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Abstract

Colloidal quantum dots (QDs) have attracted intense attention in both fundamental stud-
ies and practical applications. To date, the size, morphology, and composition-controlled
syntheses have been successfully achieved in II-VI semiconductor nanocrystals. Recently,
[I-nitride semiconductor quantum dots have begun to draw significant interest due to
their promising applications in solid-state lighting, lasing technologies, and optoelectronic
devices. The quality of nitride nanocrystals is, however, dramatically lower than that of II-
VI semiconductor nanocrystals. In this review, the recent development in the synthesis
techniques and properties of colloidal III-V nitride quantum dots as well as their applica-
tions are introduced.
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1. Introduction

Due to the uniquely tunable electronic structure and low-cost synthesis in a controllable way;,
colloidal quantum dots (QDs) have attracted intense attention in both fundamental studies
and practical applications [1-5], such as solar cell, quantum dot light-emitting diode, and
spectrometer. Usually, semiconductor quantum dot properties can be varied by their size,
composition, morphology, and phase structure. To date, with the rapid development of syn-
thesis technique, the size, morphology, and composition-controlled syntheses of colloidal
quantum dots have been successfully achieved [6-9].

III-V semiconductors are crystalline binary compounds formed by combining metallic ele-
ments from group III and nonmetallic elements from group V of the periodic table [10]. In the
III-V nitride, the wurtzite phase is the stable form and they have direct bandgaps ranging from
0.7 eV for InN, to 3.4 eV for GaN, and to 6.2 eV for AIN. They can combine with each other to
form alloys with bandgaps value from 0.7 to 6.2 eV, covering a wide range of spectra from

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [®)sy ]



62 Nonmagnetic and Magnetic Quantum Dots

ultraviolet (UV) to infrared region, exhibiting large potential applications for electronic and
optoelectronic devices.

Recently, [II-nitride semiconductor (such as GaN, InN, and AIN) quantum dots (QDs) have
begun to draw significant interest due to their promising applications in solid-state lighting,
lasing technologies, and optoelectronic devices. The quality of nitride nanocrystals is, however,
dramatically lower than that of II-VI semiconductor nanocrystals. For synthesis of III-V
nitride quantum dots with uniform distribution, it is important to have a very fast nucleation
and relatively slow growth process, which requires the growth unit concentration to reach
high super-saturation level. However, such condition is very difficult to achieve for nitride
quantum dots due to their strong covalent bonding and lack of suitable precursors. Although
during the past few decades, various methods and precursors have been studied, the effective
reaction with a control over group III elements and nitrogen in the solution has still remained
difficult. Herein, we review the recent development in the synthesis techniques and properties
of colloidal III-V nitride quantum dots as well as their applications. Meanwhile, the overview
will partially involve the development and improvement of IlI-nitride QDs grown by vapour-
phase methods. More detailed introduction of colloidal III-V nitride quantum dots, that is,
GaN, InN, and their alloys, are presented in the following discussion.

1.1. Gallium nitride quantum dots

GaN is a technologically important direct semiconductor for development of short-wavelength
optoelectronic devices, high-speed microwave device, and high-density integrated circuit [11-
13]. Its bandgap is 3.4 eV. GaN also have chemical and radiation resistance, and is therefore
being considered as a stable photocatalyst in photoelectrochemical (PEC) cells for the produc-
tion of fuels [14]. Colloidal QDs made from this material are expected to comprise good
thermal, chemical, and radiation stability with the excellent optical properties. Therefore, since
Xie [15] group succeeded in preparing GaN nanoparticles by simple inorganic reactions at
300°C, considerable efforts have been made towards the solution-based synthesis of GaN QDs
at low temperature and the understanding of optical and electronic properties. In the past 20
years, many researchers have prepared zero-dimensional (0D) GaN nanostructures by top-
down approach. Various methods based on a bottom-up approach, like solvothermal methods,
thermal decomposition, and so on, have been used to synthesize 0D GaN QDs. However, for
the wet-chemical approach, controlling the size of 0D GaN QDs and even their optical and
electrical properties remains a significant challenge.

1.2. Indium nitride quantum dots

Among III-V nitrides, indium nitride is of relatively low-thermal stability. For example, the
InN thin film conducts thermal decomposition under dinitrogen desorption at 500-550°C [16].
InN is one of the least studied materials in the III-V compounds. Previously, it was believed
that the fundamental bandgap of InN was 1.9 eV, until much more recent studies on higher
quality films of InN have clearly shown that the true value of its direct bandgap is at 0.7 eV
[17], making it a very promising compound for optoelectronic applications. Recently, with the
further study of the group III nitride, the semiconductor properties of InN have attracted
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increasing attention. It has a good property on electron transport, making it face the huge
application on high-speed electronic device due to its small-effective mass [18]. InN is also
considered as an excellent material for low-cost, high-efficiency solar cell, photomask, light-
emitting diodes, laser diodes, sensors, and THz radiation [19-22]. In addition, InN is consid-
ered as a promising candidate for biological imaging and in vivo medical applications because
of its nontoxicity and its infrared emission in the optically transparent region of water and
blood [23].

With the increasing importance on InN, how to obtain the InN with high quality is also
attracting much attention. Although several synthesis methods, such as solvothermal methods
[24, 25], sputtering [26], and molecular beam epitaxy (MBE) [27], were developed to prepare
0D InN QDs, more effort needs to be devoted to improve the quality of InN QDs with a
controlled way:.

1.3. Indium gallium nitride quantum dots

Group III nitrides have a high light-emitting efficiency due to its direct bandgap as well as high
radiative transition rate. GaN and InN can form component continuous solid solution and
superlattice, like InGaN. The alloy’s bandgap can be tuned by controlling the ratio of GaN/InN
and with the increasing composition of In, the VBM of the InGaN increases in energy almost
linearly [28]. In addition, due to the quantum size effect, the bandgap of the InGaN can be
further tuned by changing the size and shape of the QDs, so that these semiconductors can be
used for red to ultraviolet emitting devices [29].

Unlike the synthesis methods of GaN and InN, the way to prepare InGaN quantum dots are
mainly top-down approach, such as plasma-assisted molecular beam epitaxy (PA-MBE) [30],
metal-organic vapour phase epitaxy (MOVPE) [31], and metal-organic chemical vapour depo-
sition (MOCVD) [32].

There are abundant papers and books to review the development of 1D and 2D III-V nitride and
other nanostructures. However, there are few reviews on the research status of the colloidal III-V
nitride quantum dots. This research field is important for fundamental science and technology
and is growing fast. In this review, we focus on recent progresses in the synthesis, crystal
structure, and optoelectronic properties of colloidal III-V nitride quantum dots.

2. Crystal structure

There are three common crystal structures shared by the group III nitrides, namely, the
wurtzite, zinc blende, and rocksalt structures. Usually, the thermodynamically stable struc-
tures are wurtzite for bulk AIN, GaN, and InN. The large difference in electronegativity
between the group III and group V elements (Al =1.18, Ga =1.13, In=0.99, N = 3.1) results in
very strong chemical bonds within the III-nitride material system, which not only is at the
origin of most of the exceptional Ill-nitride physical properties (listed in Table 1), but also
greatly hinder the low-temperature solution synthesis of III-V nitrides [33]. For the growth of
III-V nitride QDs, vapour deposition based on substrate is a more popular approach.
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AIN GaN InN
Lattice constant, a (A) 3.112 3.189 3.545
Lattice constant, ¢ (A) 4.982 5.186 5.703
Thermal expansion coefficient «, (10°°K ™ 5.27 (20-800°C) 4.3 (17-477°C) 5.6 (280°C)
Thermal expansion coefficient o (107° K™Y 4.15 (20-800°C) 4.0 (20-800°C) 3.8 (280°C)
Electron effective mass, m, (mg) 0.2 0.11
Hole effective mass, my, (mg) 0.8 0.5 (mhh) 0.17 (mlh)
Refractive index, n 2.2 (0.60 um) 2.35 (1.0 um) 2.56 (1.0 um)
2.5 (0.23 um) 2.60 (0.38 um) 3.12 (0.66 pum)
€ (0) 9.14 10.4 (E||c)
9.5 (ELc)
€ (o0) 4.84 5.8 (E|lc) 9.3
5.4 (ELc)
Thermal conductivity, (iher/cm K) 2.0 1.7-1.8
Melting point (°C) 2000 >1700 1100
AG? (kcal/mol) —68.2 —-33.0 —23.0
Heat capacity, C,, (cal/mol K) 7.6 9.7 10.0

Table 1. Physical properties of III-V nitride semiconductors [33].

3. Colloidal III-V nitride quantum dots

3.1. Syntheses of colloidal nitride quantum dots

So far, many efforts have been devoted to synthesize colloidal nitride quantum dots by the
solution-phase routes. Over the past 20 years, many groups have prepared the colloidal III-
V nitride quantum dots by various solution-based methods. These methods can be classi-
fied into the following approaches, namely solvothermal [24, 25, 34], hydrothermal [35],
and thermal decomposition of single [36, 37] and two precursors [38]. The hydrothermal
process refers to the reaction of reactants and water in a pressurized reaction environment
to form nanoparticles. The process of forming of nanocrystals undergoes two stages, disso-
lution and crystallization. In the primary reaction, the aggregation and binding of the
precursor particles are destroyed, making the particles dissolute in the hydrothermal sol-
vent, transporting into the solution in the form of ions or ionic groups, and crystallizing the
crystalline grain after nucleation. Solvothermal method was developed on the basis of
hydrothermal method, which uses the organic solvent as solution, replacing water. In this
way, some compounds sensitive to water (reacting with water, hydrolysis, resolution, or
instability) like III-V group semiconductors, carbides, fluorides, and so on, can be pre-
pared. LaMer and Dinegra thought that the preparation of monodisperse nanocluster
needed a transient and discrete nucleation process, and then controlled the crystal nucleus
growth slowly [39]. Putting the reactants rapidly into the container makes the precursor
concentration higher than the nucleation threshold value. A short period of sudden
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nucleation can reduce saturation. As long as the rate of the consuming concentration for
nanocrystal growth reaction is less than the rate of precursor injection, there are no new
nanocrystals formed. Therefore, the size of the particle distributions mostly depends on the
time from nucleation to growth. This method has some advantages that cannot be replaced
by other methods: (1) uniform morphology; (2) narrow size distribution; and (3) high
crystallinity due to relatively high reaction temperature.

3.1.1. Gallium nitride

The preparation of colloidal GaN quantum dots via thermal decomposition commonly
requires the suitable Ga and N resources as the precursors. As the growth temperature
increases, the precursors will be decomposed rapidly, react, and then generate lots of small
nanometal clusters. Finally, the GaN nanoparticles are formed after the further growth and the
size of the particles depends on the reaction time and temperature. The precursor contains
polymeric gallium imide [40, 41] and gallium cupferron with hexamethyldisilazane, [42] etc.
The selection of the precursor is very important for successful growth of colloidal GaN quan-
tum dots. Janik and Wells [41] prepared powders of mixed hexagonal/cubic nanocrystals of
GaN by deamination of polymeric gallium imide ({Ga(NH)3/2},,) at 210°C. Their work showed
that nanosize GaN could be prepared by polymeric gallium imide ({Ga(NH)3/2},) at high
temperature, due to the lack of any organic substituents in the precursor, which made {Ga
(NH)3/2},, a good candidate for the generation of carbon-free GaN. However, it is unfortunate
that these methods for the size control were limited and did not allow the nanocrystals to be
dispersed in solvents to form transparent solutions of QDs suitable for optical measurements.
One important factor in the synthesis of GaN is the purity of the final product. Carbon is
usually left on QD surfaces after pyrolysis and it is difficult to remove. The elemental analyses
of the GaN QDs showed 2.49-3.65% carbon content. Although the GaN QDs obtained by the
above methods were of poor quality, it opened a window for researchers to find better ways to
obtain the high-quality GaN QDs.

According to the previous reports, Mici¢ et al. [40] still used {Ga(NH)3/2}n to prepare the GaN
but they added trioctylamine (TOA) and hexadecylamine (HDA) during the heating process.
The HDA could improve hydrophobicity of the GaN surface because of its less sterical
hinderance and much dense surface cap. Mici¢ also showed that TOA/HDA decreased carbon
adsorption on the QD particles and after purification yields a white colloidal solution. A
transmission electron microscopy (TEM) image of the GaN quantum dots is given in Figure 1,
which shows the spherical GaN QDs with diameter ranging from 23 to 45 A. High-resolution
micrographs show <111> lattice fringes in some particles have the proper orientation for
observing fringes (Figure 1, bottom right panels). The particle size was estimated by simply
counting the lattice fringes for each particle (interplanar spacing for <111> GaN = 2.52 A); and
the average diameter is 30 A + 40%. The bottom left panel in Figure 1 shows the electron
diffraction pattern of the GaN nanocrystals.

The polymer is not a good solvent for controlling the size and the high-yield production of
QDs. In the polymer solvent, during the nucleation process, due to the melt in the solvent,
dispersibility is not good, the nanoclusters may be happened to aggregate. To solve this
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Figure 1. TEM image of GaN QDs taken in bright field. Top panel shows low magnification of QDs and some linear
alignment. Bottom two right panels show high magnification and lattice fringes of QD oriented with the <111> axis in the
plane of the micrograph. Bottom left panel shows electron diffraction pattern of GaN QDs indicating zinc-blende
structure [40].

problem, Pan et al. [43] found that GaN could be obtained by dimeric amidogallium precursor
(Gaz[N(CHs),]6) through pyrolysis without the need for the polymeric intermediate. In this
way, not only it produced colloidal GaN quantum dots, but also offered the possibilities of
controlling the dots” size. In addition, the gaseous ammonia needed in the nucleation process
was cancelled. Colloidal GaN QDs was got by transmission electron microscopy (TEM) imag-
ing. Figure 2 shows a TEM image of the GaN nanoparticles. Several spherical particles with
diameters of 2-4 nm are shown in the Figure 2. Although the particle size distribution
obtained here is not comparable with those obtained in the highly optimized II-VI group
systems, it is believed that this reaction will be improved through optimizing the reaction
conditions. However, the as-prepared samples’ crystallinity is poor, which can be confirmed
by the TEM images. No lattice fringes were observed in HRTEM images. HAD may has a
contribution for the pyrolysis reaction. When HDA was eliminated from the reaction mixture,
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Figure 2. TEM image of GaN nanoparticles obtained from pyrolysis of Ga,[N(CH3),]e. Scale bar is 10 nm [43].

no GaN was produced. Elemental analysis on the GaN product prepared in the presence of
HDA revealed a Ga/N mass ratio of 4.88:1 (theoretical 4.98:1), indicative of nearly stoichiomet-
ric GaN.

The sample also had a high-carbon content (C/N) of 2.27:1, indicating that carbon was incor-
porated into the particles. Certainly, it was consistent with capping of nanosize particles by
capping ligands, such as HDA or TOA that contains long aliphatic chains.

Generally, to get the GaN, the post-treatment temperature is at least 500°C. Nitrides of lantha-
nide and transition metals (M) can be prepared by solid reaction at the temperature ranging
from 600 to 1000°C. The chemical equation is as follows:

MCl, + LisN — MN + LiCl 1)

Xie et al. [15] reported that the crystalline GaN particles could be synthesized by simple
inorganic reactions at temperature of 300°C in the autoclave (no capping ligand in the whole
preparation process). They used GaCl; and LizN as gallium and nitrogen precursors in the
liquid, respectively, and the reaction equation is:

GaCls + LisN — GaN + 3LiCl 2)

These crystallites of GaN have an average size of 32 nm and display a uniform shape (Figure 3A).
The images of GaN particles were observed by High-resolution electron microscopy (HREM). In

67



68 Nonmagnetic and Magnetic Quantum Dots

Figure 3. (A) A TEM micrograph of nanocrystalline GaN. (B and C) HREM images of nanocrystalline GaN: (B) lattice
fringes of (001) plane in GaN with a wurtzite structure and (C) lattice fringes of (100) and (110) planes in GaN (marked A
and B, respectively) with a rocksalt structure [15].

Figure 3B, the (001) lattice fringes of GaN in the wurtzite structure appear frequently, indicat-
ing the preferential orientation of the plate-like GaN particles. The areas marked by arrow-
heads (A and B) in Figure 3C represent a typical structural image of [100] and [110]
orientations, respectively, of GaN in the rocksalt structure.

3.1.2. Indium nitride

Among the nitride, InN is the most unstable, which decomposes above 500°C [44]. Hence, it is
difficult to prepare InN crystalline. Historically, polycrystalline indium nitride was synthe-
sized by radio frequency sputtering [28], which results in high free-electron concentration,
significant oxygen contamination, and an absorption edge at about 1.9 eV [45-47]. Recently,
high-quality crystalline InN has been grown by molecular beam epitaxy (MBE) [27]. The
typically observed bandgap of high-quality wurtzite-InN grown by MBE is around 0.65-0.7 eV
[34, 48]. However, the quality of indium nitride samples grown by low-cost solution or other
vapour methods has still remained challenging. Therefore, there still exists a huge challenge to
synthesize high-quality InN nanocrystals using low-cost solution or vapour methods. So far,
Xiao et al. [24] adopted the solvothermal using NaNH, and In,S; as novel nitrogen and indium
sources to prepare the indium nitride at 180-200 °C with the particle size ranging from 10 to 30
nm, and the reaction equation is:

InySs + 6NaNH; — 2InN + 3Na,S + 4NHj; 3)

Hsieh [25] also used solvothermal to prepare the InN NCs with an average diameter of
6.2 + 2.0 nm utilizing InBr; and NaNH, in a low temperature, ambient pressure, and liquid-
phase condition.

Generally, ammonia is used as nitrogen source in the vapour-phase growth process. The
relative high growth temperature in vapour-phase methods can help nucleation overcome the
reaction difficulty encountered by solution methods. However, unlike the solution-based
methods (where the nucleation and growth process could be separated by choosing appropriate
ligands and solvents), the vapour-phase methods usually trigger off nonuniform nanocrystal
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morphology due to poor control in the nucleation process. Moreover, the vapour-phase methods
often encounter the aggregation problem due to the large surface energy of nanocrystals. It is
concluded that each of the aforementioned methods for synthesis of monodisperse InN
nanocrystals faces significant challenges in achieving well-defined size and shape. Our group
[49] had addressed these critical issues by exploiting a new synthesis approach that resulted in
monodisperse InN nanocrystals with uniform size and morphology and superior optical quality,
and first successfully prepared the cubic InN nanocrystals with aforementioned advantages,
by combining solution- and vapour-phase methods under silica shell confinement (SVSC), as
schematically shown in Figure 4(a).

In this method, the In,O; nanocrystals with well-defined size and morphology were first
synthesized by a solution-based method. The In,O3; nanocrystals were coated by silica shell
before nitridation, this is because silica is inert and can be easily removed by HF acid. The
obtained In,O;@SiO, nanopowders were put into a tube furnace. After being purged with NHj;
gas for 20 min, the furnace was heated to 500-700°C and kept for 5 h under NH; flow at 300 ml/min.
Finally, large-scale InN@SiO,nanocrystals with uniform size and morphology were obtained
through the SVSC route. After removing the silica shell, INN NCs can be dispersed into DI
water and then transferred to various nonpolar organic solvents by phase transfer, as shown in
Figures 4(b) and (c).

Figure 5(a) and (b) shows transmission electron microscopy (TEM) and high-resolution trans-
mission electron microscopy (HRTEM) images of the InN nanocrystals. The indium nitride
nanocrystals with nearly monodisperse spherical shape can be observed from the TEM images.
The diameter distribution of the synthesized indium nitride nanocrystals can be revealed from
the Figure 5(c), revealing a fairly uniform size distribution of the InN nanocrystals from 5.0 to

(a) In,0,@Si0, InN nanocrystal

In,O, nanocrystals

Coated by
—_—
Silica shell

‘ .
I;i:

Figure 4. (a) Schematic of the SVSC method for InN nanocrystals. (b) The upper layer is hexane and the bottom layer is
distilled water. The left bottle contains InN nanocrystals in hexane and the right one contains InN nanocrystals in water.
(c) Large-scale INN@SiO, nanopowders (0.47 g) synthesized by the SVSC method [49].
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Figure 5. (a) Low-resolution TEM; (b) HRTEM images of the InN nanocrystals; (c) size distribution of the InN
nanocrystals; and (d) XRD spectrum of the InN@SiO,nanocrystals obtained at 550°C [49].

6.3 nm. The average diameter of the InN nanocrystals is calculated to be 5.7 & 0.6 nm, after
counting about 200 nanocrystals. Figure 5d shows the X-ray diffraction (XRD) pattern of the
InN nanocrystals. All the peaks can be matched with the cubic InN (JCPDS No. 88-2365) except
the peak at 20 = 22.5°, which corresponds to the amorphous silica. No peaks of In,O; were
observed in the XRD pattern, indicating that all In,O3 nanocrystals had been converted to InN.
As illustrated in Figure 6, the InN@SiO, nanocrystals in the form of powders (not in the
solution) exhibited infrared PL at room temperature. The fluctuation of PL signal at ~1900 nm
could be due to water absorption and might not originate from the sample. The PL spectrum is
characterized by the presence of three distinct emission peaks.

3.1.3. Indium gallium nitride

Xiao et al. [50] demonstrated for the first time, a new route that quantum size effect can be used
to prepare the epitaxial nanostructures with great significance for the achievement of a broad
range of future nanoelectronic and nanophotonic devices. The process is quantum size-
controlled photoelectrochemical (QSC-PEC) etching. Quantum dots” bandgap depends on the
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Figure 6. Photoluminescence spectrum of INN@SiO, nanocrystals at room temperature [49].

nanostructure size. Therefore, they used QSC-PEC etching to fabricate InGaN QDs of con-
trolled size starting from the InGaN thin film. They used H,50O, aqueous solution as the
electrolyte and a tunable, relatively narrow band laser source as photoexcitation. The sample
consisted of Ing 13Gag 7N films (3-20 nm) grown on c-plane GaN/sapphire. They discussed the
influence of solution pH during quantum size-controlled PEC etch process. [51] When the
solution pH lies between 5 and 11, both Ga- and In-oxides are formed at the surface. Etching
rates are very low and InGaN QDs are not formed. In the dark etching of InGaN at pH above 5,
the above situation may also occur. However, when the solution pH is below 3, oxide-free QDs
with self-terminated sizes can be successfully realized. In strongly acidic solutions, the oxides
are not formed during the PEC etching process, due to all the oxide productions can be
dissolved by the electrolyte. Therefore, PEC etching can be used to prepare InGaN QDs.
Meanwhile, there are other methods of preparing InGaN quantum dot, such as plasma-assisted
molecular beam epitaxy (PA-MBE) [30], metal-organic vapour phase epitaxy (MOVPE) [31],
and metal-organic chemical vapour deposition (MOCVD) [32].

4. Summary and future directions

The field of colloidal III-V nitride quantum dots has been constantly gaining interest among
science and engineering communities during the past decades. In this chapter, we have sum-
marized the research status and progress in this field, including their preparation techniques
and optoelectronic properties. Although much progress has already been made in the field of
colloidal III-V nitride quantum dots, significant challenges involving the fabrication of quan-
tum dots with uniform morphology and size and control of the electronic and optical proper-
ties in terms of composition and structure remain to be solved. Once high-quality colloidal ITI-
V nitride quantum dots are synthesized successfully, more new discoveries and applications
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will be exploited, such as solid-state lighting, lasing technologies, and optoelectronic devices,
as well as the booming quantum photonics technology.
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