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Abstract

Colloidal quantum dots (Colloidal Quantum Dot, QD) refer to 1 ~ 10 nm semiconductor
nanoparticles synthesized in the liquid phase. Since the size of the band gap can be controlled
by the size of the particle based on the quantum confinement effect manifested in the QD,
the light emission and the optical absorption spectrum can be modulated in a wide band.
Furthermore, since the organic ligand is soluble in the solution when it is bound to the QD
surface, there is an advantage that the device can be produced inexpensively by the coating
method. Therefore, research and development toward the creation of optoelectronic devices
such as solar cells, phototransistors, photodiodes (PD), lasers, and light emitting diodes using
ODs as an active layer is actively being conducted.

In general, surface defect density increases with nanoparticulation. Since defects act as non-
radiative deactivation channels and reduce the optical properties of QDs, the development of
methods to suppress defect generation is key. The most established method at present is the
core/shell method. According to the methodology, a Type-I structure with band energy
alignment in which the band end of the shell encompasses the band end of the core increases
the rate of radiative recombination of photoexcited carriers, resulting in superior optical
properties. In the conventional Type-I structure fabrication, it is important to select the
material that constitutes the shell. In the InP studied in this paper, a ZnSe/ZnS double shell
structure fulfills the requirement. Concretely, since the lattice matching is not obtained at the
interface between the core and the shell due to the difference in the lattice constant between
the ZnS and InP, ZnSe having an intermediate value between the lattice constants of InP and
ZnS is interpolated. In the core/shell/shell structure in which ZnSe is assembled by
shouldering the inner shell, lattice mismatch generated at the interfaces of InP and ZnSe and

ZnSe and ZnS is relaxed by strain, and defect generation is suppressed. From the viewpoint



of matching the lattice constants between the core and the shell, it is common practice to alloy
the core and/or the shell, but the spectral performance is inferior to the former.

The purpose of this paper is to discuss the synthesis method, structural analysis, optical
properties, and the mechanism by which these properties appear for QDs with a coherent
core/shell structure, which has been successfully synthesized for the first time in InP systems,
and to describe the effect of this structure on device performance through the fabrication and
device evaluation of photovoltaic photodiodes equipped with a coherent core/shell QD in the
active layer.

In Chapter 1, fundamental physical properties and synthesis methods of compound
semiconductor QDs were described. In particular, as for the InP QD developed in this study,
recent research examples are introduced, and the process leading to the conception of this
research subject and the research purpose are clarified by examining the synthesis of the
core/shell structure and the correlation between this structure and optical properties.

In Chapter 2, we optimized the synthesis and ZnS shell formation conditions for narrowing
the size distribution of InP QDs, determined the critical thickness of ZnS films for
maintaining coherent InP/ZnS core/shell structures, and analyzed the correlation between
coherent nanostructures and optical properties in detail. The coherent core/shell structure
exists as a so-called single crystal having the same lattice constant of 0.56 nm over the entire
core/shell QD as a result of isotropically compressing the core crystal and conversely
expanding the shell crystal when the InP serving as the core is controlled to have a particle
size smaller than 2.95 nm and the film thickness of ZnS being the shell is 1.08 nm or less, and
is stable in room temperature and air. In spite of the fact that the core and the shell are
composed of different materials, the lattice-matched interface is formed, so that the optical

characteristics are excellent. For example, the fluorescence quantum yield (PLQY) of



photoluminescence was 70%, and the full width at half maximum (FWHM) of PL spectrum
was 35 nm, showing excellent performance such as compatibility of optical characteristics
which are not comparable in alloy systems.

In Chapter 3, we performed low-temperature photoluminescence measurements to discuss
the mechanism of the unique optical properties observed in the coherent core/shell structure.
Coherent core/shell QD and non-coherent core/shell QD coated with ZnS shells of different
thicknesses were prepared as samples for InP core QD of the same lot, and PL measurement
was carried out in the temperature range of 4 -298 K using a cryostat. The results of the
temperature dependence of the PL-FWHM reveal that the observed increase in PL-FWHM
in the non-coherent core/shell QD is not due to phonon-electron interaction but to the
physical shape of the shell.

In Chapter 4, a PD device having a coherent core/shell QD in an active layer was fabricated.
Ligands such as palmitic acid bonded to the QD surface have a long alkyl chain, so steric
hindrance is strong, and the distance between the QDs becomes long when the QDs are
thinned by spin coating. As a result, the carrier mobility in the thin film became low, and the
device performance deteriorated. To solve this problem, ligand exchange was performed to a
hydrophilic ligand with a short alkyl chain. As a result, the film-forming property of the QD
on the zinc oxide thin film which serves as the electron transport layer is improved, and at the
same time, the distance between the QDs in the active layer is shortened. The PD element
structure was energy aligned so that the energy diagrams of ZnO and QD were Type-II type
from the viewpoint of carrier separation of excitons generated by optical absorption. These
structural mechanisms worked effectively, and we succeeded in fabricating the first PD device
in the InP system. Furthermore, the PD element showed excellent optical response

characteristics. First, the time required for the rise of the signal waveform was 4 msec and the



time required for the fall was 9 msec. These response times were the fastest among Cd-free
QD PDs reported so far.

Chapter 5 summarizes the conclusions and provides an overview and perspective on the
effectiveness and potential of the coherent core/shell InP/ZnS QDs presented in this study
as phosphors.

In short, the author has realized a coherent core/shell QD structure for the first time in an
InP system by using InP, a typical III-V semiconductor, as a core and ZnS as a shell, and has
investigated the conditions for the structure formation. The findings obtained in this study
show that the coherent core/shell structure, which was conventionally thought to be possible
only in a part of II-VI semiconductors, is also possible in other semiconductors including I1I-
V semiconductors, thereby expanding the versatility of this structure, and contributing to

future application development.



Chapter 1: Introduction

Preface

The subject of this research is "Colloidal Synthesis of Coherent InP/ZnS Core/Shell
Nanocrystals for Optoelectronic Applications" In this section, we describe the

fundamental characteristics and synthesis theory of QDs, and then describe the research

subjects of InP QDs.

1.1 Colloidal Quantum Dots Overview

Nanometer-sized particles (about 2 ~ 10 nm) composed of about 103 ~ 10° atoms
synthesized and suspended in the solution phase are called colloidal quantum dots (QDs). By
the high temperature organometallic synthesis method reported in 1993, it became possible
to synthesize semiconductor nanoparticles with good crystallinity whose particle size was
controlled.'Since then, the elucidation of the structure and physical properties of
semiconductor nanoparticles has dramatically improved. Since QDs can easily produce solids
directly from the solution phase and can adjust emission and absorption spectra in a wide
range by quantum size effect, there is a growing interest in materials. With applications
ranging from solar cells 23, LED*% photodetection ¢! lasers '2,bioimaging * QDs contribute

to the development of new technologies.



1.2 Quantum size effect

The electronic states of atoms and molecules take discrete levels, but when atoms cluster
together to form larger particles, they eventually form a continuous band of energy states. In
descending order of size, a cluster of about 10 ~ 10% atoms has a crystalline nature different
from that of a molecule.

The number of orbitals increases and the energy between the orbitals gradually decreases
when the size of the nanoparticle composed of about 10® ~ 10° particles with a particle size of
2 ~ 10 nm is reached (Figure 1.1). The particles in this region have electronic properties
intermediate between those of bulk semiconductors and isolated molecules. Further, as the
crystal size increases, a valence band in which bonding orbitals are continuously gathered and
a conduction band in which antibonding orbitals are continuously gathered are formed. The
energy band gap (E,) decreases as the size increases, and finally converges to the value of the
bulk semiconductor. In particular, E, strongly depends on the size if the nanoparticle radius
is less than or equal to the exciton Bohr radius. Therefore, QD can control the emission and
absorption wavelength only by the size even in the same material. Since the energy state
changes in this way depending on the size, it is also called quantum size effect (quantum

confinement effect).
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Figure 1.1 The relation between the size of QDs and the band gap: In bulk semiconductors, a
zonal conduction band and a valence band are formed. As the size gradually decreases, each

orbit becomes a discrete level and the band gap increases.!

Next, excitons are described to understand the relation between size change and optical
properties in more detail. In the case of bulk semiconductors, electrons in the valence band
migrate to the conduction band when they absorb energy higher than the energy gap
(photoexcitation). On the other hand, holes are formed in the valence band. The electrons
and holes are bound to each other by the electrostatic Coulomb force. These bound electrons
and holes are called excitons. This exciton can be treated like a negatively charged electron
and a positively charged nucleus of a hydrogen atom. The electrons and nuclei of hydrogen
atoms are bound by the size of the Bohr radius. For excitons, electrons and holes are bound
by the Coulomb force, as for hydrogen atoms, and their magnitude is the exciton Bohr radius

rg. The relation between rg and the exciton binding energy Eg is as follows.

EB ’TB:_ (])
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¢ is the dielectric constant of the semiconductor. When the Coulomb force is strong and Eg
is large, the value of rg becomes small. Therefore, the magnitude of rg varies depending on
the semiconductor material. For example, the exciton Bohr radius rg of CdSe, a Cd based QD,
is 4.6 nm, and the InP used in this study is 9.6 nm.

The stability of excitons in bound states varies with particle size. When the particle size is
large, excitons can exist stably. On the other hand, when the particle size is decreased down
to the nanoscale, the excitons are spatially confined and the possible energy states are reduced.
Eventually, the energy state becomes discrete, and the lowest energy of the exciton shifts
toward higher energies (quantum confinement effect). The energy shift depends on the
material. For example, because the Bohr exciton radius of InP is larger than that of CdSe, InP
is more confined even though it has the same particle size as CdSe. Therefore, the quantum
confinement effect is roughly divided into two models, in which the exciton motion differs

greatly depending on the size of the Bohr radius rg and the radius (R) of the nanoparticle.'®

1.2.1 Exciton confinement (weak confinement) of re< R

If R is greater than rg, the exciton can exist stably in the particle. The exciton character center-

of-gravity motion is confined as in bulk crystals. The minimum exciton energy E, is as follows.

2 2
Y %2

=) (2)

E,(R) =E, — ——— + —
n(R) =Eq 2Mr32+2M(R

E, is the band gap of the bulk semiconductor, M is the centroid effective mass of the exciton,
M = me* + mh*, and me* and mh* are the electron effective mass and the hole effective mass,

respectively. The second and third terms on the right side represent the exciton binding
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energy and the centroid kinetic energy of the exciton, respectively.

1.2.2 Individual electron and hole confinement (strong confinement) of r8> R

For rg > R, the exciton is larger than in the fine particles, so the electrons and holes are
confined in separate potentials and are subjected to Coulomb attraction. The lowest exciton

energy E, is as follows.!®

2
N e?
En(R) =E, + ﬂ(ﬁ) ~1.786— — 0.248E, (3)
Ep =13.6—— (4)

emyg

u is the reduced effective mass, u = 1/(1/m. + 1/my), Eg is the exciton binding energy, and
my is the electron mass. The right-hand third and fourth terms are the Coulomb terms and
the slightly modified binding energy terms. The kinetic energy term of the second term on
the right side varies greatly with the particle size. The shift of the lowest exciton energy is
larger in the electron and hole individual confinement than in the exciton confinement. This
is because the reduced effective mass p is smaller than the centroid effective mass M of the
exciton. Therefore, the QD of rg > R shows a remarkable change in emission or absorption
characteristics depending on the size.

Eq.(3)is also referred to as the effective mass approximation model, and gives the
luminescence relation to the size of the QD. Since this model calculates the effective mass in
bulk, it is not applicable as the particle size decreases, but it is possible to grasp the relation
between size and emission.

Thus, since QD can change optical properties only by particle size, it has the potential to

provide a new approach to material design. One of the attractive points is that this QD size
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can be prepared only by the parameters under synthesis.

1.3 Synthesis theory of QD

Thermodynamics shows that chemical reactions in solutions are governed by equilibrium
constants that are strongly dependent on temperature. The rate of chemical reaction between
precursors is proportional to the product of the concentrations of the reacting precursors.
Therefore, atmosphere control, temperature control, and solute concentration are particularly
important in the growth of quantum dots by chemical reactions.

The first growth is the nucleation of compounds by chemical reactions of multiple precursors,
followed by the growth of small quantum dots. Reaction precursors, which are used as raw
materials for quantum dots in solution, undergo pyrolysis or chemical reactions, and are
dissolved into the solvent as monomers. When the concentration of monomers locally
increases and exceeds a certain threshold (critical concentration), crystal nuclei are formed,
which is called nucleation.

LaMer first outlined that in a typical precipitation reaction in a closed system, nucleation is
thermodynamically possible when the free monomer concentration [M] is above a critical
concentration [Mc].!7At this point, the solution becomes supersaturated. The supersaturated
state S is defined by S = [M]/[M«], where [M«] is the equilibrium solute concentration
(solubility) in an infinite flat surface. During nucleation, the monomer is rapidly consumed,
resulting in a smaller [M]. The monomer concentration [M] eventually falls below [Mc] and
nucleation stops. For newly formed nuclei of radius r, [M] is much higher than the equilibrium
monomer concentration [M,] (the monomer concentration required to prevent particle
dissolution), even though nucleation has ceased. Therefore, the formed crystal nucleus of

radius r is thermodynamically stable and does not decompose into atoms or ions, although the
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concentration becomes locally heterogeneous in the solvent. Therefore, the nuclei with radius
r grow with the addition of the monomer.

Since nucleation requires the formation of a new phase, it must cross the thermodynamic
potential barrier. The energy that drives nucleation, the Gibbs free energy of the whole system,

is given by the sum of the surface and bulk terms.

AGT = AGB + AGS (5)

For spherical nuclei (radius: r), the surface contribution (A Gs) increases the free energy
of the system according to AGs= 4z r?>y, where vy is the surface energy. On the other hand,
the bulk contribution (A Gg) decreases the free energy by AGg= (471 3/3) AGyv. AGy is
the Gibbs free energy per unit volume. Here, R, T, and V are the gas constant, temperature,
and molar volume of the monomer, respectively, assuming that AGv = - (RT/Vy) InS, the

total free energy as a function of the nucleus radius is expressed as follows.

4r3RT(InS)

AGy =
T 3Vy

+ 4nr?y (6)

Figure 1.2 plots the surface (A Gs, dotted line), bulk (delta Gg, dashed), and total free
energy (A Gr, solid line) under certain standard reaction conditions. For small nuclei with a
large surface to volume ratio, the surface term dominates the free energy. However, as the
nucleus becomes larger, the bulk free energy term becomes dominant, and A Gr rises to its
maximum (the red part of the curve) and then decreases. This maximum thermodynamic
potential, A Gy, represents the energy required to form a stable nucleus for a given

supersaturation, surface energy, and temperature. The radius corresponding to this A Gy is
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known as the critical radius reic. Terie with d A Gr/dr = 0 can be expressed as:

2yVy

Terie = RT(InS) 7

In addition, the thermodynamic potential, A Gy, at the critical radius, e, is given by:

16my3V,,>

AGy = =
N T 3R2T2(Ins)?

©)

Because the system tries to lower the free energy, the nuclei with r > re can lower A Gr
upon growth by monomer addition, and the nuclei with r < rei .an lower A Gr by partial or
total dissolution. Thus, the critical radius rei represents the size that separates the stable and
metastable nuclei. The top right inset of Figure 1.2 shows the gradual change in A Gr that
occurs when a nucleus grows from a single monomer to a critical size. In this figure, n
represents the number of atoms (monomer units) contained in the nucleus, and the change
in free energy generated in the system when monomers are formed into dimers and trimers is
accurately displayed. Such a continuous addition of monomers increases the total free energy
of the nucleus, which changes from metastable to stable when it reaches a critical size of p
monomer units.

It is found that the barrier for the incorporation of one monomer unit is the smallest n which
is the largest and becomes zero in the order of n — p. This means that at the beginning of
nucleation, the reaction solution contains a very high concentration of monomers and a small

number of dimers, trimers, etc.
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Figure 1.2. The relation of particle size to (AGs), bulk (AGg), and total (AGr) free
energies.!® The red lines represent metastable nuclei at the thermodynamic potential A Gy. It
changes to a stable nucleus around the critical radius r.i.. The inserted graph represents AG

with the x-axis as the monomer unit.

As the reaction proceeds, stable nuclei exceeding the critical size are formed, and the nuclei
continue to grow. [M] still exceeds [M«] (solubility) and monomers are consumed through
the reaction, but [M] eventually falls below [M,] (monomer concentration required to prevent
dissolution of particles) and shifts to the coarsening process, Ostwald ripening. In this second
stage of growth, small nuclei dissolve because of their high surface energy and deposit into
larger nuclei. Therefore, the average particle size increases with the disappearance of small
nuclei. Furthermore, Ostwald growth is generally characterized by an expanded size

distribution.! Such growth after nucleation is expressed by the following equation.?

dr _ ZaDle(l 1)

dt d,kTr\r ©)

rror

where r* is the radius at which growth stops because the crystal is in equilibrium with the
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solution, D is the diffusion coefficient of the monomer in the solution, and C~ and o are the
vapor pressure and surface tension of the flat crystal surface respectively. For r* > r, the
growth rate is negative and melting is preferred for smaller crystals than for feeding new
monomers. This means that r* has the same meaning as the critical size rei which
characterizes the position of the energy barrier during nucleation. As represented by equation
(7), the critical size t.i depends on the monomer concentration. As the reaction proceeds, the
monomer concentration [M] decreases and the r.; increases.

The general crystal radius dependence of the growth rate is shown in Figure 1.3.
Interestingly, there is the maximum growth rate at radius 2r* (2r.q). If the radius r of a QD is
greater than 2r* (r>2r*), the size distribution narrows with time because small QDs grow
faster and large QDs grow slower. This region is called the size-focusing region. On the other
hand, when the radius of QD is r*<r<2r*, the size distribution becomes wider with time
because small QDs grow slowly and large QDs grow fast. The region in which this size
distribution extends is called the broadening regime; instead, the growth rate of small QDs
becomes negative and decomposes in the presence of small QDs with r* >r (the state of [M]
< [M,]). The monomer binds to a large QD, which reduces the number of QDs in the whole
system. This region is called the Ostwald ripening regme.

When considered as a practical synthetic system, r* is sufficiently small because of the high
monomer concentration [M] at the initial synthetic stage. So the composition starts with the
size-focusing regime. As growth progresses and the monomer concentration [M] decreases,
r* increases. The synthesis proceeds to the broadening regime, the Ostwald ripening regme.
Therefore, the nucleation process strongly affects the size distribution of the final sample.!”
Ideally, the nucleation process should be terminated before entering the size growth region.

Therefore, the sharpness of this nucleation process (rapid nucleation in time) is very
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important.!” Conversely, if the nucleation process takes a long time, the first nucleated QD is
already overgrown and has a wide size distribution. In such cases, the effect of size-focusing
on narrowing the average size of the QD may not be sufficient. It is important to note that all
QDs grow with an overall size-focusing. The solution of the problem on this size distribution
is tried by the improvement of the synthesis method. In the next session, we will describe the

synthesis methods for size control of these QDs and the effects of organic ligands.

Growth rate (a.u.)

Size-focussing regime

Broadening regime

Figure 1.3. Relation between critical size r * and growth rate dr/dt.?’ The area with r * > 2 is
called the size-focusing regime, and the area with 1 < r*<2 is called the broadening regime.
Two size distributions and their time evolution are shown as examples. In the two regions, the
particles grow with time, but the size distribution tends to be different. The size-focusing

regime has a smaller size distribution, and the broadening regime has a larger size distribution.

1.3.1 Hot injection method

In early 1980, the relation between the size of QDs and their absorption spectra was

explained.!> However, because the synthesized QD sizes were uneven, understanding of the
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quantum effects inherent in nanoparticles was slow. The approach for synthesizing
monodisperse QDs is mainly based on the work of LaMer.!” In 1993, Alivisatos and Bawendi
et al. succeeded in synthesizing CdS, CdSe, and CdTe QDs whose sizes were arranged by
introducing the "hot injection" method based on the research of LaMer.?! By this synthesis
method, the elucidation of electronic structure and optical property of semiconductor
nanoparticle will advance. To date, the most common method for synthesizing QDs is hot

injection. Figure 1.4 shows the outline of the hot injection method.
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Figure 1.4. Hot injection method overview. (a) A three-neck flask is used for the synthesis;.
One branch is for thermometer and the other for syringe injection. A cooling channel is set in
the center. The flask is filled with inert gas. 2> (b) LaMer plot corresponding to the relation
between reaction time and monomer concentration in QD synthesis. Monomer accumulation
(I), nucleation (II), growth (III), and Ostwald ripening (IV). The LaMer plot shows the
change in monomer concentration as a function of reaction time. When the monomer
concentration exceeds the saturation limit (Csauraton) at the monomer accumulation stage
(Stage I), the self-organization of the monomer initiates nucleation (Stage II). The nucleation
process is then terminated when the A-B monomer is rapidly consumed and the monomer
concentration drops below the Csuuration. Thereafter, A-B monomers are deposited on the AB
nuclei and crystal growth begins (stage III). When the A-B monomer concentration reaches
the equilibrium concentration (Crquilibrium), thermodynamically driven Ostwald ripening
dominates the interparticle reaction, leading to the dissolution of small AB nanocrystals and
the redeposition of dissolved species on the large crystal surface (Stage IV). Because Ostwald
ripening generally results in an expanded size distribution, QDs synthesis must be stopped in

time to avoid harmful interparticle reactions.*
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The heater with temperature controller is set below the 3 neck flask as in Figure 1.4(a). In
one of the three ports, a temperature sensor is set to measure the temperature of the solvent.
Set the rubber plug for injection of the reaction reagent using the syringe in the other of the
three ports. One port in the center is connected to the Schlenkline of vacuum and gas piping
in which vacuum and nitrogen and argon substitution sealing can be selected by the cock. An
anoxic atmosphere is necessary to prevent the oxidation of solutes and quantum dots.

Figure 1.4(b) gives an overview of the reaction process. The growth of QDs by the liquid
phase process proceeds with the chemical reaction of the precursors in the solvent. In the hot
injection method, 2 or more precursors are combined, and the nucleation is rapidly performed
at a high temperature of about 150 ~ 300 °C.2* [A] precursor and solvent are placed in a three-
neck flask, and the mixture is heated to about 300 °C. The precursor then releases the
monomer by pyrolysis (Stage I, Figure 1.4(b), Figure 1.5). Another [B] precursor is rapidly
injected into a mixture of high temperature and high monomer concentration. At this time, a
chemical reaction between the precursors causes a rapid supersaturation of the monomer.
Nucleation by self-assembly of monomers occurs in short bursts (Stage II, Figure 1.4(b),
Figure 1.5). This nucleation takes only a few seconds to complete and produces uniformly
sized nuclei. A sharp drop in the monomer concentration and a sharp drop in the reaction
temperature suppresses further nucleation, resulting in the deposition of monomers in the
nucleated nuclei and the promotion of nuclear growth (Stage III, Figure 1.4(b), Figure 1.5).
In this nucleation process, the set temperature of the temperature controller is lowered (about
50 °C) to control the nucleation process. The size distribution of the last generated CQD
undergoes Ostwald ripening (Stage IV, Figure 1.4(b), Figure 1.5). In this process, small
CQDs dissolve due to the high surface energy and deposit on large QDs. Since nucleation and

growth are separated in the hot injection method, it is possible to obtain QDs of arbitrary size
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depending on the growth time. In cadmium (Cd) -based QDs, monodisperse QDs with a size
distribution less than 5% have been successfully obtained.?* Furthermore, this method is used
for IV-VI (For example, PbS #3), III-V (For example, InP?°), perovskite (For example, all-
inorganic perovskites CsPbX 3, X = CI, Br, 126 ) QD, etc. and has high versatility. Therefore,

it is the best method for synthesizing unknown QD materials.

Stage | Stage Il Stage Il

Substrate heating Precursor injection Reaction
(High T) (High T)

Substrate Injection Products
Route | | [Al precursor/ [B] precursor / AB NCs /
solvent / ligand solvent byproducts

[A] & [B] precursors / AB NCs /

Route Il |Solvent / ligand solvant byproducts

Figure 1.5. Schematic diagram of QD synthesis by hot injection. [A] precursor and solvent
are previously placed in a flask (root I). After heating the mixture, [B] precursor is rapidly
injected into the high-temperature [A] precursor. Alternatively, both [A] and [B] precursors

are injected into the hot solvent (root II).
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On the other hand, synthesis employing a well-established hot injection method has the
following insurmountable drawbacks.

(1) Uniform Mixing of Reagent Injection: Hot injection synthesis requires rapid and uniform
mixing of reagents at high temperatures to achieve controlled nucleation events. Mixing
takes longer when the injection amount is large. This makes the synthesis dependent on
the injection scale and method, making the results difficult to predict.

(2) Reaction cooling time: After the nucleation process ends, the reaction temperature must
be lowered to slow down the growth of QDs. The cooling time is kale dependent and the
reaction results are distorted.

(3) Practicality: A large amount of injection does not maintain the temperature of the hot
solvent. Therefore, it is not practical to inject a large amount, and the feasibility is low.

(4) Reproducibility: The time taken to inject the reagent depends on the amount and
method and the user. This makes a small difference in the initial reaction rate, which
interferes with reproducibility. When these factors are combined, the reaction conditions
vary greatly, and it is very difficult to reproduce the synthesis of high quality NC in a
small amount on a large scale. In the hot injection method, the synthesis is carried out at

a high temperature and supersaturated state, so unintended reaction may occur.

1.3.2 Heat up method

While hot injection is often used as a synthesis of QDs, another approach is a heat-based
approach (Heat-Up method, non-injection method, and one-pot method). In reactions
employing this methodology, all solvents, ligands, and precursors are mixed into the reaction
vessel prior to heating. The mixed solution is then heated to induce the nucleation and growth

of the QDs. This method does not require injection of precursors after heating and is
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therefore independent of scale and injection time. Therefore, this method avoids all the
drawbacks of the hot injection method and achieves excellent reproducibility. The control of
the QD size is also possible in the heat up method.?

Figure 1.6 shows a schematic of the relation between the key steps of QD formation in a
typical heat-up synthesis and the temperature of the reaction vessel. The precursor is defined
here as the source of the monomer. Solvents, ligands and all precursors are placed in a flask
and mixed before heating. At this low temperature, most of the mixed solution is composed
of precursors rather than monomers. These precursors can be the first reagents used or
secondary complexes formed in reaction with ligands in solution. When the mixture is heated,
these precursors have an increased thermodynamic drive to form monomers. The heat-up
method ultimately causes the nucleation of nascent microcrystals, and continuous heating is
required to grow these nuclei. The basic particle formation mechanism of the heat up method
is basically the same as that of the hot injection method. Unlike the hot injection method, the
formation of monomers occurs simultaneously with the nucleation of nanocrystals. Therefore,
it is important that the nucleation is fast enough to produce a large number of nano-sized
nuclei in a relatively short time because of the size distribution. In addition, since the heat up
method requires continuous heating, a high degree of control is required to separate the
nucleation and growth stages. Control of this chemical reaction is a particularly important
consideration in multi-element QDs and requires matching the reactivity of each component
during the heating step. Therefore, it is necessary to appropriately select the combination of
the precursor in order to synthesize the high-quality QD. It is also necessary to have a variety
of reagents. This complexity may hamper its widespread use.

In recent years, as the field of QD synthesis has advanced and understanding of individual

systems has deepened, heat-up methods have become more common. Heat-up, in which a
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single mixture is gradually heated to produce a QD, is a simple and reliable means of providing
high reproducibility because it is scale and user independent. Future development of the heat-
up process must proceed with the aforementioned precursor chemistry, reagent form, and

thermal management in mind.
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Figure 1.6. Schematic diagram of the heat up method 28

1.4 Application to optoelectronics

QDs can emit light of any color from the same nanocrystalline semiconductor as its size
changes. This means that the size of the QD can be highly controlled and adjusted during the
synthesis process to emit light of any color. This is because the energy required to excite
electrons from the valence band to the conduction band (band gap) varies with size. Therefore,
alarge QD emits light at a long wavelength, such as red, and a small QD emits light at a short
wavelength, such as green. The same is true for light absorption: large QDs absorb longer
wavelengths, and small QDs absorb shorter wavelengths. In this way, QDs are most suitable
for optoelectronic applications because the optical properties can be varied depending on the
size to suit a particular application. Potential applications for QDs range from solar cells, 3
transistors,” diodes, ® lasers,'? light emitting diodes (LED), 2° biomedical applications, 303!

wastewater treatment, *° spin coating 3. This session will discuss the applications of

25



optoelectronics and each application.

1.5 Display using QLED

The next generation display technology is expected to realize the near future society in
which image information and the real world are fused such as AR (Augmented Reality) and
VR (Virtual Reality) representative. The u -LED and compact laser technologies that support
them require a device size of 50 um, a response speed of nanoseconds, and an
electroluminescence (EL) spectrum width (EL-FWHM) of 40 nm or less to improve color
purity (Table 1.1). However, no conventional material can satisfactorily meet these
requirements. For example, in comparison with the EL-FWHM, the S -SiAION green
emission phosphor for liquid crystal display (LCD) is 45 nm and the TADF red emission
phosphor for organic EL (OLED) is 42 nm, and the EL-FWHM is not 40 nm or less. Recently,
LEDs (QLED) using QDs that achieve these requirements have attracted attention. QLED
displays have brighter and purer colors, are power efficient, and are incredibly vibrant
(FWHM: 30 nm or less).?> QLEDs also emit light by themselves, unlike traditional displays,
making them suitable for miniaturization. QLED with such excellent performance is achieved
by Cd based QD. Figure 1.7 shows the recent trend of external quantum efficiency (EQE) of
QLED using Cd-based CD. The EQE of Cd-based QLED has rapidly improved since 2012,
and the practical application target of 20% was achieved in 2018.32 As of 2022, some Cd-based
QLEDs have already been put into practical use and are sold as QD displays. 1.3 million
displays using QD technology were shipped worldwide from 2015. QD display shipments
were expected to grow to 18.7 million units in 2018 (Figure 1.8). It is projected that 51% of
monitors will adopt QD by 2026. In the future, QD is expected to become an essential

technology for next-generation displays."
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Table 1.1. Performance requirements of next-generation LEDs
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Figure 1.8. Relation between QD devices and components ($million) over 2016 — 2026

1.6 Photodetector

Photodetectors are very important in many important applications such as imaging, optical
communications, and chemical/biological sensing.%>% The principle of operation is to convert
an incident optical signal (Ultraviolet, visible, infrared, etc.) into an electrical signal.
Semiconductor materials absorb incident light and play a role in the generation of excitons in
electron-hole pairs during photoexcitation. Thereafter, in order to separate electrons and
holes to generate a current, it is necessary to apply a voltage or separate them by means of a
device structure. As bulk semiconductor materials, germanium (Ge)®, silicon (Si) % gallium
nitride (GaN) 772, conjugated polymers 774, and perovskite films 7>"7have been studied in
depth and successfully applied to photodetectors. However, these materials still present costly
challenges due to rigorous manufacturing processes and material instability concerns. In order
to cope with these problems, QD photodetectors which can be manufactured by a liquid phase
process have attracted attention. Depending on the light absorption range corresponding to
the band gap, QD-based photodetectors can be broadly classified into three types. The first
type is an ultraviolet (UV) photodetector, and some typical materials can be cited as ZnO

QDs and ZnSe QDs. Visible (Vis) photodetectors are fabricated based on CdS QDs, CdSe
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QDs, or perovskite QDs. The active layer of the infrared photodetector is mainly composed
of narrow band gap quantum dots (PbS QD, HgTe QD, etc.). Although the optical absorption
range depends on the essentially different bandgap of the QD material, the quantum size
effect allows more flexible control of the spectral range. Device structures of QD

photodetectors can be classified into three main types: photoconductors, phototransistors,

and photodiodes (Figure 1.9).

ooy o—

[ [
-2 k) Anode(T) R4
w w Dielectric

| i, - |_I \nght Gate

I _| '_,
Photoconductors Photodiodes = Phototransistors

Figure 1.9. Typical device configurations of photodetectors.”

1.6.1 Photoconductors

Photoconductors (PC), also known as photoresistors or light-dependent resistors, is based
on photoconductive phenomena (Figure 1.9). In the dark, it exhibits greater resistance,
followed by more conductivity under appropriate illumination. The typical structure of a
device is a semiconductor layer sandwiched between two homogeneous electrodes.™
Photogenerated charge carriers are separated by an external voltage and collected at each
electrode. One type of charge carrier is usually trapped and has a long lifetime. The other
charge carrier can be recirculated until it recombines with the opposite charge. Because of
this carrier recirculation, high responsiveness can be achieved. On the other hand, the lifetime

of a captured carrier determines the response time and the responsivity simultaneously, so
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there is a trade-off between them. As such, PCs typically have relatively high operating

voltages, slow response rates, and large dark currents.

1.6.2 Photodiodes

A photodiode (PD) has a device structure very similar to that of a solar cell (SC) and has a
(Figure 1.9). Excitons formed by light absorption are efficiently dissociated using the band
offsets of the hole transport layer and the electron transport layer. Since the device is driven
by the potential difference, light can be detected without applying a voltage from the outside.
The electrode is an asymmetric electrode, and at least one electrode uses a transparent
substrate. The operation mechanism of the photodiode is as follows: (1) The QD active layer
absorbs light energy to generate excitons. (2) The exciton diffuses into the low energy state.
(3) Excitons dissociate into free charge carriers (electrons and holes) by internal potential
from the device structure or by reverse bias from the outside. (4) Electrons and holes move
through the semiconductor layer to the cathode and anode, respectively (5) Free charge is
collected at the external electrode, and finally photocurrent is generated. Unlike the SC, the
photodiode is a device in which output as a photocurrent signal is more important than power

transmission to a load. Compared with PC, dark current is small and response speed is fast.

1.6.3 Phototransistor

Phototransistors (PT) incorporate gate and dielectric layers into photodiodes to reduce
noise signals, amplify electrical signals, and ultimately improve responsiveness (Figure 1.9).
The dark current is smaller and the response speed is faster than that of the photoconductive
element. Compared with PD, dark current is small and response is high. On the other hand,
since the amplification process is incorporated, PT is characterized by the need for a high

external voltage and a slow response speed compared with PD.
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1.7 Solar cell

The power generation principle of the solar cell using QD is almost the same as the dye-
sensitized solar cell. The conversion of solar energy to electricity is one of the most developed
areas of QD applications. Photovoltaics produced by liquid phase processes can use low-
temperature synthesis procedures and roll-to-roll or spray coating production techniques to
significantly minimize manufacturing costs.?®® The record high conversion efficiency
reported in 2013 was 6%.8! One year later, a certified conversion efficiency of 8.55% was
achieved with PbS quantum dots, and the best samples featured efficiencies of up to 9.2%.8%83,
This rapid growth in the power conversion efficiency of QD-based solar cells over the past 10
years, along with the development of manufacturing technologies, foresees further expansion

of colloidal QDs into the field of renewable energy.

1.8 Toxicity of QD

As explained in 1.7 sessions, most of the high-performance devices contain cadmium (Or
lead, Pb). The issue of toxicity due to Cd/Pb elements poses a serious threat to human health
and the environment and is a major clinical and therapeutic obstacle. As an example,
genotoxic responses of CdTe QDs in human breast cancer cells have been observed, which
may lead to long-term adverse effects on biological systems 3Due to these toxicities,
commercial use of Cd and Pb is severely restricted in Europe in accordance with the
Restriction of Hazardous Substances (RoHS) Directive. For example, the maximum allowable
concentrations of Cd and Pb are 0.01 wt% and 0.1 wt%, respectively. The maximum allowable
concentration is defined as "weight of Cd or Pb/minimum unit of mechanically inseparable

parts". Therefore, there is an urgent need to develop alternatives to less toxic materials.
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1.9 Alternative material candidates

Figure 1.10 shows the emission ranges of Cd and Pb-based QDs(top) and alternative QDs
without heavy metals(bottom). So far, Cd-based QDs have been used to cover the ultraviolet
and visible range, while Pb-based QDs have been used for infrared applications. Cd- and Pb-
free alternatives include InP, CulnS,, and Si QDs for the visible and near-infrared regions,
and InAs QDs are further extended to the mid-infrared region. For ultraviolet and blue light,
PLQY (up to 83%), PL-FWHM (12~20 nm), and EQE(7.83%) were achieved for ZnSe QDs.%,

PLQY (100%) and PL-FWHM (35 nm) were achieved for the InP QD corresponding to
the visible light range from blue to red® EQE achieved 16.3%3%" at 545 nm of green emission
and 21.4%?8¢ at 630 nm of red emission, which is equivalent to Cd-based QLED.

CulnS;, SiQD, and InAsQD show PL QYs of 80% 38, 60%83°, 75%° respectively. However,
these QDs have PL-FWHM>80 nm. Applications to QLEDs?'*?  solar cells®® and
photodetectors® are in progress. On the other hand, the wide PL-FWHM is a big barrier for
QLED applications.

Currently, InP is a prime candidate for alternative materials in terms of PLQY, PL-FWHM

and EQE.
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Figure 1.10. List of QDs covering the ultraviolet, visible, and infrared regions **The upper
side of the rubber is a QD containing Cd and Pb, and the lower side is an alternative material

containing no heavy metals.

1.10 InP QD

InP quantum dots (QDs) are typical III-V semiconductor nanocrystals characterized by
large exciton Bohr radii and high carrier mobility. Advantages of InP QDs include a high
absorption coefficient, wide color adjustability, and low toxicity. It is therefore ideal for
applications in practical settings and provides a promising alternative to traditional Cd/Pb-
based QDs. InP is a highly covalent III-V semiconductor. The carrier mobility of III-V
semiconductors is superior to that of highly ionic II-VI and IV-VI semiconductors (CdSe,
PbS, etc.). However, the optical properties of QDs are superior to those of III-V and IV-VI
semiconductors. Although research on InP crystals has been conducted since the 1980 s, %
research on QD is much later than that on Cd-based QD. The reason for this is that InP
crystals are formed by covalent bonds. Covalent bond formation usually requires high

temperatures, long reaction times, and reactive precursors . Therefore, size control is
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difficult because InP QD synthesis proceeds slowly. As discussed in Session 1.3, the
preparation of monodisperse QDs relies heavily on the concept of a "size-focusing regime"

for nucleation and nucleation processes 2!

. How to control the nucleation and growth
processes to control the size distribution is a permanent challenge in InPQD synthesis.
Advances in InPQD synthesis over the last 20 years are shown in Figure 1.11. A major
turning point was the synthesis of InPQD by the heat-up method reported in 2008 .
Previously, InP synthesis took about a day, but in this report the synthesis was completed in
a few hours. The final optical properties achieved were PLQY 68% and PL-PWHM 40 nm,
which made it possible to synthesize InP QDs with excellent size distribution in a short time.
Subsequently, a PLQY of 95%  for green emission (wavelength: 528 nm) and 100% #° for
red emission (wavelength: 630 nm) have been achieved for InP-based QDs by appropriate
selection of synthesis protocols and precursor materials in combination with surface

passivation. With these attractive optical and electronic properties, InP QDs are a potential

material for commercialization in next-generation applications.
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1.11 Improved optical properties with core/shell structure

The nanometer crystal size provides a very high specific surface area. The defects on the
surface trap the carriers and cause non-radiative recombination. For example, PLQY of InP
without any surface treatment is about 1% by the effect of surface defect. Therefore, it is
necessary to suppress the effect of this surface defect in order to improve PLQY. One
approach is to modify the surface atoms with organic stabilizing ligands. In InPQD, up to 49%
of PLQY can be obtained by modifying the surface with zinc oleate (or cadmium
oleate).!®However, a significant portion of these organically passivated QDs typically exhibit
surface-associated trap states that function as non-radiative de-excitation channels for
photogenerated charge carriers. This is because it is difficult to completely cover the QD
surface due to the effect of steric hindrance of organic ligands. Therefore, another approach
to further improve the fluorescence quantum yield (QY) is required.

Another important strategy for improving the surface immobilization of the NC is a core/shell
structure QD in which the surface of the core QD is coated with another semiconductor
material. The shell immobilizes the surface of the core QD, dramatically improving PLQY
and stability against oxidation. All InP-based QDs with PLQY > 50% have a core/shell
structure.

Two important points in designing a core-shell structure are "Relations between the relative
positions of the electron energy levels in the semiconductor bandgap of each core and shell"
and "the magnitude of the lattice mismatch between the core and the shell.". The former

affects the role of the shell and the latter affects the growth of the shell.
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1.12 Relation between the relative positions of the electron energy levels in the

semiconductor bandgap of each core and shell

Figure 1.12 shows an overview of the band placement of bulk materials used primarily in
QD synthesis. For example, when the core is selected as InP and the shell is selected as ZnS,
the band gap of InP is wrapped in the band gap of ZnS. The relation between the relative

positions of cores and shells can be classified into 3 types (Figure 1.13).

1.12.1 Type I structure

The band gap of the shell material is larger than that of the core, both electrons and holes
are confined to the core, and the shell passivates the surface of the core. Therefore, PLQY is
dramatically improved. It is an important structure when it is applied to QLED, etc., because
the light emission characteristic is the best among three types. InP-based QD with PLQY

100% takes type I 8. Commonly used shell materials are ZnSe 1°,ZnSeS'%2,ZnS%,GaP1%,

1.12.2 Type II structure

Depending on the shell, either a hole or an electron is confined but in the core. PLQY and
stability can be improved in Type II as well as Type I, but Type II PLQY tends to be lower
than Type I 194,

A type I feature is that one of the electrons or holes can move according to the positional
relation between the energy levels of the core and the shell. One carrier is trapped in the core
and the other in the shell. Type II emission results from the radiative recombination of
electron and hole pairs across the core-shell interface. Thus, the type I QD emits light with
less energy than the band gap of the core material. The separation of excitons can be applied

to applications such as solar cells.
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1.12.3 Reverse type I structure

In reverse type I, a shell material with a narrow band gap grows on a core with a wide band
gap. Electrons and holes generated by light absorption move the core to the shell and
recombine according to the band gap of the shell. Therefore, the light absorption wavelength

can be controlled by the core and the light emission wavelength by the shell.
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Figure 1.13. Schematic diagram of energy levels in core/shell QDs!%. Squares represent cores

and rectangles represent shells. The upper and lower ends correspond to the positions of the

ends of the conduction and valence bands.
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1.13 Lattice matching between core and shell

In order to synthesize a core/shell structure QD composite with excellent optical properties,
it is necessary to minimize the difference (lattice mismatch) between the lattice constants of
the core and the shell. The growth of the shell is due to epitaxial growth, and large lattice
mismatch results in the formation of strain and defect states at the core/shell interface or in
the shell. These defects can act as traps for photogenerated charge carriers and reduce
fluorescence QY.!9” Table 1.2 lists the material parameters for semiconductors. In the case of
InP (lattice constant: 5.8 A), choosing ZnS (lattice constant: 5.4 A) as the shell material
results in a large lattice mismatch of 7.7%, although it has a type I structure. In ZnS single
substance, the lattice matching is not obtained at the interface between core and shell from
the difference of lattice constant with InP. Then, the lattice matching is relaxed by using ZnSe
(lattice constant: 5.6 A) with the intermediate value of lattice constants of InP and ZnS as an
intermediate layer. In the core/shell/shell structure in which the inner shell is introduced by
ZnSe, the lattice mismatch generated at each interface of InP and ZnSe and ZnSe and ZnS is
relaxed by strain, and the defect generation is suppressed. Therefore, the InP/ZnSe/ZnS QD
is the most common structure among InP-base QDs because it clears both the type-I structure

and the lattice mismatch.
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Table 1.2. Physical properties parameters of bulk semiconductors 1%.

Material Structure Type  Egap Lattice Density
[300K] [eV] parameter [A] [kg m 7]
ZnS Zinc blende 1I-VI 3.61 5.41 4090
ZnSe Zinc blende 1I-VI  2.69 5.668 5266
ZnTe Zinc blende 1I-VI  2.39 6.104 5636
CdsS Wurtzite -Vl 2.49 4.136/6.714 4820
CdSe Wurtzite -vi 1.74 4.3/7.01 5810
CdTe Zinc blende II-VI  1.43 6.482 5870
GaN Wurtzite N-v 3.44 3.188/5.185 6095
GaP Zinc-blende -V 2.27 5.45 4138
GaAs Zinc blende -V 1.42 5.653 5318
GaSb Zinc blende llI-V  0.75 6.096 5614
InN Wurtzite n-v 0.8 3.545/5.703 6810
InP Zinc blende IV 1.35 5.869 4787
InAs Zinc blende llI-V  0.35 6.058 5667
InSb Zinc blende 1II-V  0.23 6.479 5774
PbS Rocksalt V-Vl 0.41 5.936 7597
PbSe Rocksalt V-Vl 0.28 6.117 8260
PbTe Rocksalt Iv-vl 0.31 6.462 8219

1.14 Coherent core shell structure

While core/shell/shell structures such as InP/SnSe/ZnS can be used to mitigate core and shell
distortion, Nie et al. proposed the interesting idea of using material distortion to construct
QDs with coherent core/shell structures.'®®CdTe QD (lattice constant: 0.648 nm) was used
as the core material, and shells of different types of semiconductors such as ZnS, ZnSe and
CdSe were combined as the shell material. These core/shell QDs change the intrinsic
interatomic distance of each crystal for coherence as the shell layer grows epitaxially, the
spherical core crystal is elastically compressed and the shell crystal is stretched by lattice
distortion (Figure 1.14). The shell should have a lattice constant similar to that of the core.
When another semiconductor material is epitaxially grown on an ordinary bulk semiconductor

substrate, the bulk semiconductor substrate is thick enough to have no lattice constant. The
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lattice constant of the thin film semiconductor is distorted to match the substrate. Therefore,
this coherent core shell structure is a phenomenon peculiar to nanoparticles.

In addition, they discussed that stress-induced changes in lattice parameters are
thermodynamically advantageous compared to the formation of defect trap sites at the
core/shell interface and can release strain energy under limited conditions. As expected, the
coherent CdTe-based core/shell QD allows a PL spectrum with PLQY of 60% and PL-
FWHM of less than 50 nm.!% This proposed concept was extended by replacing CdTe with
CdSe!®.

In the case of QD, the lattice mismatch between the core and the shell does not cause the
strain defect, and the possibility of depositing the shell material was shown even in the

combination of semiconductors which was difficult in the bulk semiconductor by this idea.
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Figure 1.14. Schematic diagram of band energy change due to lattice distortion of QD%, (a)
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Conventional Nanocrystals and Strain of (CdTe) ZnSe, (b) The energy levels of the valence
and conduction bands corresponding to the structure of a. In the bulk semiconductor, the thin
film semiconductor is epitaxially grown in accordance with the lattice constant of the substrate.
In the case of nanoparticles, the strain caused by heteroepitaxial growth compresses the core

and elongates the shell.

1.15 Research motivation

InP colloidal quantum dots (QDs) have great potential as Cd- and Pb-free alternatives due
to their advantages of high carrier mobility, high absorption coefficient, wide color
tunability, and low toxicity. In order to improve the optical properties of InP QDs, it is
necessary to suppress the function of many surface defects as non-radiative deactivation
channels. The core/shell structure QD, as one of the suppression methods, immobilizes the
surface by coating different semiconductors on the InP QD, which greatly improves the PL
quantum yield (PLQY). The important points in selecting the shell are "Relation between
the relative positions of the electron energy levels in the semiconductor bandgap between

the core and the shell" and "lattice matching between core and shell". The Type-I structure,
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in which the shell bandgap has an energy-level positional relation encompassing the core
bandgap, increases the radiative recombination rate of photoexcited carriers, resulting in
superior optical properties. For example, the most famous InP/ZnSe/ZnS core/shell/shell
structure in the InP QD system satisfies this requirement. ZnSe (lattice constant: 5.6 A)
functions as an intermediate layer to mitigate the large lattice mismatch of 7.8% between
InP (lattice constant: 5.8 A) and ZnS (lattice constant: 5.4 A). A large lattice mismatch may
generate defects at the core/shell interface. Therefore, to obtain excellent optical properties,
it is necessary to suppress defects at the core/shell interface and maintain the Type-I
structure. Therefore, the shell proposes a coherent core/shell structure with a lattice
constant similar to that of the core. It is expected that the spherical core crystal is elastically
compressed, the shell crystal is stretched by lattice strain, and defects at the core/shell
interface are suppressed.

This paper reports a QD with coherent core/shell structure successfully synthesized for the
first time in InP system. The synthetic method, structural analysis, optical properties and
the mechanism by which these properties are expressed are discussed. The purpose of the
present invention is to describe the effect of a photovoltaic photodiode having a coherent
core/shell QD in the active layer on device performance through fabrication and device

evaluation.
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Chapter 2: Coherent InP/ZnS core / shell quantum dots with narrow-band

green emissions

2.1 Introduction

A critical factor to efficiently convert the absorbed optical-energy into other useful forms such
as photoluminescence (PL), electricity, or heat is to control the fate of the electron—hole (e—
h) carriers or excitons generated in colloidal semiconductor nanocrystals (or quantum dots,
QDs) via a sequential absorption of the photons under excited conditions.!” Eliminating the
surface defects, which are responsible for nonradiative exciton recombination centers, is
necessary to improve the PL performance.®'? Typically, a core/shell structure of
semiconductors is adopted to reduce the number of defects, including electron traps at the
interface.!! The core QD (e.g., indium phosphide, InP) is encapsulated by a shell of a different
semiconductor whose bandgap encloses that of the core QD. The resultant core/shell
heterostructure is referred to as a type-I band alignment. In this configuration, the excitons
are spatially confined to the core and interactions with surface states are minimized, hindering
their spread over the whole core/shell QD.'>!? The strengthened confinement improves the
radiative recombination rate, which leads to a high PL quantum yield (PLQY).

Good examples of the type-I architecture are InP/ZnSe/ZnS core/shell/shell QDs, which
are typical Cd-free materials. In the bulk state, when ZnS (lattice constant, aZnS = 0.541 nm)
is directly deposited on InP (aInP = 0.587 nm), the difference in the lattice constant between
ZnS and InP, which corresponds to a 7.8% lattice mismatch, is sufficient to evoke defect
formation at the heterogeneous core/shell interface because mitigating the mismatch by
lattice strain is no longer thermodynamically favored. In this solution, the most versatile
approach adopts ZnSe (aZnSe = 0.566 nm) as a shell material, which can build a graded

core/shell interface due to the lower lattice mismatch (<3.5%) with InP, suppressing an
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emerging defective interface. Consequently, PL performances, including a symmetric and a
single-peak spectral feature, a high QY of almost unity, and a narrow spectral bandwidth
(denoted by the full width at half maximum, FWHM) on the order of 35-45 nm, are
enhanced.'*! On the other hand, the PL spectra of these InP/ZnSe/ZnS core/shell/shell
QDs are biased toward emission wavelengths between 650 nm (~1.91 eV) and 530 nm (~2.34
eV). Therefore, one of the key issues for the next generation of display technology is to expand
the color gamut. The development of materials that emit light in the shorter wavelength range
(A <530 nm, ~2.34 eV) including dark-green visible color is required. One possible reason
for this contrast is that the widened bandgap for PL in the blue-green spectral region reduces
the offset of the conduction band (and/or valence band) between the InP core and the ZnSe
shell. Zhang reported that the lowest conduction band energy level of the ZnSe shell becomes
lower than that of the green-emitting InP core QD. This situation induces partial leakage of
the photogenerated carriers into the shell, causing carriers to be localized throughout the
core/shell QD.? Consequently, there is a small redshift of the PL spectrum along with the
spectral asymmetry due to emission tails. Their experimental results were supported by Jang
et al. who calculated the change in the energy bandgap as a function of QD size using a
theoretical model based on density functional theory (DFT).?! Their theoretical prediction
indicated that a diameter of 2.5 nm, which corresponds to the size for green PL, is small
enough that the charge carriers generated in InP can transit to the ZnSe shell because there
is a low energy barrier at the heterogeneous core/shell interface. A similar observation has
also been reported for core/shell QD systems of other semiconductors including CdSe/ZnS.!

Several strategies could be applied to synthesize InP-based QDs that exhibit excellent PL
performances in the blue-green spectral range. One strategy is multielement alloying for the

core (e.g., In,Zn,P). This approach can mediate the lattice strain at the heterogeneous
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interface, enhancing the PLQY.?223 This strategy has inspired the concept of compositional
alloying between Se and S or Mg and Zn for shell materials.!*?024 Char et al. reported
InP/ZnSeS/ZnS QD in which the composition-gradient multi-shell can mitigate the
interfacial lattice distortion for an efficient green emission in the 500-520 nm (i.e., 2.48-2.38
eV) regime.? In this case, the PLQY was enhanced up to 70%, but the PL bandwidth was as
broad as 50 nm. Pietra et al. controlled the compositional ratios of both the core (i.e.,
InxZnyP) and the shell (i.e., ZnSe;-,S,) because the lattice constant of the shell coincided
with that (e.g., 0.539 nm) of the core QD. As expected, the PLQY was improved up to 60%,
but the PL spectra were broad (FWHM = ~60-80 nm).?* In addition, the selenium toxicity
remains unresolved. In a system with a InP/GaP/ZnS core/shell/shell structure, the strain
energy, which should be induced at the interface between the inner shell and the core, was
alleviated by cation exchange.?®?” During the high-temperature synthesis for shell formation,
Ga®" ions diffuse into the core and are substituted for the In®* ion for alloying. The resulting
alloyed QD, in which the chemical composition is continuously graded to diminish the strain
energy at the interface, exhibits a PLQY as high as 80%. However, their PL bands are still
broader than 50 nm.?” Thus, identifying a suitable shell material for the passivation of InP
QDs, which endows both a high PLQY and a narrow PL band, remains a challenge,
particularly in a short wavelength range.

Nie and co-workers proposed an interesting idea of using material strain to build a QD with
a coherent core/shell structure.?® In their work, CdTe (a = 0.648 nm) served as a core with a
shell of a different kin elastically compressed, and the shell crystal is stretched by the lattice
strain to have a lattice constant similar to that of the core. They discussed that the stress-
induced changes in the lattice constant could be thermodynamically favored relative to the

formation of defect trap sites at the core/shell interface to release the strain energy under
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limited conditions. As expected, the coherent CdTe-based core/shell QDs allow for PL
spectra with 60% PLQYs and bandwidths narrower than 50 nm.? This proposed concept has
been broadened by replacing CdTe with CdSe.?° Until now, it has been reported that InP as
a core prevents the formation of a coherent core/shell structure.® This is due to a higher bulk
modulus for InP d of semiconductor such as ZnS, ZnSe, or CdSe. These core/shell QDs
tolerated both the epitaxial growth of the shell-layer and spherical core strain, altering the
intrinsic interatomic distances of each crystal for the coherency from which the core crystal is
(Bu = 72.3 GPa) than the strain-tolerated materials such as CdTe (Bu = 42.4 GPa) and CdSe
(Bu = 53.1 GPa),?*! suggesting that InP is less deformable even under isotropic compressive
strain by shell encapsulation. However, we obtained the results of a series of structural and
optical characterization studies which defy this common understanding. The present paper
reports, for the first time, colloidal InP QDs in which their crystalline lattice is isotropically
compressed by the growing ZnS shell to create a coherent core/shell structure with a single
lattice constant. Optimized conditions for the synthesis provided nearly monodisperse core
QDs working as a material's platform to discuss a critical thickness of the ZnS shell for such a
coherent core/shell nanostructure. Moreover, the narrow size distribution of core QDs
yielded a sharp first excitonic absorption peak with a valley depth of 0.51. The resulting
coherent core/shell QDs exhibited excellent optical performances, including a spectral
tunability in the deep-green wavelength range, a high PLQY of 70%, and a narrow PL

bandwidth of 36 nm.
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2.2 Experimental

Reagents and materials

Indium(iii) acetate [In(Ac)s, 99.99%, Aldrich], zinc acetate [Zn(Ac),, 99.99%, Aldrich],
zinc oxide (ZnO, 99.999%, Aldrich), 1-octadecene (ODE, 90%, Aldrich), sulfur (99.98%,
Aldrich), oleic acid (OA, 90%, Aldrich), trioctylphosphine (TOP, 97%, Aldrich), 1-
dodecanethiol (DDT, >98%, Aldrich), tris(trimethylsilyl)-phosphine [(TMS)3P, 98% Strem
Chemicals], palmitic acid (PA, 98%, Tokyo Chemical Industry), and n-octylamine (OAm,
98%, Tokyo Chemical Industry) were used without further purification. The purity of argon
gas was 99.999%. Using an oil rotary vacuum pump, the vacuum conditions of less than 60

Pa was used for degassing and argon gas purge.

Preparation of Zn-oleate

ZnO (2 mmol) and OA (8 mmol) were mixed with 10 mL of ODE in a 50 mL three-necked
flask. The temperature was measured using a thermocouple inserted directly into the flask
from the one branch pipe. The other branch pipe was capped with a silicone rubber septum
for the injection of stainless-steel syringe needles. The flask was connected to a Schlenk line.
At first, the system was purged five times with argon gas. The mixture was degassed at 120 °C
for 2 h under vacuum conditions, and then the mixture was quickly heated in an argon flow to
290 °C and kept for about 1hr until the mixed solution got a transparent for yielding Zn-oleate.
The solution was then cooled down to room temperature and stored in an argon-filled vial

until the use.
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Preparation of (TMS);P-TOP

(TMS)3P (0.12 mmol) in hexane was dissolved in 1 mL of TOP at room temperature inside
an argon-filled glovebox where the oxygen and water levels were continuously monitored to
maintain both Oz < 1 ppm and H2O < 5 ppm. The mixture was gently stirred until becoming

a uniform solution. This step was performed in the day before the synthesis of InP QD.

Synthesis of InP QDs

0.45 mmol of In(Ac)s, 0.075 mmol of Zn(Ac);and PA (0.5 mmol) were mixed with 6.3 mL
of ODE in a 50 ml three-necked flask which is fixed to a Schlenk line with a reflux condenser.
Degassing of the mixture was performed at 120 °C for 12 h under vacuum conditions. The
degree of vacuum was controlled at 30 Pa which was measured using a capacitance manometer
(ULVAC, Japan). The flask was filled with argon and cooled down to room temperature. The
(TMS)3P-TOP was quickly injected into the flask in an argon flow, heated to 40 °C under
vacuum and kept for 10 min for the evaporation of hexane. Then, the flask was refilled with
argon, heated to 300 °C within 7.5 min and kept for 10 min. After then, the flask was cooled

down to room temperature, and stored in argon-filled vials.

Synthesis of InP/ZnS core/shell QDs

In a typical synthesis, 1 mL of the InP QD solution, 32 u L of DDT and 1 mL of Zn-oleate
(0.2 mmol) were mixed with 2 mL of ODE in another 50 mL three-necked flask. The mixture
was degassed at room temperature for 30 min under vacuum. After then, the flask was filled
with argon, heated in an argon flow to 230 °C and kept for 20 min. By successively repeating
the previous step, the shell of ZnS was thickened. In particular, one more layer of ZnS shell

was coated by injection of a mixture of 32 u L of DDT and 1 mL of Zn-oleate at 230 °C,
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followed by heating to 240 °C and solution was kept for 20 min. The reaction temperature was
from 230 to 300 °C, in 10 °C increments. The span of time was commonly 20 min at every
reaction temperature. At most we repeated the procedure of injection 7 times. After
completing the formation of shell with predefined thickness, the solution was cooled down to
80 °C, and then acetone was added for centrifugation for 5 min at 10000 rpm. The InP/ZnS
QDs precipitated were redispersed in 2 mL of hexane, and then 4 mL of methanol was added
as a poor solvent for washing the QDs by centrifugation for 5 min at 6000 rpm. The
supernatant was discarded to collect the QDs. The washing with hexane/methanol was
repeated 5 times. Finally, the InP/ZnS QDs were redispersed in toluene and stored in argon-

filled vials.

Characterization

X-ray powder diffraction patterns were measured on a MiniFlex 600 (Rigaku, Japan).
Samples were measured at an angular step of 0.02° (time per step: 1 s per step) using CuK «
(wavelength (1) = 1.5418 A) radiation. High-resolution transmission electron microscopy
(HR-TEM) images were obtained from a JEOL-JEM 2100 microscope, operating at 200 kV,
equipped with an energy dispersive X-ray (EDX) elemental analysis system. Some of the
samples were studied by X-ray photoelectron spectroscopy (XPS; ULVAC-PHI, PHI
Quantera SXM) using AlK a (E = 1486.6 eV) radiation. The X-ray source was operated at 50
W and 15 kV. The core-level signals were obtained at a photoelectron take-off angle of 45°
(with respect to the sample surface). The BE scales were referenced to 285.0 eV as determined
by the locations of the maximum peaks on the C 1s spectra of hydrocarbon, associated with

an adventitious contamination.
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Optical absorption and emission properties were measured with toluene solution of the QDs.
Optical absorption spectra were recorded using a UV-vis spectrophotometer (JASCO V-650,
Japan) with an integrated sphere. Photoluminescence (PL) measurement was carried out
using a modular double grating Czerny—Turner monochromator and an iHR 320 emission
monochromator (1200 lines per mm of gratings) coupled to a photomultiplier tube (PMT)
on a NanoLog Horiba Jovin Yvon spectrofluorometer with a 450 W xenon arc lamp. The
spectral resolution of the system is around 0.3 nm. To avoid scattered excitation lights, a cut
filter for 395 nm-light was placed in front of the monochromator-PMT setup. The absolute
PL quantum yields (QYs) were measured at room temperature using the QY measurement
system C9920-02 from Hamamatsu Photonics Co., Ltd. with a 150 W xenon lamp coupled to
a monochromator for wavelength discrimination, an integrating sphere as a sample chamber,
and a multichannel analyzer for signal detection. Time-resolved fluorescence decay profiles
were obtained with a time-correlated single photon counting (TCSPC) lifetime spectroscopy
system (NanoLog, Horiba Jovin Ybon, Japan), equipped with pulsed laser diodes (A ¢ = 375
nm, average pulse width of 200 ps or less, frequency of 1 MHz) as an excitation light-source.
The quality of the fit was assessed based on the R? value (~1.0) and visual inspection of the

residuals.
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2.3 Results and discussion

The experimental details for the synthesis of our QDs and their characterization are
described in the Experimental session. The synthesis of spherical InP QDs with different
diameters was based on a modified version of a previously reported procedure.®? All the
precursors (indium acetate [In(Ac);], zinc acetate [Zn(Ac),], and palmitic acid [PA]) were
mixed with 1-octadecene (ODE) at room temperature to avoid alloying (i.e., InZnP).?* The
precursors were heated to 40 °C for the injection of tris(trimethylsilyl) -phosphine [P(TMS)s]
solution with trioctylphosphine (TOP), followed by a reaction at 300 °C to yield an InP QD
solution.

Upon coating with a ZnS shell, we modified the previous method.!® The precursor solution
for shell deposition, which was prepared by mixing zinc-oleate stock solution and 1-
dodecanethiol (DDT), was added to the InP QD solution at room temperature. Then the QD
suspension was heated and kept at 230 °C for 20 min because DDT reacts at 230 °C and
releases sulfur.?*2* The second injection was carried out by adding the same amount of the
Zn-S precursor solution at 230 °C and subsequent heating to 240 °C for 20 min to thicken the
shell. The injection of 0.2 mmol Zn—S precursor solution was repeated up to eight times. For
each injection cycle, the temperature was raised by 10 °C. After the predetermined number of
additions of the Zn-S solution, the products were washed by centrifugation with different
solvents to yield a solid as powder samples. All the precursors’ solutions were strictly degassed
throughout the entire synthesis process. The degassing was one of the critical steps to
completely remove organics or byproducts, including acetic acid, to yield excellent optical
properties by narrowing the size distribution of core QDs (Figure 2.1). In particular, the
remaining acetic acid due to incomplete degassing caused a broadening of the first-excitonic

absorption peak. When the degree of vacuum for the degassing was optimized at 30 Pa, the
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narrowest first-excitonic absorption peak was obtained (Figure 2.2). Degas at a vacuum of 10
Pa caused the ODE of the solvent to evaporate and the solution temperature dropped from
120 to below 100 degrees Celsius. This is thought to have resulted in the retention of acetic

acid, which causes the blue shift and broadening of the first exciton absorption peak.??

— Without the degassing
\ With the degassing

Normalized intensity

PP P

400 500 600 700 800
wavelength (nm)

Figure 2.1. Optical absorption spectra of the InP core QD samples. The spectrum color-coded
in orange has a sharp first-exciton absorption peak while the other spectrum color-coded in
blue has a relatively broad peak. The sharp peak was obtained from the sample which was
prepared by injection of [P(TMS);] solution, followed by degassing at 30 Pa of vacuum
condition. The other sample exhibiting a broad peak was prepared without the degassing of

[P(TMS);] solution.
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Figure 2.2. Normalized UV-vis spectra of InP core QD samples prepared using the precursor
solutions degassed under 10 Pa (color-coded with orange) and 30 Pa (color-coded with blue).
The first exciton peak of the sample (blue) is narrower and sharper than that of the sample

(orange).

Figure 2.3 shows the typical patterns based on X-ray diffraction (XRD) analysis. Without a
shell, the core QDs synthesized had a zinc blende (cubic) InP structure. The mean diameter
of the InP core QD was 2.42 nm with a standard deviation of 0.3 nm according to observation
using a high-angle annular dark-field scanning transmission electron microscope (HAADF-
STEM, Figure 2.4a), indicating a narrow size distribution. The measured P/In molar ratio of
the core QD was 0.73 according to ICP-OES analysis, which is close to the stoichiometric
composition. It is common that the ratio of P/In in the synthesis of InP is often prepared in
the range of 0.5 to 1, and ICP results are In-rich.!* It is known that InP with a narrow particle
size distribution can be synthesized in this range.??*®> The peak at 20° is considered to be a
ligand peak such as palmitic acid, because this peak gradually decreases as the particle size

increases with shell growth.
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Figure 2.3. X-ray diffraction patterns of the InP core and InP/ZnS core/shell QDs. The
broad diffraction peaks at around 20° are attributed to PA ligands bonded to the QD

surfaces.

ZnS shells with various thicknesses were deposited onto the core QD by cyclic injection of
the Zn—-S precursor solution at a predefined temperature. This method is called successful
layer absorption and reaction (SILAR), and the shell thickness can be controlled by adjusting
the precursor solution concentration, number of injections, reaction time, mild reaction

conditions at low temperatures, and pressure.3*? Details of the experiment are described in
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the experimental session. Also, shell monolayers on core QDs are generally evaluated by TEM
images.!®3%40 Shell thickness is calculated from core QD and core/shell QD particle size. Upon
adding the corresponding ZnS monolayer (ML), the average thickness of one monolayer of
cubic ZnS was 0.27 nm.***! Each additional layer increased the diameter of the core/shell QD
by 0.54 nm, corresponding to the lattice constant of zinc-blend (cubic) bulk ZnS. Thus, it is
reasonable that the HAADF-STEM observation identified the average diameters for 3ML,
4ML, 5ML, and 6ML coated samples as 3.96, 4.51, 5.38, and 5.84 nm, respectively (Figure

2.4b,c,d, and Figure 2.5).

Figure 2.4. HAADF-STEM images of InP(a) and InP coated with ZnS shells of different
thickness (b—d).
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Figure 2.5. The typical HAADF-STEM images of (a) InP/ZnS (3ML) and (b) InP/ZnS
(6ML) core/shell QD samples. The photographs (b) indicate that the roughened shape is
based on the S-K growth mode.

XRD analysis also supported the increasing trend of the shell thickness. In particular, the
relative shift of each XRD peak toward the zinc-blend phase of ZnS with the incremental
addition of the Zn-S precursor indicates the growth of the ZnS shell on the core QD. It is
particularly noted that the lattice constant of the 3ML-coated sample is 0.563 nm,
corresponding to a median value between ZnS and InP. Further deposition of the shell gave a
lattice constant nearly close to a ZnS, as evidenced by the XRD analysis for 4AML-, 5ML-, and
6ML-coated samples, consistent with cases of InP/ZnS core/shell QDs reported in the
literature.*2* Figure 2.6a shows a typical high-resolution (HR) TEM image of the InP/ZnS
(3ML) QDs (Figure 2.4b and Figure 2.5a). A two-dimensional periodic arrangement of the
channel structures from one end to the opposite end formed a {111} plane with a d-spacing

of 0.324 nm, which is equivalent to a lattice constant of 0.563 nm and is consistent with the

67



result based on the XRD analysis Figure 2.6b). On the other hand, di1; = 0.315 nm measured
for the InP/ZnS (6ML) QD (Figure 2.6c) was equivalent to the 0.54 nm lattice constant,
which corresponds to that of the bulk ZnS.* This is also consistent with XRD analysis (see

Figure 2.6b).
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Figure 2.6. Representative HR-TEM images of (a) InP/ZnS (3ML) and (c) InP/ZnS (6ML)
QDs. (b) Changes in the lattice parameter of QDs as a function of the shell thickness

calculated from Figure 2.3. In the figure, the closed circles were calculated from the diffraction
angles while the open circles were calculated from the d-spacing estimated in HR-TEM
images. (d) XPS In 3ds/. spectra of the InP core QD and InP/ZnS (3ML) QD samples.

There are two possible reasons that the XRD peaks of InP/ZnS (3ML) position at the
intermediate angles between InP and ZnS for each plane. First, there is a risk that it could be
recognized as the composite diffraction peaks of InP (111), (220) and (331) planes that are
superimposed on the peaks of ZnS. To avoid the risk of such a misunderstanding, the InP/ZnS

(2ML) sample was measured in the 2 0 range of 15-90 degree (Figure 2.7). There are tiny
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peaks at around 71.9° and 80.0°Corresponding to the (311) and (422) planes of InP.
However, there is no peak corresponding to the (331) plane of ZnS, suggesting the
disappearance of any Bragg diffractions of ZnS crystal planes in the XRD pattern. As a result,
the shift of the diffraction angles observed in the XRD pattern appears due to the compressed
crystalline lattice of InP. Therefore, we confirmed that the diffraction peaks are not composite

ones but respond to the d-spacing of each plane of InP.

InP/ZnS (2ML)
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Figure 2.7. XRD pattern of InP/ZnS (2ML). The XRD peaks are very broad due to reduction
in diameter of the QDs.
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Second, the shift of XRD peaks towards a higher diffraction angle might be rationalized by
the formation of the In(Zn)P alloy structure as a core which causes the decrease of the lattice
parameter of the InP crystal with the incremental addition of Zn. Several synthetic conditions
must be satisfied for alloying. For example, Ramasamy and co-workers reported that the
alloying of the In-Zn-P QD structure requires high Zn loadings (feed Zn/In molar ratios,
>1).32 Furthermore, they added that the Zn loadings (feed Zn/In molar ratios = 0.5) are too
low to generate the alloyed structure using the heat-up method. Most of the Zn?* ions, which
are carboxylate species, are known to bind to the surface of InP QD.?? Kirkwood and co-
workers reported that the use of hot-injection enables the alloying even at low Zn loadings
(feed Zn/In molar ratio, <1).22 To the best of our knowledge, there is no paper reporting the
formation of In(Zn)P alloy QDs when synthesized at low Zn loadings using the heat-up
method as well as our approach where the phosphorus precursor was added to the In—P
precursor solution at room temperature unlike the hot-injection method. In this context, we
next used X-ray photoelectron spectroscopy (XPS) to characterize the chemical states of the
core QD on which the 3ML shell was deposited. In Figure 2.8, the results of XPS study
demonstrate that the In 3ds/» and In 3ds/; peaks at 444.5 eV and 452.1 eV, which are typical
values for bulk crystalline InP,*%® correspond to those of a pure InP QD as a standard
synthesized from the In—P precursor solution without Zn(Ac),. In addition, the In 3ds/, peak
of the InP/ZnS(3ML) was fitted well with a single Gaussian function (Figure 2.8). It has been
reported that the crystalline In,S; gives a peak at 445.3+0.1 eV.447 In our XPS spectrum after
3ML ZnS formation, the 3ds/, peak is centered at 444.6 eV and does not have a shoulder at a

higher binding energy side. Thus, we concluded the absence of In,Ss. The result of curve
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fitting with a single Gaussian function reveals the formation of not-alloyed core QDs. If Zn
ions diffuse into InP core to form an alloy structure, In3ds/2 XPS peak shifts from 444.4 eV to
445.0 V.28 But such a shift was not observed after 3ML-shell formation. This In 3ds/, peak

suggests that it is attributed to a single chemical bonding state of the In-P bond.

Dashed : Gaussian Model
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Figure 2.8. In3ds;; XPS signal of the the InP and InP/ZnS (3ML) core/shell QDs with

Gaussian fitting.
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These results demonstrate that alloying did not occur throughout the whole process for our
colloidal synthesis. Thus, the core QD would be under isotropic compression while the shell
is under isotropic expansion, and the core/shell QD has a single lattice constant of 0.563 nm
as evidenced by HR-TEM study. That is, the core/shell QD has “core/shell lattice coherency”.
The appearance of a coherent core/shell QD is also supported by the XRD pattern for the
3ML where the diffraction peaks of core/shell QDs are not broad (or not split into two
diffraction lines), as shown in Figure 2.8.

Figure 2.9 shows the representative UV-vis and PL spectra of the InP/ZnS (3ML) QD
sample. A single peak having a much steeper rise is observed at 465 nm (~2.67 eV) in the
absorption spectrum. Surprisingly, the estimated value of its valley-depth [VD, defined as
1— (AbSmin/Absmay] was 0.51, which is larger than those of the previous InP-based QDs
exhibiting the green- (VD = 0.45) and red-emission (VD = 0.5).14%° The appearance of such
a sharp first-exciton absorption peak could be interpreted in terms of the effect of the
quantum confinement of excitons in the core QDs of a narrower size distribution as is also
evidenced by HR-TEM study. In Panel (b), the PL spectrum consists of two peaks: one at 511
nm (~2.43 eV) and the other at 660 nm (~1.88 eV). The latter is known to originate from the

surface trap of indium dangling bonds.*
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Figure 2.9. (a) Optical absorption and (b) PL spectra of the InP core QD sample.
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It is intriguing that the electronic structure of QDs plays a role in the optical properties. Figure
2.10 and Figure 2.11 show the optical absorption and PL spectra of InP QDs covered with
ZnS shells of different thicknesses. Deposition of ZnS works to reduce the number of dangling
bonds and the surface defect emission disappeared, leading to an improved PLQY with
incremental deposition of the ZnS shell as shown in Figure 2.12. The spread of standard
deviations of PLQY and PLFWHM for 2ML samples is due to experimental errors. The
mantle heater used for heating causes a large error in the warming time for each experiment.
When depositing 2 ML of ZnS thickness, InPQD is raised from room temperature to shell
growth temperature of 230 °C, so it is strongly affected by temperature error. After 3 ML, the
shell growth temperature has already reached or exceeded, so the effect of temperature error

1s reduced.

\/\VD=O.25 6 ML

VD=0.26 5 ML
VD=0.37 4 ML
VD=0.51 3 ML
VD=0.51 2 ML
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Figure 2.10. Normalized UV-vis of InP QD and InP/ZnS core/shell QDs.
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Figure 2.11. Normalized PL spectra of InP QD and InP/ZnS core/shell
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Figure 2.12. Changes in absolute PLQYs (color-coded in blue) and PL-FWHM (color-coded
in orange) of InP QD and InP/ZnS core/shell QDs. Error bars represent standard deviations.
The number of samples for each is 10, 5, 10, 3, 3, and 3 at 0, 2, 3, 4, 5, and 6 ML.
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By deposition of a shell thinner than or equal to 3ML, both absorption and emission spectra
shift to the shorter wavelength side. PLE spectra were recorded for the PL peaks, respectively
(Figure 2.13). The thin-shelled QDs differ from the thick-shelled QDs in the spectral peak

position and shape.
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Figure 2.13. PLE spectra of the InP QDs covered with ZnS shells of different thicknesses.

On the assumption that the InP QD is not alloyed, there are two possible mechanisms to
explain the spectral blueshift observed for the thinner shells. First, the partial etching of the
core QD from its surface with DDT molecules is possible to cause a blueshift of the spectra.®!
Indeed, it is readily predicted that the size reduction owing to sulfur etching of core QD

results in a widening of the fundamental bandgap based on the effect of quantum
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confinement; however, this mechanism does not work for the explanation of the spectral
redshift with the incremental deposition of Zn ions for the thicker shells (i.e., 4ML or more).
The results of the XPS study also defy the sulfur etching process because of the absence of In
3ds/, XPS signals that are attributed to an In—S bond resulting from the diffusion of sulfur ions
into the core lattice (Figure 2.8).52 Therefore, we concluded that the sulfur etching did not
happen in our case. The second mechanism is convincing to explain the spectral shift. In
particular, the increase in the bandgap of InP core QDs results from the compressed lattice.
As evidenced by analysis combining XRD, XPS, STEM and HR-TEM, the lattice constant of
InP decreases to 0.563 nm when coated with a ZnS shell of 3ML.

Figure 2.12 shows the increase of the PLQY and narrowing PL linewidth with incremental
deposition of the ZnS shell by 3ML. The best pair value of 70% PLQY and 36 nm PL-FWHM
was obtained for the InP/ZnS (3ML) core/shell QD. To the best of our knowledge, the 70%
of PLQY is a record value for the InP/ZnS core/shell QDs. In general, the PLQY is also given
by eqn (1) where k,= 1/ 7, and ko, = 1/ 7 o, (7 is the characteristic PL lifetime) using two
parameters of k, for the radiative and ki, for the nonradiative processes.” In this context, we
measured the time-resolved PL spectra at room temperature for the InP core QD and

InP/ZnS (3ML) core/shell QD samples (Figure 2.14, and Table 2.1).
r Tavg
=Tav kr = (1)
ky + kny g Ty

1
(2)

T = —_—
s kr + knr

PLQY =

where k; is the radiative recombination rate, k,, is the nonradiative recombination rate, T

is the average value calculated using experimental values of PL lifetime, and 7 . is the radiative
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decay time. In Table 2.1, the estimated parameters as a result of the fitting along with the fully
satisfactory values of statistical deviation R? are summarized. The average decay time, which
was 6.19 nsec for the core QD, was increased significantly to 7-8 times by encapsulation with
3ML of the ZnS shell. Based on eqn (1) and (2)°® we calculated radiative (k,) and nonradiative
recombination (k,,) rates for the unshelled and shelled QDs. The radiative recombination rate
has increased threefold while the nonradiative recombination rate was down more than
twenty-six times, suggesting the significant reduction in nonradiative decay channels by 3SML

7ZnS shell formation.

InP/ZnS(3ML)
R2=0.99
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Figure 2.14. PL decay profiles of the InP core QD (blue dots) and the InP/ZnS (3ML)
core/shell QD (green dots), respectively. Both PL decay curves were measured for each PL

maximum estimated in Figure 2.11.

Table 2.1. Parameters obtained by fitting

sample  A(10%) T(ns) Ay (10%) T,(NS) Tag(NS) PLQY(%)  Te kr(ns™®)  knr(ns™)
InP 6.17 264 391 300 6.19 0.03 206.31  0.005 0.157
InP/ZnS(3ML) 314 322 302 63.8 477 0.70 68.13 0.015 0.006
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Figure 2.15 shows the typical absorption and PL spectra of the 3ML-ZnS coated sample. The
sharpness of the first-exciton peak with VD of 0.51 together with the PL-FWHM of 36 nm
indicates a narrow size distribution of the core QD even after the formation of a 3ML-thick
shell. The PL spectrum exhibits a band edge emission and has a single Gaussian-like peak
without a long emission tail. When a mean diameter of the InP core QD increased to 2.64 nm
(standard deviation of 0.3 nm), the PL spectral peak shifted to 523 nm (~2.37 eV, see Figure
2.15b) based on the quantum confinement effect. An absolute PLQY of 72% suggests that
the coherent core—shell structure is retained. The first-exciton peak in the absorption
spectrum, having a VD of 0.48, is slightly broader than that of the sample shown in Panel (d).
This could be attributed to a longer reaction time for the core synthesis encourages crystal
growth based on Ostwald ripening, resulting in a 40 nm (~184 meV) of PL-FWHM. The
successful tuning of the PL spectra suggests that a deep-green emission range could be
covered by the core/shell coherent QD system (Figure 2.16). The critical thickness of ZnS to

retain the core/shell coherency was 0.81 nm.
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Figure 2.15. UV-vis and PL spectra of (a) InP (2.42 nm) and (b) InP (2.64 nm) coated with

7ZnS (3ML) shells.
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Figure 2.16. CIE diagram showing chromaticity coordinates of PL spectra of Figure 2.15(a)
and (b).

Unlike the case of thinner shells (~3ML), the deposition of 4ML or even thicker shells
resulted in poor optical performances as shown in Figure 2.12. First, the PLQY decreased as
the shell thickness increased. Second, the PL-FWHM increases with incremental thickness of
the shell and reaches 50 nm (~229 meV) at 6ML. Third, the PL spectrum shifts to longer
wavelengths as does the optical absorption spectrum (Figure 2.10 and Figure 2.11).

Since the lattice constants of the QDs covered with ZnS shells (4-6ML) return to the bulk
value according to the results of structural analysis mentioned above, it is reasonable to discuss
that the isotropic pressure on the core QD is released during the formation of the 4ML-shell.
In this situation, a lattice structure with a constant of 0.563 nm is no longer

thermodynamically favored for the core InP QDs and the bulky configuration is recovered.

79



The resultant heterostructure introduces a lattice mismatch (~7.8%) between the core and
shell materials, leading to a defective interface to minimize the lattice strain energy. It is
reported that Stranski—Krastanov (S-K) shell film growth roughens the QD surface as strain
is released.5*% In this study, similar island-like shapes were observed by HAADF-STEM as
evidenced in Figure 2.4c and Figure 2.5. The emerging defects at the heterogeneous interface
might act as electron—hole recombination centers, resulting in the decreasing trend of PLQY
as shown in Figure 2.12.

Now, the PL peaks for the 5ML- and 6ML-coated QD samples shift to longer wavelengths
than that of the core-only QD (Figure 2.11). The recovery in the lattice constant of the core
QD resulting from releasing the strain energy is not enough to explain the redshift amount.
One possible reason is the growing emission tails with incremental shell-thickness (Figure
2.17). The spectrum of the 4ML-coated QD has a tiny emission tail at a longer wavelength.
As is predicted, we see the growing emission tails after coating with 5MLand 6ML shells. The
PL spectral peaks of the 5MLand 6 ML-coated QDs are pulled to long wavelengths due to
contribution of the emission tails, resulting in a PL peak shift to longer wavelengths as shown
in Figure 2.11. The appearance of those tails suggests the formation of defective interfaces,
consistent with the dropping trend of PLQY with shell thickness. PLE spectra were recorded
for the PL peaks at 520 nm and the tail-emission peak at 580 nm for the QDs covered with

ZnS shells (3ML) and (6ML), respectively (Figure 2.13).
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Figure 2.17. PL spectra of InP QDs coated with ZnS shells of 4AML, 5ML and 6ML.

For the 3ML-shelled sample, the PLE spectrum (Figure 2.13) of the higher energy peak is
similar to that of the lower energy peak in terms of the spectral shape and position, suggesting
the same PL origin each other. For the 6ML-shelled sample, the higher energy peak locates
at ~320 nm that differs from the lower energy peak position. Although the PL mechanism is
unknown at present, the thicker-shelled QDs might have a different PL origin for tail emission.
Thus, PL peak positions are influenced by the contribution of the growing emission tail,
resulting in a small redshift. For the thicker-shelled QDs, the PL-FWHM increases as the
shell is thickened as clearly seen in Figure 2.12. A similar trend has been observed for the
alloyed In(Zn)P QDs.222 According to those papers, the inhomogeneous incorporation of Zn
ions into a core InP lattice occurs to form the alloy structure during the formation of the shell.
The resultant inhomogeneous areas distributed in the core QD results in lessened crystal
symmetry and enhanced geometrical distortion, causing an enhanced electron—phonon

coupling.®® On the other hand, there are a few papers reporting the shell-thickness
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dependence of PL-FWHM of the unalloyed InP QD. For example, Tessier and co-workers
reported an increasing trend of PL-FWHM with incremental shell-thickness while the PLQY
also increases,* inconsistent with our case.

We next discuss the possible reason for the increasing trend of PL-FWHM as the shell is
thickened in the absence of alloyed QD. The Stokes shift, AE, which is defined as the
difference in photon energy between the first exciton peak of absorption and emission peak
maxima, is plotted in Figure 2.18. The AE drop-off increases by ZnS (3ML) and decreases in
the 4-6ML range. If the spectral peak position depends exclusively on core QD size, the AE
should be a constant. Hence, another parameter is necessary to explain the decreasing trend
of AE for particularly the thinner shell QDs. Here, the Stokes shift is expressed as AE =
2Shyp, where S is the Huang—Rhys factor and h,, is the energy of phonons coupled to
electrons.’” As discussed above, the decreasing trends in AE and PL-FWHM for the QDs
with thinner shells (~3ML) appear due to the lessened defects in the interface between the
shell and core. The Huang—Rhys factor refers to phonons emitted as the excited electrons
return to the ground state. It is known that the shell thickness is one of the physical parameters
to influence the electron—phonon interaction. Actually, Lange and co-workers revealed that
coating a CdSe core QD with a ZnS shell causes the decrease of the Huang—Rhys factor.%® The
decrease of the Huang—Rhys factor appears due to the weakened exciton—-LO-phonon
interaction, leading to the strengthened confinement which is observed for the core/shell QDs

of type-I structure®
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Figure 2.18. Changes in magnitude of Stoke shift between the first exciton absorption peaks

and PL peaks plotted as a function of ZnS ML.

2.4 Conclusions

In conclusion, this study investigated the influence of shell thickness on the optical
properties to realize the heavy-metal-free QDs emitting light in a deep-green wavelength
range. Adopting InP and ZnS as the core and shell materials, respectively, optimized the
conditions to create a core/shell coherency, which was retained throughout the core/shell QD.
Under these conditions, the lattice contrast of the InP core QD was reduced to 0.563 nm,
which corresponds with that of the ZnS shell. Hence, the emerging defect-less core/shell
interface dramatically improves the PLQY up to 70% and narrows the PL bandwidth of 36
nm. This work also demonstrates the successful synthesis of core/shell coherent QDs even
from the material with a higher bulk modulus value, affecting others for a new class of strained

materials.
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Chapter 3: Low-Temperature PL. Measurements of Coherent InP/ZnS
Core-Shell QDs

3.1 Introduction

It has been shown that the bandgap and PL full width at half maximum (PL-FWHM)
of semiconductor QDs depend on temperature separately from size-dependent
characteristics!. The temperature dependence of the QD is affected by the exciton-
phonon interaction3. Therefore, low-temperature PL. measurements are very important
for investigating PL. mechanisms. In this session, we investigate the low-temperature PL
characteristics of InP/ZnS with ZnS thicknesses of 3 ML and 6 ML. The relationship
between the extent of PL-FWHM and the Stokes shift described in Chapter 2 is discussed

with the influence of phonons.

3.2 Experimental

PL measurements were performed using a NanoLog Horiba dJovin Yvon
spectrofluorometer with a 450 W xenon arc lamp, the same as in Chapter 2. Low-
temperature PL. measurements were performed using a cryostat, an accessory of a
spectrofluorometer. The temperature was controlled in the range of 4 K to 300 K, and PL.
measurements were performed at each temperature. The QDs used were those of the

same lot in Chapter 2, InP/ZnS QDs of 3 ML and 6 ML thickness of ZnS.
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3.3 Results and discussion

For the optical properties in Chapter 3, we investigated the temperature dependence of the
PL spectra of InP QDs coated with 3ML and 6ML of ZnS shell. In both samples, the PL
spectra shifted to longer wavelengths as the temperature increased (Figure 3.1a and b),
consistent with the behaviors of other semiconductor QDs3?.It is established that the
temperature dependence of the PL peak energies of semiconductor QDs follows the empirical
Varshni relation®’”. O'Donnell and Chen proposed the modified version, which includes a

parameter of electron—-phonon coupling and is given as:®

E (T) = Eg(0) — 28(hw) (exp (‘h“’)) - 1)_1 (3-1)

kT

where E4(0) represents the bandgap at 0 K, S is the Huang—Rhys factor, <hw) isthe average
phonon energy, and kgis the Boltzmann constant. The decreasing curves of PL peak energies
plotted as functions of temperature in Figure 3.2a and b are fitted well with eqn (3-1). Table
3.1 shows the parameters extracted from the fitting curves. The estimated average phonon
energies <(hw) were 25.7 meV for the thinner-shelled QD and 24.4 meV for the thicker-
shelled QD, respectively. Both values are smaller than the optical phonon energy for bulk InP
(~42.8 meV),° but nearly correspond with the longitudinal acoustic (LA) phonon energy for
bulk InP (23.6 meV).11% The experimental values of the Huang—Rhys factor for the 6ML-
covered QDs were smaller than that of the 3ML-covered QDs, suggesting that the electron—
phonon coupling interaction is weakened for thicker shell-coated QDs. This is consistent with

the decreasing trend of AE.
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Figure 3.1. PL spectra as a function of temperature in the range from 4.2 to 298 K for the (a)
InP/ZnS (3ML) core/shell QD and the (b) InP/ZnS (6ML) core/shell QD samples.
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Figure 3.2. Changes of PL peak energies are plotted as a function of temperature for the QD
samples, which are reproduced with the modified Varshini relation for the (a) InP/ZnS (3ML)
core/shell QD and the (b) InP/ZnS (6ML) core/shell QD samples.

Table 3.1. Parameters obtained by fitting with eqn (3-1)

7ZnS thickness

S Huang-Rhys Average phonon

(ML) Epy, (€V) factor energy (mevV)
3 2.46 £ 0.004 2.37 £ 0.09 25.7+x1.4
6 2.40 £ 0.004 2.09 + 0.08 244+1.4
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We then investigated the temperature dependence of the PL bandwidth broadening to
reveal the influence of the thick shell on its spectral features. Figure 3.3a and b show the plot
of the measured values of the PL-FWHM of 3MLand 6ML-coated QD samples as functions
of temperature, respectively. In both cases, the PL bandwidth increased monotonically as
the temperature increased. The total bandwidth consisted of three components:
inhomogeneous broadening( T ;.n), which is independent of temperature, and two
components originating from the acoustic and optical phonon—exciton interactions. The

bandwidth is expressed as:?

(3-2)

I'(T) = Iy + oT + I, (exp (,ZT) - 1)_1

where o is the acoustic phonon—electron interaction coefficient, I' Lo represents the
exciton—LO phonon coupling coefficient, Ero is the LO phonon energy, and kg is the
Boltzmann constant. Both curves were nicely fitted with function (3-2). Table 3.2

summarizes the parameters obtained from the best-fitting curves. The values of E.o nearly

correspond with that of bulk InP.

(a) (b)
0.22 0.26 ‘
gO.ZO §0.25 e
v o g 3 ¢ ®
< y <0.24
%018 'Y § o ®
uj e £0.23 "
0.16 ° ° 0.22 «® ‘
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Temperature(K)

Temperature(K)

Figure 3.3. Temperature dependence of PL Bandwidth of InP QDs coated with (a) 3 ML-
and (b) 6 ML ZnS reproduced by eq. (3 -2)
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Table 3.2. Parameters obtained by fitting with eq. (3-2)

7ZnS thickness

(ML) c(peVK™) T, (meV)  Ep, (meV)  Tipn (meV)
3 200 £ 65 57.3 £ 137 42.8 £ 69 143 £ 0.003
6 154 £ 15 27.2 £ 26 39.4 + 26 211 + 0.007

Compared to a thinner shell, the thick shell coated QD had a larger value of T i.. Thus, the
results indicate that I, represents the inhomogeneous linewidth, which is independent of
temperature but is influenced by fluctuations in the structure parameters such as elemental
composition, shape, and size distribution!!. Indeed, the analysis of HAADF-STEM found that
some of the 4ML-coated QDs began an anisotropic growth due to possible growth of a small
island-like shape of the ZnS shell. According to the pioneering study reported by Dabbousi
and coworkers, such small ZnS-islands coalesce as the thickness of the shell increases to form
a continuous film on the core surface with a structure that has relaxed at the outer boundary
to that of bulk ZnS (or decrease of the strain energy at the core/shell interface)'>13, consistent
with the observation results for the QDs coated with 4ML, 5ML and 6ML shells (Figure 2.4c,
Figure 2.5b). On the assumption that the formation of grain boundaries as the islands coalesce
could then be the origin of nonradiative recombination sites,'? the decreasing trend of PLQY
observed for the thicker ZnS shells could be also encouraged by increasing the number of
nonradiative channels in the shell. This explanation is consistent with the relation between
the decreasing trend of AE and the increasing FWHM. Consequently, a ZnS thick shell
reduces the electron—phonon coupling strength while inhomogeneous shell growth ascribed
to the large lattice mismatch might tune the growing morphology of the shell from flattened

to island-like ones, resulting in the inhomogeneous broadening discrepancy.
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3.4 Conclusions

The effect of shell thickness on optical properties was investigated in PL low-
temperature measurements. Thick shells in ZnS reduce the electron-phonon coupling
strength, but non-uniform shell growth changes the morphology in which the shells grow
from flat to island-like. This non-uniform shell growth is the reason for the PL-FWHM
broadening. Our results demonstrated herein suggest that the suppression of the
inhomogeneous ZnS shell growth on monodisperse InP QDs is a key to achieve further

narrowing of PL spectral linewidths.

95



References

(1

()

(3)

(4)

(5)

(6)

(7

®)

)

Narayanaswamy, A.; Feiner, L. F.; Meijerink, A.; van der Zaag, P. J. The Effect of Temperature and Dot
Size on the Spectral Properties of Colloidal InP/ZnS Core — Shell Quantum Dots. ACS Nano 2009, 3
(9), 2539-2546. https://doi.org/10.1021/n1n9004507.

Valerini, D.; Creti, A.; Lomascolo, M.; Manna, L.; Cingolani, R.; Anni, M. Temperature Dependence of
the Photoluminescence Properties of Colloidal Cd Se / Zn S Core/Shell Quantum Dots Embedded in
a Polystyrene Matrix. Phys. Rev. B 2005, 71 (23), 2354009.
https://doi.org/10.1103/PhysRevB.71.235409.

Chon, B.; Bang, J.; Park, J.; Jeong, C.; Choi, J. H.; Lee, J.-B.; Joo, T.; Kim, S. Unique Temperature
Dependence and Blinking Behavior of CdTe/CdSe (Core/Shell) Type-II Quantum Dots. . Phys. Chem.
C2011, 115(2), 436-442. https://doi.org/10.1021/jp109229u.

Shirahata, N.; Nakamura, J.; Inoue, J.; Ghosh, B.; Nemoto, K.; Nemoto, Y.; Takeguchi, M.; Masuda, Y.;
Tanaka, M.; Ozin, G. A. Emerging Atomic Energy Levels in Zero-Dimensional Silicon Quantum Dots.
Nano Lett. 2020, 20 (3), 1491-1498. https://doi.org/10.1021/acs.nanolett.9b03157.

Ji, C.; Zhang, Y.; Zhang, T.; Liu, W.; Zhang, X.; Shen, H.; Wang, Y.; Gao, W.; Wang, Y.; Zhao, J.; Yu,
W. W. Temperature-Dependent Photoluminescence of Ag 2 Se Quantum Dots. J. Phys. Chem. C 2015,
119(24), 13841-13846. https://doi.org/10.1021/acs.jpcc.5b01030.

Varshni, Y. P. TEMPERATURE DEPENDENCE OF THE ENERGY GAP IN SEMICONDUCTORS.
Physica (Amsterdam) 1967, 34 (1), 149-154. https://doi.org/doi.org/10.1016/0031-8914(67)90062-6.
Ghosh, B.; Takeguchi, M.; Nakamura, J.; Nemoto, Y.; Hamaoka, T.; Chandra, S.; Shirahata, N. Origin
of the Photoluminescence Quantum Yields Enhanced by Alkane-Termination of Freestanding Silicon
Nanocrystals: Temperature-Dependence of Optical Properties. Sci Rep 2016, 6 (1), 36951.
https://doi.org/10.1038/srep36951.

O’Donnell, K. P.; Chen, X. Temperature Dependence of Semiconductor Band Gaps. Appl. Phys. Lett.
1991, 58(25), 2924-2926. https://doi.org/10.1063/1.104723.

Seong, M. J.; Miéi¢, O. I.; Nozik, A. J.; Mascarenhas, A.; Cheong, H. M. Size-Dependent Raman Study
of InP Quantum Dots. Appl. Phys. Lett. 2003, 82 (2), 185-187. https://doi.org/10.1063/1.1535272.

(10) Narayanaswamy, A.; Feiner, L. F.; van der Zaag, P. J. Temperature Dependence of the

Photoluminescence of InP/ZnS Quantum Dots. J. Phys. Chem. C 2008, 112 (17), 6775-6780.
https://doi.org/10.1021/jp800339m.

(11) Cheng, O. H.-C.; Qiao, T.; Sheldon, M.; Son, D. H. Size- and Temperature-Dependent

Photoluminescence Spectra of Strongly Confined CsPbBr 3 Quantum Dots. Nanoscale 2020, 12 (24),
13113-13118. https://doi.org/10.1039/DONR0O2711A.

(12) Dabbousi, B. O.; Rodriguez-Viejo, J.; Mikulec, F. V.; Heine, J. R.; Mattoussi, H.; Ober, R.; Jensen, K.

F.; Bawendi, M. G. (CdSe)ZnS Core — Shell Quantum Dots: Synthesis and Characterization of a Size
Series of Highly Luminescent Nanocrystallites. /. Phys. Chem. B 1997, 101 (46), 9463-9475.

96



https://doi.org/10.1021/jp971091y.
(13) Ji, B.; Panfil, Y. E.; Waiskopf, N.; Remennik, S.; Popov, I.; Banin, U. Strain-Controlled Shell Morphology
on Quantum Rods. Nat Commun 2019, 10 (1), 2. https://doi.org/10.1038/s41467-018-07837-z.

97



Chapter 4: Impact of Coherent Core/Shell Architecture on Fast Response
in InP-based Quantum Dot Photodiodes

4.1 Introduction

Colloidal quantum dots (QDs) have tunable excited states depending on their diameters
based on the quantum confinement effect, and their excellent optical absorption and emission
properties have attracted attention in a wide range of optoelectronic applications, including
photodetectors,!® solar cells,*® light-emitting diodes,®” and lasers.® QD photodetectors have
a device structure of primarily photodiodes or phototransistors and can be manufactured at
low cost, offering significant advantages in surveying, night vision, optical communications,
thermal sensing, and medical diagnostics.’ To date, the ultraviolet spectral range are covered
by the QDs having central element of ZnO or ZnS,!*!! while counterparts of CsPbBr; and
CdSe have been developed to cover the visible wavelength range.!?!® QDs of PbS, PbSe and
CdSe,Te -, dominate the optically active layers for near-infrared (NIR) light sensing.'*1¢
Group II-V compound semiconductors find various applications in optoelectronics for the
reasons below.'71? First, their high electron mobilities such as 78000 cm? /(V-s) for InSb,%
34000 cm? /(V-s) for InAs,?! 9400 cm? /(V-s) for GaAs,?! and 5200 cm? /(V-s) for InP?! are
beyond the values of other semiconductors including Si (1450 cm? /V s),?2 CdTe (804 cm?
/V:s),2 CdSe (642 cm 2 /V-s),?® and CdS (642 cm? /V-s). 2* Second, Group III-V compound
semiconductors (except for GaN, AlAs, AlSb, GaN and GaP) have low exciton binding
energy,?* making it easier to dissociate excitons and extract a net current from the device flow
towards the corresponding electrodes for detection of photon. Third, the absorption and
emission spectral tunability in a broad wavelength range is realized by controlled energy gap
resulting from alloying of central elements of QDs or their size control.?>2?¢ Fourth, III-V

semiconductors are free of toxic heavy metals such as Cd, Pb, and Hg, making them an

98



attractive alternative materials platform for optoelectronic device applications.?”?
Nevertheless, compared to group II-VI semiconductor QDs, III-V counterparts have a higher
ratio of covalent bond character against ionic bond one, making nanoparticle crystallization
in the solution phase difficult and leaving challenges in their synthesis. InP QDs are the most
well-studied nanocrystals among III-V family, but their application remains limited to the
optically active layer of light-emitting diode.?**° There are only a few reports of InP QDs
applied to photoelectrodes, and until now, only two reports of phototransistor structures.?!:3
Possible reasons are difficulty in (i) colloidal synthesis of powder form of InP QDs due to
necessity of using highly chemical reactive precursors and unestablished postsynthetic
purification and (ii) carrier mobility between InP QDs due to a large interparticle distance
caused by the common capping ligand oleic acid (or oleylamine).??> Kwak and co-workers
reported a hybrid phototransistor where InP QDs used as a light-absorbing layer while black
phosphorus (BP) used as a transportation layer.’! In their study, the ligand exchange from
oleylamine to 1,2ethanedithiol, which has a shorter alkyl length, and annealing at high
temperature for InP QDs improved the charge injection of the photogenerated carriers from
the QD layer to BP layer, leading to a high responsivity and detectivity, but slow speed with
fall time of 120 msec. The slow response speed for fall time is a common problem of entire
Cd-free QD photodetectors not limited to III-V counterparts.!33?2

Here we report, for the first time, a vertical III-V QD photodiode having a high-speed
response of rise time of 4 msec and fall time of 9 msec even at a voltage bias of 0 V at room-
temperature in ambient air. In this device structure, a coherent InP/ZnS core-shell QD as a
light-absorbing layer, having a single lattice parameter was used. The lattice coherency
allowed for a high carrier mobility throughout core/shell QD resulting from the emerging

defect-less core/shell interface. Ligand-exchange strategy was developed, in which the
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palmitic acid on the QD with shorter ligand, i.e., 6-Mercapto-1lhexanol, leading to greatly
improved quality of QD film by spin coating. Furthermore, the spatial separation of
photogenerated excitons was realized by forming a type-II band alignment at the interface
between the QD layer and Al-doped ZnO counterpart, resulting in a fast response at a single-

digit millisecond scale.

4.2 Experimental

Reagents and Materials: Indium(III) acetate [In(Ac); , 99.99%, Aldrich], zinc acetate
[Zn(Ac)2, 99.99%, Aldrich], zinc oxide (ZnO, 99.999%, Aldrcih), 1-octadecene (ODE, 90%,
Aldrich), sulfur (99.98%, Aldrich), butylamine (99.5%, Aldrich), N,N-dimethylformamide
(DMF, anhydrous, 99.8%, Aldrich) oleic acid (OA, 90%, Aldrich), trioctylphosphine (TOP,
97%, Aldrich), 1-dodecanethiol (DDT, >98%, Aldrich), tris (trimethylsilyl)-phosphine
[(TMS)3P, 98% Strem Chemicals], palmitic acid (PA, 98%, Tokyo Chemical Industry),
noctylamine (OAm, 98%, Tokyo Chemical Industry), 6-mercapto-lhexanol (MCH, 97%,
Aldrich), and aluminium-doped zinc oxide ink (conductivity: 103 -10* S/cm, viscosity <4
mPa.s, Aldrich) were used without further purification. Aluminium (Al) wire was purchased
from the Nilaco corporation (Japan). The purity of argon gas was 99.999%. Using an oil rotary
vacuum pump, the vacuum conditions of less than 60 Pa was used for degassing and argon
gas purge.

Preparation of Zn-oleate: ZnO (2 mmol) and OA (8 mmol) were mixed with 10 mL ODE in
a 50 mL three-necked flask. The temperature was measured using a thermocouple inserted
directly into the flask from the one branch pipe. The other branch pipe was capped with a
silicone rubber septum for injection of stainless-steel syringe needles. The flask was

connected to the Schlenk line. At first, the system was purged five times with argon gas. The

100



mixture was degassed at 120°C for 2 hrs under vacuum conditions, and then the mixture was
quickly heated in an argon flow to 290°C and kept for about 1hr until the mixed solution got
a transparent for yielding Zn-oleate. The solution was then cooled down to a room
temperature and stored in an argon-filled vial until the use.

Preparation of (TMS)3P-TOP: (TMS);P (0.12 mmol) in hexane was dissolved in 1 mL of
TOP at room temperature inside an argon-filled glovebox where the oxygen and water levels
are continuously monitored to maintain both O, < 1 ppm and H,O < 5 ppm. The mixture was
gently stirred until becoming uniform solution. This step was performed in the day before the
synthesis of InP QD.

Synthesis of InP QDs: 0.45 mmol of In (Ac)s, 0.075 mmol of Zn (Ac), and PA (0.5 mmol)
were mixed with 6.3 mL of ODE in a 50 ml three-necked flask which is fixed to a Schlenk line
with a reflux condenser. Degassing of the mixture was performed at 120°C for 12 hrs under
vacuum conditions. The degree of vacuum was controlled at 30 Pa which was measured by
the capacitance manometer (ULVAC, Japan). The flask was filled with argon and cooled down
to room temperature. The (TMS); P-TOP was quickly injected into the flask in an argon flow,
heated to 40°C under vacuum and kept for 10 min for evaporation of hexane. Then, the flask
was refilled with argon, heated to 130 °C and kept for 15 min as suggested by Taylor et al.,*
heated to 300°C within 7.5 min and kept for 3 min. After then, the flask was cooled down to
room temperature, and stored in an argon filled vials.

Synthesis of coherent InP/ZnS core/shell QDs: In a typical synthesis, 8 mL of the InP QD
solution, 250 x L DDT and 4 mL Zn oleate (1.6 mmol) were mixed with 2 mL ODE in another
50 mL three-necked flask. The mixture was degassed at room temperature for 30 min under
vacuum. After then, the flask was filled with argon, heated in an argon flow to 230 °C and kept

for 20 min. By successively repeating the previous step, the shell of ZnS was thickened.
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Specifically, one more layer of ZnS shell was coated by injection of a mixture of 250 L DDT
and 2 mL Zn oleate at 230°C, followed by heating to 240°C and solution was kept for 20 min.
The reaction temperature was from 230 to 250 °C, in 10 °C increments. The span of time was
commonly 20 min at every reaction temperature. At most we repeated the procedure of
injection 2 times. After completing the formation of shell with predefined thickness, the
solution was cooled down to 80°C, and then acetone was added for centrifugation for 10 min
at 10,000 rpm. The InP/ZnS QDs precipitated was redispersed in acetone by centrifugation
for 10 min at 10,000 rpm. The supernatant was discarded to collect the QDs. Finally, the
InP/ZnS QDs were redispersed in 8mL ODE and stored in an argon-filled vials.

Ligand exchange: 8 mL ODE of InP/ZnS QDs was mixed with 0.5 mL MCH in another 50
mL three-necked flask. The mixture was purged five times with Ar gas at room temperature.
After then, the mixture was heated to 100 °C and kept 1hr. The mixture was cooled down to
room temperature. Next, the mixture was transferred to Ar-filled centrifugation tube. After
addition of hexane as a poor solvent, the tube was subjected to centrifugation for 10 min at
9,000 rpm. The InP/ZnS QDs precipitated was redispersed in 2 mL ethanol while 4 mL
hexane as a poor solvent was added. The mixture was centrifugated for 5 min at 9,000 rpm.
This centrifugation process was repeated two times for washing the QDs. The supernatant
was discarded to collect MCH-capped InP/ZnS QDs. The QDs were redispersed in DMF and
stored in an argon-filled vials.

Fabrication of vertical-type photodiode: A 10 X20 mm 2 rectangle soda-lime glass covered
with 150 nm thick indium tin oxide (ITO) with a sheet resistance of 10—14 Q /sq was used
as the substrate. The ITO film was patterned by chemical etching (Zn powder and 37% HCI)
into three narrow strips about 2 mm wide and 20 mm long. The patterned ITO substrates

were washed in Milli-Q water of 18.2 MQ - cm resistivity for 15 min with ultrasonic cleaner,
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followed by sonicated for 15 min in acetone, ethanol, isopropyl alcohol in that order. After
drying, organic contaminants on the surface were removed by exposure to VUV light (Ushio
Inc., Japan, UER20-172V; A = 172 nm and 10 mW/cm?) for 30 min under a reduced pressure
of 10° Pa and a N, flow, resulting in a super hydrophilic surface.

Next, the cleaned substrate was moved in a next step for fabrication of vertical-type
photodiode with a multilayer device structure. Spin-coating and heating were performed in
an Ar filled glove box to fabricate the multilayer films. The sample was then removed from
the glove box, mounted in a sample holder, and vacuum evaporated to deposit an aluminum
(Al) thin film that would serve as the electrode. Specifically, in first, Al-doped ZnO particle
ink of 60 u L was spin-coated for 45 sec at 3000 rpm, followed by heating for 30 min at 160°C.
Second, a 60 u L of the MCH-capped InP/ZnS ink, adjusted to a concentration of 50 mg/mL
in DMF + butylamine (11:1, vol/vol) mixed solvent, was spin-coated on the Al: ZnO-coated
substrate for 30 sec at 2000 rpm, followed by heating for 30 min at 80°C. Finally, an Al
electrode was deposited. Pattern deposition was performed by adhering the stainless-steel
mask to the substrate.

Characterization of InP/ZnS QDs: X-ray powder diffraction (XRD) pattern was measured on
a MiniFlex 600 (Rigaku Corp., Japan). Samples were measured at an angular step of 0.02°
(time per step: 1 s per step) using CuK @ (A =1.5418 A) radiation. The sample was observed
on the JEOL JEM-ARM200F with STEM mode operating at 200 kV. The observation with
the STEM offers an unprecedented opportunity to probe structures with sub-Angstréom
resolution. The dark-field image was acquired with high-angle annular dark field (HAADF)
detector. A low-pass filter was applied to the image for noise reduction. The attenuated total
reflection Fourier transform infrared (ATR-FTIR) spectra were acquired using an FT/IR-

4100 (JASCO, Japan). Optical absorption and emission properties were measured with
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toluene solution of the QDs. Optical absorption spectra were recorded using a UV-vis
spectrophotometer (]ASCO V-650, ]apan). Photoluminescence (PL) measurement was
carried out using a modular double grating Czerny—Turner monochromator and an iHR 320
emission monochromator (1200 lines per mm of gratings) coupled to a photomultiplier tube
(PMT) on a NanoLog Horiba Jovin Yvon spectrofluorometer with a 450 W xenon arc lamp.
The spectral resolution of the system is around 0.3 nm. To avoid scattered excitation lights, a
cut filter for 395 nm-light was placed in front of the monochromator-PMT setup. The
absolute PL quantum yields (QYs) were measured at room temperature using the QY
measurement system C9920-02 from Hamamatsu Photonics Co., Ltd with a 150 W xenon
lamp coupled to a monochromator for wavelength discrimination, an integrating sphere as a
sample chamber, and a multichannel analyzer for signal detection.

Device Characterization: All device testing was performed at room temperature under
ambient conditions. Data for the current density—voltage (I—V) measurements were
acquired using a Keithley 2425 source meter. A 300 W xenon lamp was used for illumination,
with a bandpass filter passing only visible light at 470 * 5 nm. In the I-V test, multiple devices
on a substrate were measured individually and each device was characterized under 470 nm
light irradiation, then under dark conditions (no illumination). No obvious differences were
found due to light cycling or repeated measurements on the same device within a few months
of the first test. Data for the responsivity measurement was collected on a home-built setup
using illumination a same illumination source, modulated with optical chopper (#55-783,
Edmund Optics). The anode and cathode of the device were connected to a 1 GQ load resistor
and connected to a DS-5624A oscilloscope (Iwatsu Electric Co., Ltd) to record the modulation
changes of the photovoltage under open circuit conditions. The frequency response of the

photocurrent was displayed as a fast Fourier transform by the oscilloscope. The response time
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was calculated using the rise and fall times between 0.1 and 0.9, with the background of the

waveform displayed on the oscilloscope as 0 and the maximum photocurrent as 1.

4.3 Results and discussion

We reported previously a new class of InP/ZnS core/shell QDs, where the lattice of InP QD
as a core is compressed by 4.1% compared to the bulk crystal while the lattice of ZnS as a shell
is expanded by 4.1% compared to the bulk crystal if the shell thickness is less than 0.81 nm
(corresponding to three monolayers (3ML) of cubic ZnS) and the diameter of the core QD is
less than 2.64 nm.%" The resulting InP/ZnS core/shell QDs have a single lattice constant of
0.563 nm and provide a coherent and homogeneous interface despite the large lattice
distortion between the core and the shell materials. In the present work, the coherent InP/ZnS
core/shell QDs were used as a light-absorbing layer of the vertical photodiode. Figure 4.1
shows a summary of the results of structural and optical characterizations of the coherent
InP/ZnS (3ML) core/shell QD terminated with PA monolayer. Panel (a) shows a typical XRD
of the QD before and after shell formation. The XRD pattern of the InP core QD has peaks
indexed to the (111), (220), and (311) planes of zincblend (cubic) bulk crystal of InP,
respectively. After the 3ML shell formation, the relative shift of each XRD peak toward a
higher diffraction angle side happens to give a lattice constant of 0.563 nm, indicating the
successful formation of coherent core/shell structure unlike combined XRD pattern of InP
and ZnS.%” The peak at around 20° appears because of a ligand peak such as PA or OA as
discussed later. In the post-synthesis of InP core QDs, the product was washed rigorously by
ultracentrifugation with a mixture of hexane (i.e., good solvent) and methanol (i.e., poor
solvent) as many as 10 times, but the peak was still present, suggesting that the PA adsorbs

on the InP QD via ionic bind. As supported by Alivisatos and co-workers, this peak indicates
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a bound and ordered capping ligand on the QD.? Panel (b) shows a typical HAADF-STEM
image of InP/ZnS (3ML) QDs. As expected, we see QDs with a round shape unlike island-
like shapes and the estimated diameter was 3.2nm* 0.3 nm which satisfies the conditions of
core size the coherent core/shell structure forms.*” Panels (c) and (d) show optical absorption
and emission spectra of the InP core QD and the coherent core/shell QD, respectively. The
first exciton peak in the UV-Vis spectrum was sharp and have a much steeper rise. The
estimated value of its valley-depth [VD, defined as 1 — (Absmin /Absmax)] was 0.55, which is
larger than those of the previous InP-based QDs exhibiting the green (VD = 0.51) and red
emission (VD = 0.5),%037 suggesting a much narrower size distribution. PL spectrum has two
peaks at 517 nm and 680 nm and the former spectral linewidth (full width half maximum,
FWHM) was 53 nm. The broad PL peak at 680 nm could be attributed to the emission

originating from surface trap of indium dangling bonds.*
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Figure 4.1. (a) XRD patterns of the core InP and the coherent InP/ZnS core/shell QDs
capped with PA monolayers. Standard peak positions of InP and ZnS were assigned using
ICDD PDF 00-032-0452 and 01-071-5975. (b) HAADF-STEM image of the coherent
InP/ZnS core/shell QD capped with PA monolayers. UV-vis and PL spectra of (c) the core
InP and (d) the coherent InP/ZnS core/shell QDs capped with PA monolayers.
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As evidenced in the Panel (d), the PL peak at 680 nm disappears by encapsulating the core
QD with the shell because of the passivation of the core surface, resulting in decrease of the
dangling bonds. PL peak positions at 510 nm, and its FWHM is as narrow as 35 nm. PL
quantum yield (QY) improved up to 70% due to the formation of defective-less interface
between the InP core and the ZnS shell as described above. The value of VD was as high as
0.52 even after the 3ML shell formation, suggesting that the narrow size distribution was
maintained.

In general, long-chain fatty acid or amine (i.e., oleylamine or oleic acid) is used in synthesis
and works as a compact organic barrier bound to QDs, giving a colloidal stability. However,
the long-chain ligands minimize carrier mobility between QDs by increased ligand induced
resistance.?>% Therefore, such long-chains are replaced with a short-chain ligand to narrow
interparticle distance between neighboring QDs. Short-chain thiol monolayer is a common
capping ligand.?** The sulfur head group of thiol ligand bonds to surface cation of QD with
ionic strength stronger than the carboxyl head group of fatty acid.***® Beside, colloidal stability
is also maintained.*® Bai et al. reported that 6-mercapto-1-hexanol (MCH) as a capping ligand
works to enhance device performance.*” In this study, the PA ligand bound to the coherent
InP/ZnS core/shell QD was replaced by MCH. As shown in Figure 4.2a, the PA-capped QDs
dispersed in hexane phase transferred to ethanol phase due to the ligand exchange. The MCH-
capped QDs were highly soluble in polar solvents such as DMF, but insoluble in non-polar
solvents. The QDs capped with PA were sticky due to the presence of long alkyl chains, but
ligand exchange yielded QDs in dry powder form (Figure 4.3). An XRD pattern shown in
Figure 4.2b demonstrates that decrease in intensity of peak at ~20° due to substitution for
the long-chain fatty acid with the short chain thiol. Figure 4.4 shows ATR-FTIR spectra of

the QD samples before and after ligand exchange.
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Figure 4.2. (a) Photograph of the colloidal dispersion of InP/ZnS QDs before and after ligand
exchange. (b) XRD pattern of the InP/ZnS QD capped with MCH monolayer. The peak

intensity at 20° decreased by the ligand exchange.

Figure 4.3. A typical digital photograph of the dried powder of the coherent InP/ZnS
core/shell QDs capped with MCH monolayers.
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Figure 4.4. ATR-FTIR spectra of the InP/ZnS QD before (blue) and after ligand exchange
(Green). Poor MCH means InP/ZnSQD with insufficient ligand (Orange), and MCH means
undiluted ligand (Red).

After ligand exchange, a broad band centered at 3283 cm'!, which is attributed to hydroxyl
group of MCH ligand, appeared while the peak at 1550 cm!, which is attributed to the
symmetric carboxylate stretching vibration band,*® disappeared. The other peaks (1000-1500
cm™) of the MCH-capped sample were confirmed to originate from the MCH molecule,*

indicating that the PA ligand was completely replaced by the MCH ligand. It is particularly
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noted that the insufficient ligand exchange affects film deposition on ITO-covered substrates.
As evidenced in Figure 4.5a, we could not obtain a uniform QD film by dropping QD ink with

inadequate ligand exchange.

(a) (b)

Figure 4.5. The representative digital photographs of the QD films prepared by dropping (a)
oleate-capped QD dispersed in toluene and (b) MCH-capped QD dispersed in DMF on ITO-
covered glass substrates. Unlike the oleate-capped QDs, the MCH-capped QDs could formed

a uniform and flat film on the ITO surface.

ATR-FTIR was used to examine whether the ligand exchange is sufficient or inadequate.
When the ligand exchange was inadequate (see the orange spectrum, Figure 4.4c), the peak
at 3283 cm™! was weak. The decrease in QD film formability might be due to the aggregation
of QDs caused by the difference in polarity of the ligands during the time between when the
QD solution is dropped onto the substrate and when it completely dries. A similar aggregation
was observed when ethanol was used instead of DMF. The results indicate that QD with both
PA and MCH ligands causes the decrease in film formability.

As is predicted, the film formation was hindered when this QD ink was used for device
fabrication (Figure 4.6). To avoid such a problem from arising, the PA-capped QDs were
needed to be ultracentrifugally washed with acetone at least twice. The resultant PA-capped

QDs were ligand-exchanged and used as a QD ink capable of uniform film formation for
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device fabrication (Figure 4.5b). Hereafter, the coherent InP/ZnS QD capped with MCH is

described by MCH-QD.

QDs:5.39nm

Figure 4.6. Cross-sectional SEM photographs of photodiode device with a multilayer structure
of ITO/ZnO(Al)/poor MCH-InP/ZnS QD/AL For the QD ink, MCH-capped InP/ZnS QD

with inadequate ligand exchange was used. As is clearly seen in the image, we could not obtain

the uniform film of QDs. Furthermore, it was difficult to obtain the QD film thicker than

5.39nm even by repeating the spin-coating process with the QD ink.

Figure 4.7 shows schematically shows the device architecture of photodiode in which the
coherent InP/ZnS core/shell QD terminated with MCH ligand serves as an optically active
layer, the energy band diagram in the voltage unbiased conditions and a cross-sectional SEM
image. As shown in the Panel (Figure 4.7a), the device has an inorganic multilayer stack (i.e.,
ITO/Al-doped ZnO/MCH-QDs/Al). A 22.5 nm-thick Al-doped ZnO nanoparticle layer was
deposited on ITO-covered soda-lime glass substrate by spin-coating method. Subsequently,
a 100-nm thick MCH-QD layer was also formed by spin-coating method. Finally, a 209-nm

Allayer was deposited by vacuum evaporation at 2.0 X 10~° Pa. Panel (Figure 4.7b) shows the
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proposed energy level diagram under a zero applied voltage bias. The values of work function

of ITO and Al are taken from the literature.*
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Figure 4.7. Device structure diagram of the MCH-QD film photodetector with an inorganic
multi stack. (b) Energy band diagram in the unbiased conditions. (c) Cross-sectional SEM

photographs of the multi stack of the device.

Based upon ultraviolet photoelectron spectroscopy (UPS) measurement of the spin-coated
layer of Al-doped ZnO nanoparticles, the measured value of ionization energy was -7.12 eV
(Figure 4.8a). The value of ionization energy for the MCH-QD layer, which was measured by
photoelectron yield spectroscopy (PYS), was —5.7 eV (Figure 4.8b). The calculated value of
electron affinity was —3.3 eV, assuming that the green photoemission originates from the
fundamental optical gap of MCH-QDs. The Al-doped ZnO was inserted between the MCH-
QD layer and the ITO electrode to create a type-II band alignment for exciton dissociation as
depicted in the Panel (Figure 4.7b). Panel (Figure 4.7c) shows a cross-sectional SEM

photograph of our QD-photodiode with a good device performance. Unlike the device shown
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in Figure 4.6, 100-nm thick MCH-QD film is uniform and forms the flat heterogeneous
interfaces. In this device structure, we did not use organics to avoid the possibility of holes
during device operation which degrade the device performance,® leading to the long-running

operation.
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Figure 4.8.(a) Ultraviolet photoelectron spectroscopic (UPS) spectrum of the Al-doped ZnO
spin-coated thin film plotted as a function of the energy and (b) Photoelectron yield
spectroscopic (PYS) spectrum of a film form of the coherent InP/ZnS core/shell QDs capped
with MCH ligands. The value of hv is 21.22 eV.

Device performances of the MCH-QD based photodiode measured in ambient air are
summarized in Figure 4.9, Figure 4.10, Figure 4.11a and Figure 4.9(a) shows the room-
temperature current-voltage curves under 470%X5 nm light irradiation. In a narrow
measurement voltage ranged from -1.0 to 1.0 V, both forward and reverse scans were applied

with steps of 0.02 V and a sweep time of 500 msec. Photocurrent generated was clearly
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dependent of photon power of the irradiated light. Surprisingly, the photodiode also
responded to even a weak light with photon power equivalent to 0.29 mW/cm 2. Photocurrent
generated under the 470 nm light irradiation at zero voltage bias when the light power density
varies from 0 to 11 mW/cm is shown in Figure 4.9(b). The photocurrent increases linearly

with power density of the incident light.
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Figure 4.9. Summary of room-temperature device performances for the MCH-QD
photodiode measured under 470+5 nm light illumination at voltage bias of 0 V (except for
(the Panels a and c) in ambient air. (a) Changes in photocurrent at different light power
density when the voltage bias varies between -1.0 and 1.0 V. (b) Plots of photocurrent as a

function of incident power density.

Figure 4.10(a) shows the responsivity of the device versus bias. Responsivity (R), a measure
of the photocurrent generated per unit power of the incident light per unit area, was calculated
by the equation: R = I,/P,>! where I, is a photocurrent subtracted by dark current, P is the
incident light power density.

A trend of decreasing responsivity with increasing irradiation power density was observed,
which might be due to saturation of responsivity at high photon power irradiation.’? The

ditectivity, denoted by D*, was calculated by the equation: D* = R/ (2 € l4u / A)V2, where e
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is the electron charge, A is the effective surface area, the [ 4. is the dark current, which is the
main constituent of the shot noise current, respectively. As shown in Figure 4.10(b), when
the incident-light power density varied from 0.1 to 11 mW/cm? at a bias of 1 V, the maxima
of R and D* values were 15.6 mA/W and 8 X 10? Jones (1 Jones = cm Hz2 W~1) at the

incident-light power density of 0.43 mW/cm?, respectively.
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Figure 4.10. (a) Changes in responsivity with increasing light power density when a voltage
bias varies between 0 and 1.0 V. (b) The light power density dependence of responsivity and
detectivity.

Temporal response is a critical parameter for evaluation of device performance of photodiodes
that need the ability to follow fast changing optical signals utilized in optical communications
and image processing. In this study, the response speed was measured at a voltage bias of OV
under irradiation of 470-nm light with power density of 11 mW/cm 2, where the turn on/off
time of the incident light was switched using an optical chopper. As schematically illustrated
in Figure 4.7 (a), the photocurrent signals were recorded using an oscilloscope. A typical result

of the time response curve is shown in Figure 4.11(a), where a quick and reproducible
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photocurrent response and good cycling stability were observed even at a voltage bias of 0 V.
Furthermore, the response profile exhibits that the measured rise time ( 7, : from 10% to 90%
of the saturated value) and fall time ( 7 ¢: from 90% to 10% of the peak value) are 4 msec and
9 msec, the fastest among the visible photodetectors based on Cd-free QDs and Pb-free
perovskite nanocrystals. In Figure 4.11(b), the measured values of photocurrent are plotted
when the incident light wavelength varied between 410 and 530 nm. The measurement was
performed at a voltage bias of 0 V and the power density was fixed at 10 mW/cm 2. A
representative optical absorption spectrum of the MCH-QD is superimposed on the plots to
assert the incident-light wavelength selectivity of the photodiode. The photocurrent reached
a maximum value for light irradiation at 470 nm, decreased at longer wavelengths, and was
below the detection limit when the light of 530 nm or longer was irradiated. As expected, the
trend of photocurrent generated as a function of irradiation-light wavelength was similar to
the UV-vis behavior of the MCH-QD, suggesting that a wavelength selectivity of light

detection can be tuned by QD size.
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Figure 4.11. (a) A typical time response curve of photocurrent. (b) Plots of photocurrent at
different wavelengths of incident light superimposed on the UV-vis spectrum of MCH-QD.
The power densities of the incident lights were fixed at 10 mW/cm 2 for the Panels (a) and
(b).
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It is known that a good long-term optical switching behavior has still been a challenge for
QD photodiodes. In this study, [-V measurements in the bias ranging between -1 and 1 V
were repeated 100 times under irradiation of 470-nm light of 10 mW/cm? During this
running test, we observed good I-V characteristics for each repeating times as presented in
Figure 4.12(a). The I-V measurements were repeated many times with no change in device
performance such as responsivity, waveform and response time as evidenced in Figure 4.12(b).
Clearly shown in the inset, the current reversibly switches between high and low conductance
with high stability and reproducibility even after 100 times as the light is turned on and off,

indicating the successful long-term operation due to device stability.
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Figure 4.12. Device lifetime of the MCH-QD based photodiode measured at a voltage bias of
0 V at room temperature in ambient air using a 470£5 nm light with power density of 10
mW/cm 2. Variation of (a) photocurrent and (b) responsivity at different number of
measurements. Time response curves as insets were measured at 1st time and 100th times.

Error bars were obtained as a standard deviation by measuring 10 samples.
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To date, Cd-free QDs and Pb-free perovskite nanocrystals have been developed to serve as
light-absorbing layers in photodiodes and phototransistors (see Table 4.1), but they have
faced the barrier of slow response time of several hundred milliseconds scale (especially, fall
time).31325355 There are two possible reasons for the fast photo responses at a single
millisecond level in this work (Figure 4.11a). First, the ligand exchange enabled us to prepare
a flat film thicker than 100 nm by repeated spin-coating. Furthermore, the molecular
replacement with MCH ligands alters the interparticle dielectric environment as well as
tunneling distance, possibly leading to the enhanced carrier mobility. Second, we expected
that the coherent core/shell QD structure contributes the efficient dissociation of carriers
generated in InP QD. In this core/shell structure, the 3ML shell is thin enough for traversing
the charge carriers from the core QD to the ZnS layer through a slope of energy gradient at
this junction. In addition, the emergent defect-less interface between the core and the shell
allows that the photogenerated carriers could spread over the entire core/shell QD. The
reduction of defects at heterogeneous interfaces leads to faster response time.’ By utilizing
the type-II band alignment between Al-doped ZnO and the ZnS layers, electrons and holes
could separate on ultrafast time scales for detections.

There is still room to further optimize the device structure to improve the detectivity or
responsivity which were inferior to Cd based photodiodes. To enhance the carrier dissociation
at the heterogeneous interfaces, the electron transportation layer should be replaced by a
thicker film while blocking the electron leakage from the light-absorbing layer is needed.
Further improving the quality of the light-absorbing layer can be realized by atom capping of
the core/shell QD surface and such a surface engineering is a worthy challenge for further

improving device performance.
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Table 4.1. List of device performances of photodiodes (PD), Photoconductor (PC) and

phototransistors (PT) reported in literatures to compare our work.

Material Wevelength (nm) Structure Rise (ms) Fall (ms) Detectivity (Jones) Responsivity (A/'W) Ref.
InP QDs / Black Phosphorus 405 PT 5 120 45x 10" 1% 107 k3|
InP QD 650 PT - - - - 32
SnS; QD / MoS, UV-NIR PT 100 100 475 % 10" 278 54
Zn0-QD0s / MoS, 635 PT 1500 1100 1.05 x 10" 0.084 55
BiyS; Nanocrystals UV-NIR PC 23 23 - 20 56
This work 470 PD 4 9 8.0x10° 0.016
44 Conclusions

Bulk crystals of group III-V semiconductors including GaN, InP, InAs and InSb have superior
electronic properties such as high electron mobility. Their QDs allow size-dependent tuning
of the first exciton peak in the optical absorption spectrum on the basis of the effect of the
quantum confinement. Thus, it is expected that the wavelength-selective photodetection is
realized using the QDs (as the light absorbing layers) of (i) InAs and InSb for the NIR-SWIR
light, (ii) InP for the visible light, and (iii) GaN for the UV light. Nevertheless, few papers
have reported photodetectors using their QDs as light absorbing layers. In the previous paper,
we reported the colloidally synthetic conditions to create a coherent InP/ZnS core/shell QD
structure with a single lattice constant of 0.56 nm. We found in this work that the coherent
core/shell QD as a light absorbing layer works to fabricate a good vertical-type photodiode
that could be operated at room temperature in ambient air, showing the fast speed response
at single-digit millisecond scale (i.e., 7./ 7= 4/9 msec). Furthermore, this device operated
in the photovoltaic mode of the photodiode circuit (i.e., 0 V voltage bias), unlike the
phototransistors that requires a power source to operate. 55 The finding of the coherent
InP/ZnS core-shell QDs working as a photosensitive layer of the QD photodiode suggests

that other combinations of core and shell work giving a fast response speed for photo detection.
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Chapter 5: Summary and Future Prospects

Summary

The main purpose of this paper is to synthesize coherent core/shell InP/ZnSQD as a new
approach of core-shell structure, and to clarify the relation between its optical properties
and structure. In addition, the possibility of the coherent core shell structure InP/ZnS was

investigated by the application to the device.

In chapter 2, InP core with excellent size distribution was synthesized. It was suggested
that it had the narrowest size distribution among InP cores reported until now. The
existence of the coherent structure was investigated by investigating the thickness
dependence of the shell using this QD. InP/ZnS with a thin shell has a coherent structure in
which the core atoms are compressed and the shell is stretched so that the lattice constants
of each are the same. Such an elegant core shell structure is reported for the first time in
InP/ZnSQD. Furthermore, a PL half-width at half maximum (PL-FWHM 35 nm) PLQY of
70% was achieved, which was the best optical property ever reported for InP/ZnS systems.
This excellent optical property appeared in InP/ZnS with coherent structure, and PL-
FWHM and PLQY also decreased when the ZnS shell was thickly grown. TEM observation
confirmed that the thick-shelled InP/ZnS has heterogeneous shell growth such as the S-K

growth mode.
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In Chapter 3, optical properties and phonon interactions are investigated. Low-
temperature PL. measurements were carried out to investigate whether the PL-FWHM
expansion of a thick shell is influenced more by the shape of the QD or the strength of the
electron-phonon coupling. InP/ZnSQD with thickly grown shell reduces the electron-
phonon coupling strength compared with thin QD. On the other hand, it is revealed that the
PL-FWHM is enlarged by the growth of inhomogeneous shells due to large lattice

mismatch.

In Chapter 4, the device using coherent core/shell structure InP/ZnSQD was produced. In
this study, InP/ZnSDQ photodiodes were reported for the first time. By using this coherent
core/shell QD as an optical absorption layer, it was found that a good vertical photodiode
exhibiting a fast response of a single digit millisecond scale (4/9 msec) could be fabricated.
In addition, unlike a phototransistor requiring a power source, it was confirmed that the
photodiode circuit operates in the photovoltaic mode (voltage bias 0V). And, the film
formation property on the substrate in which ZnO was deposited was improved by
exchanging the long chain organic ligand which modified on the InP/ZnS surface with the
short chain organic ligand. Since the steric hindrance effect by the ligand is weakened and
the density of QD is increased, the responsiveness to light is improved. Therefore, it

responded to very weak light of 0.29 mW/cm?.
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Future Prospects

In this dissertation, a coherent core/shell InP/ZnSQD with excellent optical properties of
PLQY 70% and PL-HWHM 35 nm was obtained. The effectiveness of coherent core/shell
structure in InP and ZnS with large lattice mismatch was obtained. This indicates the
possibility of core-shelling even in other core-shell combinations with large lattice
mismatches, making the material selection of the core and shell more flexible. As a future
approach, it was clarified that it is important to control the shell shape in order to obtain
better optical properties.

The coherent core/shell is capable of high-speed photodetection, and the possibility as a
Cd-free photodetector in the next generation was found. In the future, optimization of the
device structure (for example, optimization of the thickness of the ZnO layer) will further

improve the photodetection capability.
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