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General Introduction 

Semiconductors are materials that have a moderate bandgap (Eg) compared to insulator, 

with their Fermi level typically located near the middle of the bandgap.1  When a 

semiconductor is irradiated with light whose energy exceeds the bandgap, electrons jump 

across the bandgap. The excited electrons are thus accommodated in the conduction band 

(CB), leaving positive charges, called holes, in the valence band (VB) as illustrated in Fig. I 

(center).  

 

Figure I. Schematic energy diagrams of insulator, semiconductor, and conductor. 

The interaction with photons unique to semiconductors is useful for various applications 

such as photocatalysts2-4 and fluorescent materials.5-6 After the light irradiation, the excited 

electrons and positive holes are generated as displayed in arrow (1), Fig II (a, b)). In 

photocatalyst (generally TiO2
7-8 and ZnO9-10), the electrons and holes move apart and 

eventually reach the surface to react with adsorbed species (seen in arrow (2), Fig II (a)).11-13 

Therefore, preventing charge recombination is particularly important for improving 

photocatalytic performance. Conversely, in fluorescent materials, after the electrons and holes 

recombine, emitting light that corresponds to the energy gap between the CB and VB as 
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shown in arrow (2), Fig. II (b). This process is known as the band-edge emission. While the 

efficiency of photoluminescence (PL) can be improved by enhancing the charge 

recombination of the photogenerated carriers, semiconductors in the bulk state are far from 

such a situation; they do not exhibit PL unless they are cooled to cryogenic temperatures. 

 Figure II. Mechanisms of (a) photocatalytic reaction and (b) fluorescence under light whose 

energy exceeds the bandgap. The red-dash arrows display the flow of excitons after the 

materials are excited by light.  

I. Semiconductor quantum dots (QDs) and their quantum size effect 

Semiconductor quantum dots (QDs) are defined as semiconductor particles with few 

nanometers in size. When one or more dimensions of a semiconductor material are reduced to 

the level of the Bohr exciton radius (typically 1–20 nm), the photoexcited electrons and holes 

are restricted to specific wavefunctions.14-15 As a result, their energy becomes quantized, 

similar to the electrons surrounding an atomic nucleus. The density of states of the 

semiconductor, which is originally continuous and monotonically increasing from the band 

edge inward, becomes partially discretized due to the aforementioned quantization effect (Fig. 

III (a)).16-17 The changes in the band structure affect the optical absorption. With a decrease 

in particle size, multiple pronounced peaks appear in the ultraviolet–visible (UV–vis) spectra 

(Fig. III (b)) In addition, the energy eigenvalue for each quantized wavefunction shifts 
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higher as the particle size decreases. This effect shifts the conduction band-edge potential to 

the negative direction, while shifting the valence band-edge potential to the positive direction. 

As a result, the bandgap increases with decreasing particle size. These phenomena are known 

as the quantum size effect. Meanwhile, room temperature PL is another important feature of 

QDs that has elevated them to their current position as an efficient light source in display 

applications. The emission is partly due to the overlapping electron/hole wavefunctions, 

which accelerates the carrier recombination rate. Although Henglein and Brus et al. found 

weak luminescence from CdS colloids in the 1980s, this PL originated from spontaneously 

generated defect levels in the crystal or on the surface.18-19 It was in 1993 that Murray and 

Bawendi et al. found the spectrally narrow band-edge PL, an emission originating from the 

band-edge transition, in the QDs capped with alkyl phosphines and phosphine oxides.20 The 

combination of band-edge PL and bandgap shifts by size creates useful fluorophores; for 

instance, at room temperature, PL emission can be obtained when the size is smaller than the 

bulk Bohr radius (~5.8 nm). Besides, the emission energy can be easily tuned by varying their 

diameter (seen in Fig. II (b)).21-23 This effect enables control over the emission characteristics 

by manipulating their size21-23, shape17, 24, structure25-26, and surface properties27-29 Due to 

these unique properties, semiconductor QDs have attracted much attention in various 

applications of fluorescence, such as fluorescent labeling in biochemistry30-31, wavelength 

conversion32-33, and light emitting diodes (LEDs)34-35 
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Figure III. (a) Schematic representation of the quantum confinement effect on the electronic 

states of semiconductor materials (cited from the publication36) and (b) optical properties of 

CdSe semiconductor NCs with size tunability (cited from the publication21). 

The simplest systems in which quantum size effects are observed are semiconductor 

films with a thickness equal to or less than the Bohr exciton radius. The bandgap shift can be 

theoretically calculated by a one-dimensional quantum well model, as shown in Fig. IV (a).37 

In this model, the potential energy (V(x)) inside the well, between x = 0 and x = L, is zero, 

and the potential energy outside the well, where x > L, is infinite, as written below,   

  𝑉𝑉(𝑥𝑥) = �0,   0 < 𝑥𝑥 < 𝐿𝐿
∞,  𝑥𝑥 > 𝐿𝐿 �      (𝐼𝐼) 

This environment allows charge carriers to move freely in the well and prohibits any 

penetration of charge carriers into the wall, as if the walls on both sides were impermeable 

barriers. The following is Schrödinger equation written in one-dimensional coordinates (x) 

−
ℏ2

2𝑚𝑚
𝑑𝑑2𝜓𝜓(𝑥𝑥)
𝑑𝑑𝑥𝑥2

+ 𝑉𝑉(𝑥𝑥)𝜓𝜓(𝑥𝑥) = 𝐸𝐸𝐸𝐸(𝑥𝑥)     (𝐼𝐼𝐼𝐼) 

where ℏ  is Planck’s constant divided by 2π, E is the energy eigenvalue, 𝜓𝜓(𝑥𝑥)  is the 

eigenfunction, and m is the effective mass of the charge carriers. 

(a) (b) 
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Figure IV. Energy diagrams for the infinite quantum well model; (a) one-dimensional well 

and (b) spherical model with a particle radius r0. 

On the other hand, when calculating the size effect in semiconductor QDs, the three-

dimensional spherical model should be used instead (see in Fig. IV (b)). In this model, a 

carrier is confined in a spherical container and the potential outside the container is infinite, 

which is called the infinite spherical well model. The potential energy can be expressed by 

the following equations using the particle radius, r0 and the extra-particle potential energy V(r) 

= ∞, 

𝑉𝑉(𝑟𝑟) = �0,   𝑟𝑟 < 𝑟𝑟0
∞,  𝑟𝑟 > 𝑟𝑟0

�    (𝐼𝐼𝐼𝐼𝐼𝐼) 

Under this boundary condition, it is better to convert the Schrödinger equation into spherical 

coordinates, as shown below, 

−
ℏ2

2𝑚𝑚
�
𝜕𝜕2

𝜕𝜕𝑟𝑟2
+

2
𝑟𝑟
𝜕𝜕
𝜕𝜕𝜕𝜕

+
1
𝑟𝑟2
Λ2�𝜓𝜓(𝑟𝑟,𝜃𝜃,𝜙𝜙) + 𝑉𝑉𝑉𝑉(𝑟𝑟, 𝜃𝜃,𝜙𝜙) = 𝐸𝐸𝐸𝐸(𝑟𝑟,𝜃𝜃,𝜙𝜙)     (𝐼𝐼𝐼𝐼)     

When the angular mentum quantum number, l, is equal to 0, the equation can be simplified as 

−
ℏ2

2𝑚𝑚
�
𝑑𝑑2

𝑑𝑑𝑟𝑟2
+

2
𝑟𝑟
𝑑𝑑
𝑑𝑑𝑑𝑑
�𝑅𝑅(𝑟𝑟) + 𝑉𝑉𝑉𝑉(𝑟𝑟) = 𝐸𝐸𝐸𝐸(𝑟𝑟)   (𝑉𝑉) 

with the eigenfunction 𝑅𝑅(𝑟𝑟) separated from 𝜓𝜓(𝑟𝑟,𝜃𝜃,𝜙𝜙) to have only the radial function.  

The actual materials do not possess infinite potential. Instead, they are composed of 

organic ligands or, for core/shell QDs, semiconductors with a larger bandgap. This concept, 
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termed the Finite Depth Effective Mass Approximation (FDEMA), allows for a more 

accurate prediction of QD bandgaps, as depicted in Fig. V (a, b).38-40 Particularly, the 

FDEMA is suitable for predicting quantum size effects observed in regions with relatively 

large particle sizes. The parameters used for calculation include the bulk bandgap of QDs, the 

electron mass (me), the hole mass (mh), the energy difference between the core and matrix 

(ligand) (V0), and the relative permittivity (𝜖𝜖𝑟𝑟) of the semiconductor. Therefore, the feature of 

this model is that it considers the leakage of the wavefunction into the environment, which 

does not exist when infinitely high walls are assumed. 

Applying a finite value (V(r)) to the potential energy outside the particle gives the 

following equations; 

𝑑𝑑2𝑅𝑅(𝑟𝑟)
𝑑𝑑𝑟𝑟2

+
2
𝑟𝑟
𝑑𝑑𝑑𝑑(𝑟𝑟)
𝑑𝑑𝑑𝑑

+ �
2𝑚𝑚𝑚𝑚
ℏ2

�𝑅𝑅(𝑟𝑟) = 0   (𝑟𝑟 < 𝑟𝑟0, core)   (III) 

𝑑𝑑2𝑅𝑅(𝑟𝑟)
𝑑𝑑𝑟𝑟2

+
2
𝑟𝑟
𝑑𝑑𝑑𝑑(𝑟𝑟)
𝑑𝑑𝑑𝑑

− �
2𝑚𝑚|𝐸𝐸 − 𝑉𝑉0|

ℏ2
�𝑅𝑅(𝑟𝑟) = 0  (𝑟𝑟 > 𝑟𝑟0, surroundings)   (IV) 

The following substitutions 

𝑘𝑘in2 =
2𝑚𝑚𝑚𝑚
ℏ2

   (𝑉𝑉) 

𝑘𝑘out2 =
2𝑚𝑚|𝐸𝐸 − 𝑉𝑉0|

ℏ2
   (𝑉𝑉𝑉𝑉) 

gives the following eigenfunctions: 

𝑅𝑅(𝑟𝑟) ∝
sin(𝑘𝑘in𝑟𝑟)
𝑘𝑘in𝑟𝑟

       (Bessel function)   (𝑉𝑉𝑉𝑉𝑉𝑉) 

𝑅𝑅(𝑟𝑟) ∝ −
exp(𝑘𝑘out𝑟𝑟)
𝑘𝑘out𝑟𝑟

     (Hankel function)   (𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉) 

Applying a boundary condition  

sin(𝑘𝑘in𝑟𝑟0)
𝑘𝑘in𝑟𝑟0

= −
exp(𝑘𝑘out𝑟𝑟0)
𝑘𝑘out𝑟𝑟0

   (𝐼𝐼𝐼𝐼) 
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gives the energy eigenvalue defined in eq V. The eigenvalues for the electron in the CB and 

the hole in the VB become the energy offsets from the bulk state (Δ𝐸𝐸e and Δ𝐸𝐸h). 

On the other hand, there is a Coulomb interaction between the electron and the hole. 

This can be calculated with a simple equation, 

𝐸𝐸coul = −1.75 ×
𝑒𝑒2

𝜖𝜖𝜖𝜖
   (𝑋𝑋) 

using the relative permittivity, 𝜖𝜖, and the elementary charge, e. 

Taking all factors together, the bandgap variation due to particle size is 

𝐸𝐸g = Δ𝐸𝐸e + Δ𝐸𝐸h + 𝐸𝐸coul+𝐸𝐸g, bulk   (𝑋𝑋𝑋𝑋) 

    

Figure V. (a) Schematic energy diagram and (b) relationship between bandgap and diameter 

of CdSe QDs calculated by FDEMA approach. A surrounding matrix  (Eg = 5.00 eV) was 

adopted.41 

II. Silver indium sulfide QDs with core/shell structure 

Silver indium sulfide (AgInS2, AIS) QDs are ternary semiconductor QDs belonging to 

the group 11–13–16 semiconductor family, which includes CuInS2 and its selenide 

derivatives. Since the discovery of luminescence, AIS QDs have attracted interest for their 

outstanding properties, including their low toxicity, color tunable PL, and a large extinction 

coefficient due to direct transition.42-44 The absence of environmentally hazardous metals 

(b)

 

(a) 
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makes them an alternative to Cd and Pb chalcogenide QDs (CdSe45-46, CdTe47-48, and PbS49-

50). However, these QDs exhibit spectrally broad emission with a full width half maximum 

(FWHM) of more than 300 meV, with a large Stoke shift between the PL peak and the 

absorption edge. This emission is due to donor–acceptor pair (DAP) recombination via 

intrinsic defects, such as surface defects and crystalline defects, the former consisting of 

oxide and the latter consisting of interstitial atoms or atomic vacancies, as shown in Figs. VI 

(a, b). However, in the case of QDs, surface defects often dominate because of their very 

large specific surface area.  For display applications, broadband emission is undesirable 

because it degrades color purity.  

 

Figure VI. (a) Schematics of defects in QDs and (b) energy diagram of photoluminescence 

via defect sites. 51-52 

The typical method to remove surface defects is to grow a shell of another 

semiconductor material to construct a core/shell structure. Besides, the semiconductor shell 

can improve the long-term stability by suppressing the surface oxidation of the core surface. 

Typically, the core/shell structure is classified into 4 types based on the band alignment of the 

core and shell materials, as shown in Fig. VII.53-54 In type I, the CB and VB edges of the core 

are within the bandgap of the shell. The carriers are confined to the core region. In quasi-type 

II (or quasi-type I), either the CB or VB edge of the core is close to that of the shell. As a 

result, one of the electrons or holes is delocalized throughout the particle, while another 
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carrier is kept confined to the core. In type II, the CB or VB edges of the core are in the 

bandgap of the shell. One carrier is localized in the core and the other in the shell. The last 

reverse type I is the opposite case of the normal type I band alignment, where the carriers are 

mostly delocalized in the shell region. Each type of core/shell QD exhibits optical properties 

characteristic of its electronic structure, i.e., PL wavelength, PL lifetime, and material 

stability.  

 

Figure VII. Schematic band alignment of different core/shell structure: type I, type II, quasi-

type II and reverse. 

Type I is best suited for fluorescent materials. The leakage of excited electrons and 

holes can be suppressed by the strong confinement of the wide bandgap shell. It enhances 

charge recombination, resulting in an increase in PL QY without changing the spectral shape,  

except for a minor redshift due to a variation in the wavefunction.54 Over the past 30 years, 

ZnS has  been widely used as a shell material. In fact, it has been useful for CdSe and InP 

QDs, achieving nearly unity PL QY depending on the formation conditions. Therefore, the 

same ZnS shell was used for the groups 11–13–16 QDs because the bandgap of the shell (Eg, 

bulk = 3.7 eV) is considered suitable to meet the type I criteria and stabilize the surface of AIS 

and CuInS2 cores.55-56 However, whereas ZnS shell improved the PL QY and stability, it did 

not narrow the broadband PL spectra generated by DAP recombination. This result indicates 

that the Zn–S shell was ineffective in removing the surface traps of AIS QDs. On the other 

hand, a significant blueshift of PL was observed due to the formation of silver indium zinc 
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sulfide alloy57 and/or due to the variation of defect levels by contact with ZnS. Remarkably, 

in 2018, the research group I am affiliated with successfully achieved a spectrally narrow 

band-edge emission from AIS QDs by coating a wide-bandgap gallium sulfide (Ga–S) 

shell.51-52 The Ga–S shell was coated on the AIS core without alloying. It was assumed that 

the contact with the Ga–S shell effectively removed the defects of the AIS core, unlike the 

ZnS shell, which only changed the energy level of the defects while maintaining the nature of 

the emission. Moreover, the AIS/Ga–S core/shell QDs demonstrated the high PL QY over 50% 

due to the removal of non-radiative emission from the surface trap states. 

 

Figure VIII. (a) Band alignment of AIS/Ga–S core/shell QDs (adapted from the publication52) 

and (b) time-resolved PL spectra of Ga–S coating on AIS core QDs (cited from the 

publication52). 

III. Wavelength tunability of AIS-based core/shell QDs 

Many studies have been devoted to precisely tuning the PL of group 11–13–16 

semiconductor QDs to expand their applications. 58-59 In particular, fluorophores with three 

primary color emissions–blue, green, and red–are required for display applications. 60-61 A 

common strategy for modifying these QDs involves an alloying process that allows control of 

the PL wavelengths by changing the chemical composition.62-63 For instance, systematic 

(b) (a) 
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emission tuning of AgInxGa1-xSySe1-y QDs was achieved for the visible to near IR regions.46 

Since the band gap of AgInS2 (Eg, bulk = 1.8 eV) is larger than that of AgInSe2 (Eg, bulk = 1.2 

eV), the PL spectra were shifted to longer wavelengths by increasing the Se/(S+Se) ratio.  

Band engineering within core/shell structures offers an alternative approach to tuning 

PL wavelengths. In addition to stoichiometry control, which directly alters the bandgap of 

emissive QDs, band engineering involves controlling the distribution of charge carriers in the 

core and shell regions.64 For binary QDs, there are common strategies to use band-structure 

design for both core and shell, as illustrated in Fig. IX.  

1) Type II structure:  The formation of type II QDs is a common approach to redshift the 

PL wavelength. Due to the staggered band structure, charge recombination occurs across the 

interface, leading to a redshift compared to band-edge emission of core QDs, as illustrated in 

Fig. IX (a).65 Thus, the emission wavelength of type II-QDs is strongly dependent on the core 

and shell materials. Xiaomin et al. successfully achieved PL redshift of Cu2S/CdS core/shell 

QDs with type II band alignment.65 Since the CB of CdS is in the bandgap of Cu2S, the 

emission wavelength was systematically changed from 515 to 760 nm by changing the core 

size and shell thickness.  

2) A graded shell: The formation of a graded shell can broaden the distribution of 

electrons and holes by creating alloyed interfaces, as shown in Fig. IX (b).66-68 This process 

results in a redshift of the PL spectra due to an increase in effective size, achieved by 

extending the electron and hole wavefunctions.66  Unlike the discrete shell, the formation of a 

gradient shell at the interface can relieve the lattice strain and reduce the non-radiative defect 

states at the core/shell interface which enhances the quantum efficiency.64 Abdellah et al. 

investigated the electron delocalization and surface passivation of CdSe/Cd1-xZnxSe1-ySy 

core/graded shell QDs.66 A gradually increasing redshift in the emission was observed due to 

extended delocalization of excitons into thick graded shell from 0.6 to 2.3 nm. 
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3) Metal doping: the metal doping of QDs can effectively control the PL wavelength by 

introducing new electronic states within the forbidden band, as shown in Fig. IX (c). These 

new electronic states provide additional pathways for electronic transitions, resulting in a 

redshift in the PL spectra.69 Song et al. studied the optical properties of Mn2+ and/or Cu+-

doped ZnSe1-xTex/ZnS core/shell QDs.70 By introducing Cu+, the PL originating from the CB-

to-Cu+ transition appeared at a longer wavelength compared to the band-edge PL of the 

ZnSe1-xTex core. Additionally, a systematic redshift was achieved by changing the energy 

level of the ZnSe1-xTex core by increasing the Te/Se ratio. 

 

Figure IX. Electronic transition of type-II core/shell QDs, core/graded shell structure, and 

doped core/shell QDs.
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Present work 

In this study, I undertook several approaches to explore and achieve a PL redshift of 

band-edge PL from AIS-based core/sell QDs. The abstract comprises three main chapters, 

which are summarized as follows:  

Chapter 1 “Emission Tuning of AgInS2-Based Core/Shell Semiconductor Quantum Dots with 

Type-II and Quasi-Type-II Band Alignments”  

The attempt to redshift the yellow emission AIS/gallium sulfide (Ga–S) core/shell QDs 

was made by using type-II or quasi-type II core/shell band alignment. This type-II band 

structure was realized by replacing the Ga–S shell with Ga–Se, which has a higher valance 

band potential. When treated with HCl, electronic defect states were removed and the PL QY 

was improved. This treatment also led to a partial S/Se substitution in the AIS core QDs, 

increasing the VB potential and narrowing the bandgap. While both these changes 

contributed to the PL redshift, the band alignment of the final structure was revealed to be 

quasi type-II. Furthermore, the emission color could be controlled between the yellow to red 

spectral regions by varying the S/(S+Se) ratio of the gallium sulfide selenide (Ga–S–Se) shell. 
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Chapter 2 “Photoluminescence Redshift of AgInS2 Quantum Dots by Employing Shells with 

Graded Composition”  

The redshift of the band-edge PL was achieved without the use of Se by broadening of 

the exciton wavefunction. When AIS QDs were coated with In–S shells, their band-edge PL 

shifted to the longer wavelength than those coated with Ga–S shells. However, the AIS/In–S 

core/shell QDs exhibited a low PL QY and persistent defect PL. To address this, an additional 

Ga–S shell was formed over the AIS/In–S core/shell QDs. While QDs emitting between 602 

nm and 622 nm were obtained, compositional analyses showed a significant decrease in In 

content, which typically lead to an increased bandgap. The inconsistent results were 

attributed to the formation of the graded shell. This type of shell broadened the 

wavefunctions in its region, effectively increasing the effective QD size and leading to a PL 

redshift.  
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Chapter 3 “Bright Red Luminescence from Ag−In−Ga−S-based Quantum Dots by 

Introducing Copper”  

The effect of introducing Cu into the silver indium gallium sulfide (Ag–In–Ga–S) 

core QDs was investigated with the aim of redshifting the yellow band-edge emission 

of AIS. Using a recently developed technique to fabricate uniform Ag–In–Ga–S QDs, 

a mixture of Cu and Ag sources was rapidly injected into a hot solution containing In, 

Ga, and S sources. The silver copper indium gallium sulfide (Ag–Cu–In–Ga–S) QDs 

were synthesized without byproducts, and the red-color PL was obtained after coating 

with Ga–S shell. Changing the In/Ga ratio of the core QDs strongly affected the PL 

wavelength, while changing the Ag/Cu ratio did not. This emission was found to be 

due to the transition between electrons in the conduction band and holes localized at 

Cu levels. Additionally, the QD-LED fabricated by the Ag–Cu–In–Ga–S/Ga–S 

core/shell QDs exhibited red electroluminescence (EL) meeting the BT2020 standard. 
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Chapter 1 

Emission Tuning of AgInS2-Based Core/Shell Semiconductor Quantum Dots 

with Type-II and Quasi-Type-II Band Alignments 

1.1 Introduction 

The 11–13–16 semiconductor QDs such as AIS, CuInS2, and their selenide derivatives 

are of particular interest as alternatives to highly toxic Cd- and Pb-based QDs.42-43, 71 Similar 

to conventional QDs, these alternatives are direct transition semiconductors with high 

extinction coefficient in the visible to near-infrared region while containing only low toxic 

elements.72 However, they exhibit broad emission spectra due to intrinsic defects, leading to 

low color purity. In 2018, the research group I am affiliated with successfully achieved a 

spectrally narrow band-edge emission from AIS QDs by a coating of Ga–S shells.51 

Coating the shell with a wide-bandgap semiconductor is a common approach to surface 

passivation. The type-I core/shell structure is one of the band alignments where the CB and 

VB edges of the core are located within the energy gap of the shell. Considering that this 

structure provides carrier confinement to the core, type-I QDs are emissive and suitable for 

LEDs and bioimaging applications.73 The AIS/Ga–S core/shell structure is a type-I structure. 

This band alignment is used to increase the PL QY without changing the spectral shape 

(except for a minor redshift due to a variation in the wavefunction). Besides, the AIS/Ga–S 

core/shell structure is useful for eliminating defective PLs.51 As with other type-I QDs, the 

band-edge PL wavelength depends on the bandgap energy of the core after coating with Ga–S 

shells. The luminescence color, which was yellow for the AIS/Ga–S core/shell QDs, was 

blueshifted to green by an alloy composition of AgInS2 (Eg, bulk = 1.8 eV) and AgGaS2 (Eg, bulk 

= 2.6 eV). The Ag–In–Ga–S/Ga–S quaternary core/shell QDs exhibited narrow band-edge PL 

with a PL QY exceeding 50%.74-75 Conversely, a redshift from AIS was demonstrated by 



17 
 

replacing S with Se to produce Ag–In–Se QDs with a narrow bandgap.76 In that study, the PL 

wavelength was tuned between red and near-infrared by the In/Ga ratio, not by the S/Se ratio. 

Another form of band alignment is type-II band alignment, in which the CB and VB 

offset in the same direction at the core/shell heterojunction. Type-II heterojunction 

semiconductors are frequently used in photocatalysts that allow efficient charge separation. 

However, they can also be used in luminescent materials when fabricated into core/shell 

structures. In this case, the staggered band offset causes a strong redshift in the PL 

wavelength because of charge recombination across the interface.65, 77 For example, the band 

alignment of ZnSe/CdSe core/shell QDs was varied from types I to II and finally to quasi-

type II by increasing the shell thickness. Thus, the PL wavelength was redshifted to more 

than 250 nm by growing the CdSe shell up to 1.86 nm.78 Another example of type-II QDs is 

Cu2S/CdS core/shell QDs, whose PL wavelength was varied between 515 and 760 nm by 

tuning the core size and shell thickness.65 CdS/ZnSe core/shell QDs are also examples of 

type-II core/shell structures, which exhibit a redshift in their PL peak by growing the ZnSe 

shells.79 

As mentioned above, the band alignment and electronic structure at the interface of 

core/shell QDs have been intensively investigated for groups 12–16 and 14–16 

semiconductors (particularly Cd and Pb chalcogenides),64 whereas similar studies on the 11–

13–16 semiconductors have been hampered by the presence of broad defective PLs. Since the 

Ga–S shell enabled the band-edge PL of AIS QDs, the possibility of controlling the emission 

wavelength by band alignment is open. Among the candidate materials, Ga–Se was selected 

as the new shell material for AIS QDs. Based on recent computational studies of the band 

positions of AIS and Ga–Se, the VB of the Ga–Se material is expected to be within the 

bandgap of the AIS core, indicating that this combination forms the type-II band alignment.80-

81 This will cause a redshift of the yellow band-edge PL of AIS/Ga–S QDs, and exhibit red to 
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near-infrared emissions. AIS QDs were prepared according to a recent report.51 A mixture of 

the AIS core QDs, Ga, and Se precursors was heated in oleylamine (OLA), which functions 

as a solvent and capping ligand, to prepare Ga–Se shells. As expected, a redshifted emission 

was observed from the AIS/Ga–Se core/shell QDs.80-81 In addition, attempts were made to 

tune the band structure between types I and II by controlling the S/(S+Se) ratio of the Ga–S–

Se ternary shells.82 Irregular spectral shapes were obtained upon switching the electronic 

structures. 

1.2 Experimental section 

1.2.1 Materials 

The following reagents were used as received without further purification: silver(I) 

acetate (Ag(OAc), 99.9%, Mitsuwa Chemical Co. Ltd.); 1-dodecanethiol (DDT, 98.0%, 

FUJIFILM Wako Pure Chemical Industries Ltd.); indium(III) acetate (In(OAc)3, 99.99%, 

Sigma-Aldrich); gallium(III) acetylacetonate (Ga(acac)3, ≥99.99%, Sigma-Aldrich); 1,3-

dimethyl thiourea (DMTU, >97.0%, TCI); tri-n-octylphosphine (TOP, >85,0%, TCI); 

selenourea (98%, Acros Organics); and concentrated hydrochloric acid (conc. HCl, 37% v/v, 

Kishida Chemical Co., Ltd.). Oleylamine (OLA, FUJIFILM Wako Pure Chemical Industries 

Ltd.) solvent was used after vacuum distillation in the presence of calcium hydride to avoid 

water. 

1.2.2 Synthesis of AIS QDs 

The samples were synthesized in a two-necked round-bottom flask with a heating 

mantle equipped with a proportional–integral–derivative controller. The AIS QDs were 

synthesized based on a method described in the previous report.51 Briefly, Ag(OAc) (0.4 

mmol, 66.8 mg), In(OAc)3 (0.4 mmol, 166.8 mg), and DDT (1.2 mmol, 300 µL) were mixed 

with OLA (8 mL) in a 50-mL two-necked round-bottom flask. The mixture was evacuated at 
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120 ℃ and filled with Ar. After the yellow solution was heated to 140 ℃, 0.4 M DMTU 

(83.3 mg in 2 mL OLA) was added dropwise at a rate of 4 mL/h. The solution temperature 

was maintained for another 30 min to grow the QDs. After the reaction, the AIS solution was 

cooled to room temperature and centrifuged to remove large particles. Excess methanol was 

added to the supernatant to recover the AIS QDs as a precipitate, which was further purified 

by repeated dissolution in hexane and precipitation with ethanol, and finally stored in hexane. 

1.2.3 Synthesis of AIS/Ga–Se core/shell QDs 

The fabrication of the Ga–Se shell was performed based on a reported Ga–S shell 

coating.52 The AIS core QDs (30 nmol in terms of particles) were added to an OLA solution 

containing Ga(acac)3 (0.1 mmol, 36.7 mg) and selenourea (0.1 mmol, 12.3 mg). Under an Ar 

atmosphere, the solution temperature was gradually increased from 240 to 280 ℃ at a rate of 

2 ℃/min and subsequently maintained at 280 ℃ for 15 min to complete shell growth. The 

core/shell QD solution was cooled to room temperature, and 30 µL of conc. HCl was added 

to the solution. Thereafter, the solution was rapidly heated to 240 ℃ and maintained at this 

temperature for 60 min. After cooling to ambient temperature, a large precipitate was 

removed by centrifugation. Finally, the AIS/Ga–Se core/shell QDs were purified by 

precipitation with ethanol and dispersed in a hexane/TOP mixture (50/50 in volumetric ratio). 

1.2.4 Synthesis of AIS/Ga–S–Se core/shell QDs 

The AIS core QDs (30 nmol in terms of particles) were added to an OLA solution 

containing Ga(acac)3 (0.1 mmol, 36.7 mg), DMTU, and selenourea; the amounts of DMTU 

and selenourea are summarized in Table 1-1. The mixture was treated using the same 

procedure as that for the synthesis of Ga–Se shells. The obtained AIS/Ga–S–Se core/shell 

QDs were denoted by AIS/Ga–S–Se-X, where X indicates the percentage of Se (Se/(S+Se)) 

mixed in the raw material and was varied at 30, 20, and 10. For comparison, the AIS/Ga–S 
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QDs were synthesized using Ga(acac)3 (0.1 mmol, 36.7 mg) and DMTU (0.1 mmol, 10.4 mg) 

according to a report.52 

Table 1-1. Lists of precursors for the fabrication of Ga–S–Se alloy shells. 

Sample 
Percentage of selenium 

(Se/(S+Se)) 
DMTU/mmol Selenourea/mmol 

AIS/Ga–S–Se-10 10% 0.05 0.1 

AIS/Ga–S–Se-20 20% 0.075 0.05 

AIS/Ga–S–Se-30 30% 0.075 0.0375 

 

1.2.5 Instrumental 

Ultraviolet–visible (UV–vis) and PL spectra were recorded using a UV–vis 

spectrometer (Jasco, V-670) and a spectrofluorometer (Jasco, FP-8600), respectively. The PL 

QY was obtained as the absolute quantum yield using a spectrofluorometer (Hamamatsu, 

PMA-12) equipped with an integrating sphere. Chloroform was used as the solvent for 

samples and a blank, which were placed in a dedicated quartz cuvette. The X-ray Diffraction 

(XRD) patterns of the samples were recorded using a powder X-ray diffractometer (Rigaku, 

Japan, SmartLab). The morphologies of the QDs were examined by transmission electron 

microscopy (TEM, Hitachi, Japan, H-7650) at an acceleration voltage of 100 kV. The 

elemental compositions of the QDs were determined by inductively coupled plasma atomic 

emission spectroscopy (ICP–AES; Shimadzu, Japan, ICPS-7510PL). PL decay curves were 

obtained using a time-correlated single-photon counting setup (Hamamatsu, Japan, 

Quantaurus-Tau). 
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1.3 Results and discussion 

1.3.1 Formation of AIS/Ga–Se core/shell QDs 

Figures 1-1 (a, b) show the TEM images of the AIS core, AIS/Ga–Se core/shell QDs, 

respectively. An increase in particle size, from 3.1 ± 0.6 to 5.2 ± 1.3 nm, was observed after 

heat treatment with the Ga–Se precursors, indicating the formation of a Ga–Se shell. The 

UV–vis and PL spectra of the corresponding samples are shown in Fig. 1-2. The AIS core 

QDs (blue curves) exhibited an absorption edge at ca. 700 nm and broad PL (FWHM = 0.37 

eV) at 789 nm (1.57 eV), typical of defect emissions.51 After the Ga–Se shell formation 

(green curves), a narrower PL peak (FWHM = 0.19 eV) was observed on the short 

wavelength side (681 nm, 1.82 eV), suggesting the passivation of surface defects during the 

Ga–Se shell coating. Notably, this emission wavelength was approximately 100 nm longer 

than the band-edge PL of the AIS/Ga–S QDs (572 nm (2.17 eV), subsequently mentioned). 

Figure 1-3 shows the PL decay profiles of the AIS core (blue) and AIS/Ga–Se core/shell QDs 

(green). The decay profiles were fitted to a single or biexponential equation. The latter is 

described as equation 1-1: 

𝐼𝐼(𝑡𝑡) = 𝐴𝐴1 exp �− 𝑡𝑡
𝜏𝜏1
� + 𝐴𝐴2 exp �− 𝑡𝑡

𝜏𝜏2
�   (1-1) 

where I(t) is the PL intensity at time (t), A1 and A2 are the amplitudes, and τ1 and τ2 are their 

lifetimes. The amplitude and lifetime of each component are summarized in Table 1-2. The 

decay curve of the AIS core QDs was well fitted to a single exponential equation to yield a 

lifetime of 866.0 ns, which was assigned to the emission of exciton recombination via the 

defect state.51 After passivation by the Ga–Se layer, the average lifetime significantly 

decreased to 127.8 ns (25.7 and 162.6 ns) at the peak wavelength of the newly generated 

emission. The seven-fold decrease in the average lifetime and the similarity of each lifetime 
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component to those of the AIS/Ga–S core/shell QDs indicated a change in the emission 

mechanism from the defect state to the band-edge or similar transitions. 

 

Figure 1-1. TEM images of the (a) AIS core, (b) AIS/Ga–Se core/shell, and (c) AIS/Ga–Se 

core/shell QDs after HCl treatment. 

 

Figure 1-2. (a) UV–vis absorption and (b) PL spectra of the AIS core, AIS/Ga–Se core/shell, 

and AIS/Ga–Se core/shell QDs with HCl treatment. 

(a) (b) 

50 nm 50 nm 50 nm 

(a) (b) (c) 



23 
 

 

Figure 1-3. PL decay curves of the AIS core and AIS/Ga–Se core/shell prior to and after HCl 

treatment. 

Table 1-2. PL decay components of the AIS core and AIS/Ga–Se core/shell prior to and after 

HCl treatment. 

Sample 
Observation 

position 
τ1/ns A1 τ2/ns A2 χ2 τavg

a 

AIS 789 nm (1.57 eV) 866.0 848.6 – – 1.18 866.0 

AIS/Ga–Se        

(without HCl) 681 nm (1.82 eV) 25.7 632.0 162.6 292.8 1.05 127.8 

(with HCl) 733 nm (1.69 eV) 32.2 723.0 120.0 200.9 1.06 76.9 
a Intensity average calculated by ∑ 𝐴𝐴𝑖𝑖𝜏𝜏𝑖𝑖2/𝑖𝑖 ∑ 𝐴𝐴𝑖𝑖𝜏𝜏𝑖𝑖𝑖𝑖  

Figure 1-4 (blue curve) shows the XRD pattern of the AIS core QDs, demonstrating the 

presence of a tetragonal AgInS2 (ICSD 070-5629). Considering that the XRD peak positions 

were identical after the formation of the Ga–Se shells (green), the redshift appeared to have 

been because of the indirect transition between the core and shell caused by the type-II band 

alignment. Patterns consistent with Ga–Se (indicating GaSe, Ga2Se3, or in-between) were not 
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observed; therefore, the Ga–Se shells were amorphous. The PL QY decreased from the AIS 

cores (70%) to 1% after forming the Ga–Se shells because of nonradiative transition via 

defect sites in the Ga–Se shell. The composition analyses (listed in Table 1-3) showed that 

the Ag:In:S ratios of the core QDs mostly correlated with the stoichiometric ratio of AgInS2. 

However, after forming the Ga–Se shells, the S ratio decreased from the ideal Ag:In:S = 1:1:2, 

which conflicted with the XRD results. It was assumed that certain S atoms at the core/shell 

interface were replaced by Se atoms to form an amorphous intermediate layer of Ag–In–S–Se, 

which was invisible as XRD peak positions but broadened the signals by reducing the 

crystalline length of the AIS phase. 

 

Figure 1-4. XRD patterns of the AIS core and AIS/Ga–Se core/shell prior to and after HCl 

treatment. 
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Table 1-3. Composition ratios (Ag = 1.00) of the AIS core and AIS/Ga–Se core/shell QDs 

determined from the ICP–AES analyses of the purified samples. 

Sample 
Composition ratios (Ag = 1.00) 

Ag In S Ga Se 

AIS 1.00 1.09 2.30 – – 

AIS/Ga–Se       

(without HCl) 1.00 1.28 0.88 5.02 8.96 

(with HCl) 1.00 1.22 0.46 0.96 3.01 

The HCl treatment has been recently revealed to improve the PL QY of QDs with Ga–S 

shells.83 As anticipated, the PL QY was recovered to 25% without a significant change in the 

spectral width. The PL wavelength redshifted by 51 nm (733 nm, 1.69 eV), and a similar 

redshift was observed for the absorption spectrum (Figs. 1-2 (a, b), red). The recent study 

showed that the HCl treatment removes impurities derived from imperfectly decomposed raw 

materials and helps to eliminate the electronic trap states at the core/shell boundary and in the 

shell body.75 Additionally, the effect of surface passivation by chloride ions has been reported 

for ZnSe shells, which is also a Se compound.84 

The change in the shell property was also evident from the apparent change in the 

particle shape to a more solid and spherical shape after HCl treatment (see in Figs. 1-1 (b, c)). 

Considering that the Ga and Se contents significantly reduced, just as the HCl treatment 

decreased the Ga and S contents of the Ga–S shell-coated QDs, the reformulation of the shell 

body and core/shell interface was considered as a major reason for the improved PL QY. 

Simultaneously, the S content further decreased, and each XRD peak shifted to a smaller 

angle, suggesting an alloying process with AgInSe2.76, 85 This indicated that the S in the AIS 

core and the Se in the expected intermediate Ag–In–S–Se layer mixed, forming an alloyed 

Ag–In–S–Se core and redshifting the emission. 
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After the posttreatment with HCl, the decay time reduced further (Fig. 1-3, red). 

However, this result contradicted the increase in PL QY caused by the treatment (from 1% to 

25%) because the shortening of the lifetime typically indicated an increase in the nonradiative 

transition, which lowered the PL QY. Therefore, it is reasonable to consider that the treatment 

altered the luminescence mechanism. For example, the spatial overlap of electrons and holes 

in the band alignments of types I and II differed, which affected the charge recombination 

kinetics. From this viewpoint, I can speculate that the band alignment changed from type II to 

the quasi-type II after the HCl treatment because of a reduction in the bandgap of the cores by 

alloying with AgInSe2 (Fig. 1-5). Another possible mechanistic change is the contribution of 

trap states that occasionally increased the luminescence lifetime (reversible trapping). In the 

reversible trapping mode, excitons are in thermodynamic equilibrium between the band-edge 

and trap levels, and the long-lived trapped carriers increase the lifetime of the band-edge 

PL.86 

 
Figure 1-5. Schematics of the electronic structure and carrier wavefunctions in the /Ga–Se 

core/shell QDs after HCl treatment. 
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To determine the extent to which the band alignment (types I and II) and core alloying 

(AgInS2 and AgInSe2) contributed to the redshift in the luminescence, the XRD peak 

positions of the (112) plane after HCl treatment (26.4°) were examined. Considering the (112) 

peak positions of AgInS2 (26.7°) and AgInSe2 (25.6°), the percentage of Se substitution was 

calculated following Vegard’s rule, as described below87 

2𝑎𝑎𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑦𝑦𝑆𝑆𝑆𝑆(2−𝑦𝑦) = 𝑦𝑦�𝑎𝑎𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴2� + (2 − 𝑦𝑦)�𝑎𝑎𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴2�,   (1-2) 

where each a represents the lattice parameter of AgInSySe(2−y), AgInS2, and AgInSe2, and y 

represents the ratio of S atoms in the total chalcogens in the core QDs, S/(S+Se). Following 

this calculation, the percentage of Se in the alloy Ag–In–S–Se core was 44% (y = 1.1). The 

bulk bandgap values of AgInS2 and AgInSe2 were 1.87 and 1.24 eV, respectively. Therefore, 

the redshift of the 44% Se Ag–In–S–Se was calculated to be 0.28 eV if the bandgap of the 

alloy was linearly dependent on its composition. This was significantly smaller than the 

observed redshift (0.48 eV, from 572 to 733 nm) of the Ga–Se-coated, HCl-treated AIS QDs, 

suggesting the partial contribution of the band alignment effect. 

1.3.2 Tuning emission of AIS/Ga–S–Se core/shell QDs 

To investigate the physicochemical aspects of the selenide shells and to demonstrate 

continuous color tuning by this system, I fabricated Ga–S–Se ternary shells. Figure 1-6 

shows the absorption and PL spectra of the AIS/Ga–S–Se core/shell QDs with different Se 

contents after the HCl treatment. As the Se/(S+Se) ratio increased, the absorption onset 

redshifted, and the PL spectra simultaneously redshifted. The spectral widths of the 10%, 

20%, and 30% Se samples were unexpectedly broadened. These results suggested the 

presence of multiple emission levels, i.e., in the core and between the core and shell, owing to 

the transition of the band alignment from types I to II.  
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Figure 1-6. (a) UV–vis and (b) PL spectra of the AIS/Ga–S, AIS/Ga–Se, and AIS/Ga–S–Se 

core/shell QDs whose shells were prepared using different S/Se precursor ratios. 

Figure 1-7 shows the XRD patterns of the AIS/Ga–S, AIS/Ga–Se, and AIS/Ga–S–Se 

QDs with different Se contents. Although the reasonable increases in particle size were 

observed after the formation of Ga–S–Se shells (summarized in Fig. 1-8), the gallium sulfide 

and gallium selenide phases were undetectable in all the samples, indicating that they were 

amorphous or that these crystalline lengths were too insufficient to be detected by XRD. In 

all cases, the spectral shape was that of the tetrahedral AgInS2 or its alloy with AgInSe2. 

However, the magnitudes of the peak shifts for the Ga–S–Se-shelled QDs were smaller than 

those of the Ga–Se-shelled QDs, indicating that the substitution of S in the core was limited. 

The chemical compositions of the core/shell QDs also indicated that the residual S content of 

the Ga–S–Se-shelled QDs exceeded that of the Ga–Se-shelled QDs (Table 1-4). Contrarily, 

the S/Se substitution at the core/shell boundary, i.e., the formation of the Ag–In–S–Se 

intermediate layer, appeared to be inevitable as long as Se was used. 

(a)       (b)       
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Figure 1-7. XRD patterns of the AIS/Ga–S, AIS/Ga–Se, and AIS/Ga–S–Se core/alloy shell 

QDs whose shells were prepared using different S/Se precursor ratios (10%–30% Se). 

 

Figure 1-8. PL QY and average particle sizes of AIS/Ga–S, AIS/Ga–Se, and AIS/Ga–S–Se 

core/shell QDs with different Se contents in the shells. Bars for the particle size indicate the 

standard deviations. 
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Table 1-4. Composition ratios (Ag = 1.00) of AIS/Ga–S, AIS/Ga–S–Se, and AIS/Ga–Se 

core/shell QDs determined from the ICP–AES measurements of the purified samples. 

Sample 
Elemental composition ratios (Ag = 1.00) 

Ag In S Ga Se 

AIS/Ga–S 1.00 0.63 2.50 0.69 - 

AIS/Ga–S–Se-10 1.00 0.86 1.68 0.55 0.73 

AIS/Ga–S–Se-20 1.00 0.88 1.39 0.51 1.05 

AIS/Ga–S–Se-30 1.00 0.92 1.11 0.51 1.17 

AIS/Ga–Se 1.00 1.22 0.46 0.96 3.01 

Figure 1-9 shows the PL decay curves obtained for the AIS/Ga–S, AIS/Ga–Se, and 

AIS/Ga–S–Se core/shell QDs with different Se contents (10%–30%). The decay curves were 

well fitted with the biexponential equation, and the amplitude and decay time components are 

listed in Table 1-5. Interestingly, the PL lifetimes of the Ga–S–Se-shelled QDs were 

significantly longer than those of the AIS/Ga–S QDs and even longer than those of the 

AIS/Ga–Se QDs. Typically, the PL lifetime of type-II core/shell QDs is longer than that of 

their type-I counterparts. In addition, the PL QY of the Ga–S–Se-shelled QDs was lower than 

that of the AIS/Ga–Se and AIS/Ga–S QDs (Fig. 1-8). Therefore, from the PL spectrum, 

lifetime variations, and PL QY, I can speculate that the AIS QDs with a Ga–S–Se alloyed 

shell exhibited a full type-II band alignment, whereas those with a Ga–Se shell exhibited a 

quasi-type-II structure. 



31 
 

 

Figure 1-9. PL decay curves of AIS/Ga–S, AIS/Ga–Se, and AIS/Ga–S–Se core/shell QDs 

with different ratios of S and Se precursors. 

Table 1-5. PL decay components of the AIS/Ga–S, AIS/Ga–Se, and AIS/Ga–S–Se core/shell 

QDs prior to and after HCl treatment. 

Sample 
Observation 

position 
τ1/ns A1 τ2/ns A2 χ2 τavg

a 

AIS/Ga–S 572 nm 

(2.17 eV) 

43.5 949.4 132.7 113.7 1.03 67.3 

AIS/Ga–S–Se-10 631 nm 

(1.97 eV) 

94.7 503.9 438.2 412.1 1.17 366.4 

AIS/Ga–S–Se-20 654 nm 

(1.90 eV) 

72.3 637.0 422.0 275.5 1.19 322.8 

AIS/Ga–S–Se-30 685 nm 

(1.81 eV) 

57.1 687.3 363.9 184.5 1.25 250.6 

AIS/Ga–Se 733 nm 

(1.69 eV) 

32.2 723.0 120.0 200.9 1.06 76.9 

a Intensity average calculated by ∑ 𝐴𝐴𝑖𝑖𝜏𝜏𝑖𝑖2/𝑖𝑖 ∑ 𝐴𝐴𝑖𝑖𝜏𝜏𝑖𝑖𝑖𝑖  
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Considering the experimental data, the AIS QDs coated with Ga–S–Se shells exhibited 

dual-mode emission, which is typical for QDs whose band alignment is in the boundary 

region between types I and II. Overall, the luminescence color could be tuned by controlling 

the composition of S and Se in the Ga–S–Se shells. The XRD peaks slightly shifted to 

smaller angles, suggesting that the S in the core was replaced with Se. According to Vegard’s 

rule described in the previous chapter, the percentages of Se substitution in the 10%, 20%, 

and 30% Se shelled AIS QDs were calculated to be 11%, 22%, and 33%, respectively. These 

percentages corresponded to redshifts of 56, 138, and 208 meV with respect to the band-edge 

emission of the AIS/Ga–S core/shell QDs, respectively, if the alloy bandgap was linearly 

dependent on its composition. However, the observed redshifts in the PL spectra of the 

AIS/Ga–S–Se core/shell QDs were 203, 272, and 358 meV in the same order, which 

significantly exceeded those expected from the alloy composition, indicating the strong 

contribution of the type-II band alignment (Fig. 1-10). These results were consistent with the 

lengthening of PL lifetimes typically observed in type-II core/shell QDs. Therefore, the PL of 

the AIS/Ga–S–Se core/shell QDs appeared to have been generated by the transition between 

the electrons in the core and the holes in the shell. Contrarily, with a further increase in the Se 

content, the alloying of the core QDs became more significant. This raised the VB level of 

the core to the same level as that of the shells and broadened the wavefunction of the holes so 

that it exists between the core and shell. Owing to an increase in the spatial overlap of the 

wavefunctions between the electrons and holes, the PL lifetime of the Ga–Se-shelled QDs 

decreased to the level of their Ga–S-shelled counterparts, and the PL QY was slightly 

recovered because the trap states on the surface of the shell became insignificant. This study 

improves the understanding of the surface passivation mechanism of AIS-based QDs, 

particularly in terms of band alignment. 
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Figure 1-10. Development of the electronic structure and carrier localization in AIS/Ga–S–Se 

QDs. 

1.4  Summary 

Here, AIS/Ga–Se core/shell QDs were successfully synthesized in the red-emission 

region. After the heat treatment with Ga–Se precursors, an increase in the diameter size from 

3.1 to 5.2 nm was observed, and a narrower PL spectrum appeared owing to surface 

passivation by the Ga–Se shell. Owing to the staggered bandgap alignment of the core and 

shell, a substantial redshift of the PL emission was observed. The long PL lifetime of this 

emission indicated the presence of indirect transition due to the type-II band alignment. In 

addition, the PL QY of the core/shell QDs increased to 25% after the heat treatment with HCl. 

I speculated that the electronic trap states at the core/shell interface and in the shell body were 

reduced after coating with the Ga–Se shell. However, the shortening of the PL lifetimes 

occurred after the HCl treatment, suggesting a change in the electronic transition mechanism. 

The XRD results indicated the S/Se alloying of the core; therefore, the band alignment shifted 

from type II to quasi-type II due to the high energy shift in the VB of the core was the reason 
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for these changes in optical properties. When the shell was made into a Ga–S–Se alloy, a 

continuous shift in the PL wavelength between yellow and red was observed, and the dual-

mode emission was observed in certain alloy compositions.  
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Chapter 2 

Photoluminescence Redshift of AgInS2 Quantum Dots by Employing Shells 

with Graded Composition 

2.1  Introduction 

Semiconductor QDs have been intensively studied owing to their distinctive 

optical and electronic properties that differ from the bulk material.19, 88-89 Recently, 

group 11–13–16 semiconductor QDs such as AIS have gained attention as 

environmentally benign alternatives.90-91 These QDs exhibited reasonably high PL 

intensity, while their PL was composed of spectrally broad defect emission. The 

narrow-band emission was achieved when the AIS QDs were coated with gallium 

sulfide (Ga–S) shells.51-52 Furthermore, a blue-shift of the band-edge emission was 

achieved by alloying of AIS (Eg, bulk = 1.8  eV) and AgGaS2 (Eg, bulk = 2.6 eV) to 

increase the bandgap of the core, resulting in PL in the green region.75, 92-93 

In recent years, advances in tailoring the emission properties of QDs have made 

them a promising candidate for LEDs.60-61 In particular, fluorophores for the three 

primary colors, blue, green, and red, are needed for display applications.58-59 Common 

strategies for the wavelength tuning of QDs is doping with transition metals62-63 or 

changing the elemental composition of alloyed emissive core.43, 94 Alternatively, the 

redshift of AIS-based QDs can be achieved by controlling the charge delocalization 

within the core/shell structure by using an electronic structure known as type II, where 

the valence and conduction-band-edge potentials are offset in the same direction. In 

Chapter 1, the coating of the Ga–Se shells on AIS cores was described. A PL redshift 

was observed owing to a specific electronic structure known as the type II core/shell 

structure.95  
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The core/graded shell architecture offers an alternative method to achieve PL 

redshift.35 This design has been used to tune the optical properties of binary 

semiconductor QDs, like CdSe, by creating shells with a graded composition. This 

gradient typically results in an average composition represented as Cd1-xZnxSe1-ySy, 

with a higher proportion of ZnS at the outer edge.66-68 When shells have a graded 

composition, the distribution of electrons and holes becomes broader compared to QD 

that have a distinct compositional gap between the core and shell (discrete shell). This 

effect results in a redshift of the PL spectra owing to an increase in effective size.66  

Therefore, changing the compositional gradient and the thickness of the graded part 

allow systematic PL shifts. In addition, compared to the discrete shell, the graded shell 

has less lattice strain, resulting in a decrease in the nonradiative transition and an 

increased PL QY.67, 96 

At present, the effect of the graded shell on the optical property for AIS-based 

QDs is not yet fully understood. However, research group I affiliated with have 

occasionally observed an unexpected redshift in the PL of silver indium gallium 

sulfide (Ag–In–Ga–S)/Ga–S core/shell QDs.92 That is, the wavelength of the band-

edge PL was longer than that of AIS/Ga–S (580–590 nm)51-52, whereas the bandgap of 

Ag–In–Ga–S should, theoretically, be larger than that of AIS75, 92-93. I hypothesize that 

the abnormal wavelength shift that I observed previously is due to the graded structure 

that is spontaneously generated by the synthesis condition. In this work, AIS core is 

initially coated with an indium sulfide (In–S) shell, which has a narrower bandgap (2.2 

eV) than Ga–S (2.8 eV), with the aim of forming an In–Ga–S graded shell. The 

core/shell QDs are then reacted with gallium(III)  diethyldithiocarbamate 

(Ga(DDTC)3), followed by a GaCl3 treatment to form Ga–S outer shell. Whereas the 

red-color PL was obtained, compositional and X-ray diffraction (XRD) analyses 
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suggested that, within a series of synthesis operations, the QDs underwent complicated 

structural changes. These changes are discussed in relation to changes in PL properties, 

with the formation of graded shells in mind. 

2.2  Experimental section 

2.2.1 Materials 

Indium(III) chloride (InCl3, 99.9%) and elemental S (99%) were purchased from 

Mitsuwa Chemical Co. Ltd. Gallium(III) chloride anhydrous (GaCl3, 98.0%) was purchased 

from TCI (Tokyo Chemical Industry Co., Ltd.). Diethylammonium N,N-

diethyldithiocarbamate (DEA–DDTC, ≤100%) was purchased from FUJIFILM Wako Pure 

Chemical Industries Ltd.).  

Silver(I) acetate (Ag(OAc)), Indium(III) acetate (In(OAc)3), 1,3-dimethyl thiourea 

(DMTU), and 1-dodecanethiol (DDT) were purchased from the same suppliers mentioned in 

Chapter 1 (1.2.1). In addition, oleylamine (OLA, FUJIFILM Wako Pure Chemical Industries 

Ltd.) was purified in a similar manner as described in Chapter 1 (1.2.1). 

2.2.2 Synthesis of gallium(III)  N,N’-diethyldithiocarbamate 

The synthesis of gallium(III)  N,N’-diethyldithiocarbamate (Ga(DDTC)3) was 

performed based on the methodology detailed in a previous study.75 Initially, in a N2 

glovebox, a solution of GaCl3 in dehydrated toluene was prepared, to which was added a 

toluene solution containing three equivalents of DEA–DDTC. The mixture was reacted for 1 

h with rigorous stirring. Upon completion of the reaction, the solvent was removed by a 

rotary evaporator, and the white powder was further dried under vacuum (100 Pa) for an 

additional hour. The crude product was purified by re-crystallization in chloroform over a 

period of 12 h. The filtered product was then dried in a vacuum at 60 °C, and a white powder 

of Ga(DDTC)3 was obtained in 82% yield. It was stored in a desiccator cabinet filled with N2 

before use. The composition of the product was confirmed by an ICP–AES to be Ga:S = 1:6.2. 
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2.2.3 Synthesis of AIS QDs 

AIS core QDs were prepared in a similar manner as described in Chapter 1 (1.2.2). 

2.2.4 Preparation of AIS/In–S core/shell QDs 

The synthesis of the In–S shell was performed based on the reported procedure 

for In2S3 nanoparticles with optimization.97 InCl3 (0.1 mmol) and 0.4 equivalents of 

elemental S were mixed with 10 mL of OLA. The reaction mixture was then heated to 

80 °C under vacuum. After filling with Ar, the solution temperature was increased to 

120 °C, and the AIS QD solution (30 nmol in terms of particles) was injected. The 

temperature of the solution was increased to 180 °C and maintained for 30 min to 

allow the In–S shell to grow. Upon completion of the reaction, the solution was cooled 

and then evacuated at 200 °C to remove unreacted S precursors. After cooling to room 

temperature, the QDs were purified using ethanol and chloroform. Finally, the sample 

was dissolved in 1 mL of hexane.  

2.2.5 The formation of Ga–S outer shell 

0.1 mmol of Ga(DDTC)3 and 10 mL of OLA were placed in a 50 mL round 

bottom flask. The mixture was heated under vacuum at 80 °C for 10 min and then 

filled with Ar. The temperature controller was set to 230 °C. To prevent Ostwald 

ripening during the temperature rise, the AIS/In–S core/shell QDs were injected when 

the solution temperature reached 160 °C. The temperature was further increased from 

230 to 280 °C at a rate of 2°C/min. Separately, 0.1 mmol of GaCl3 was dissolved in 1 

mL of OLA and loaded into a gas-tight syringe. When the temperature reached 280 °C, 

the GaCl3 solution was injected. Heating was continued for another 30 min. After the 

reaction was completed, the same purification process as for In–S-coated QDs was 

applied. Finally, the QDs were dissolved in 1 mL of hexane and stored in a freezer. 
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2.2.6 Instrumental 

The instruments for material characterization were carried out as described in 

Chapter 1 (1.2.5).  

2.3  Results and discussion 

2.3.1 Formation of AIS/In–S core/shell QDs 

Figures 2-1 (a, b) display the TEM images of the AIS core QDs, both before and after 

heat treatment with InCl3 and elemental S. It is noteworthy that the particle size increased 

from 4.2±0.4 to 5.3±0.7 nm, while maintaining its spherical shape, suggesting the formation 

of In–S shells. Prior to the reaction, elemental analysis of the QDs by ICP–AES revealed a 

compositional ratio of Ag:In:S of approximately equal to 1:1:2 (see Table 2-1 for details). 

However, post-reaction analysis of purified samples showed a significant increase in the 

proportions of In and S. Specifically, the ratios of In and S relative to Ag increased by 0.73 

and 1.48, respectively. This indicates the formation of In–S layer with an excess of S when 

compared to the stoichiometric ratio of In2S3.  

Figure 2-2 shows the XRD patterns of the QDs, which are the same samples analyzed 

in the previously presented TEM images. AgInS2 primarily exhibits two crystal phases: the 

tetragonal, often referred to as the chalcopyrite structure, and the orthorhombic, similar to the 

wurtzite structure. The AIS core QDs are biased toward the tetragonal phase, although the 

signals are weak due to their small crystal size. After coating with In–S, the tetragonal phase 

persisted, with no discernible peaks associated with In2S3. This finding suggests that the In–S 

shell is amorphous, similar to the attributes of Ga–S shells reported in recent studies.51-52 
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Figure 2-1. TEM images of (a) AIS core, (b) AIS/In–S core/shell, and AIS/Ag–In–Ga–S/ 

Ga–S core/graded shell QDs (c) before and (d) after GaCl3 treatment. 

Table 2-1. Elemental compositions of AIS core, AIS/In–S core/shell, and AIS/Ag–In–Ga–

S/Ga–S core/graded shell QDs before and after GaCl3 treatment. 

Sample Composition ratios (Ag = 1.00) 

Ag In S Ga 

AIS 1.00 0.93 1.99 – 

AIS/In–S 1.00 1.66 3.47 – 

AIS/Ag–In–Ga–S/Ga–S 

(Before GaCl3 treatment) 

(After GaCl3 treatment) 

 

1.00 

1.00 

 

1.00 

0.75 

 

4.11 

2.18 

 

1.54 

0.35 
 

 

 

 

50 nm 50 nm 

50 nm 50 nm 

(a) (b) 

(c) (d) 
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Figure 2-2. XRD patterns of AIS core, AIS/In–S, and AIS/Ag–In–Ga–S/Ga–S core/graded 

shell QDs before and after GaCl3 treatment. The bars at the top and bottom of the graph 

represent the reference patterns for the orthorhombic (ICDD 075-6150) and tetragonal 

AgInS2 (ICDD 077-6632), respectively. 

Figure 2-3 presents the absorption and PL spectra of the AIS core (displayed in the 

black curve) and AIS/In–S core/shell (the yellow curve) QDs. After introduction of 

amorphous In–S shells, an obvious blue shift (by 140 nm) in the absorption tail was observed, 

indicating a significant reduction in surface defects. On the contrary, a small shoulder around 

540 nm appears to be slightly redshifted after In–S shell coating. Although the local maxima 

of the absorption spectra of AIS QDs are not obvious compared to CdSe and InP QDs, this 

change seems to reflect the extension of the exciton wavefunction due to the presence of the 

shell.  The PL spectra showed a new PL component at 593 nm after In–S shell coating, 

probably due to band-edge PL. However, a significant amount of defective PL remained, 

consistent with the previous research that In–S coating does not completely remove defects.52 
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In addition, the position of band-edge PL was approximately 10 nm longer than that of 

AIS/Ga–S core/shell QDs (ranging between 575–585 nm). This is due to an insufficient 

core/shell band offset, with such a redshift being characteristic of core/shell QDs possessing a 

small band offset.98 Concurrently, the PL QY value was only 1% for the band-edge PL and 

23% over the entire emission spectrum, which is a significant decrease from 76% before the 

In–S shell coating. This drastic QY decrease is attributed to the strong tendency of the In–S 

surface oxidation to increase the nonradiative transition rate.99  

 

Figure 2-3. (a) Absorption and (b) PL spectra of AIS core, AIS/In–S core/shell, and AIS/Ag–

In–Ga–S/Ga–S core/graded shell QDs before and after GaCl3 treatment. 

Figure 2-4 presents the PL decay profiles of the AIS core (the black curve) and AIS/In–

S core/shell QDs (the yellow curve). These curves were fitted with a two or three exponential 

equation given by equation 2-1: 

𝐼𝐼(t) = 𝐴𝐴1exp(− 𝑡𝑡
𝜏𝜏1

) +  𝐴𝐴2exp(− 𝑡𝑡
𝜏𝜏2

) +  𝐴𝐴3exp(− 𝑡𝑡
𝜏𝜏3

)    (2-1) 

where I(t) denotes the PL intensity at time t, A1, A2, and A3 are the amplitudes, and τ1, τ2, and 

τ3 are the corresponding lifetimes. When fitting the data, I used the minimum number of 

exponents necessary to achieve a satisfactory fit. The quality of fit was assessed using the χ2 

(a) (b) 
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value, a measure of error calculated as the sum of the squared differences between the 

observed and the expected values, each divided by the corresponding expected value. A χ2 

value below 1.2 was considered acceptable. The fitting results are summarized in Table 2-2, 

which also provides the values of intensity average (τavg).   As previously reported, the PL of 

AIS core (τ = 918 ns) can be attributed to the donor–acceptor pair recombination from defect 

states.91, 100 On the other hand, the PL lifetime of the new peak appearing at 593 nm after In–

S coating was significantly shorter than that of the core. This change suggests a 

transformation in the emission mechanism, possibly to the band-edge transition.52 

 

Figure 2-4. PL decay profiles of AIS core, AIS/In–S core/shell, and AIS/Ag–In–Ga–S/Ga–S 

core/graded shell QDs before and after GaCl3 treatment. 
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Table 2-2. PL decay components of AIS core, AIS/In–S, and AIS/Ag–In–Ga–S/Ga–S 

core/graded shell QDs before and after GaCl3 treatment. 

Sample τ1/ns A1 τ2/ns A2 τ3/ns A3 χ2 τavg
a 

AIS 918 1.00 – – – – 1.16 918 

AIS/In–S 3.67 0.703 26.6 0.255 182 0.042 1.19 92 

AIS/Ag–In–Ga–S/Ga–S  

(Before GaCl3 treatment) 

(After GaCl3 treatment) 

 

11.7 

33.5 

 

0.526 

0.503 

 

63.2 

140 

 

0.380 

0.406 

 

337 

684 

 

0.094 

0.092 

 

1.07 

1.05 

 

198 

377 
a Intensity average calculated by ∑ 𝐴𝐴𝑖𝑖𝜏𝜏𝑖𝑖2/𝑖𝑖 ∑ 𝐴𝐴𝑖𝑖𝜏𝜏𝑖𝑖𝑖𝑖  

2.3.2 Overcoating with Ga–S outer shell 

To further investigate into the effect of In–S shell, AIS/In–S core/shell QDs were 

subsequently coated with Ga–S outer shells. This additional layer is expected to passivate the 

In–S shell surface and reduce the nonradiative transition path, especially when such a 

transition is caused by surface oxidation. The process for applying the Ga–S coating was 

adapted from a recently developed method using Ga(DDTC)3 as both the Ga and S sources.75 

After heating the AIS/In–S core/shell QDs alongside Ga(DDTC)3, there was a notable 

increase in particle size from 5.3±0.7 nm to 7.0±1.0 nm (see Fig. 2-1 (c)). This change 

confirms the formation of the Ga–S outer shells. Whereas an increase in Ga content was 

observed, the In ratio within the Ga(DDTC)3-treated QDs decreased and approached the 

values of before the In–S shell coating. This result, at first glance, suggests that the In–S shell 

is largely replaced by Ga–S, which is not surprising given the report that In2S3 can be the 

template for AgInS2 and ZnIn2S4 owing to the presence of In vacancies.101-102 The XRD 

patterns remained largely unchanged, indicating that the core QDs retained the tetragonal 

phase (Fig. 2-2, green curve). There was no shift in the absorption onset, whereas the band-

edge PL was slightly blue-shifted to 587 nm and the ratio of defective PL was decreased 

compared to that before Ga–S coating (Figs. 2-3 (a, b), green curves). Nevertheless, the 



45 
 

increase in PL QY for the band-edge moiety was marginal, moving from 1% to 3%. This 

trend was further supported by a slight extension of the PL decay profile (see Fig. 2-4, green 

curve). 

Previously, the research group I am affiliated with experienced the lack of PL QY 

improvement of the band-edge emission after Ga–S shell formation (reaction with 

Ga(DDTC)3). This phenomenon has been attributed to the insufficient decomposition of 

Ga(DDTC)3, leading to a high organic residue after heating at 280 °C in OLA.75 Currently, 

the most effective method to obtain pure inorganic Ga–S shells is to heat the core/shell QDs 

with GaCl3. This process not only facilitates the conversion of Ga(DDTC)3 to Ga–S but also 

eliminates trap states in the Ga–S shell through atomic rearrangement. After the GaCl3 

treatment, there was a slight particle growth, possibly due to the formation of a more rigid 

shell (Fig. 2-1 (d)). However, the resulting composition and structure differed from my initial 

expectations. Specifically, compositional analysis showed a further decrease in the In ratio 

after the treatment, whereas apparent In/Ga ratio rather increased owing to the decrease in Ga.  

In XRD pattern (Fig. 2-2, the blue curve), a partial splitting of the highest peak (~27°) 

was observed. As mentioned, nanoparticles of AIS can exist in two distinct crystal phases, 

tetragonal chalcopyrite and orthorhombic.51 In bulk systems, the orthorhombic phase is 

known as the high temperature phase because of its high tolerance for cation disordering, 

especially the exchange of Ag and In. However, in the nanocrystalline system, the 

orthorhombic phase can exist at room temperature when synthesized under certain 

conditions.94 The three characteristic peaks around 27° are specific to the orthorhombic phase, 

and it is likely that, during the GaCl3 treatment, a partial phase transition from tetragonal to 

orthorhombic took place. Since this transformation has not been observed in AIS/Ga–S 

core/shell QDs under the same GaCl3 treatment, the presence of the In–S inner shell might be 

linked to this occurrence. In addition, the peaks appeared at higher angles relative to the 
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orthorhombic AgInS2 reference (ICDD 075-6150). This result suggested the occurrence of 

partial In/Ga substitution, which caused an atomic rearrangement within particle. Such 

alterations in material properties lead to a noticeable shift in the emission spectrum as shown 

by the blue curve in Figs. 2-3 (a, b). A distinct band-edge PL appeared at 602 nm, with its 

defect PL significantly reduced compared to the untreated states. PL decay analysis revealed 

an increase in lifetimes, consistent with the earlier observations that the gallium chloride 

treatment reduces the nonradiative transitions (Table 2-2). Yet, these recorded lifetimes were 

longer than the previously documented values for AIS51-52 and Ag–In–Ga–S75, 92-93 core/shell 

QDs that exhibited similar or superior PL QY values. This suggests that the sample after 

GaCl3 treatment has a distinct electronic state that is different from the previous AIS or Ag–

In–Ga–S core/shell QDs synthesized without an In–S interlayer. 

2.3.3 Effect of reaction temperature for In–S shell coating 

In order to more clearly discern the effect of In–S interlayer, the reaction temperature 

for the In–S coating was incrementally raised from 180 °C to 200 °C and 220 °C, with the 

aim of producing thicker shells. Figures 2-5 (a, b) displayed the TEM images of AIS/In–S 

core/shell QDs prepared with the growth temperature of 200 °C and 220 °C. These QDs had 

average diameters of 6.2±1.3 nm and 7.7±1.7 nm when In–S shells were coated at 200 °C and 

220 °C, respectively. Compositional examinations highlighted an increased In ratio (Table 2-

3), which varied from In/Ag = 1.66 (180 °C) to In/Ag = 1.72 (200 °C) and further to 1.76 

(220 °C). However, these values were below the values expected from the volumetric 

changes of the particles due to the shell formation, which was Vcore/shell/Vcore = 200% for 

180 °C, 221% for 200 °C, and 394% for 220 °C. This discrepancy became more pronounced 

at elevated reaction temperatures. Given the increased polydispersity of the latter two QDs, 

the observed increase in particle size can be ascribed not only to In–S shell expansion, but 

also to Ostwald ripening, which is likely to be more pronounced at higher temperatures. In 
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terms of crystal structure, the shift toward the orthorhombic phase became pronounced as the 

reaction temperature increased (see Fig. 2-6 (a)). Such trends starkly contrast with the Ga–S 

shell formation process where the tetragonal phase remains after the reaction at 280 °C, 

thereby highlighting the distinctive nature of the In–S shell. 

 

Figure 2-5. TEM images of (a, b) AIS/In–S core/shell QDs and (c, d) AIS/Ag–In–Ga–S/Ga–

S core/graded shell QDs. The In–S growth temperatures are (a, c) 200 °C and (b, d) 220 °C. 

Table 2-3. Elemental composition of AIS/In–S core and AIS/Ag–In–Ga–S/Ga–S core/graded 

shell QDs synthesized with different In–S growth temperatures. 

Sample 
In–S growth 

temperature 

Composition ratios (Ag = 1.00) 

Ag In S Ga 

AIS/In–S  

AIS/Ag–In–Ga–S/Ga–Sa 

200 °C 1.00 

1.00 

1.72 

0.71 

3.20 

2.45 

– 

0.70 

AIS/In–S  

AIS/Ag–In–Ga–S/Ga–Sa 

220 °C 1.00 

1.00 

1.76 

0.61 

3.30 

2.69 

– 

0.95 
a After GaCl3 treatment 

(a) (b) 

(c) (d) 

50 nm 50 nm 

50 nm 50 nm 
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Figure 2-6. XRD patterns for (a) AIS/In–S core/shell and (b) AIS/Ag–In–Ga–S/Ga–S 

core/graded shell QDs. The growth temperatures for the In–S shell in each figure are 180 °C, 

200 °C, and 220 °C. Reference bars at the top and bottom of the graph correspond to 

orthorhombic (ICDD 075-6150) and tetragonal AgInS2 (ICDD 077-6632) phases, respectively. 

Figures 2-7 (a, b) and 2-8 (a) show the absorption spectra, PL spectra, and decay 

curves of AIS/In–S core/shell QDs, respectively, recorded at their respective band-edge PL 

peaks. The presence of band-edge PL indicates that the type-I core/shell structure remains 

intact as the In–S shell thickens. However, there was a notable redshift with increasing 

temperature for the In–S shell coating, which is due to the broadening of the wavefunction. 

Meanwhile, the QY values consistently decreased, indicating the increase of nonradiative 

recombination due to the defective nature of the In–S shells. The two contradictory effects 

might contribute to the irregular variation of the PL lifetimes, which was 92 ns (180 °C), 91 

ns (200 °C), 109 ns (220 °C). When these samples were reacted with Ga(DDTC)3 and 

subsequently treated with GaCl3 to complete the Ga–S shell, the band-edge PL became even 

more pronounced. Figures 2-7 (c, d) and 2-8 (b) show the absorption spectra, PL spectra, 

and decay curves, respectively. The PL peak wavelength was shifted to 612 nm (for 200 °C) 

(a) (b) 
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and 622 nm (for 220 °C), showing a redshift of approximately 40 nm from the standard 

AIS/Ga–S core/shell QDs (575–585 nm). Also, the absorption onset redshifted with an 

increase in the growth temperature. Much like the samples coated with In–S shell at 180 °C, 

there was an observable increase in particle size and decrease in the In ratio (see in Figs. 2-5 

(c, d) and listed in Table 2-3), accompanied by a subtle transition to the orthorhombic phase 

(see in Fig. 2-6 (b)). An extended PL decay time further suggests a reduction in nonradiative 

transitions. 

 

Figure 2-7. Absorption and PL spectra of (a, b) AIS/In–S core/shell and (c, d) AIS/Ag–In–

Ga–S/Ga–S core/graded shell QDs, synthesized at In–S shell growth temperatures of (blue) 

180 °C , (sky blue) 200 °C, and (grey) 220 °C. 

(a) 

(c) 

(b) 

(d) 
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Figure 2-8. PL lifetimes for (a) AIS/In–S core/shell and (b) AIS/Ag–In–Ga–S/Ga–S 

core/graded shell at In–S growth temperatures of In–S; 180, 200, and 220 °C. 

Table 2-4. PL decay components of AIS/In–S core/shell, and AIS/Ag–In–Ga–S/Ga–S 

core/graded shell QDs synthesized with different In–S growth temperatures. 

Sample 

In–S 

growth 

temp. 

τ1/ns A1 τ2/ns A2 τ 3/ns A3 χ2 τavg
b 

AIS/In–S 

AIS/Ag–In–Ga–S/ 

Ga–Sa 

200 °C 

3.11 

31.6 

0.703 

0.474 

25.4 

187 

0.266 

0.425 

196 

872 

0.031 

0.101 

1.02 

1.07 

91 

504 

AIS/In–S 

AIS/Ag–In–Ga–S/ 

Ga–Sa 

220 °C 

3.66 

50.7 

0.755 

0.507 

32.4 

287 

0.215 

0.390 

234 

1530 

0.029 

0.103 

1.17 

0.92 

109 

932 

 

a After GaCl3 treatment, b Intensity average calculated by ∑ 𝐴𝐴𝑖𝑖𝜏𝜏𝑖𝑖2/𝑖𝑖 ∑ 𝐴𝐴𝑖𝑖𝜏𝜏𝑖𝑖𝑖𝑖  

2.3.4 Discussion 

Collectively, the data obtained suggest that the application of the In–S shell coating 

prior to Ga–S redshifts the band-edge PL wavelength by up to 40 nm. A notable structural 

variation associated with this wavelength change is the phase shift of the core from tetragonal 

(a) (b) 
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to orthorhombic. However, based on previous publication51, the shape and position of the 

band-edge PL was irrelevant to the crystalline phases. When the PL of QDs redshifted more 

than expected from their composition, it is often attributed to carrier delocalization that 

appears when there is minimal potential offset between the core and shell: quasi-type II band 

alignment.103 However, a straightforward explanation involving an In–S/Ga–S multishell 

structure, where the In–S inner shell borders between type I and II relative to the AIS core, 

was inconsistent with the results of the compositional analyses. Boldt et al. observed a 

redshift during heating CdSe/CdS/ZnS core/multishell QDs at 310 °C, and attributed it to the 

formation of CdSe/CdxZn1−xS core/graded shell structure due to interfacial alloying.104-105 

While alloying at the type I core/shell interface typically results in an increased bandgap for 

the core, the graded composition creates a stepless band-edge potential curve, which broadens 

the electron wavefunction. If this broadening effect is more pronounced than the increase in 

the core’s bandgap, a redshift would occur. Accompanying this shift, they also reported a 2.0-

fold elongation of PL decay lifetimes and a rise in PL QY. These findings resonate well with 

the optical variations observed for AIS/In–Ga–S/Ga–S core/multishell QDs during the GaCl3 

treatment. 

Figure 2-9 (a) summarizes the structural changes during the shell formation and the 

subsequent GaCl3 treatment. The In–S shell, by itself, contributed to the band-edge PL, 

although its intensity was weak due to the limited band offset at the core/shell interface. The 

subsequent Ga–S shell coating improved the band-edge PL ratio, which is consistent with the 

AIS/Ga–S core/shell QDs without an In–S interlayer. After the GaCl3 treatment performed at 

280 °C, the band-edge PL intensified and redshifted even though the In content decreased to 

below the level of Ag. If I follow the previous idea that GaCl3 treatment promotes atomic 

rearrangement, these contradictory observations suggest the formation of a graded shell. 

Considering the significant decrease in In content, the structure of the QDs after GaCl3 
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treatment is closer to AIS/Ag–In–Ga–S/Ga–S rather than AIS/In–Ga–S/Ga–S. While this 

structure causes an increase in core’s bandgap, the compositional gradient in the shell region 

stretched the carrier wavefunction to induce the redshift. It is likely that the stretching of the 

carrier wavefunction exceeded the effect of Ga substitution in the core.   

Figure 2-9 (b) shows the calculation of the quantum size effect for AIS QDs based on 

the finite-depth effective mass approximation; details are provided in the General 

Introduction.38-40, 106-107 In this study, relative permittivity (𝜖𝜖) 6.7108 and the electron mass 

(𝑚𝑚e) and hole mass (𝑚𝑚h)  are 0.12 and 0.21, respectively107. Because I do not get the rigorous 

structure of the graded shell, a model assuming a uniform core (Eg, bulk = 1.87 eV) and a 

surrounding matrix  (Eg = 5.00 eV) was adopted.41 The bandgap value of 4.2-nm AIS core 

QDs is expected to be 2.15 eV (576 nm) and is similar to the reported PL peak wavelength 

for AIS/Ga–S core/shell QDs (582 nm)51, validating this calculation. When the PL 

wavelengths of the AIS/Ag–In–Ga–S/Ga–S core/graded shell QDs were plotted as a function 

of the apparent diameter, the three plots were at ca. 70 meV above the expected bandgap. 

This difference may be due to the presence of the Ga–S outer shell, meaning that the actual 

wavefunction distribution is smaller than the apparent size. Because the variation of the 

bandgap energy is almost parallel to that by the size effect, the redshift in PL is thought to 

result primarily from the extension of the excited carrier wavefunction within the graded 

composition particle.  
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Figure 2-9. (a) Structural illustrations and corresponding electronic diagrams of AIS/In–S 

core/shell QDs during the formation Ga–S shells and their treatment with GaCl3. (b) (red line) 

Calculated bandgap variation of AgInS2 QDs by quantum size effect and (circles) plots of PL 

peak energies for AIS/Ga–S core/shell and AIS/Ag–In–Ga–S/Ga–S core/graded shell QDs 

with In–S shell growth temperatures of 180, 200, and 220 °C. 

2.4 Summary 

In summary, I demonstrate a PL redshift of the AIS QDs by coating In–S prior to 

Ga–S shells. As previously reported, the In–S shell by itself exhibited only a weak 

band-edge PL. However, the presence of the In–S as an inner shell altered the PL 

characteristics after coating the Ga–S shells. This redshift could be attributed to the 

inner shell, which has a smaller bandgap than Ga–S, broadening the distribution of the 

(b) 

(a) 
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wavefunction and reducing the quantum size effect. However, the elemental 

composition showed a decrease in In content after the heat treatment with GaCl3, 

which is essential to complete the Ga–S shell. This indicated the replacement of In in 

the core with Ga, theoretically increasing the bandgap. These inconsistent results were 

discussed in relation to the formation of the shells with graded compositions, which 

was reported to redshift the PL. Also, the increase in PL lifetimes, indicating the 

decrased overlap of electron and hole wavefunctions, supported these considerations. 

By raising the reaction temperature during In–S coating, thicker In–S layers were 

formed. These nanoparticles also experienced a decrease in In content after Ga–S shell 

coating. However, the redshift in the band-edge emission was significant, shifting 40 

nm compared to standard AIS/Ga–S core/shell QDs, and achieving a red emission 

with a peak at 622 nm without the use of other elements. 
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Chapter 3 

Bright Red Luminescence from Ag−In−Ga−S-based Quantum Dots by 

Introducing Copper 

3.1  Introduction 

As the commercial use of QDs expands, there is an increasing demand for Cd-free 

QDs.94, 109-114 The research group I am affiliated with has achieved PL from AIS QDs, an 

alternative to cadmium chalcogenide QDs, utilizing groups 11 and 13 metals instead of group 

12 metals.44, 115-116 Unfortunately, at that time, group 11–13–16 QDs only displayed 

broadband emission due to defect levels in the bandgap, significantly diminishing their value 

as fluorophores. Narrow band-edge PL in the yellow region (580–590 nm) was achieved by 

coating the surface of AIS QDs with Ga–S shells.51-52 The Ga–S shell, a group 13–16 

semiconductor, was effective in eliminating trap states on the AgInS2 QDs' surface. The 

band-edge emission was then blue-shifted to green by either alloying AgInS2 (Eg, bulk = 1.8 

eV) with AgGaS2 (Eg, bulk = 2.6 eV) to increase the bandgap of the cores,74, 92-93 or by 

reducing the size of the AgInS2 cores to less than 4 nm.117  

The selective synthesis of multinary nanomaterials is challenging, and controlling their 

composition and size is difficult owing to the reactivity gap between metals. For instance, the 

synthesis of quaternary silver indium gallium sulfide (AgInxGa1−xS2, Ag–In–Ga–S) QDs 

often results in Ag2S particles because of the high reactivity of Ag with S, which reduced the 

product yield of the target QDs (<15%). This issue was recently overcome by injecting an Ag 

source into a solution containing activated In, Ga, and S sources, producing 4-nm Ag–In–Ga–

S QDs with a product yield of above 60%.75 Furthermore, the uniform composition in a QD 

ensemble facilitated the monochromaticity in PL after coating with Ga–S shells. Because the 

bandgap of the Ag–In–Ga–S quaternary system strongly depends on the In/Ga ratio, 
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inhomogeneity in composition as well as size can be an origin of spectral broadening. 

Therefore, the achievement of a record-narrow PL FWHM (31 nm) indicates that the method 

based on Ag source injection provides accurate composition control. This was a record 

narrow value as the Cd-free QD ensemble. 

In this study, red luminescence was generated from AIS/Ga–S-based core/shell QDs by 

incorporating Cu. As CuInS2 in bulk possesses a narrower bandgap (1.5 eV) compared to that 

of AIS (1.8 eV), I anticipate that a reduction in the bandgap could change the color from 

yellow to red.118 Hughes et al. recently studied Cu doping in AIS QDs that exhibit a defective 

PL at 720 nm. They identified a nonlinear relationship between the defective PL wavelength 

and an increasing Cu ratio, and the PL was observed to shift to 800 nm (comparable to that of 

pure CuInS2) even at Cu ratios as low as 0.2.119 They stated that Cu doping generates 

acceptor levels derived from the Cu3d orbital, which promptly induces a PL redshift. It will 

be interesting to observe changes in the spectra of the band-edge emitting AIS/Ga–S 

core/shell QDs upon doping with Cu. 

3.2  Experimental section 

3.2.1 Materials 

Silver(I) N,N’-diethyldithiocarbamate (Ag(DDTC), >98.0%), sodium N,N’-

diethyldithiocarbamate trihydrate (NaDDTC·3H2O, 92.0%), Copper(II) sulfate pentahydrate 

(CuSO4·5H2O, 99.5%), and 1-octadecene (>90.0%) were purchased from FUJIFILM Wako 

Pure Chemical Industries Ltd. Hydroxyl amine hydrochloride (NH2OH·HCl, >97.0%) was 

purchased from TCI (Tokyo Chemical Industry Co., Ltd.). Tris(4-carbazoyl-9-ylphenyl)amine 

(TCTA, 97%) was purchased from Luminescence Technology. Al (99.9%) and 

molybdenum(VI) oxide (MoO3, 99.9999%) were purchased from the Kojundo Chemical 

Laboratory. ZnxMg1−xO (x = 0.05) nanoparticles were prepared based on the procedures 
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described in literature.120-121 Water used in this study was purified by Milli-Q Integral-3 

(Merck, 18.2 MΩ cm). 

Silver(I) acetate (Ag(OAc)) was purchased from the same supplier mentioned in 

Chapter 1 (1.2.1). Indium(III) chloride (InCl3), Gallium(III) chloride (GaCl3), and 

diethylammonium N,N’-diethyldithiocarbamate (DEA–DDTC) were purchased from the 

same suppliers mentioned in Chapter 2 (2.2.1). Besides, oleylamine (OLA, FUJIFILM Wako 

Pure Chemical Industries Ltd.) was purified in the same manner as described in Chapter 1 

(1.2.1). 

3.2.2 Synthesis of Indium(III) N,N’-diethyldithiocarbamate 

Indium(III) N,N’-diethyldithiocarbamate (In(DDTC)3) were prepared by a similar 

method of GaCl3 (5.6 mmol, 1 g), DEA–DDTC (17.1 mmol, 3.7 g), and dehydrated toluene 

(75 mL) were added in a 200-mL erlenmeyer flask under glove box and then vigorously 

stirred for 1 hour. After the reaction was completed, the product was collected by a rotary 

evaporator and was dried under vacuum for 1 hour to eliminate any unreacted precursor and 

solvent. The Ga(DDTC)3 was further purified by re-crystallization in chloroform for 12 hours. 

The purified Ga(DDTC)3 was recovered by filtration and vacuum-dried at 60 °C for 3 hours 

with a yield of 82%. Finally, Ga(DDTC)3 was stored in a desiccator cabinet filled with N2 

before use. The composition of the product was confirmed by an ICP–AES to be In:S = 1:6.3. 

3.2.3 Synthesis of copper N,N’-diethyldithiocarbamate 

Copper N,N’-diethyldithiocarbamate (CuDDTC) was synthesized following the report 

by Nguyen et al.122 CuSO4·5H2O (12.8 mmol, 3.2 g) was added to a 300 mL ice-cooled three-

neck flask and dissolved in ultrapure water (100 mL). After introducing argon, ammonia (25 

mL) was added to this aqueous solution, and the solution color was changed to deep blue. 

Hydroxylamine hydrochloride (50.4 mmol, 3.5 g) was then added over a period of 45 minutes, 

after which the deep blue solution gradually changed to colorless. After stirring overnight, 
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sodium diethyldithiocarbamate trihydrate  (15.6 mmol, 3.51 g) dissolved in ultra-pure water 

(40 mL) was added to this solution, and the resulting yellow crystals were separated by 

vacuum filtration. The crystals were washed in sequence with water, ethanol, and diethyl 

ether, then vacuum-dried at 50 Pa and 50 °C. The dried crystals were dissolved in as little 

chloroform as possible, then recrystallized using diethyl ether. The obtained yellow crystals 

were separated by vacuum filtration and vacuum-dried at 50 Pa. The composition of the 

product was confirmed by an energy dispersive X-ray spectrometer (EDS) to be Cu:S = 1:2. 

3.2.4 Synthesis of gallium(III)  N,N’-diethyldithiocarbamate 

Gallium(III) N,N’-diethyldithiocarbamate (Ga(DDTC)3) was prepared in a similar 

manner as described in Chapter 2 (2.2.2). 

3.2.5 Synthesis of Ag–In–Ga–S core QDs 

In(DDTC)3 (0.3 mmol, 167.9 mg), InCl3 (0.2 mmol, 44.2 mg), Ga(DDTC)3 (0.1 mmol, 

51.45 mg), and OLA (10 mL) were added to a 50-mL two-neck flask. The mixture was 

evacuated and heated to 100 °C, and the temperature was maintained for 10 min before argon 

was introduced. The temperature controller was set to 200 °C, and when the temperature 

reached 130 °C, an OLA solution (1 mL) containing Ag(OAc) (0.25 mmol, 41.7 mg) was 

immediately injected into the reaction solution. The temperature was increased to 200 °C and 

maintained for 20 min, after which the heating mantle was removed, and the solution was 

allowed to cool. The nanoparticle component was precipitated using acetone and methanol, 

which was then separated through centrifugation. Purification was performed twice through 

dissolution/re-precipitation by using chloroform and methanol, and the product was then 

dispersed in hexane. 
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3.2.6 Synthesis of Ag–Cu–In–Ga–S core QDs 

In a 50 mL two-neck flask, In(DDTC)3 (0.2 mmol, 111.9 mg), InCl3 (0.2 mmol, 44.2 

mg), Ga(DDTC)3 (0.1 mmol, 51.45 mg), and OLA (10 mL) were added, and the solution was 

evacuated and heated to 100 °C. After introducing argon, the temperature controller was set 

to 200 °C. When the actual temperature reached 150 °C, a mixture of AgDDTC (0.225 mmol, 

57.63 mg) and CuDDTC (0.025 mmol, 5.30 mg) dispersed in octadecene was injected into 

the reaction solution. The reaction was continued and the product was purified similarly to 

the case of Ag–In–Ga–S QDs synthesis. In addition to this experiment, the molar ratio of raw 

materials was varied as listed in Table 3-1. 

Table 3-1. List of materials and synthesis conditions. 

No. Group 11 elements Group 13 elements 
Injection 

temperature 

Heating 

temp/ 

time 

Data 

1 Ag(OAc) 0.075 mmol In(DDTC)3 0.10 mmol 

InCl3 0.05 mmol 

120 °C 200 °C 

20 min 

Fig. 3-1 

2 Ag(OAc) 0.25 mmol In(DDTC)3 0.30 mmol 

Ga(DDTC)3 0.10 mmol 

InCl3 0.20 mmol 

130 °C 200 °C 

20 min 

Fig. 3-2 

3 Ag(DDTC) 0.225 mmol 

Cu(DDTC) 0.025 mmol 

In(DDTC)3 0.10 mmol 

Ga(DDTC)3 0.10 mmol 

InCl3 0.20 mmol 

150 °C 200 °C 

20 min 

Fig. 3-3  

(a-d)  

(blue) 

4 Ag(DDTC) 0.225 mmol 

Cu(DDTC) 0.025 mmol 

In(DDTC)3 0.30 mmol 

Ga(DDTC)3 0.10 mmol 

InCl3 0.20 mmol 

150 °C 200 °C 
20 min 

Fig. 3-3 
(c) 

(purple) 
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Table 3-1. List of materials and synthesis conditions (continued). 

No. Group 11 elements Group 13 elements 
Injection 

temperature 

Heating 

temp/ 

time 

Data 

5 Ag(DDTC) 0.225 mmol 

Cu(DDTC) 0.025 mmol 

Ga(DDTC)3 0.20 mmol 

InCl3 0.20 mmol 

150 °C 200 °C 

20 min 

Fig. 3-3 

(c) 

(green) 

6 Ag(DDTC) 0.175 mmol 

Cu(DDTC) 0.075 mmol 

In(DDTC)3 0.10 mmol 

Ga(DDTC)3 0.10 mmol 

InCl3 0.20 mmol 

160 °C 200 °C 

20 min 

Fig. 3-3 

(d) 

(light 

green) 

7 Ag(DDTC) 0.125 mmol 

Cu(DDTC) 0.125 mmol 

In(DDTC)3 0.10 mmol 

Ga(DDTC)3 0.10 mmol 

InCl3 0.20 mmol 

160 °C 200 °C 

20 min 

Fig. 3-3 

(d) 

(orange) 

 

3.2.7 Ga–S shell formation 

Sulfur (0.1 mmol, 3.21 mg), Ga(DDTC)3 (0.1 mmol, 51.45 mg), and OLA (10 mL) 

were added to a 50 mL two-neck flask. The solution was heated while being evacuated until 

it reached 100 °C. After maintaining this temperature for 10 minutes, argon was introduced, 

and the temperature controller was set to 230 °C. When the solution temperature reached 

160 °C, core QDs dispersed in hexane was injected and the temperature was raised to 230 °C. 

When the solution temperature reached 230 °C, a solution of GaCl3 (0.1 mmol, 17.61 mg) 

dissolved in OLA (0.5 mL) was injected and the temperature was further raised to 280 °C at a 

rate of 2 °C/min. When the solution temperature reached 280 °C, a solution of GaCl3 (0.5 

mmol, 88.04 mg) dissolved in OLA  (2.5 mL) was injected and the mixture was stirred for an 

additional 30 minutes at the same temperature. The mixture was allowed to cool down, and 

the precipitate of nanoparticles obtained by adding methanol, which was collected by 

centrifugation and dispersed in 1 mL of chloroform. 
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3.2.8 Instrumental 

The Instruments for material characterization were carried out as described in 

chapter 1 (1.2.5). Additionally, The surface chemical electronic state and composition 

of the QDs were measured using an X-ray photoelectron spectrometer (XPS; 

ULVAC–PHI ESCA3057) equipped with an Al target. 

3.2.9 Fabrication of quantum-dot light-emitting diodes (QD-LED) devicesQuantum-dot 

light-emitting diodes (QD-LEDs) were fabricated on 100 nm-thick indium tin oxide-patterned 

glass substrates. The substrates were cleaned through sequential sonication in a detergent and 

ethanol, which was then treated in an ultraviolet-ozone cleaner. A 40-nm-thick electron 

injection layer (EIL) comprising Zn0.95Mg0.05O nanoparticles was formed by spin-coating, 

and baked at 180 °C. The Ag–In–Ga–S QDs were adjusted to a concentration of 3.5 mg/mL 

in chloroform and were spin-coated onto the EIL and baked at 100 °C (emitting layer, EML). 

Subsequently, the substrate was introduced into a vacuum chamber, and a 55-nm-thick TCTA, 

10-nm-thick MoO3, an 100-nm-thick Al anode were deposited successively as a hole 

transport layer, hole injection layer, and an anode, respectively. The QD-LEDs were 

encapsulated with a glass cover under an N2 atmosphere and submitted to performance tests. 

3.2.10 Characterization of QD-LED devices 

The luminance−current−voltage characteristics of the QD-LEDs were measured 

using a luminance meter (Konica Minolta, LS-110) and a source meter (Keithley, 

Model 2400), and their EL spectra were measured using a spectroradiometer (Konica 

Minolta, CS-2000A). The EQE was calculated under the assumption of Lambertian 

emission. Furthermore, the cross-sectional images of the QD-LEDs were observed 

using a scanning electron microscope (SEM; Hitachi High-Tech, S- 5500) after cross-

sectional processing using a focused ion beam. 



62 
 

3.3  Results and discussion 

3.3.1 Formation of Ag–In–Ga–S/Ga–S core/shell QDs with high In ratio 

As mentioned in the introduction, an injection of Ag(OAc)3 into a mixture of 

Ga(DDTC)3 and InCl3 produces  Ag–In–Ga–S quaternary QDs very accurately and 

selectively. This process involves the formation of Ag2S nanoparticle intermediates, which 

eventually transform into monodisperse Ag–In–Ga–S QDs. With this in mind, as a first 

experiment, I attempted to synthesize AIS QDs by substituting Ga(DDTC)3 with In(DDTC)3, 

the conditions of which are shown in Table 3-1 (sample No. 1). However, the obtained QDs 

were polydisperse and larger (d = 7.0 ± 1.7 nm) than the recently prepared Ag–In–Ga–S QDs 

(3.9 ± 0.4 nm),75 with a significant defect PL remaining even after Ga–S shell coating (Fig. 3-

1). In the synthesis of Ag–In–Ga–S quantum dots, the mixture precursors acted as a dual-

purpose agent, providing the materials and forming a protective shell around the Ag2S seeds. 

Therefore, the insufficient size control could be due to the inability of the indium sulfide 

precursor to protect the Ag2S seeds. This resulted in significant growth of Ag2S, which in 

turn led to an increase in the particle size of the AIS QDs.  

To address this issue, a small amount of Ga(DDTC)3 was employed as a protectant for 

the Ag2S seeds. Figs. 3-2 (a, b)  shows the ultraviolet–visible (UV–vis) spectra of Ag–In–

Ga–S core QDs before and after coating with Ga–S shells. Predominantly, the emission from 

the core QDs is composed of a broad component, attributable to defect transition. However, a 

discernable shoulder emerges on the short wavelength side (580 nm). As recently reported, 

this shoulder is identified as the band-edge PL and is peculiar to the QDs synthesized through 

Ag-source injection.75 The synthesis process involves the formation of Ag2S/In–Ga–S 

pseudo-core/shell structure,  which subsequently transitions to Ag–In–Ga–S QDs, leaving an 

excess of In–Ga–S to form a thin passivation layer. After coating with Ga–S shells, a distinct 

band-edge PL was observed at 593 nm with a FWHM of 33 nm (120 meV). The redshift of 
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the peak is correlated with an increase in shell thickness, which leads to an extension of the 

electron/hole wavefunctions due to limited band offsets between the core and the shell. The 

defect PL moiety decreased more than that of the QDs synthesized using only In precursors. 

TEM image shows that the addition of a small amount of Ga(DDTC)3 effectively prevents the 

excessive growth of the QDs (d = 5.5 ± 1.0 nm, Figs. 3-2 (c, d)), without causing a 

significant PL blueshift. 

 

 

Figure 3-1. (a, b) TEM image of AIS core QDs, (c) UV–vis and (d) PL spectra of (red) AIS 

core and (blue) AIS/GaSz core/shell QDs. The core QDs were prepared synthesized by 

injecting Ag(OAc) into an OLA solution containing In(DDTC)3 and InCl3 (refer to sample No. 

1 in Table 3-1). 

(a) (b) 

(c) (d) 
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Figure 3-2. (a) UV–vis absorption and (b) PL spectra of  Ag–In–Ga–S core (red) and Ag–In–

Ga–S/Ga–S core/shell QDs (blue) (c, d) TEM image of Ag–In–Ga–S core QDs. The core 

QDs were prepared by Ag-source injection using specific precursor amounts (refer to sample 

No. 2 in Table 3-1). 

3.3.2 Formation of Ag–Cu–In–Ga–S/Ga–S core/shell QDs 

Based on the role of reagents mentioned in the previous section, I prepared Ag–Cu–In–

Ga–S quinary QDs by replacing partly the Ag precursor with a Cu precursor. However, when 

Cu(OAc) was mixed with Ag(OAc) in OLA, the solution color changed to blue, indicating 

the formation of Cu(II) species. Considering the standard potentials versus standard hydrogen 

electrode, i.e., 𝐸𝐸Cu2+/+
o = 0.153 V,   𝐸𝐸Ag+/0

o = 0.7994 V, the color change can be attributed to 

the redox reaction between Cu(I) and Ag(I) acetates, generating Cu(II) acetate and Ag(0). To 

avoid the undesirable reaction between the raw materials, I examined group 11 precursors 

and selected a combination of Ag(DDTC) and Cu(DDTC), which appears to minimally 

(a) (b) 

(c) (d) 
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disrupt on the established reaction mechanism for the Ag–In–Ga–S quaternary system. I 

prepared the air-stable, pale-yellow Cu(DDTC) powder using a previously reported method, 

and confirmed a Cu:S ratio of 1:2 through energy dispersive X-ray analysis.122 However, 

upon dissolving Cu(DDTC) in OLA, I observed a gradual color change from yellow to green, 

eventually resulting in a blue precipitate. Since Cu(DDTC) is easily oxidized by oxygen in 

certain solvents, such as acetonitrile, the color change suggests the formation of Cu(II) 

species. Consequently, I selected to introduce the Ag(DDTC) and Cu(DDTC) mixture as an 

octadecene (ODE) suspension. 

Figure 3-3 (a, b) shows UV–vis and PL spectra of Ag–Cu–In–Ga–S core and core/shell 

QDs. Shell formation was conducted similarly to the case of the Ag–In–Ga–S QDs.75 The 

introduction of Cu, constituting 10% of the total group 11 elements, redshifted the PL of the 

core/shell QDs from 593 nm to 651 nm (Table 3-2). The FWHM of the PL spectra was 60 

nm (183 meV), when Gaussian curve fitting was performed in the range where defect PL was 

not prominent. The PL QY was 65%, comparable to or even higher than the green-color PL 

of Ag–In–Ga–S core/shell QDs. Intriguingly, the PL peak positions were significantly 

influenced by In/Ga precursor ratios, but only weakly correlated with Cu/Ag ratios (Figs. 3-3 

(c, d)). The narrowest PL FHWMin energy (55 nm, 152 meV) was recorded for the highest In 

sample (In/Ga = 0.50/0.10), but it was still broader than the yellow-color PL (peak = 592 nm) 

obtained without Cu precursor (FWHM = 33 nm, 120 meV, Fig. 3-2) and typical green-

emission (peak = 524 nm) of Ag–In–Ga–S core/shell QDs (FWHM = 28 nm, 128 meV)  

(discussed later in text). 
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Figure 3-3. Comparative spectral analysis of Ag–Cu–In–Ga–S QDs. (a) UV–vis absorption 

spectra, and (b) PL spectra of the Ag–Cu–In–Ga–S core QDs (red), and the Ag–Cu–In–Ga–

S/Ga–S core/shell QDs (blue). The cores were synthesized using specific precursor quantities 

(see sample No. 3 in Table 3-1). PL spectra demonstrating the impact of varying (c) In/Ga 

(sample No. 3, 4, and 5) and (d) Cu/Ag precursor ratios (sample No. 3, 6, and 7) on the 

luminescence properties of the core/shell QDs are also presented. 

Table 3-2. List of optical properties of core/shell QDs. 

No. 
PL peak position 

(core/shell) 
FWHM PL QY Data 

1 618 nm 37 nm 29% Fig. 3-1 (d, blue) 

2 593 nm 33 nm 29% Fig. 3-2 (b, blue) 

3 651 nm 60 nm 65% Figs. 3-3 (a, b, c, d, blue) 

(a) (b) 

(c) (d) 
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Table 3-2. List of optical properties of core/shell QDs  (continued). 

No. 
PL peak position 

(core/shell) 
FWHM PL QY Data 

4 676 nm 55 nm 60% Fig. 3-3 (c, purple) 

5 602 nm 57 nm 62% Fig. 3-3 (c, green) 

6 676 nm 63 nm 28% Fig. 3-3 (d, light green) 

7 677 nm 92 nm 13% Fig. 3-3 (d, orange) 

 

Structurally, the TEM image reveals that the core QDs exhibit a diameter of 5.2 ± 0.8 

nm (Figs. 3-4 (a, b)), a size akin to the QDs synthesized without the Cu precursors. The 

formation of the Ga–S shell led to a nearly 3 nm increase in particle size (Figs. 3-4 (c, d)). 

Compositionally, the Cu content was found to be 5–30% higher than the composition ratios 

of the starting materials (Table 3-3). Conversely, the ratio of In/Ga in the core/shell QDs 

varied inconsistently, hindering a quantitative evaluation from the composition. This problem 

is a common occurrence in the analysis of QDs synthesized by Ag-source injection, where 

the excessive and inseparable formation of In, Ga, and S materials obstructs the 

compositional analysis.75 To address this, XRD measurements were conducted for a 

representative sample (No. 5 in Table 3-1) as illustrated in Fig. 3-5. The peak of the (112) 

plane located at 27.4°; this is in reasonable agreement with the expected peak for the alloy, 

interpolated from the corresponding peaks of AgInS2 (26.7°), AgGaS2 (27.9°), and CuInS2 

(27.9°). These results suggest that, at least for the crystalline part of the core, the product is 

formed in accordance with the composition ratio of the raw materials. 
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Figure 3-4. (a, c) TEM images and (b, d) size histograms of (a, b) core and (c, d) core/shell 

QDs corresponding to the samples whose spectra are presented in Figs. 3-3 (a, b). 

Table 3-3. List of compositional ratios of core/shell QDs (Ag+Cu = 1.00). 

Sample No. 
Atomic ratio 

Ag Cu In Ga S 

3 0.87 0.13 0.66 1.2 3.1 

5 0.89 0.11 0.79 1.1 2.9 

6 0.57 0.43 1.0 1.3 4.1 

7 0.47 0.53 0.60 0.61 2.2 

  

20

15

10

5

0

Fr
eq

ue
nc

y 
/ %

12840
Particle size / nm

davg=5.2 nm
σ = 0.8 nm

20

15

10

5

0
Fr

eq
ue

nc
y 

/ %

12840
Particle size / nm

davg=8.4 nm
σ = 1.7 nm

(a) 

(c) 

(b) 

(d) 



69 
 

 

Figure 3-5. XRD patterns for sample No. 5 (Ag/Cu = 0.225/0.025 and In/Ga = 0.2/0.2) in 

both core and core/shell QDs. The peak at 27.4° for the (112) plane is reasonable considering 

the corresponding peaks of the three materials: tetragonal AgInS2 (26.7°), AgGaS2 (27.9°), 

and CuInS2 (27.9°). 

3.3.3 Optical properties and origin of PL 

To investigate the cause of the slightly broader PL, I performed PL lifetime 

measurements. Figure 3-6 shows the decay curves of Ag–In–Ga–S/Ga–S (with different 

In/Ga ratios) and Ag–Cu–In–Ga–S/Ga–S core/shell QDs recorded at the PL peak wavelength 

of each sample. The decay components after fitting with bi- or tri-exponential equations 

(equation 2-2) were summarized in Table 3-4. The Ag–In–Ga–S/Ga–S core/shell QDs (528 

nm, high Ga content) could be fitted with the two components with the shortest lifetime 

around 63.8 ns (τ1), which can be attributed to the band-edge PL.52, 75 The Ag–In–Ga–S/ Ga–

S core/shell QDs (593 nm, low Ga content) was well-fitted with the tri-exponential equation 

with the shortest lifetime of ca. 50 ns. The elongation of apparent decay time in the single 

logarithm graph (Fig. 3-6 (a)) is mainly due to the increased contribution of the 2296 ns 
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component (τ3), originating from an unignorable increase in defect PL (Fig. 3-2 (b)). The 

increase in the ratio of the ~400 ns decay component (A2) might be due to orbital splitting 

caused by ligands, crystal fields and electron–hole exchange interactions,123-126 while the 

contribution of sharrow trap sites could also be a factor.67, 86 The Ag–Cu–In–Ga–S/Ga–S 

core/shell QDs also exhibited three emission components. However, the shortest lifetime 

component (τ1) was three times longer than the Cu-free counterparts, suggesting that an 

incorporation of Cu considerably changed the emission mechanism. This evidence led us to 

speculate that the radiation from the Cu-containing QDs derives from the localized states, 

which provide a recombination rate slower than band-edge transition, as shown in Fig. 3-6 

(b). 

 

Figure 3-6. (a) PL decay curves for Ag–In–Ga–S/ Ga–S (with green and yellow PL) and Ag–

Cu–In–Ga–S/Ga–S core/shell QDs. Samples were excited at 405 nm and the data were 

recorded at PL peak wavelength of each sample. (b) Schematic of the PL mechanism for the 

three samples. Numbers 1–3 in the figure correspond to the decay components in Table 3-4. 

Insignificant transition paths were shown as dashed lines. 

 

(b) (a) 
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Table 3-4. PL lifetime components of Ag–In–Ga–S/Ga–S QDs (different Ga/In ratios) and 

Ag–Cu–In–Ga–S/Ga–S core/shell QDs. 

Sample 

(PL peak) 
τ1/ns τ2/ns τ3/ns A1 A2 A3 χ2 

Ag–In–Ga–Sa 

/Ga–S (528 nm) 
63.8 373 – 0.89 0.11 – 1.00 

Ag–In–Ga–Sb 

/Ga–S (593 nm) 
48.4 394 2296 0.55 0.36 0.09 1.23 

Ag–Cu–In–Ga–S 

/Ga–S (650 nm) 
142 411 1880 0.48 0.46 0.06 1.18 

a Core/shell QDs with high Ga content. The sample described in previous work75. 
b Core/shell QDs with low Ga content whose spectrum displayed in Figs. 3-2 (a, b). 

Before the achievement of the band-edge PL from AIS QDs, the origin of defective PL 

from the groups 11–13–16 semiconductor has been mostly considered to be point defects in 

the crystal lattice.127-129 Specifically, the Cu(II) sites that are created in CuInS2 QDs during or 

after synthesis, despite a formal charge of Cu(I), generate an energy level close to the VB. 

The “free-to-bound” transition between electrons in the CB and the Cu(II) levels was thought 

to be responsible for the observed broadband PL.130-131 Among relevant reports, however, 

Knowles et al. focused on the similarity of PL properties between CuInS2 QDs and Cu(I)-

doped CdS QDs, and then considered that Cu(II) point defects (at ground state) is not 

necessarily required for the transition via Cu sites.132 Based to their considerations, when the 

CuInS2 QDs undergo photoexcitation to form excitons, holes become localized at temporarily 

generated Cu(II) sites. This phenomenon occurs as a result of the robust electron-phonon 

coupling, which significantly stabilizes the situation of localized holes in comparison to the 

carrier delocalization energy. This localized state was referred to as self-trapped excitons, and 

was considered to be the cause of broadband PL. A subsequent study by Hughes et al. pointed 
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that Cu(I) doping to AIS QDs also generates Cu3d-derived orbitals near the VB, and 

recombination occurs through these levels.119 To determine the cause of the PL, which is 

broad and consists of multiple lifetime components, Knowles et al. performed magneto-

optical measurements and found that the self-trapped excitons show singlet and triplet-like 

behaviors.132 Nevertheless, the cryogenic measurements revealed a singlet-triplet splitting 

energy (Δ𝐸𝐸ST) that was considerably smaller than the thermal activation energy at ambient 

temperature. This resulted in an equal occupancy of the two energy levels, thereby facilitating 

preferential recombination from the singlet state due to its faster recombination kinetics. The 

observed variations in decay kinetics were rather attributed to the position of the trapped hole. 

Due to the wavefunction overlap with delocalized electrons in the CB, which have a 1s 

orbital-like wavefunction, the recombination is more efficient when the hole trap sites are 

located in the center of the nanoparticle rather than at the outer edge.133  

XPS measurements revealed that the oxidation state of copper in Ag–Cu–In–Ga–S QDs 

was in the Cu(I) oxidation state (binding energy of 932 eV) rather than Cu(II) (binding 

energies of 933–935 eV), as shown in Fig. 3-7. This confirmation supports the hypothesis 

that photoluminescence (PL) arises from self-trapped excitons. Following this understanding, 

I can discuss the shifts in PL shown in Figs. 3-3 (c, d). Density functional theory (DFT) 

calculations have predicted that, within the group 11–13–16 semiconductor system, which 

includes CuInS2, AIS, and AgGaS2, the CB edge is primarily composed of In, Ga, and to a 

lesser extent S. Conversely, the VB edge consists of Cu, Ag, and S.119, 134 Hence, the energy 

of the CB edge is primarily affected by changes in the In/Ga ratio,134 while the Cu/Ag ratio 

chiefly determines the energy of the VB edge.119 Assuming that the Cu levels near the VB are 

less sensitive to shifts in band positions, changes in the emission wavelength can be 

significantly influenced by variations in the In/Ga ratio, which impacts the energy of the CB. 

Conversely, alterations in the Ag/Cu ratio have a negligible effect on the central emission 
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wavelength (see Fig. 3-8). Furthermore, the broadening of the PL at higher Cu ratios can 

logically be attributed to the increase in Cu sites, which exhibit energy variations based on 

their positioning within the particles.133 In contrast, the spectral width of the Ag–Cu–In–Ga–

S/Ga–S core/shell QDs was found to be narrower (55–60 nm) than the width reported for the 

core-only Ag1−xCuxInS2 QDs (ca. 200 nm).119 This can be attributed to the presence of the 

gallium sulfide shell, which removes potential surface defects near the CB edge, thereby 

promoting pure free-to-bound transition PL. 

 

Figure 3-7. XPS spectra of Ag–Cu–In–Ga–S QDs for Cu2p and Ag3d regions 

 

Figure 3-8. Schematic of the PL mechanism for the samples shown in Figs. 3-3 (c, d). 

(a) (b) 
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3.3.4 Electroluminescence (EL) 

 To further demonstrate the potential of this red luminescent material, I fabricated QD-

LEDs by using the Ag–Cu–In–Ga–S/Ga–S core/shell QDs. These were prepared following 

the protocol for sample No. 3 (Table 3-1) but on a larger scale. The structure of the devices 

was identical to that reported in the previous studies, with the EML comprising solely Ag–

Cu–In–Ga–S/Ga–S core/shell QDs, without the inclusion of any additional materials to aid 

charge transport (Fig. 3-9 (a)).121, 135-136 The scanning TEM (STEM) image illustrates the 

formation of a uniform QD layer, with an average thickness of two monolayers (Fig. 3-9 (b)). 

The device exhibited an electroluminescence (EL) spectrum identical to the PL of the QD 

solution (Figs. 3-9 (c) and 3-10 (a)). As shown in Fig. 3-9 (d), the luminance–voltage curve 

shows a turn-on voltage of 2.2 V for this device. This is slightly above the actual photon 

energy (660 nm, 1.9 eV) but close to the PL energy of the Ag–Cu–In–Ga–S/Ga–S core/shell 

QDs prepared with a similar In/Ga ratio, without using Cu species (sample no. 2, 593 nm, 2.1 

eV). It was hypothesized that charge injection occurred via the CB and VB of the core QDs, 

rather than direct injection into the Cu levels present in the cores (this discussion may 

underestimate the resistance in the cell). The device achieved a maximum external quantum 

efficiency (EQE) of 1.77%, superior to  yellow-emitting devices using AIS/Ga–S core/shell 

QDs and green-emitting devices (Fig. 3-9 (e)).121, 136 Compared with these previous instances, 

where defective emission was more pronounced in EL than in PL, the Cu-containing QDs 

exhibited pure free-to-bound emission. Although this phenomenon cannot be fully explained, 

it could likely be caused by easier electron injection than that in green-emitting QDs, and the 

fact that the emission energy closely matches the defect emission energy of the green and 

yellow QDs. These conditions result in pure-red EL with chromaticity coordinates (0.710, 

0.289), which satisfy the recommendation ITU-R BT.2020 standard (Figs. 3-9 (f) and 3-10 

(b)). 
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Figure 3-9. (a) Schematic representation and (b) cross-sectional STEM image of the device. 

(c) EL spectra at 6.0 V; (d) comprehensive voltage–current–luminance plots; and (e) the 

variation of EQE with respect to current density. (f) Photographs of QD solution and EL 

device. 

 

 

Figure 3-10. (a) Comparison of solution PL spectrum and EL spectrum. (b) CIE color 

coordinates (0.710, 0289) of the QD-LED corresponding to the spectrum in Fig. 3-9 (c). The 

triangle indicates the BT.2020 standard. 

(b) (a) 

(a) (b) 

(f) 

(c) 

(e) (d) 
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3.4  Summary 

I successfully synthesized Ag–Cu–In–Ga–S/Ga–S core/shell QDs through the injection 

of a mixture of Ag and Cu sources into a heated solution containing In, Ga, and S sources. 

This process generated quinary nanoparticles without the formation of precipitated 

byproducts, thus simplifying purification steps and facilitating scale-up that is well-suited for 

QD applications. Upon coating with Ga–S shells, the QDs displayed a red-colored PL with a 

spectral FWHM as narrow as 55 nm. Variation of PL decay profile and PL wavelength shifts 

when adjusting Cu/Ag ratio suggest that the emission arises from a localized carrier, rather 

than the band-edge transition observed in Ag–In–Ga–S/Ga–S core/shell QDs. Consistent with 

previous reports, Cu-containing QDs appear to undergo hole localization, resulting in the 

formation of self-trapped excitons.  These results are supported by the presence of Cu(I) 

species in the core QDs. Moreover, the QD-LED device utilizing the core/shell QDs 

demonstrated red EL with high color purity that meets the BT2020 standard. 
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Conclusions 

In this study, the redshift of the PL wavelength of AIS-based QDs was successfully 

achieved by the different band-engineering procedures as follows.  

Chapter 1 described the wavelength shift due to the type II/quasi-type II band alignment. 

After the Ga–Se shell coating, a narrow PL spectrum was obtained due to the surface 

passivation by the Ga–Se shell. The staggered band alignment of AIS/Ga–Se core/shell QDs 

redshifted the PL wavelength to 681 nm, which was significantly longer than the band-edge 

emission of AIS/Ga–S core/shell QDs (575–585 nm). The prolonged PL decay time was the 

evidence for the indirect transition of the type II core/shell QDs. Although the PL QY was 

low, it increased to 25% after HCl treatment due to the reduction of electronic trap states at 

the core/shell interface and in the shell. On the other hand, the PL spectrum exhibited a 

further redshift and the PL lifetime became shorter. The ICP–AES and XRD results revealed 

S/Se substitution in the core QDs, resulting in the formation of an Ag–In–S–Se alloy core. 

This alloying shifted the VB potential of the core to higher energy and changed the band 

alignment to quasi-type II. The luminescence color could be tuned by controlling the 

composition of S and Se in the Ga–S–Se shells. 

Chapter 2 described the redshift of AIS-based core/graded shell QDs by coating the AIS 

core with the In–S shell prior to the Ga–S shell. The presence of the In–S shell as the inner 

shell could alter the PL characteristics after the Ga–S coating. After the In–S shell coating, 

the QDs exhibited PL at 593 nm, which is longer than the band-edge emission of AIS/Ga–S 

core/shell QDs. This redshift resulted from a small band offset between the core/shell 

interface, which broadened the charge wavefunctions to the In–S shell and reduced an 

effective size effect. Overcoating with the Ga–S shell exhibited a distinct band-edge PL at 

602 nm. However, a significant decrease in In/Ga ratio occurred due to In/Ga substitution at 
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the core/shell interface. Typically, the decrease in In/Ga ratio in the core increases the 

bandgap of the AIS QDs. These inconsistent results were explained by the formation of shells 

with graded composition. It stretched the electron and hole wavefunctions, resulting in a PL 

redshift. By increasing the temperature for In–S shell coating, the thickness of the In–S shell 

increased. Although the decrease in In content still occurred after Ga–S shell coating, the PL 

redshift persisted. Finally, a 40-nm redshift was achieved compared to the band-edge PL of 

AIS/Ga–S core/shell QDs. 

Chapter 3 described the PL redshift by introducing Cu into Ag–In–Ga–S cores. 

The Ag–Cu–In–Ga–S core QDs were prepared by the injection of Ag and Cu mixture 

into a hot solution of In, Ga and S precursors. Remarkably, the highly monodisperse 

QDs were generated without precipitate. Upon Ga–S shell coating, the core/shell QDs 

exhibited a red-colored emission with a narrow FWHM of 55 nm. The variation of PL 

spectra and PL decay profiles revealed that the emission originated from the transition 

of excited electrons in CB to Cu(II) level near the VB. These results were consistent 

with previous reports of Cu-containing QDs, which underwent hole localization and 

formed self-trapped excitons. This finding was supported by the presence of Cu(I) 

species in core QDs. Additionally, the QD-LED fabricated by the Ag–Cu–In–Ga–

S/Ga–S core/shell QDs exhibited red EL emission with high color purity that meets 

the BT2020 standard. 
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