide layer.

The UV-vis and PL spectra of the formamide layer revealed that there is no
considerable change in absorption or emission wavelength and their intensities. Further

examination of these core/shell structures with inorganic metal free ligands are going on.
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Fig. 23. UV-vis and PL spectra of green emitting InP/ZnS NCs with S*

surface ligands in formamide.

4-6. Synthesis and characterization of InP/ZnS core/shell NCs doped with Ce*

ions

Synthesis of doped semiconductor nanocrystal quantum dots (d-dots) have
recently become an active subject in the field of materials chemistry because of their
unique optical, electronic, and magnetic properties. The d-dots can not only retain
nearly all advantages of intrinsic quantum dots but also eliminate their self-quenching
due to reabsorption/energy transfer, greatly enhance their thermal stability, and
significantly improve their chemical stability. In addition, d-dots might also offer high
performance emissive materials without any highly toxic Class A elements (Cd, Hg,
and Pb) to replace the current workhorse of intrinsic quantum dot emitters, CdSe-based
NCs. Despite the recent advancement on synthetic chemistry of colloidal d-dots,
successful doping that yielded highly emissive d-dots has been limited to the systems
with II-VI semiconductor nanocrystals as the hosts. However, if excluding Cd and Hg
as one of the elements, only zinc chalcogenide nanocrystals (typically ZnSe, ZnS, and
Zn0) are the possible choices as II-VI semiconductor nanocrystal hosts, which shall
have a very limited absorption and emission wavelength range for developing high
performance d-dots emitters because of their relatively wide bandgap. On the contrary,
III-V semiconductor nanocrystals can offer several narrow bandgap hosts without any

Class A elements. It has been well-known that synthetic chemistry of intrinsic III-V
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semiconductor nanocrystals is substantially different from and more difficult than that
for II-VI ones. As for III-V d-dots, the knowledge has been quite limited. Several
papers reported growth of Mn-doped III-V semiconductor nanocrystals for spintronics
purposes, and the resulting d-dots only showed bandgap emission. Triply ionized rare
earth (RE) elements also have magnetic properties due to their partially filled 4f shells,
which are well screened by outer closed 5s* and 5p° orbitals. For this reason, the
intracenter transitions of 4f electrons give rise to sharp emission spectra in various host
materials. Luminescent lanthanide doped nanocrystals are unique in that they can
convert low-energy radiation (typically near infrared) to higher energies such as visible
or UV via a process known as upconversion.* Up conversion ability of NCs helps them
to act like IR antenas in hybrid PV devices. RE ions doped IlI-V compound
semiconductors were reported before either by diffusion of RE ions to III-V
semiconductor thin films or by molecular beam epitaxy (MBE), to find potential
applications in silica fiber based optical communication systems. According to the
colloidal synthesis of transition metal:InP d-dots is reported before, apart from the
bandgap emission a new dopant PL is originated at a lower energy region. Depending
on the amount of dopant the bandgap emission of InP disappear and the dopant PL
become the dominant. A similar observation is expected for the RE:InP d-dots.

There is no colloidal synthesis of RE doped III-V NCs reported so far and hence
an attempt towards this direction was made to prepare RE: InP d-dots as industrially

useful efficient color tunable emitters. The synthetic protocol is as depicted in figure 23.
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Fig. 24. Three step syntheses for doping colloidal semiconductor
nanocrystals in one-pot protocol. InP spherical nanocrystal cores are
made in colloidal method, rare-earth impurities are doped over them

and it is followed by the growth of a ZnS shell.
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For the preliminary attempts to produce doped III-V system Ce®" ions were
selected due to their easy availability. Cerium acetate is insoluble in 1-octadecene. A
turbid dispersion of cerium acetate was prepared (5 %, 7 %, 10 % and 12 % with
respect to indium) in l-octadecene by heating a mixture to 250 °C under vigorous
stirring and the heating and vigorous stirring was continued until the time of addition.
InP core was prepared according the Method-2 described before. After the desired core
growth time the reaction mixture was cooled to 150 °C and the turbid cerium acetate
dispersion was added to the reaction mixture. The core growth was restricted to green
emitting NCs since a further low energy PL was expected for that originating from
dopant ions. After the addition the reaction mixture was heated to 220 °C for 30 minutes
for the diffusion of Ce’” into the InP crystal lattice. After the reaction time the reaction
mixture again cooled to 150 °C for the shell growth. Precursors for shell growth were
added and the temperature was again raised to 220 °C for shell growth. Multiple shell
growth were attempted for preventing the doped RE ions escape from the core by

diffusion.

20000

—— UV (2, =450 nm)
—— PL (%, =516nm)

0.08 1

F 15000

0.06 1

10000 2
0.04

Absorbance

F 5000

400 500 600 700

wave length (nm)
Fig. 25. UV-vis and PL spectra of Ce’"(5 %):InP/ZnS green emitting d-

dots synthesis reaction.
Detailed analysis of the doped structures revealed the presence of large

lumps of possibly undissolved and unreacted cerium acetate in the samples

indicating the inefficiency of this method to produce d-dots.
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Fig. 26. UV-vis and PL spectra of Ce’"(5 %):InP/Zn$S green emitting d-

dots synthesis reaction.

It was reported before that the reaction temperature has influence on the
diffusion of dopants in the NC cores.*® Xie and coworkers has showed that with
temperature to be a key factor in successful doping of InP nanocrystals. They have
found that with the increase of temperature lattice diffusion of dopants increases into
the core. Based on this result, we have decided to go for a high temperature reaction to
induce doping of RE elements into the InP core. To have a 300 °C reaction temperature,
it is necessary to increase the amine alkyl chain length. Hexadecyl amine was chosen
due to its high boiling point (330 °C) and low melting point (43 °C). When using the
hexadecyl amine, the reaction mixture was found difficult to disperse in solvents after

the reaction.

4-7. Synthesis and Characterization of InP/ZnS NCs doped with IIB, VIIB and Er

Based upon the above observation for Ce ion, Er and Mn is doped to the In(Zn)P core
according following the same process described before. Er ion has been known a good
light harvesting element and Mn is chosen its nontoxicity and availibity. A turbid
dispersion of Erbium acetate was prepared (5 %, 7 % and 10 % with respect to indium)
in 1-octadecene by heating a mixture to 250 °C under vigorous stirring and the heating
and vigorous stirring was continued until the time of addition. In(Zn)P core was
prepared according the Method-7 described before. After the desired core growth time

the reaction mixture was cooled to 150 °C and the turbid cerium acetate dispersion was
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added to the reaction mixture. The core growth was restricted to green emitting NCs
since a further low energy PL was expected for that originating from dopant ions. After
the addition the reaction mixture was heated to 220 °C for 30 minutes for the diffusion
of Er’” into the In(Zn)P crystal lattice. After the reaction time the reaction mixture
again cooled to 150 °C for the shell growth. Precursors for shell growth were added and
the temperature was again raised to 220 °C for shell growth. Multiple shell growth were
attempted for preventing the doped RE ions escape from the core by diffusion.

Er-doped In(Zn)P/ZnS NCs emitted the green light, Ayax = 532 nm under the 365 UV
irradiation with high optical efficiency as shown in Fig. 27. Also Er-doped QDs are to
have smaller bandgap than the undoped In(Zn)P/ZnS QDs. Er-doped QDs has the size
around 2.5 nm TEM (Fig. 28). The QDs spreads well evenly due to the introduction of

even a single shell.
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Fig. 27. UV-vis and PL spectra of Mn’"(10 %):In(Zn)P/ZnS green

emitting d-dots synthesis reaction.

Fig. 28. TEM image of Mn’"(10 %):In(Zn)P/ZnS green emitting QDs / 1

shell, reaction time 40 sec, Manganese(III) acetate (10%)
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Fig. 29. UV-vis and PL spectra of Er3+(10 %):In(Zn)P/ZnS yellow green

emitting d-dots synthesis reaction.

Fig. 30. TEM image of Er’"(10 %):In(Zn)P/ZnS yellow green emitting
d-dots QDs /1 shell, reaction time 40 sec, Erbium(III) acetate (10%).

When In(Zn)P/ZnS core/shell QDs are doped, their PL intensity substantially increased
as shown in Fig. 31. In comparison with Er’* and Mn®* doped In(Zn)P/Zn$ core/shell
QDs, Erbium d-dot shows more enhanced intensity in PL spectra. Doping has influence

on both the optical properties and the size of d-dots.
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Fig. 31. PL spectra of In(Zn)P/ZnS core shell red QDs with different doping

elements, Er and Mn.

6. Summary and outlook

Aim of this work is to prepare rare earth (RE) metal doped Cd free quantum
dots (eg, RE:InP/ZnS) with nontoxicity and efficient light emitting activity, and further
enhancement of their PL by reducing quenching due to the surface defects by a
combination of efficient core/shell (CS) and core/shell/shell (CSS) structures. These CS
or CSS d-dots are planned to surface passivation with inorganic metal-free ligands for
efficient electron-hole injection for a better utilization in display devices. Each of the
ideas were attempted to standardize separately. Among them InP/ZnS core/shell
structures were successful prepared from a low temperature amine ligand based process.
Emission color tuning was also successfully done with these NCs over all color range.
Synthetic protocol for other group III element phosphides is in process of design.
Doping with Ce’” was attempted over InP/ZnS CS structure. Attempt at 180 °C was not
successful and hence attempts to develop high temperature reactions are in progress.
InP/ZnS CS systems with multiple shells up to five shell layers were prepared and the
increasing number of layers was found to influence the PL quantum yield positively.
Further experiments are in process to optimize the shell thickness. InP/ZnSe/ZnS CSS

system under various conditions of Se solutions was attempted. Ligands used for Se
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solvation in ODE were found to affect the nanocrystal growth and hence a method to
prepare elemental Se clear dispersion was adapted from literature and reactions with the
clear dispersion are in progress. Surface passivation of InP/ZnS with inorganic metal
free ligands was done successfully.

Systematic attempt to synthesize the QDs having various components in their
core lattice and to endow better stability by changing shelling materials and layers has
widely performed. Novel In(Zn)P/ZnS core-shell QDs as well as In(Zn)P/ZnS d-dots
containing Ce, Er, and Mn have successfully realized and characterized. Among the
doping materials Erbium exhibited the highest PL intensity. Their color tunings are able
to be realized by fine reaction time control from 40 sec to 20 min and green to orange
colors, respectively. For shell thickness d-dots with 1 to 8 shells were investigated.
Increasing shell thickness the quantum yield increases from 1 to 4 shells and then
begins to decrease from 5 up to 8 layers. PL intensity showed maximum quantum yield

at 4 shells.
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