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Abstract 

The study of transition metal ion-doped semiconductor nanocrystals (NCs) has attracted 

increasing attention due to their unique optical, electronic, and magnetic properties which 

sparked considerable interest towards a wide range of applications in material science, renewable 

energy and biological systems. Besides the size- and shape-dependent behavior, doped 

nanomaterials exhibit new and/or enhanced optical properties, which are sensitive to the dopant 

location or dopant distribution throughout the solid crystal lattice. Our work primarily focuses on 

understanding and elucidating the mechanism of dopant ion migration inside the NCs during 

post-synthetic treatments, such as shell passivation and high-temperature annealing. Mn(II) 

dopants migration behavior in Mn(II) doped CdS-based core/shell quantum dots (QDs) and 

Mn(II) doped ZnSe-based core/shell nanowires were established in the previous work of the 

Zheng group.  

This dissertation will expand the study of dopant migration behavior in semiconductor 

QDs, specifically, to elucidate the effect of an inserted alloyed layer, with a small cationic size 

mismatch of dopant ions, for directional dopant migration and diffusion. Our research reveals 

that the intentionally inserted alloyed layer, with a small cationic size mismatch with Mn(II) 

dopants, could serve as an atomic “trap” to facilitate the directional dopants migration pathways, 

including both outward and inward migration in core and shell doped core/multi-shell QDs. The 

detailed mechanistic study reveals that dopants migration behavior between different tetrahedral 

sites inside a II-VI group semiconductor lattice are sensitive to the migration temperature and 

microenvironment within the NCs. Furthermore, a larger Cd(II) substitutional doping site (92 

pm) with larger local lattice distortion is critical for efficient Mn dopant (80 pm) trapping and 

migration. Density functional theory (DFT) calculation reveals a higher energy barrier for a 



 
 

Mn(II) dopant hopping from the smaller Zn substitutional tetrahedral site (74 pm) as compared to 

a larger Cd substitutional tetrahedral site in the migration model. The ratio of relative rate 

constant (kZnS/kCdS) indicates that the rate of Mn migration is about three-orders of magnitude 

larger in the CdS lattice compared to ZnS lattice for the temperature range investigated in this 

study (180 – 230 ℃). 

Furthermore, we also illustrated the progress and challenges of the Mn(II) dopants 

migration behavior between the perovskite NCs and the II-VI chalcogenides such as CdS or ZnS 

NCs. The large difference between the ionic nature of perovskite and covalent nature of 

chalcogenides, along with their coordination structure (corner-sharing octahedral for perovskite, 

and core-sharing tetrahedral for metal chalcogenides), as well as the disparate growth kinetics 

(rapid for perovskite and slow for chalcogenides), pose substantial challenges for the synthesis of 

heterostructures. Although the optical results indicate that substantial further research is required, 

these initial steps are promising and paving the way for further exploration of dopant behavior in 

perovskite based heterostructures.  
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Chapter 1: Introduction 

1. Introduction 

Semiconductor nanocrystals (NCs) have attracted widespread interest in the past few 

decades because of their unique size- and  shape-dependent optical, electric, and magnetic 

properties, which cannot be obtained by their bulk counterparts.25-29 As early as the 1980s/1990s, 

the study of semiconductor NCs emerged as an active research field with promising applications 

in materials science, green energy harvesting, biomedicine, etc.30-42 Doping by the incorporation 

of impurity ions, named dopants, into semiconductor NCs (i.e., doped NCs) can lead to modified 

and enhanced optical, electronic, and magnetic properties of the NCs.43, 44 This is especially true 

if the dopant location and concentration can be well-controlled. This thesis details the dopant 

migration behavior in colloidal semiconductor NCs, aiming to precisely manipulate the dopant 

location by inserting an atomic trap and selecting appropriate doping sites within a core/shell NC 

lattice.  

1.1 Semiconductor Nanocrystals 

Semiconductor NCs are extremely tiny crystals with at least one of the three dimensions 

that range from 1 to 100 nanometers (nm) and constitute a major category of multi-functional 

materials. (Figure 1.1) These fascinating nanoscale materials display unique and extraordinary 

optical and electronic properties, which make semiconductor NCs promising candidates for 

different application areas, such as opto-electronic and spin-based devices,45, 46 solar cells,47-51 

lasers,52-55 light emitting diodes,55-59 biological images,25, 46, 60 etc.  
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Figure 1.1 The illustration of different range of size for the nanomaterials and common materials.1 

1[Repurposed with permission from Society for Leukocyte Biology © 2005] 

Semiconductor NCs, based on their shape and morphology, can be classified to zero-

dimensional (0D) spherical NCs, one-dimensional (1D) NCs and two-dimensional (2D) NCs in 

which 0, 1, or 2 axes or axis are confined from 1 to 100 nm, respectively. 0D NCs usually have a 

spherical shape, as in quantum dots (QDs), or can be found as nanocubes; QDs are most 

commonly studied and synthesized.61, 62 1D rod-shaped NCs usually have elongated structures 

along c-axis, resembling nanorods (NRs) or nanowires (NWs).63-66 2D NCs usually have a flat 

and plate-like shape, often referred to as nanoplatelets (NPL) or nanosheets.23, 67, 68 Materials in 

other shapes, such as tetrapod NCs, are also successfully synthesized and studied by researchers.6   

1.1.1 Quantum confinement effect in Nanocrystals 

As early as 1981, Ekimov and Onushchenko reported nanometer sized CuCl particles 

with a blue shift of the optical spectrum which was the first observation of the size-dependent 

optical properties of nanomaterials.69 Later, Rosetti et al.70 and Efros et al.71 studied the relation 

between the changes of colors and the control of sizes of nanoparticles, followed by an in-depth 
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discussion of quantum confinement effect by several researchers.72-75 In bulk materials, the large 

number of atoms in solids result in the overlap and interaction of the atomic orbitals, which leads 

to the formation of energy bands. The energy bands in bulk materials are typically broad and 

continuous, allowing electrons to occupy a wide range of energy states within these energy 

bands. The composition dependent band gap energy (Eg), the minimum energy required for an 

electron be excited from the valence band (VB) to the conduction band (CB), is generally used as 

a characterization of bulk semiconductors.  

Compared with bulk materials, NCs usually present exclusive size-dependent optical and 

electronic properties, which are caused by the quantum confinement effect. The quantum 

confinement effect becomes significant when the size of a NC decreases to the nanometer scale, 

comparable to or smaller than the exciton Bohr radius. This effect arises from the restriction of 

electrons and holes within NCs, leading to discrete energy levels and an increase in the bandgap 

energy. As a result, the optical and electronic properties, such as absorption, emission, and 

conductivity, can be tuned by varying the size of NCs. 

The quantum confinement effect is not observable in bulk materials due to the wave 

functions of electrons distributed over a larger spatial range (i.e., >> Bohr diameter). However, 

by reducing the size of materials to the nanoscale, such as in the QDs, NRs, and NWs, this effect 

becomes prominent, resulting in distinct and size-dependent optical and electronic properties 

(Figure 1.2). If the charge carriers, including  negatively charged excited electrons and the 

positively charged holes, are confined within a finite size close to or below the Bohr exciton 

diameter, as in the case of the nanoscale nanomaterials, the confinement of electron motion leads 

to a limited number of discrete quantified energy states for the nanomaterials. Brus, et al. 

described the changes in the band gap as a function of particles’ size, according to equation 1.1.76 
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Where E is the band gap, ħ is Planck’s constant, R is the particle radius, me is the 

effective mass of the electron, mh is the effective mass of the hole, ε2 is the dielectric constant of 

the material, S is the distance between the solvent and exciton, and α is the polarizability. From 

equation 1.1, when the particle size decreases within the nanoscale, the band gap increases, and 

discrete energy levels are formed for the NCs with sizes close to and below the Bohr diameter. In 

0D, 1D and 2D NCs, charge carriers including electrons and holes are free to move in zero, one 

and two unconfined directions, respectively. For example, in 1D material quantum wires, the 

movements of electrons are confined in two directions but can move freely along the unconfined 

long axes.77 

 

Figure 1.2 The illustration of quantum confinement effect.2 

2[Reprinted (adapted) with permission from { Chen, G.;  Roy, I.;  Yang, C.; Prasad, P. N., Nanochemistry and Nanomedicine for 
Nanoparticle-based Diagnostics and Therapy. Chem. Rev. 2016, 116 (5), 2826-85.}. Copyright {2016} American Chemical 
Society.] 
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1.1.2 Optical properties of semiconductor Nanocrystals 

Semiconductor NCs, such as 0D QDs possess intriguing optical properties that arise from 

tunable bandgap and quantum confinement effect which allows for the exhibition of a wide range 

of absorption and emission spectra. For example, as the size of the QD reduces, the effective 

bandgap increases due to the quantum confinement effect, leading to a blue shift toward to the 

smaller wavelength (higher energy) for the absorption and emission spectra.78 (Figure 1.3) When 

the size of a QD is decreased, the bandgap energy increases, which means that smaller QDs 

absorb and emit higher-energy photons, resulting in the generation of a shorter wavelength of 

light, for example, blue or ultraviolet (UV) light. Conversely, when the bandgap energy 

decreases, this leads to emissions at longer wavelengths, such as red or infrared (IR) light.  

 

Figure 1.3 Size-tunable emission spectra of cadmium selenide quantum dots within a size range 

of 2.1 nm to 7.5 nm.3 

3[Repurposed with permission from Royal Society of Chemistry © 2004] 
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When a photon is absorbed, an exciton, which is an electron and hole pair, is created 

followed by radiative and/or non-radiative relaxation.79 Figure 1.4 depicts the most common 

processes of an excited photo within the band gap of a QD. An electron is excited from the VB to 

CB and an electron and hole pair is generated. The exciton (electron-hole pair) undergoes 

radiative decay, non-radiative decay, and emits a photon during the process, then returns to the 

ground state and regenerates an exciton. The processes involving excitons can be detected first 

by optical instruments, interpretable through spectra, which can then be further analyzed to study 

the optical properties.   

 

Figure 1.4 Scheme of most common processes involving the excited states of a quantum dot.  

Emission bandwidth and quantum yield (QYs) are critical for evaluating the optical 

properties of QDs and their applicability. Despite the broad absorption spectra due to multiple 

excitations from incident photo energy higher than the bandgap, QDs exhibit narrow 

photoluminescence (PL) spectra because of the fast internal conversion and vibrational 
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relaxation (~ps) leading to band edge PL from the bottom of the CB to the top of VB. 

Photoluminescence quantum yield(s) (PL QYs) is the efficiency of light emission after photo 

excitation in which photons are absorbed and converted into photo energy.  

PL  QY could be illustrated simply by an approximate ratio of light absorbed and light 

emitted.  

𝑄𝑌ொ =
௧ ௨  ௧௦ ௧௧ௗ

 ௨  ௧௦ ௦ௗ
                                                                 (eq. 1.2) 

Experimental determination of PL QYs could be measured and compared by using a 

fluorescent dye with a known high QY (i.e., 95% QYs for rhodamine 6G) as a reference.  
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Where QYR is the quantum yield of the reference dye, n is the refractive index of the 

solvent used to dissolve QDs (nQD) or reference dyes (nR), I is the integrated fluorescent intensity 

for reference and QDs measured at the same condition. 80, 81  

The value of the PL QY is typically between 0 to 100%. The PL QYs of QDs with high 

size uniformity and crystallinity could be extremely high, i.e., above 80%, due to the strong 

overlap of wavefunctions between the electron and hole in the quantum confined structure.82-84 

However, semiconductor NCs have a high surface area-to-volume ratio compared with bulk 

material due to their nanoscale dimensions, which can lead to surface defects from many 

unsaturated and nonstoichiometric bonds of the surface atoms. The surface defects can act as trap 

states for charge carriers, which increases the possibilities of nonradiative relaxation events and 

therefore lead to limited PL QYs.78 
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1.2 Core/Shell Quantum Dots 

Vast attempts have been made to expand the study for various types of nanoparticles with 

different chemical compositions and band structures, such as group II-VI, III-V, and IV-VI 

semiconductors, metals, alloys, metal oxides, and perovskites, with corresponding core/shell 

structures and doped NCs. For example, the II-VI semiconductor NCs include cadmium-based 

(i.e., CdSe, CdS, CdTe) and lead-based NCs (i.e., PbSe, PbS, PbTe). III-V semiconductor NCs 

contain indium-based NCs (i.e., InAs, InP, InSb). Among all examples, II-VI cadmium 

chalcogenide NCs are the earliest developed semiconductors, which were reported tons of 

literatures about their applications and properties.11, 66, 85-90  

Generally, a semiconductor NC is composed of an inorganic material surrounded by an 

organic outer layer of ligands. However, some drawbacks, such as instability, low quantum 

efficiency, and a high level of surface defects, have become an obstacle. To overcome these 

weaknesses, core/shell NCs, where another material is passivated onto the surface of the QDs, 

have been developed.  

Core/shell NCs are composed of a core material surrounded by a shell of different 

material with an onion-like structure.4 The core material is typically a semiconductor or a 

metallic material, while the shell is often a different semiconductor with various compositions. 

The shell could provide an extra protection layer to the core NCs from environmental effects, 

leading to an enhancement of stability of the NCs. The most common core/shell structures for 0D 

QDs are the concentric spherical core/shell nanoparticles in which a spherical core is completely 

surrounded by a shell.91-93 The core/shell/shell NCs or core/multi-shell NCs with more than one 

shell composition has been also developed to achieve improved optical properties and higher 

QYs.41, 94 (Scheme 1.1) 
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Scheme 1.1 The schematic of spherical core, core/shell, and core/shell/shell (core/multi-shell) 

NCs. 

Depending on the band alignment of the core and shell lattice, different types of 

core/shell NCs can be obtained with modulated optical and electrical properties.  There are three 

types of semiconductor core/shell NCs based on the band alignment and charge carrier dynamics 

between core material and shell material. (Figure 1.5) In type I core/shell NCs, the bandgap of 

the core is smaller than that of the shell, resulting in efficient radiative recombination within the 

core since both electrons and holes are localized in the core region. The wider band gap shell 

used in type I core/shell NCs is usually for the goal of separating the optically sensitive core 

from the environment and improving the overall optical properties. Type I core/shell NCs include 

CdSe/CdS,5, 63, 95, 96 CdS/ZnS97 and CdTe/CdS.98 In contrast, in reverse type I  core/shell NCs, the 

bandgap of shell lattice is smaller than and confined within the bandgap of core NCs. Therefore, 

the electrons and holes are partially or completely confined in the shell depending on the band 

alignments. The commonly studied examples of reverse type I core/shell NCs are CdS/CdSe50, 51 

and ZnS/CdSe.99 In the type II core/shell NCs,  the band alignment shows a staggered 

arrangement, either the conduction band (CB) edge and valence band (VB) edge are both lower 

or higher than that of the core. Based on the band alignment, one of the charge carriers is 

delocalized in the shell region (another one confined in the core), leading to spatial separation of 

electrons and holes. Examples for type II core/shell NCs are PbSe/CdSe,100 CdS/ZnSe,101 and 
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ZnTe/CdS.102 And quasi-type II structures usually refer to those NCs with similar staggered band 

alignment of type II structure but with a very close band edge position for either conduction band 

or valence band.  

 

Figure 1.5 Band alignment for core/shell NCs.4 

4[Reprinted (adapted) with permission from {Reiss, P.; Protiere, M.; Li, L., Core/Shell semiconductor nanocrystals. Small 2009, 5 
(2), 154-68}. Copyright (2009) John Wiley and Sons Publishing]  

1.2.1 Synthesis of core/shell quantum dots 

Epitaxial shell growth is a process of depositing a crystalline shell layer onto the surface 

of a pre-existing NC core while maintaining a well-defined lattice structure and orientation 

between core and shell layer. In order to obtain core/shell NCs with epitaxial shells, the structure 

and lattice parameters of both the core and shell lattice, as well as reliable and robust synthetic 

routes should be considered. Epitaxial growth ensures that the shell material aligns with the 

crystallographic structure of the core, resulting in a coherent interface between the two materials. 

During shell growth process, the lattice matching and crystallographic alignment between the 

core and shell materials are critical factors. If the lattice constants and crystal structures of the 

core and shell materials are well-matched with a small lattice mismatch (generally < 10%), 

epitaxial growth can occur, leading to a clear interface with minimized lattice strain between the 

core and shell. This interface can influence the electronic, optical, and catalytic properties of the 

resulting core/shell NCs since it significantly impacts the materials' properties by altering their 

electronic structure, improving charge carrier dynamics, enhancing surface chemistry, and 
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providing thermal and chemical stability. Shell passivation onto the core could significantly 

improve the stability by acting as a barrier from the influence of the NC environment. For 

example, CdSe/ZnS core/shell QDs with type I core/shell structure electronically insulate the 

CdSe cores to make the structure more stable, while the S2- anion, could afford a higher threshold 

to photooxidative degradation due to the much lower oxidation potential of S2- compared to Se2-

.103 104 105 

Synthetic strategies can vary depending on the desired material, size, morphology and 

composition of NCs. Colloidal synthesis is a widely used wet chemistry method for preparing 

NCs with controllable crystallinity and morphology. These methods usually involve the 

formation, nucleation, and growth of NCs in a solution or suspension, where the solvents, 

surfactants, and precursor compounds undergo a coordination reaction to form the desired shape 

of the NCs. Compared with a solid state reaction, colloidal synthesis can provide a more uniform 

and more tunable size and shape of the NCs. The selection of precursors, ligands, temperature, 

and reaction time are key factors to control the nucleation and growth of NCs.  

There are several colloidal synthetic approaches to fabricating core/shell NCs, including 

successive ion layer adsorption and reaction (SILAR) and single source precursor (SSP) 

methods. The SILAR method is a well-developed approach used in the synthesis of core/shell 

materials. As the name illustrates, SILAR is a technique in which different precursors absorb 

onto the core layer by layer. Originally, the SILAR method was developed for depositing thin 

film onto the solid substrate until Peng’s group introduced it into the growth of high-quality 

core/shell NCs. Peng’s group reported a large scale of CdSe/CdS core/shell NCs were 

synthesized by using air-stable precursors via SILAR approach. The alternative injection of 

cationic and anionic precursors into the reaction solution avoid homogeneous nucleation of shell 
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NCs and control the shell growth monolayer by monolayer, leading to high quality core/shell 

NCs with a nearly monodisperse shell growth onto the core and high PL QYs.4, 106 (Figure 1.6) 

 

Figure 1.6 Schematic of shell growth onto a core via SILAR method.4 

4[Reprinted (adapted) with permission from {Reiss, P.; Protiere, M.; Li, L., Core/Shell semiconductor nanocrystals. Small 2009, 5 
(2), 154-68}. Copyright (2009) John Wiley and Sons Publishing] 

Single source precursor (SSP) strategy is a simple but attractive way to make a core/shell 

material. A SSP contains all the elements that are required to coat a shell, such as metal 

thiocarbamate, or a metal organic cluster. Because of the highly reactive SSP for the shell lattice, 

the temperature for the core/shell synthesis using the SSP method is usually lower than that of 

the SILAR method. In the process of CdSe/CdS core/shell NCs synthesis, cadmium 

diethyldithiocarbamate (Cd(DDTC)2) was used as a SSP to grow CdS shell onto a pre-

synthesized CdSe core under a moderate temperature (i.e., 200 ℃).107 Peng’s group reported that 

Cd(DDTC)2 as well as zinc diethyldithiocarbamate (Zn(DDTC)2) were used for shell growth of 

high quality CdSe/CdS and CdS/ZnS core/shell NCs under different range of 

temperature.5(Figure 1.7) 
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Figure 1.7 Left panel: schematic of a core/shell synthesis process by using single source 

precursor. Right panel: absorption spectra of CdSe core and the first monolayer of CdS growth 

onto the core.5  

5[Reprinted (adapted) with permission from {Nan, W.;  Niu, Y.;  Qin, H.;  Cui, F.;  Yang, Y.;  Lai, R.;  Lin, W.; Peng, X., Crystal 
structure control of zinc-blende CdSe/CdS core/shell nanocrystals: synthesis and structure-dependent optical properties. J. Am. 
Chem. Soc. 2012, 134 (48), 19685-93.}. Copyright {2012} American Chemical Society.] 

1.2.2 Interface engineering of core/shell quantum dots 

The core/shell interface plays a critical role in determining the physical and chemical 

properties. The lattice mismatch between core and shell usually generates a large strain or 

distortion within NC lattice. In epitaxial growth, the strain caused by lattice mismatch alters the 

band edges significantly.  The Nie group examined the changes of band alignment caused by 

lattice strain in CdTe/ZnSe core/shell NCs.108 The electrons and holes should be confined within 

the core and formed a type I core/shell structure based on the band alignment of their bulk 

counterparts. However, they found that a quasi-type II core/shell structure was formed because of 

the shift of the band gap in which a large lattice strain was induced during the shell passivation.  
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Interestingly, it has been found that an alloy interface can be formed between the core and 

shell in order to reduce the lattice stain. (Figure 1.8) The lattice stress at the interface of the core 

and shell arises from the lattice mismatch of two materials during epitaxial growth. The ~12% 

lattice mismatch between the wurtzite structure of CdSe and ZnS NCs generates a large lattice 

strain at the interface which causes lattice distortion and relaxation during shell growth. The 

alloyed Cd1-xZnxSe1-ySy interface is formed by vacancy formation, lattice relaxation, and ion 

migration to reduce this large lattice strain, which can influence the optical and magnetic 

properties.6  

 

Figure 1.8 Schematic of alloy formation to reduce the lattice strain within CdSe/ZnS core/shell 

NCs.6 

6[Reprinted (adapted) with permission from {Zheng, W.;  Wang, Z.;  van Tol, J.;  Dalal, N. S.; Strouse, G. F., Alloy formation at 
the tetrapod core/arm interface. Nano Lett. 2012, 12 (6), 3132-7.}. Copyright {2012} American Chemical Society.] 

Core/shell/shell NCs, also known as core/multi-shell NCs, are utilized in cases of larger 

lattice mismatches between the core and shell crystals. Therefore, an additional shell layer with 

lattice parameters intermediate between that of the core and shell are used to reduce lattice strain, 

enhance core/shell stability, and improve optical properties. For example, CdSe/CdS/ZnS and 

CdSe/ZnSe/ZnS core/shell/shell QDs were achieved with a largely improvement of crystallinity 

and stability.109  

 

 



15 
 

1.3 Doping in Semiconductor Nanocrystals 

 

Figure 1.9 Schematic of colloidal synthesis of doped NCs.7 

Introducing transition metal ions, known as dopants, into the crystal lattice is a critical 

approach to add new properties and/or enhance the optical properties of NCs. Doping with 

transition metal ions with unpaired electrons in NCs is a process that modifies the intra energy 

band alignment within the NCs so as to expand their wide range of interesting spintronic and 

magnetic properties.110-115 Doped NCs with various doping levels can be obtained through a 

colloidal synthetic approach. (Figure 1.9) This process involves heating a solution of organic 

ligands, dopant precursor, and host cation/anion precursors in a flask and controlling the reaction 

time and temperature to achieve a controllable size and morphology of the resulting doped NCs.7 

Impurity atoms can be incorporated into the crystal lattice with a high concentration, up to their 

solubility limit, such as 10% or more doping concentrations in Mn doped II-VI semiconductors. 

116 However, a few percents doping concentration can affect the properties of the NCs 

significantly. For example, Banin et al. reported enhancing optical properties by Ag and Cu 

doping in InAs NCs, which can be applied to transistors and solar cells.117 Another advantage is 

that doped NCs could have improved photo and thermal stability.9   
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1.3.1 Doping for modified and enhanced optical and electronic properties 

Incorporating a transition-metal ion into a semiconductor host typically could result in the 

creation of a dopant-related energy level within the mid-gap region of the host. These mid-gap 

states play a pivotal role in causing significant alterations to the material properties, with the 

characteristics of these mid-gap states predominantly influencing the properties exhibited by a 

doped semiconductor nanocrystal.118, 119 For instance, the luminescence observed in Cu-doped 

ZnSe NCs is attributed to a localized deep trap state bound to the dopant ion, while the 

plasmonic properties in Cu2+ doped Cu2S (Cu2-xS) NCs are governed by holes occupying 

delocalized states.120, 121 In many doped NCs, dopants will exhibit a Poisson distribution within 

the NC ensemble. To control the radial position of Mn dopants in the CdS/ZnS core/shell QDs, 

Cao’s group developed a stepwise doping strategy including nucleation/growth of core QDs, 

dopant growth, and shell coating.122 By introducing Mn dopant ions into the core, at the 

core/shell interface, or in ZnS shell of the core/shell QDs, different optical properties and PL 

QYs were obtained.12 Son et al. reported that the energy transfer dynamics and charge carrier 

localization in doped NCs was highly dependent on the doping location and concentration,123 

which indicates the host-to-dopant energy transfer efficiency can be finely tuned by the depth of 

Mn dopants in the ZnS shell of the CdS/ZnS core/shell QDs.  

Pristine semiconductor NCs exhibit size-dependent absorption and emission behavior, 

usually with small Stoke shifts, which leads to significant spectra overlap between absorption 

and emission spectra. The spectra overlap causes self-absorption of emission by other NCs in the 

ensemble, which leads to low PL QYs of the NCs.109, 124 Doped NC could minimize the self-

absorption effect due to the host to dopant energy or electron transfer, where the dopant emission 

usually occurs on a longer wavelength size with reduced or zero overlap with the host absorption 



17 
 

spectra.125, 126 Mn2+ ions have been widely studied as dopants for semiconductor NCs since the 

first successful incorporation of Mn2+ ions into a nanocrystalline ZnS lattice was reported by 

Bhargava et al. in 1994.125 A scheme of the interstate band alignment after Mn2+ doping into a 

CdS lattice is shown in scheme 1.2.  A modified light emission occurred because of the energy 

transfer from the host lattice to the electronic states of the Mn2+ ions, leading to a broad yellow-

orange dopant emission in the ~500 - 700 nm region. 110, 127 As a paramagnetic impurity, the Mn 

emission is caused by energy transfer from spin forbidden 4T1 to 6A1 state, with significantly 

longer lifetime (~ms) compared with that of host semiconductor NCs (~ns).115, 128-132 

 

Scheme 1.2 (a-b) Schematic of the interstate band alignment (c) The corresponding optical 

absorption and emission spectra of the Mn2+ doped CdS NCs.14, 17 

14[Reprinted (adapted) with permission from {Hofman, E.;  Khammang, A.;  Wright, J. T.;  Li, Z. J.;  McLaughlin, P. F.;  Davis, 
A. H.;  Franck, J. M.;  Chakraborty, A.;  Meulenberg, R. W.; Zheng, W., Decoupling and Coupling of the Host-Dopant Interaction 
by Manipulating Dopant Movement in Core/Shell Quantum Dots. J. Phys. Chem. Lett. 2020, 11 (15), 5992-5999.}. Copyright 
{2020} American Chemical Society.] 

17[Reprinted (adapted) with permission from {Hofman, E.;  Robinson, R. J.;  Li, Z. J.;  Dzikovski, B.; Zheng, W., Controlled 
Dopant Migration in CdS/ZnS Core/Shell Quantum Dots. J. Am. Chem. Soc. 2017, 139 (26), 8878-8885.}. Copyright {2017} 
American Chemical Society.] 

As the ligand shell induces significant strain in doped QDs. Pradhan et al. found that the 

Mn emission could be tuned from 565 nm to 610 nm by altering the outer ligand shell and the 

dopant’s position within the QDs.133 If Mn atoms are located closer to the surface, a red shift in 

Mn emission could be observed. Nag et al. tuned the Mn emission from 580 nm to 620 nm by 

adjusting the distance of the Mn center from the surface.134 The emission maximum from a Mn 
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dopant center situated in different location within a QD is expected to shift due to the variation in 

local strain, resulting in a broader linewidth for the ensemble QDs. In addition, the tunable lattice 

strain offers the possibility of adjusting the Mn emission, especially in the QDs due to their large 

surface-to-volume ratio. For example, the Nie group found that lattice strain can significantly 

change bandgap energies when a ZnSe shell is epitaxially grown onto a CdTe core, which leads 

to largely changes in band alignment and optical properties.108 In their bulk form, CdTe/ZnSe 

heterostructures typically exhibit a type-I structure based on the band alignment. However, at the 

nanoscale, the growth of a ZnSe shell applies a strong compressive force onto the CdTe core due 

to the large lattice mismatch (5.668 Å in ZnSe, and 6.482 Å in CdTe). This results in the 

compression of the CdTe lattice and an expansion of the ZnSe lattice to reduce the lattice strain, 

leading to a quasi-type II core/shell band alignment. Ithurria et al. studied the effects of shell 

applied pressure within Mn doped CdS/ZnS heterostructures varied by different shell thicknesses 

and doping depths. Different shell pressure around a Mn dopant center could affect the crystal 

field splitting energy of dopant ion energy level,135, 136 and consequently, the position of the Mn 

PL can be tuned by varying the shell thickness. In their work, the Mn dopant ions were 

incorporated with various radial positions between 1.65 and 3.3 nm by controlling ZnS shell 

thickness between CdS core and Mn dopants from 0 to 6 monolayer(s). 

The incorporation of transition metal dopant ions into semiconductors introduces novel 

magnetic characteristics to the crystal structure, leading to the formation of dilute magnetic 

semiconductor (DMS) NCs. These are known for their substantial magneto-optical effects, which 

arise from the strong sp-d exchange interactions between the host carriers and transition dopant 

ions.137 Consequently, the utilization of paramagnetic transition metal dopants in semiconductor 

nanomaterials has significant interest because of their potential applications in the field of 



19 
 

spintronics and quantum information processing. Efros et al., theoretically studied the voltage-

controlled spin valves for applications in single spin nanomaterials.138 Gamelin’s group reported 

the observation of carrier mediated ferromagnetic interactions in Mn doped ZnO NCs.139, 140 

They demonstrated that manganese-doped zinc oxide NCs exhibit a substantial, reversible 

increase in magnetization at room temperature when electrons are added. This increasing 

magnetization originates from new ferromagnetic coupling between Mn ions overcoming the 

inherent antiferromagnetic interactions from the nearest neighbor Mn dopants. Despite small 

electron-manganese exchange energies, this pronounced magnetization effect arises through 

competing electron-mediated ferromagnetic couplings between Mn2+ ions within individual 

NCs.139 

1.3.2 Synthetic methodology of doped Nanocrystals 

The modification and/or improvement of properties in NCs from the introduction of 

dopants is only possible when the effective dopant incorporation occurs. Effective doping refers 

to the dopants substituting host atoms within a crystal lattice rather than simply being absorbed 

onto the surface. When dopants are merely absorbed on the surface, self-purification and/or 

dopant ejection can occur due to the higher formation energy of impurity incorporation compared 

to bulk materials, which result in undopable NCs.141 

The synthetic methodology for doped NCs can vary depending on the specific dopant, 

host material, desired properties, and the targeted application. Dopants can be simply induced 

into a lattice by co-precipitation methods, in which dopant precursors are added to the reaction 

mixture along with the precursors for the host material. The reaction conditions are adjusted to 

promote the incorporation of dopant ions into the growing NCs. Dopant ions can be incorporated 

into semiconductor NCs through several advanced colloidal synthetic approaches, such as using 
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single source precursors,142-144 doping during nanocrystal nucleation10, 133  and/or growth122, and 

diffusing dopant ions into the nanocrystal lattice post-synthesis.16, 145 (Scheme 1.3) 

 

Scheme 1.3 Schematic of general strategies of doped NC. Schematic representation of (a) single 

source precursors, (b) nucleation-doping, (c), growth-doping, and d) diffusion doping. Red and 

orange dots represent dopant ions and precursors. Green dots represent host precursors and ions. 

Among the various strategies for NC doping, the single-source precursor (SSP) approach 

enables a controlled and systematic transformation through thermal decomposition of 

metalloorganic molecules containing both cations and anions within a complex. Through a 

straightforward heating process, the SSP undergoes thermal instability, leading to its 
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decomposition and the subsequent formation of NCs. The strategic design of the SSP method 

allows for precise control over the resulting NCs' stoichiometry, phase, and morphology. A 

critical consideration with SSP reaction involves comparing the binding energy between the 

inorganic NC elements and the binding energies between the metalloorganic complex and 

coordinating ligands. If the binding energy of the NC is similar and/or falls below that of 

metalloorganic complex to coordinating ligands, there is a risk of nonselective decomposition, 

potentially hindering the formation of NCs.107, 143, 146 Zheng et al. reported that Cr-doped ZnSe 

QDs could be achieved by using a Li4[Zn10Se4(SePh)16] SSP. The SSP reacted with added dopant 

precursor and ligands at a high temperature to produce dispersive spherical doped QDs with 

doping level of 0.4% - 4.0%.142 Besides doping transition metal ions into chalcogenide 

semiconductor NCs, the SSP approach could also be used in the incorporation of dopant 

lanthanide ions in II-VI NCs.  A successful doping of Ce3+ and Eu2+ in monodisperse ∼10 nm 

colloidal SrS NCs by using strontium diisopropyldithiocarbamate (Sr(DPTC)2), cerium 

diethyldithiocarbamate (Ce(DDTC)4) (for Ce3+:SrS NCs), and europium diethyldithiocarbamate 

(Eu(DDTC)4) (for Eu2+:SrS NCs) combining ion diffusion doping and growth doping was 

reported.8 (Figure 1.10) Using the same strategy, replacing the Sr(DPTC)2 SSP with calcium 

diisopropyldithiocarbamate (Ca(DPTC)2), together with dopant SSP, Ce(DDTC)4 and 

Eu(DDTC)4, Ce3+:CaS and Eu2+:CaS NCs were obtained.  
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Figure 1.10 Schematic illustration of the synthesis of Ce3+:SrS NCs and Eu2+:SrS NCs. Top: the 

synthesis of Ce3+:SrS NCs using SSP approach. Bottom: the synthesis of Eu2+:SrS NCs using 

SSP with ion diffusion doping strategy.8 

8[Reprinted (adapted) with permission from {Zhao, Y.;  Rabouw, F. T.;  Puffelen, T. v.;  Walree, C. A. v.;  Gamelin, D. R.;  de 
Mello Donegá, C.; Meijerink, A., Lanthanide-Doped CaS and SrS Luminescent Nanocrystals: A Single-Source Precursor 
Approach for Doping. J. Am. Chem. Soc. 2014, 136 (47), 16533-16543.}. Copyright {2014} American Chemical Society.] 

Peng’s group developed nucleation-doping and growth-doping approaches for controlling 

dopant location within NCs.11 (Figure 1.11) For the nucleation-doping approach, a dopant 

precursor (i.e., manganese stearate) and selenium in tributyl phosphine were mixed in an amine-

rich solution and reacted under a high temperature to form MnSe nuclei. The reaction was slow 

and gradually occurred within a few hours to changing the solution color yellow after the 

addition of zinc acetate, which indicates a ZnSe shell or interface formed onto the MnSe core.11 

Mn doped ZnSe NCs were obtained through adjusting shell growth temperature and precursor 

reactivity, due to Mn ions diffusing towards the shell. For the nucleation doping strategy, the 

reaction conditions, such as temperature and reaction time, and precursor reactivity can be 

controlled so that dopant ions nucleate first to form a small core, followed by growth of the host 
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lattice as the shell. This method produces an initial small ZnSe host NCs. Subsequently, dopant 

precursors Cu ions are introduced into the core to form Cu:ZnSe without further growth of the 

host. The regrowth of the ZnSe core encapsulates the dopant ions within the host lattice, 

ultimately yielding center doped NCs.11  

 

Figure 1.11 Different doping process for Mn doped NCs. (a), the dopants were introduced with 

host precursors together at the start of the reaction. (b), dopants were introduced before the 

nucleation of host. (c), dopants were introduced into a shell during the shell growth. 9-12 

9[Reprinted (adapted) with permission from {Pradhan, N.; Sarma, D. D., Advances in Light-Emitting Doped Semiconductor 
Nanocrystals. J. Phys. Chem. Lett. 2011, 2 (21), 2818-2826.}. Copyright {2011} American Chemical Society.] 

10[Reprinted (adapted) with permission from {Norris, D. J.;  Yao, N.;  Charnock, F. T.; Kennedy, T. A., High-Quality Manganese-
Doped ZnSe Nanocrystals. Nano Lett. 2001, 1 (1), 3-7.}. Copyright {2001} American Chemical Society.] 

11[Reprinted (adapted) with permission from {Pradhan, N.;  Goorskey, D.;  Thessing, J.; Peng, X., An alternative of CdSe 
nanocrystal emitters: pure and tunable impurity emissions in ZnSe nanocrystals. J. Am. Chem. Soc. 2005, 127 (50), 17586-7.}. 
Copyright {2005} American Chemical Society.] 

12[Reprinted (adapted) with permission from {Yang, Y.;  Chen, O.;  Angerhofer, A.; Cao, Y. C., Radial-position-controlled doping 
in CdS/ZnS core/shell nanocrystals. J. Am. Chem. Soc. 2006, 128 (38), 12428-9.}. Copyright {2006} American Chemical 
Society.] 

The precise control of dopant concentration, dopant distribution, and dopant location are 

critical for all doping strategies, which could finely manipulate the electronic, optical, and 

magnetic properties of the materials. The control of the dopant location and distribution is very 

challenging and yet to be fully studied and developed. It is critical to develop synthetic 
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methodologies to precisely tune the dopant sites/distribution in a NC lattice. However, traditional 

doping methods, such as cation exchange and dopant diffusion, typically generated a random 

distribution of dopants within doped nanomaterials, which make it more difficult to precisely 

predict and/or examine the relationship between dopant location and properties; randomly 

distributed dopants prevent a high-level of control over the optical, electronic, and magnetic 

properties of nanomaterials. To control the dopant location inside NCs, Cao’s group developed a 

three-step growth doping approach to precisely control dopant radial positions within CdS/ZnS 

core/shell NCs, which is determined by the diameter of the starting host materials and the 

controlled shell thickness.12, 147 For the growth-doping strategy, at first small host CdS NCs were 

synthesized following by the lowering temperature for the reaction; under the lower temperature, 

the single molecular precursor (i.e., Mn(S2CNEt2)2) was introduced into the solution for growth 

on the surface without further growth of the host particles. After that, either further shell growth 

or regrowth of host NCs could be applied. Host particles, i.e., CdS or CdS/ZnS NCs, were 

synthesized as the first step, and then Mn dopants were introduced on the surface of the host 

particles to form Mn doped NCs, followed by the shell growth step. By using this three-step 

strategy, Mn dopants could be placed inside the core, on the core/shell interface, and in the shell. 

(Figure 1.12) Later, Son’s group explored the energy transfer dynamics between a differently 

located dopant ion and host particles.123 They found that the energy transfer rate of exciton to Mn 

dopant was strongly dependent on the dopant location, with results showing the strongest energy 

transfer rate when the dopant ions were located the closest to the core.  
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Figure 1.12 A scheme of Mn-doped CdS/ZnS core/shell NCs show a change of PL QYs with 

different Mn positions: Mn dopants be located (a) inside the CdS core, (b) at the core/shell 

interface, and (c) in ZnS shell.12 

12[Reprinted (adapted) with permission from {Yang, Y.;  Chen, O.;  Angerhofer, A.; Cao, Y. C., Radial-position-controlled doping 
in CdS/ZnS core/shell nanocrystals. J. Am. Chem. Soc. 2006, 128 (38), 12428-9.}. Copyright {2006} American Chemical 
Society.] 

Diffusion doping originates from cation exchange reactions, where incoming dopant 

cations can replace existing cations in the solid if the dopant concentration and ligands permit. 

Ion diffusion doping can be considered a type of growth doping, where dopant diffusion is 

required for incorporation of the dopant ions into the host lattice rather than just surface 

adsorption. In the cation exchange method, pre-synthesized host NCs are immersed in a solution 

containing dopant ions. The dopant ions replace the host ions in the NC lattice through ion 

exchange reactions. This method allows precise control over the doping concentration by 

adjusting the duration and conditions of the ion exchange process. However, cation exchange 

doping has only been achieved for a small subset of rapidly diffusing cation pairs. For some 
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cations with a slower diffusion rate, such as Mn2+, the reaction requires elevated temperatures 

that lead to severe Ostwald ripening and loss of nanocrystal morphology.148 Recent studies on 

nanomaterials have shown that ions can diffuse much faster and at lower temperatures in NCs 

compared to their bulk counterparts.149, 150 This rapid diffusion kinetics results from the high 

surface-to-volume ratio and decreased activation energy for nucleation in nanomaterials. For 

efficient diffusion doping, two conditions must be satisfied: the lattice must be sufficiently 

dynamic to enable true mixing rather than solely heterostructure formation, and 

interparticle/intraparticle mass transfer must be prevented.16 The Gamelin group synthesized 

high-quality colloidal Cd1-xMnxSe NCs by using the newly developed diffusion doping method.16 

The Cd1-xMnxSe NCs with negligible Ostwald ripening and crystallographic phase were obtained 

due to Mn2+ ions diffusing into the lattice through the controlling of the solution and lattice 

chemical potentials of cations.  

1.3.3 Characterization of doped nanocrystals 

Characterizing doped NCs, including dopant concentration and location inside NCs 

(surface site, core site, and specific depth), is essential for understanding their structural, optical, 

electronic, and magnetic properties. Several characterization techniques, including optical 

spectroscopy, electron paramagnetic resonance spectroscopy (EPR), X-ray diffraction (XRD), 

inductively coupled plasma-atomic emission spectroscopy (ICP-OES) or inductively coupled 

plasma-mass spectroscopy (ICP-MS), and transmission electron microscopy (TEM), can provide 

valuable insights into the nature and properties of doped NCs. For example, ICP can provide the 

type and concentration of dopant ions, while EPR can reveal the oxidation and spin state of 

paramagnetic dopants. However, there is no single technique that can provide all information on 

the dopants and doped NCs. Therefore, a combination of analytical tools is usually employed to 
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provide detailed information about the composition and structure of doped NCs as well as their 

properties.   

UV-Vis absorption spectroscopy and photoluminescence (PL) spectroscopy are 

commonly employed to investigate the optical properties of doped NCs in a wide range of 

wavelengths. For example, in Mn doped NCs, there is a 600 nm PL usually observed from Mn 

dopants as the result of the host-to-dopant energy transfer.110, 126, 151 These techniques provide 

information about the absorption and emission characteristics, energy levels, and PL QYs of the 

doped NCs. 

X-ray diffraction (XRD) is used to determine the crystal structure, crystallinity, and 

lattice parameters of doped NCs. By analyzing the diffraction patterns, information about the 

dopant incorporation, crystal phase, and crystalline quality can be obtained. The lattice 

contraction and expansion due to the presence of dopant atoms can be identified by XRD 

patterns. For example, the incorporation of small substitutional Mn dopants (80 pm) into the Cd 

sites (92 pm) of CdS NCs leads to the shift of XRD peaks to higher angle due to lattice 

contraction arising from shorter Mn-S bonds compared to Cd-S bonds.17 In aluminum (Al) doped 

ZnO NCs, due to the large size differences between Al3+ (53 pm) and Zn2+ (74 pm), lattice 

contraction is observed when substitutional doping occurs, while lattice expansion would be  

expected for the interstitial doping.152, 153 Besides, XRD diffraction peak position gives the easy 

way to calculate the sizes of NCs (diameter) by using Debye-Scherrer equation.154 

𝐿 =
ఒ

 ୡ୭
                                                                                                 (eq. 1.4) 
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Where L is the coherence crystalline length of the particle, B represents the full width at 

half maximum (FWHM), k represents the Scherrer constant (0.98), λ stands for the wavelength 

of X-ray. 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive technique that provides 

information about the elemental composition and chemical states of atoms present on the surface 

of doped NCs. It can be used to investigate the presence and chemical environment of dopant 

atoms, as well as their oxidation states.106, 155 X-ray absorption fine structure (XAFS) is also a 

powerful tool to interrogate the local coordination environment of the dopant ions, providing 

valuable information regarding the distance between elements of interest and surrounding atoms, 

as well as granting aspects pertaining to local lattice perturbations caused by lattice mismatch(s). 

In addition, XAFS studies allow us to probe the electronic and atomic structure of each element 

within the NCs, and use changes in signal to validate the dopant migration to the surface or 

interface region.117, 156-158 For example, using extended X-ray absorption fine structure (EXAFS) 

spectroscopy to illustrate the nature of the interface in a core/shell NC with dopant serve as an 

internal probe, i.e., Cu doped CdSe/CdS core/shell QDs, is a direct technique to study the local 

structure and microenvironment around a dopant.159  

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) can 

provide size, shape, and internal structure of NCs. High-resolution TEM (HRTEM) can further 

reveal the lattice structure and defects within the NCs, which allow it to be a universal tool to 

clarify the size distribution and morphology.117, 160-162 Additionally, electron energy loss 

spectroscopy (EELS) and energy-dispersive X-ray spectroscopy (EDS) techniques can be 

employed in conjunction with TEM to analyze the elemental composition, electronic structure 

and local chemical bonding environment.163 It can reveal the presence of dopant atoms within the 
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NC lattice and provide insights into their distribution and ordering. EDS provides rapid survey 

analysis to determine elemental composition. However, EELS offers more detailed information 

about chemical bonding and phases.163, 164 

Electron paramagnetic resonance (EPR) spectroscopy has been used to study the electron 

spin resonance of paramagnetic dopants in doped NCs. EPR can provide information about the 

local magnetic environment, spin interactions, and defects in the NC lattice. The EPR spectra of 

dopant ions in NCs can provide insights into their local environment and coordination. The 

spectral parameters, such as g-factor and hyperfine splitting, can provide information about the 

symmetry, bonding, and coordination of the dopant ions within the NC lattice. EPR could also 

provide additional information about dopant concentration and defects on the surface. For 

example, in Mn2+ ions doped II-IV chalcogenide semiconductors, EPR spectra consists of a 

sextet hyperfine splitting pattern arising from the S = 5/2, I = 5/2, L = 0 ground state (6A1) for 

Mn2+ ions represents Mn ions occupying an approximate tetrahedral sites in a II-IV lattice as 

shown in figure 1.13.13, 165 The distinguish g- and A-values could be assigned to different Mn2+ 

microenvironment, occupying the surface or core of the QDs.13, 166 The different g-value and A-

values stand for unique crystal fields which could represent Mn ions were incorporated into a 

different cation site.6 For examples, the g-values for CdS (g = 2.0029),167 CdSe (g = 2.003),168 

ZnS (g = 2.002),169, 170 ZnSe (g = 2.0024),171 and the A-value for CdS (A = 69.4 G), CdSe (A = 

65.9 G), ZnS (A = 68.2 G), ZnSe (A = 64.3 G).6, 172 Whereas the large hyperfine splitting 

constant, like 90 G, correspond to isolated Mn with different bonding environments present near 

the surface.170, 173 The broad signal in EPR originates from the dipole-dipole interactions between 

Mn2+ ions and the increasing Mn concentration make its relative contribution increase.165, 174 
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Figure 1.13 (A) A scheme of Mn ions doping into the core and surface site in a Mn:CdSe QD. 

(B) Schematic illustration of a sextet hyperfine splitting pattern arising from the S = 5/2, I = 5/2, 

L = 0 ground state (6A1) for Mn2+ ions occupying an approximate tetrahydro site in CdSe 

lattice.13 

13[Reprinted (adapted) with permission from {Zheng, W.;  Wang, Z.;  Wright, J.;  Goundie, B.;  Dalal, N. S.;  Meulenberg, R. W.; 
Strouse, G. F., Probing the Local Site Environments in Mn:CdSe Quantum Dots. J. Phys. Chem. C 2011, 115 (47), 23305-
23314.}. Copyright {2011} American Chemical Society.] 

There are many challenges to precisely probe the dopant location or the dopant site. 

Under some conditions, such as a very low dopant concentration in small NCs, there are 

significant challenges for the analysis for doped NCs, especially mapping the dopant distribution 

inside NCs.   

1.4 Dopant Diffusion and Migration Behaviors within Nanocrystals 

Incorporating dopants is a fascinating method to modify and improve the optical, 

electrical, and magnetic properties of the resulting NCs. Since Bhargava et al. published their 

report on Mn doping in semiconductor ZnS hosts showing a significant increase in dopant 

emission intensity in 1994,125 there have been many efforts to dope various transition metal ions 

(such as Mn, Cu, Co, Ni, etc.) into different II-VI semiconductor hosts.127, 175-178In addition to the 

physical and chemical properties of dopants, the dopant location and distribution can 

significantly affect the final properties of doped NCs because of the distance-dependent host-
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dopant coupling. The specific dopant location-dependent properties can vary depending on the 

type of host lattice, dopant, and the doping concentration. Dopants located at specific lattice sites 

can introduce energy levels within the bandgap, affecting the electronic structure and modifying 

the material's conductivity and/or semiconducting behavior. Dopant location can also influence 

charge carrier mobility and recombination rates, impacting the material's overall electronic 

performance. For example, in many QD systems, the QYs of the Mn dopant PL peak around 600 

nm are heavily dependent on dopant sites and distribution inside the host lattice. The host-dopant 

energy transfer by the overlap of exciton wavefunctions of the host lattice and the dopant can 

lead to new optical properties of doped QDs, which have been found to be heavily dependent on 

dopant sites and distribution inside the host lattice. Cao et al. found that the optical properties of 

Mn doped CdS/ZnS core/shell NCs is dopant location-dependent which strongly related to the 

radial-position of the Mn with the assumption of no doping migration in the core/shell NCs.  

Without considering more complicated dopant-dopant interactions and potential phase 

segregation, several elemental processes including surface adsorption, dopant 

diffusion/incorporation, and dopant ejection could be involved during the doping procedure, 

which significantly affect the dopant location and distribution within the lattice.179  

Impurities may not be successfully introduced into specific lattice due to the process of 

self-purification, an intrinsic mechanism where impurities are expelled from the lattice. For 

example, Mn ions can be introduced into a ZnSe NC lattice at high concentrations but 

introducing any concentration of Mn ions to a CdSe lattice is difficult.10, 173 The initial adsorption 

of dopants onto the nanocrystal surface is influenced by the surface morphology, nanocrystal 

shape, and ligands present in the growth solution.110 In a kinetic model, the binding energy of 

dopants with surface ions is the key factor that determine the success of a doping process. For 
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Mn doped in II-VI semiconductors, the zinc blend crystal structures allow for more effective 

doping than wurtzite or rock-salt structures due to the binding energy for Mn doping being the 

largest with the (001) plane of Zinc blend compared with wurtzite or rock-salt lattices.10, 125, 180 

For the lower binding energy in wurtzite structure, polychalcogenide precursors are required to 

form pre-bonded Mn ions in clusters which would induce a more complicated growth 

mechanism.143, 173 In our group’s previous work, the temperature- and host composition- 

dependent dopant migration and ejection process within CdS/ZnS core/shell NCs was studied. It 

was found that Mn migration toward the CdZnS alloyed interface of the CdS/ZnS core/shell QDs 

below a temperature boundary (Tb) at ~200 °C, weakens the host-dopant interactions. However, 

above Tb, dopant ejection can occur accompanied by global alloying of QDs (i.e., CdZnS QDs). 

Surprisingly, re-strengthened host-dopant coupling was observed even with a decreased doping 

concentration, which could be understood as the nearly flat band alignment of the globally 

alloyed of QDs.14 (Figure 1.14) 

 

Figure 1.14 Mn doping concentration in Mn doped CdS core and CdS/ZnS core/shell QDs 

during the shell coating process. Inset: Schematic illustration of three time dependent stages 
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related to dopant behavior. stage 1: dopant replacement during shell coating, stage 2: dopant 

migration toward the alloy interface when temperature is below Tb, and stage 3: dopant ejection 

when temperature is above Tb.14  

14[Reprinted (adapted) with permission from {Hofman, E.;  Khammang, A.;  Wright, J. T.;  Li, Z. J.;  McLaughlin, P. F.;  Davis, 
A. H.;  Franck, J. M.;  Chakraborty, A.;  Meulenberg, R. W.; Zheng, W., Decoupling and Coupling of the Host-Dopant Interaction 
by Manipulating Dopant Movement in Core/Shell Quantum Dots. J. Phys. Chem. Lett. 2020, 11 (15), 5992-5999.}. Copyright 
{2020} American Chemical Society.] 

1.4.1 Dopant ion or atom diffusion in solid lattice 

 Ion or atom diffusion in a solid lattice involves the movement (hopping) of a cation or 

atom from one lattice site to another through lattice vacancies, interstitial sites, or grain 

boundaries. In vacancy diffusion mechanism, a dopant moves through the crystal lattice by 

hopping from one lattice site to a nearby vacant site. Interstitial diffusion occurs when ions or 

atoms move into interstitial sites between existing lattice atoms. Grain boundary diffusion 

involves the movement of ions or dopants along the boundaries between adjacent crystalline 

grains (Figure 1.15).15 The most investigated mechanism for ion diffusion in solid lattice is the 

cation exchange reaction for the synthesis of nanomaterials.181-183 Cation exchange reactions 

provide a method to selectively replace cations in preformed NCs with desired guest cations. 

These reactions allow for the size, shape, and anion framework of the NCs to be retained while 

exchanging the cations.184 Therefore, cation exchange reactions were studied widely on III-V, II-

VI, and IV-VI semiconductor NCs, especially for NCs that do not have a more traditional 

synthetic route. 
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Figure 1.15 Schematic illustration of intrinsic point defects in a crystal of composition.15 

MX: (a) Schottky pair; (b) perfect crystal; (c) Frenkel pair.  

15[Repurposed with permission from Taylor & Francis Group LLC - Books © 2016] 

In a perfect NC, all atoms would be arranged in their ideal lattice position based on the 

crystal structure; however, this can only exist at the absolute zero of temperature (0 K). Under 

any real temperature above 0 K, defects occur in the NCs. The imperfections in the crystal 

lattice, such as vacancies, impurities, interstitials, and/or crystallographic dislocations will 

improve the occurrence of defects. Dopant atoms may replace host atoms at lattice sites, leading 

to substitutional defects. In semiconductors, the introduction of dopants causes the formation of 

extrinsic defects within the crystal lattice, as well as lattice strains resulting in distortion due to 

the size mismatch between host lattice sites and dopants. The presence of dopants can further 

alter the local atomic environment, and disrupt the ideal crystal structure, giving rise to defects 

such as vacancies, dislocations, or stacking faults. For example, after adding Ca2+ ions to a NaCl 

crystal, two Na+ ions could be replaced by one Ca2+ ion, leading to one cation vacancy 

formation.15  
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1.4.2 Diffusion kinetics and thermodynamics (T, E, C) 

Understanding the thermodynamic behavior underlying dopant migration is 

fundamentally important in materials science, solid-state physics, and device engineering. The 

thermodynamics of dopant diffusion and migration governs the energetics and kinetics of the 

migration process, including factors such as temperature, concentration gradients, defect 

interactions, and lattice structure.179, 185, 186 Studying these thermodynamic aspects provides 

valuable insights into the mechanisms and driving forces behind dopant migration. Ion diffusion 

becomes more fascinating in nanomaterials where there is an increase in surface area and 

surface-to-volume ratios at the nanoscale, which influences the diffusion kinetics significantly.15, 

187, 188 As the dimensions of materials shrink to the nanoscale, the available diffusion paths within 

lattices become shorter, leading to accelerated diffusion rates.  

The significant amount surface atoms in nanomaterials lead to a higher surface energy 

compared to their bulk counterparts, which is the excess energy at the surface compared to the 

interior atoms. Surface energy increases with the particle size decreases, altering the overall 

energetics of the nanomaterial; this can stabilize certain phases that are not thermodynamically 

preferred in bulk materials. Compared to the bulk, the large surface-to-volume ratio of 

nanoparticles possess a substantial fraction of surface atoms, leading to these altered 

thermodynamic behaviors. For example, a tunable equilibrium composition of Cd1-xMnxSe NCs 

could be prepared under thermodynamic control instead of kinetic control due to the kinetic 

mismatches between Mn2+ and Cd2+ chemistries.181 Mn2+ ions can be controlled to diffuse into 

CdSe NCs without significant Ostwald ripening by managing the chemical potentials of Cd2+ and 

Mn2+ in the solution and lattice (Figure 1.16).181, 185 Under thermodynamic control, the diffusion 

of impurities is controlled in a quasi-equilibrium condition, driven by entropy. But under kinetic 
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control, impurities were co-added with host ions, partially binding onto the surface through 

competition with host ions, eventually to be internalized in the lattice via further lattice growth. 

In addition, the high energy density of interfaces in nanomaterials contributes to thermodynamic 

effects. Interfaces have excess free energy, which must be considered in predicting phase 

equilibria. Interfacial free energy and stresses arising from lattice mismatches at internal 

interfaces can stabilize or destabilize certain phases in nanomaterials. For example, kinetic and 

thermodynamic stability allow nanomaterials to maintain metastable phases for various 

applications.  

 

Figure 1.16 Introduction of dopant ions into the host lattice under (a) kinetic control and (b) 

thermodynamic control.16 

16[Reprinted (adapted) with permission from {Vlaskin, V. A.;  Barrows, C. J.;  Erickson, C. S.; Gamelin, D. R., Nanocrystal 
diffusion doping. J. Am. Chem. Soc. 2013, 135 (38), 14380-9.}. Copyright {2013} American Chemical Society.] 

Dopant diffusion occurs within a lattice with appropriate conditions, including doping 

concentration, interlayer properties, and reaction/annealing temperature. When such dopants 
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show low-temperature diffuse behavior, they could be defined as ‘fast diffusers’ with a larger 

diffusion coefficient. The diffusion coefficient is defined by the Arrhenius equation,  

𝐷 = 𝐷𝑒(ି
ாೌ

ோ்ൗ )                                                                             (eq. 1.5) 

Where D0 is the pre-exponential factor, Ea is the activation energy, R is the universal gas 

constant, and T is the absolute temperature.189 Rehman et al. studied the diffusion of Mn ion 

dopant into ZnS nanostructures and revealed that the diffusion rate of Mn ion is varied due to 

competition with the growth rate of the NCs.190 They estimated the diffusion length of Mn using 

equation 1.6. In the equation, a denotes the step size of Mn ion in ZnS lattice, and Es is the 

diffusion activation energy. The diffusion rate is proportional to the temperature and 

disproportionate with activation energy.  

𝑋 =
ଵ

 √ଶ
 𝑎𝑒(ି

ாೞ
ோ்ൗ )                                                                                          (eq. 1.6) 

The diffusion rate of Mn ions within NCs could be considered as negligible under a 

typical growth temperature of NCs, i.e., around 300 ℃.  Jamil and Shaw reported that Mn ions 

diffusion in CdTe NCs is only 0.1 to 0.3 nm after 1 hour at 300 °C.110, 187 Under the general 

colloidal synthesis route, which typically range between 200 and 300 °C, dopant diffusion in 

solid NC lattices is a very slow process.  

1.4.3 Dopant migration behavior in doped core/shell quantum dots 

Dopant migration can significantly affect the properties and performance of doped 

core/shell QDs. Dopant migration is the directional diffusion of dopants within a crystalline 

lattice. Our group has pioneered the research of dopant migration behaviors in semiconductor 

NCs to achieve the precise control of the dopant location inside core/shell NCs.14, 17, 65 In 2017, 

Hofman et al. found that the Mn(II) dopant migration could be facilitated by forming an alloyed 
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interface (i.e., CdZnS) between the CdS core and the ZnS shell inside the core/shell NCs, which 

reduce the lattice strain caused by the large lattice mismatch (13%) (Figure 1.17).17  

 

Figure 1.17 Schematic illustration of Mn dopant ions migration from CdS core lattice toward 

CdZnS alloy interface to reduce the lattice strain.17  

17[Reprinted (adapted) with permission from {Hofman, E.;  Robinson, R. J.;  Li, Z. J.;  Dzikovski, B.; Zheng, W., Controlled 
Dopant Migration in CdS/ZnS Core/Shell Quantum Dots. J. Am. Chem. Soc. 2017, 139 (26), 8878-8885.}. Copyright {2017} 
American Chemical Society.] 

It was found that Mn dopant migration towards the alloyed interface formed between the 

CdS core and the ZnS shell inside CdS/ZnS core/shell QDs is driven thermodynamically to 

reduce the lattice strain caused by cationic mismatch between the dopant and host cationic sites. 

During the shell passivation process, outward dopant migration led to weakened host-dopant 

coupling due to the larger effective separation between exciton and dopant ions. (i.e. smaller 

wavefunction overlap between exciton and dopant ions).14, 17 This discovery indicates 

manipulating dopant location is highly possible by tuning the local NC lattice parameter and 

composition. Although the dopant ion migration was found to be thermodynamically driven in 

CdS/ZnS core/shell QDs, whether the dopant migration can be further controlled by intentionally 

inserted shell(s) with less size mismatch with dopant is still unknown. 



39 
 

1.5 Summary 

1.5.1 Questions remained and challenges of directional dopant migration in nanocrystals 

The migration behavior of dopants in nanomaterials, such as II-IV chalcogenides, still 

provides several questions, despite several reports on the subject.181, 186, 187, 189-194 While the 

temperature and lattice mismatch between dopants and host substitutional sites were found to 

affect dopant migration behavior in a few selective semiconductor NCs, the mechanisms 

governing dopant diffusion are not yet fully understood. Carefully designing synthetic 

approaches and post-synthetic treatment processes is critical for precisely controlling doping 

level and dopant distribution. However, optimizing parameters such as temperature, reaction 

time, the nature of precursors, and the interactions arising from surface defects and environment 

is challenging.  Additional challenges arise from the lack of a direct probing technique to 

characterize and verify the dopant concentration and position with possible dopant diffusion, 

segregation, and self-ejection processes during nanocrystal growth and post-synthetic treatment.  

Another question that remains is the dopants behavior in perovskite-based core/shell 

NCs. Core/shell perovskite NCs have significantly greater environmental stability compared to 

ionic core perovskite NCs.195-198 However, given the ionic nature of the perovskite structure and 

the covalent nature of II-IV chalcogenides, the combination of perovskite with II-IV 

chalcogenides could leverage the advantages of both materials. In addition, transition metal 

dopants usually occupy tetrahedral coordination sites in II-VI metal chalcogenide NC lattices, 

while transition metal dopants in perovskites are doped into octahedral B-sites (ABX3). The 

behavior of dopants within this kind of core/shell heterostructure remains largely undeveloped. 

The movement of ions within a solid lattice still presents challenges due to several 

unsettled factors. The first and most notable challenge is the difficulty of achieving precise 
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control over the spatial distribution of dopants within the NC lattice.16, 199 Dopant ions tend to 

migrate, eject, or diffuse through the lattice and/or interact with the environment.200 The various 

doping strategies and precursors, as well as the post-synthesis treatments, could all alter the 

doping level and movement of dopants, resulting in a non-uniform distribution. These 

variabilities can significantly affect the optical and electronic properties, making it difficult to 

obtain a direct optical illustration to specifically probe the location of dopant ions. Thermal 

energy is another key factor that affects dopant behaviors within NCs. Under different 

temperature ranges, dopant ions exhibit a large difference in diffusion coefficients, which will 

significantly affect the dopant diffusion rate in a solid-state lattice. For example, the diffusion 

rate of Mn(II) ions could be considered negligible under 300°C, but the rate increases 

significantly above that temperature.110, 187 Besides temperature, other parameters, such as 

reaction time, the nature of the precursors, and various ligands, all play a crucial role in dopant 

behavior. Dopant migration behavior can also be affected by the chemical environment; for 

instance, the presence of surfactants and/or solvents in the reaction container can interact with 

the surface of the QDs and even the size and oxidation states of dopant ions themselves, affecting 

the diffusion path and process.201, 202  

1.5.2 Influence of cationic size mismatch between dopants and substitutional sites 

The cationic size mismatch between dopant and host cations can significantly influence 

doping concentration, dopant behavior, and the distribution of dopant ions within the host lattice. 

In core/shell QDs, an alloyed interface automatically forms between the core and shell lattices to 

reduce lattice strain caused by the large lattice mismatch.6, 14, 17, 65 For example, in Mn-doped 

ZnSe/CdS/ZnS core/shell nanowires (NWs), modifying the composition and creating a cation 

alloyed CdZnS interface can offer optimal doping sites for Mn ions, minimizing the size 
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mismatch between dopants and the host lattice.178 Considering the ionic radii of dopant and host 

cations in Mn-doped CdS/ZnS core/shell QDs, Mn2+ (80 pm) exhibits a notable mismatch of 

approximately 13% with Cd2+ (92 pm) and a lesser mismatch of around 5% with Zn2+ (74 pm). 

However, a CdZnS alloyed interface can provide preferable doping site due to a smaller size 

mismatch with Mn dopants. Consequently Mn ions tend to migrate towards the alloyed interface 

which is crucial for influencing dopant distribution and location within NC lattice.17 

A considerable size mismatch between the dopant ion and the host cation it replaces can 

induce significant lattice strain, leading to crystal lattice distortions. These distortions can 

potentially affect the material's structural stability, trigger phase transformations, or even create 

new phases, thus altering the material's intrinsic properties. In an ionic lattice, metal cations 

occupy sites or polyhedra best fitting their size. Cations might reside in seemingly too-small sites 

by displacing anions and enlarging the structure, as seen in eutectic structures. Conversely, 

cations typically avoid overly large sites unless the structure can adapt by reorienting or 

distorting the anion framework to decrease the site size, a phenomenon observed in various 

distorted perovskite structures.15 Our experiments indicates that Mn ions favor smaller mismatch 

cationic sites for stable doping without migration tendencies. In contrast, when Mn ions are 

doped into sites with larger mismatches, directional dopant migration is observed under the 

influence of dopant traps at high temperatures.  

1.5.3 Aims of this thesis 

This dissertation explores the fundamental understanding underlying dopant ion 

migration behavior during post-synthetic shell passivation of NCs, specifically by intentionally 

inserting alloyed atomic traps and doping in the different substitutional sites. We aim to achieve 

directional dopant migration in NCs by systematically investigating the effect of initial doping 
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sites and the change of the microenvironment from the inserted interface of core/multi-shell 

QDs. The primary focus of the thesis is on introducing an efficient atomic trap to control 

directional dopant migration, including both outward and inward dopant movement. In Chapter 

2, I describe an outward dopant migration that could be achieved and controlled by inserting an 

alloyed interface with a smaller cationic size mismatch with Mn as an “atomic trap” within 

core/shell QDs. In Chapter 3, I will discuss the controlled inward dopant migration through the 

effects of inserting atomic trap. Furthermore, it was found that the initial doping site and 

environment is critical for efficient dopant trapping and migration. Specifically, a larger Cd(II) 

substitutional site (92 pm) for the Mn(II) dopant (80 pm), with larger local lattice distortion, 

allows for efficient atomic trapping and dopant migration, while Mn(II) dopant ions can be very 

stable with no significant migration when occupying a smaller Zn(II) substitutional site (74 pm). 

In Chapter 4, the migration behavior of Mn(II) dopants within CdS/perovskite core/shell and 

perovskite/CdS core/shell NCs will be discussed. Finally, Chapter 5 will provide a 

comprehensive conclusion of the project, summarizing key findings and including an outlook on 

the extended topic for Future study. 
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Chapter 2 

Controlled Outward Dopant Migration in Mn Core Doped 

Core/Multi-Shell QDs 

Reprinted (adapted) with permission from (Chu, C.; Hofman, E.; Gao, C.; Li, S.; Lin, H.; 

MacSwain, W.; Franck, J. M.; Meulenberg, R. W.; Chakraborty, A.; Zheng, W., Inserting an 

"atomic trap" for directional dopant migration in core/multi-shell QDs. Chem Sci 2023, 14 (48), 

14115-14123.) Copyright (2023) Chemical Science © Royal Society of Chemistry.  

 

Diffusion of atoms or ions in solid crystalline lattice is crucial in many areas of solid-

state technology, such as semiconductor manufacturing, batteries, sensors, metallurgy, and 

heterogeneous catalysis. However, controlling ion diffusion and migration is challenging in 

nanoscale lattices. In this work, we intentionally insert a CdZnS alloyed interface layer, with 

small cationic size mismatch with Mn(II) dopant ions, as an “atomic trap” to facilitate outward 

dopant migration inside core/ multi-shell QDs to reduce the strain from the larger cationic 

mismatch between dopants and host sites. The outward dopant migration was achieved by 

inserting CdZnS alloyed interface in Mn core-doped Mn:CdS/ZnS core/shell QDs (i.e., 

Mn:CdS/CdZnS/ZnS core/multi-shell QDs). The controlled dopant migration by “atomic 

trapping” inside QDs provides a new way to fine tune the properties of doped nanomaterials.  
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2.1 Introduction 

At the heart of materials chemistry is the ability to control materials’ properties by tuning 

their chemical composition as reflected by the importance of alloying in metallurgy and doping 

in modern semiconductor technology.161, 200, 203 Incorporating dopants inside a nanocrystal (NC) 

lattice is a fascinating method to modify and improve the optical, electrical, and magnetic 

properties of the NCs.22, 28, 110, 111, 141, 161, 200, 203-211  

In addition to the chemical and physical properties of dopants, the dopant location and 

distribution can also have profound effects on the final properties of doped NCs because of the 

distance-dependent host-dopant coupling from the wavefunction overlap.14, 212 For example, in 

Mn doped metal chalcogenide NCs, the dopant photoluminescence (PL) peak around 600 nm 

arising from host-to-dopant energy transfer, is strongly influenced by the dopant locations inside 

the NCs as the energy transfer relies on the spatial overlap between the wavefunctions of the host 

exciton and dopants.12, 43, 122, 123, 147, 213 Therefore, the quantum yield (QY) of the Mn dopant PL 

peak is heavily dependent on the radial position and distribution of Mn ions inside the host 

lattice.14, 110, 214 Despite significant developments in the synthesis of doped NCs, dopant behavior 

after incorporation inside NCs is not well understood.  Specifically, the control of dopant 

location and distribution inside NCs through directional dopant migration is still largely 

unexplored. Therefore, it is fundamentally important to understand the spatial distribution of 

dopants in NCs from a synthetic control aspect, and a necessity to understand how dopant 

manipulation affects the resulting properties. 

Theoretically, facilitated dopant diffusion is possible, especially at relatively high 

temperatures, since the high thermal energy of dopant ions leads to higher hopping frequencies 

inside the host lattice.15 In addition, dopant behaviors could be complicated in the host lattice, 
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considering that thermal self-annealing effects can also induce outward movement of dopants in 

NCs. For example, dopant ejection could happen with extended thermal annealing of Mn doped 

QDs at high temperatures.14, 215 However, manipulating dopant location by migration or diffusion 

inside NC lattice after dopant incorporation is challenging due to the high activation energy of 

ion diffusion.110, 151 Additional challenges to control and study the dopant migration behavior 

pertains to limited analytical techniques available to the detection of the location and distribution 

of low concentration dopant ions (generally less than five percent) in NCs with high spatial and 

temporal resolution at the nanoscale.43, 216-218 Dopant ions inside NC lattice are extrinsic point 

defects, which could entail a significant local distortion of the structure, especially with a large 

size mismatch with the host substitutional sites. Therefore, thermodynamically, the point defects 

can migrate to more ideal substitutional sites with smaller size mismatch.15 However, whether 

the directional dopant migration can be controlled by intentionally inserted dopant “trap” layers 

with less size mismatch is unknown. 

In this work, we systematically control the Mn dopant migration by inserting an alloyed 

interface with a smaller cationic size mismatch with Mn as an “atomic trap” within core/shell 

QDs for directional Mn dopant migration and therefore dopant location and distribution inside 

QDs. Outward Mn dopant migration behavior was achieved by intentionally inserting a CdZnS 

alloyed layer into the core-doped core/multi-shell QDs (Scheme 2.1). It is fundamentally 

important to understand the mechanism of directional dopant migration behavior within NC 

lattices, which plays a critical role in finely manipulating the properties of the doped NCs. 
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2.2 Experimental 

2.2.1 Chemicals, stock solutions and precursors 

Chemicals: Cd(NO3)2·4H2O (≥99.0%, Sigma-Aldrich), sulfur powder (99.998%, Sigma-

Aldrich), cadmium oxide (CdO, 99.99%, Sigma-Aldrich), zinc oxide (ZnO, ≥99.0%, Sigma-

Aldrich), Nitric acid (HNO3 ,65%, Fisher), oleylamine (OAm, 70%, Sigma-Aldrich), 1-

dodecanethiol (DDT, ≥98%, Sigma-Aldrich), oleic acid (OA, 90%, Sigma-Aldrich), 1-

octadecene (ODE, 90%, Alfa Aesar), toluene (≥99.5%, Fisher), acetone (≥99.5%, Fisher), 

ethanol (≥99.5%, VWR), and hexane (>98%, Alfa Aesar) were used as received. 

Stock solutions and precursors:  

a) Sulfur-OAm solution for the synthesis of the CdS core QDs. 19.5 mg (0.6 mmol) 

sulfur powder was added into a three-neck flask containing 3 mL OAm. The solution was 

degassed for 30 minutes at room temperature and then heated to 100 ℃ under Argon (Ar) and 

kept stirring at 100 ℃ for about 3 hours. Then the solution was cooled to room temperature and 

reheated before injection.17, 122 

b) Sulfur-ODE solution for the synthesis of metal sulfide shells (i.e., CdS, ZnS, and 

CdZnS shell). 32.0 mg (1.0 mmol) sulfur powder was added into a vial which contained 10 mL 

ODE. The solution was degassed for 30 minutes at room temperature and sonicated at least 2 

hours after refilling with Ar.17, 122 

c) Zn precursor for the growth of ZnS shell. 81.5 mg (1.0 mmol) zinc oxide was mixed 

with 9 mL ODE and 1 mL OA in a three-neck flask. After degassing for 1 hour at 100 ℃, the 

solution was heated to 310 ℃ under Ar. Cooled the solution to the room temperature after it was 

completely clearly. Reheated the solution to a clear solution before the injection.17, 122 



47 
 

d) Cd/Zn precursor for the growth of CdZnS alloyed shell. 32.0 mg (0.25 mmol) 

cadmium oxide and 20.3 mg (0.25 mmol) zinc oxide were dissolved in 3.6 mL ODE and 1.25 g 

OA. After degassing for 1 hour at 100 ℃, the solution was heated to 310 ℃ under Ar. After the 

solution turned clear, the solution was cooled to room temperature.17 Reheated the solution to a 

clear solution before the injection.  

2.2.2 Synthesis of Mn core-doped Mn:CdS and Mn:CdS/CdZnS/ZnS core/multi-shell QDs. 

Mn(II) doped CdS QDs were synthesized through a colloidal hot-injection technique as 

previously described.17  Briefly, 41.2 mg (0.130 mmol) of Cd (NO3)2·4H2O, 5.82 mg (0.033 

mmol) of Mn(NO3)2·H2O, 0.167 mL of DDT, and 10 mL of OAm were mixed in a three-neck 

flask. The mixture was degassed for 40 min at room temperature and another 10 min at 100 °C. 

The mixture was refilled with Ar and kept at 110 °C for 30 min. Then, 0.667 mL of a 0.2 M 

solution of sulfur in OAm was swiftly injected into the flask when the mixture was heated to 160 

°C. After the injection, the temperature was set at 120 °C and degassed for 10 min. The 

temperature was then raised to 240 °C for nanocrystal growth for 5-10 min. The reaction was 

quenched by removing the heating mantle and submerging the flask in a cold-water bath. After 

the reaction had been cooled below 100 °C, the product was dissolved in toluene and then 

crashed out by adding ethanol. The QDs were separated from solutions by centrifugation with a 

speed set to 5000 rpm at 15 °C for 5 min. The supernatant was discarded and the QDs in the 

precipitant were redissolved in toluene or hexane, and the cleaning process was repeated 3 more 

times before shell coating.   

A Successive Ion Layer Adsorption and Reaction (SILAR) procedure was used to 

synthesize core/multi-shell QDs.17, 122  The as cleaned Mn:CdS core QDs were dissolved in ~1 

mL hexane and then transferred into a new three-neck flask with 6 mL of ODE and 2 mL of 
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OAm. After degassing at 90 °C for 30 minutes, the solution was heated to 100 °C, and continued 

to degas for another 10 minutes. Next, the solution was refilled with Ar, then the temperature was 

increased to 180 °C for the following shell growth. For the first CdZnS shell growth, the sulfur-

precursor is dropwise injected by the Cd/Zn-precursor alternatively by the volume needed for 1 

monolayer (ML) shell. For the following ZnS shell coating, alternating injections of the sulfur-

precursor and the zinc-precursor were performed until the desired number of MLs was reached. 

A 10 °C increment of the reaction temperature was used after each ML shell growth throughout 

the multi shell growth procedure.  

The QDs were cleaned once using toluene/ethanol and redissolved in toluene for optical 

measurements. For TEM, XRD, and EPR measurements, 4-6 additional washes using 

toluene/ethanol were performed. 

2.2.3 Characterizations 

Sample size, morphology, and dispersity were analyzed by transmission electron 

microscopy (TEM) using a JEOL JEM-2100F TEM which was operated at 200 kV. Powder X-

ray diffraction (XRD) patterns were taken on a Bruker D2 Phaser with a LYKXEYE 1-

dimensional silicon strip detector using Cu Kα radiation (λ =1.5406 Å). The elemental analysis 

of the samples was conducted by a PerkinElmer Avio-220 Max inductively coupled plasma-

optical emission spectrometry (ICP-OES). For ICP-OES measurements, the powdered samples 

were completely dissolved in 65% HNO3, heated to remove excess NOx, and then diluted with 

2% HNO3 solution.  

Agilent Cary 60 UV-vis spectrophotometer was used to collect absorption spectra of the 

samples in a 1 cm quartz cell. PL measurements were conducted with a Horiba FluroMax Plus 

spectrofluorometer. Time-resolved emission measurements were performed using an Edinburgh 
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FLS-980 fluorescence spectrometer equipped with 365 nm picoseconds pulsed lasers (EPLSs) 

and microsecond flashlamp (μF2) to measure PL lifetime from a few nano seconds to seconds. 

Room temperature EPR spectra was performed by a Bruker ELEXSYS-II E500 spectrometer 

with a microwave frequency of 9.7 GHz. 

2.3 Results and Discussion 

2.3.1 Mn core-doped core/multi-shell QDs with outward dopant migration by inserting an 

alloyed “trap” for Mn dopants 

In this chapter, Mn core-doped core/shell (Mn:CdS/ZnS QDs) and core/multi-shell 

(Mn:CdS/CdZnS/ZnS QDs) were designed and the outward dopant migration behavior was 

studied under the influence of an inserted CdZnS layer as an “atomic trap” within core/multi-

shell QDs. (Scheme 2.1) 

 

Scheme 2.1 Schematic of Mn core-doped core/multi-shell QDs with outward dopant migration 

by inserting an alloyed “trap” for Mn dopants. 

2.3.2 Structural and morphological characterizations  

To facilitate the outward Mn dopant migration, Mn core-doped CdS QDs (i.e., Mn:CdS 

QDs) were synthesized first, followed by the growth of the CdZnS alloyed trap layer and up to 4 

monolayers (MLs) ZnS shell (i.e., Mn:CdS/CdZnS/ZnS(1–4 MLs) core/multi-shell QDs) using a 

successive ionic layer adsorption and reaction (SILAR) method.106 Mn:CdS/ZnS core/shell QDs 
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without the alloyed shell were also synthesized in control experiments to verify the effect of the 

alloyed trap layer for dopant migration behavior (see Experimental section). The Mn:CdS QDs 

have an average size of 3.0 ± 0.3 nm from transmission electron microscopy (TEM) data. After 

additional 1 ML CdZnS and 4 ML ZnS shell growth, the size of the Mn:CdS/CdZnS/ZnS 

core/multi-shell QDs increased to 5.6 ± 0.3 nm (Figure 2.1a–c and Figure 2.2a). On average, 

there is ∼0.5 nm increase in diameter for the addition of each shell ML for both 

Mn:CdS/CdZnS/ZnS and Mn:CdS/ZnS core/multi-shell QDs (Figure 2.2). 

Powder X-ray diffraction (XRD) measurements reveal that the Mn:CdS core, 

Mn:CdS/ZnS(1–5 MLs) core/shell, and Mn:CdS/CdZnS(1 ML)/ZnS(1–4 MLs) core/multi-shell QDs 

possess a cubic phase (Figure 2.1d and Figure 2.3a). XRD patterns of the samples show a 

gradual peak shift from the cubic CdS to the cubic ZnS phase as the growth of the successive 

ZnS shell of the QDs. A dampening of the shift toward the ZnS cubic phase occurred when the 

CdZnS shells were grown on top of the core QDs (i.e., Mn:CdS/CdZnS(1 ML) QDs) due to the 

intermediate lattice parameters of the CdZnS, when compared to pure CdS or ZnS lattice based 

on the Vegard's law,219 resulting in a smaller total shift (Figure 2.1d and f). In addition, gradual 

narrowing of the full width at half maximum (FWHM) of the (111) diffraction peaks of the QDs 

during the successive shell growth (Figure 2.3b) is consistent with the larger QDs obtained after 

shell passivation. 

Inductively coupled plasma-optical emission spectrometry (ICP-OES) measurements 

indicate the Mn doping concentration is 1.2% for Mn:CdS QDs, which represents ∼6 Mn(ii) ions 

on average in a 3.0 nm Mn:CdS QD distributed statistically between the core and surface of the 

QD. The Mn(ii) concentration decreases to 0.6% after the addition of the ZnS shell and remains 

unchanged for the remainder of the CdS/ZnS core/shell QDs. The sudden drop could be 
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attributed to the detachment of the loosely bound surface Mn(ii), resulting in ~3 Mn(II) ions per 

QD.122 Interestingly, the Mn:CdS/CdZnS/ZnS(1-4 MLs) samples showed a slightly higher Mn(II) 

concentration of ~0.9%, which represents ~4 Mn(II) ions per core/multi-shell QD with an 

inserted CdZnS alloyed layer. The increased doping concentration for QDs with an added 

alloyed layer compared to Mn:CdS/ZnS core/shell QDs with pure, unalloyed ZnS shells can be 

understood by the CdZnS alloyed shell layer having a more accommodating lattice size for the 

Mn(II) to assimilate into.6, 178 It has been reported that the increased Mn(II) dopant concentration 

within the ZnxCd1−xS alloyed host lattice compared with that in CdS and ZnS QD lattice is due to 

the reduced cationic size mismatch between the Mn ion and alloyed host lattice.6, 178 

 

Figure 2.1 (a–c) TEM images of Mn:CdS core, Mn:CdS/CdZnS core/shell, and 

Mn:CdS/CdZnS/ZnS(4 MLs) core/multi-shell QDs. (d) XRD patterns and (e) X-band EPR spectra 
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of Mn:CdS/CdZnS/ZnS(1–4 MLs) core/multi-shell QDs. (f) The (111) diffraction peak position of 

the Mn:CdS/ZnS and Mn:CdS/CdZnS/ZnS core/multi-shell QDs as a function of the ZnS shell 

thickness. (g) The representative first sextet EPR hyperfine peak to display decreasing spectral 

linewidth with increasing shell thickness, inset shows the EPR hyperfine peak linewidth (in G) as 

a function of shell monolayers. 

 

Figure 2.2 TEM Images and histogram of selected (a and d) Mn:CdS core QDs, (b and e) 

Mn:CdS/CdZnS/ZnS4 MLs core/multi-shell QDs,  (c and f) Mn:CdS/ZnS5 MLs core/shell QDs. The 

insets are the high-resolution TEM images showing d-spacing of the (111) lattice plane of the 

corresponding QDs. (The size of the Mn:CdS core QDs is 3.0 ± 0.3 nm. For Mn:CdS/ZnS5 MLs 

core/shell QDs, 5 MLs of ZnS were coated onto the Mn:CdS core with a final size of 5.7 ± 0.3 

nm. For Mn:CdS/CdZnS/ZnS4 MLs core/multi-shell QDs, 1 ML of CdZnS and 4 MLs of ZnS were 

coated onto the Mn:CdS core with the size of the QDs of 5.6 ± 0.3 nm after shell growth.) 
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Figure 2.3 (a) XRD patterns of Mn:CdS/ZnS core/shell QDs. (b) XRD analysis of full width at 

half maximum (FWHM) of the (111) diffraction peak of the Mn:CdS/ZnS and 

Mn:CdS/CdZnS/ZnS core/multi-shell QDs as a function of the shell thickness. 

2.3.3 Optical and EPR spectra for monitoring the dopant location and migration behavior 

Electron paramagnetic resonance (EPR) spectrum indicates that Mn ions substitute into 

both the core and surface lattice of Mn:CdS core QDs with hyperfine splitting constants (A) of 

69.3 G and 95.1 G, respectively6, 13, 43 (Figure 2.1e). During shell passivation, the surface peaks 

disappeared and only one six-line pattern spectrum with A = 69.3 G remains which indicates 

successful surface passivation of the Mn:CdS QDs. Interestingly, the linewidth of the EPR 

hyperfine splitting decreases from 10.0 G for Mn:CdS, to 8.4 G for Mn:CdS/CdZnS, to 7.5 G for 

Mn:CdS/CdZnS/ZnS(4 MLs) (Figure 2.1g). Considering no significant change in the average Mn-

Mn distance before and after dopant migration in the QDs (~1.6 nm, See Table 2.1, 2.2 with the 

calculation, and Scheme 2.2), the narrower linewidth of the hyperfine splitting indicates less 
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local strain on the Mn(II) dopant sites during shell passivation,14, 147 which could imply the 

change of dopant location to the cationic sites with less cationic size mismatch and strain in the 

core/multi-shell QDs. EPR spectra of the control Mn:CdS/ZnS(1-5 MLs) samples show similar core 

and surface Mn signals with hyperfine splitting constants of 69.1 G and 96.3 G, respectively 

(Figure 2.4). However, there is little change of the linewidth of the EPR hyperfine peak (from 

10.0 G for the Mn:CdS core to 9.8 G for the Mn:CdS/ZnS core/shell QDs) (Figure 2.4b-c), which 

indicates a less dramatic change in the Mn dopant bonding environment in Mn:CdS/ZnS(1-5 MLs) 

compared to the Mn:CdS/CdZnS/ZnS(1-4 MLs) samples with an inserted alloyed layer. 

 

Figure 2.4 (a) Room Temperature X-Band EPR spectra of Mn:CdS/ZnS(1-5 MLs) core/shell QDs. 

Two discrete sites for the Mn(II) occupied a substitutional Cd(II) site within the CdS core 

(hyperfine splitting constant A is 69.1 G) and surface (A = 96.3 G). During the shell passivation, 

only the core site, hyperfine splitting constant A = 69.1 G was observed. (b) The representative 
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first sextet hyperfine peak of EPR spectra to display slightly decreasing spectral linewidth and 

(c) the EPR spectra linewidth as a function of shell monolayers. 

Table 2.1 The average distance between Mn ions inside Mn:CdS core QDs. 

Sample [Mn] 
Number of 
Mn ions per 
QD (n) 

Average volume 
occupied by Mn 
ions (V) /nm3 

Average volume 
occupied per Mn 
ion (VMn) /nm3 

Average 
distance 
between Mn 
ions (dMn) /nm 

Mn:CdS 1.2% 6 14.14 2.36 1.65 

Table 2.2 The average distance between Mn ions inside Mn:CdS/CdZnS QDs and  Mn:CdS/ZnS 

QDs with outward dopant migration behavior. 

Sample [Mn] 

Number 
of Mn 
ions per 
QD (n) 

Assuming dopant radial 
position from the center of 
a QD/nm 

Average 
surface area 
occupied per 
Mn ion (AMn) 
/nm2 

Average 
distance 
between Mn 
ions (dMn) 
/nm 

Mn:CdS
/CdZnS 

0.9% 4 

At the core/shell interface 
(1.5 nm) 

7.07 1.50 

At the midpoint of CdZnS 
shell (1.63 nm) 

8.30 1.63 

At the outer surface of 
CdZnS shell layer (1.75 
nm) 

9.62 1.75 

Mn:CdS
/ZnS(1 

ML) 
0.6% 3 

At the core/shell interface 
(1.5 nm) 

9.42 1.73 

At the midpoint of ZnS 
shell (1.63 nm) 

11.06 1.88 

At the outer surface of 
ZnS shell layer (1.75 nm) 

12.83 2.02 

Note: Calculation of the average distance between Mn ions within QDs before and after 

dopant migration. 

For the Mn core-doped CdS QDs, we first calculated the volume (V) of a QD using the 

equation 2.2, 

V =
ସ

ଷ
πrଷ    (eq. 2.2) 
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Where r is the radius of a spherical Mn:CdS QD. 

From the Mn doping concentration, we can obtain the number of Mn ions per QD (n). 

Therefore, the average volume occupied by each Mn ion in the Mn:CdS QDs (VMn) is: 

V୬ =


୬
=  

ర

య
୰య

୬
=  

ସ

ଷ
πr୬

ଷ   (eq. 2.3)   

Therefore, the radius of a sphere of Mn ion (rMn) occupied is:  

r୬ = ට


ర

య


య     ( eq. 2.4) 

Using equation 1 to 3, the average Mn-Mn distance in the Mn:CdS QD could be 

estimated as 2 * rMn. 

After dopants outward migration toward the alloyed layer in Mn:CdS/CdZnS/ZnS and 

Mn:CdS/ZnS QDs, Mn ions would occupy in a thin shell layer above the CdS core. The surface 

area of a Mn:CdS/CdZnS(1ML) QD or a Mn:CdS/ZnS(1ML) QD can be calculated using equation 

2.5,  

Aୱ୦ୣ୪୪ = 4πr୕ୈ
ଶ    (eq. 2.5) 

The average area occupied by each Mn ion can be calculated using equation 2.6. It should 

be noted that decreased doping concentration after shell coating and the number of Mn ions per 

core/shell QD is represented as n'.  

A୬ =  Aୱ୦ୣ୪୪/n′   (eq. 2.6) 

The radius of the circle occupied by a Mn ion (RMn) is, 

R୬ =  ට


ସ
   (eq. 2.7) 
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Then the average Mn-Mn distance in the shell can be estimated as 2 * RMn.  

ZnS shell coated Mn:CdS/CdZnS QDs, i.e. Mn:CdS/CdZnS/ZnS(1-4 MLs), have the same 

dopant concentration, and therefore the same average distance between Mn ions, regardless of 

the ZnS shell MLs. 

 

Scheme 2.2 Schematic of average Mn-Mn distance before and after outward dopant migration 

inside core-doped QDs. 

Figure 2.5a-2.5b displays the absorption and PL spectra of the Mn:CdS core, 

Mn:CdS/ZnS(1-5 MLs) core/shell, and Mn:CdS/CdZnS(1 ML)/ZnS(1-4 MLs) core/multi-shell QDs. The 

first exciton absorption peak for Mn:CdS core QDs at 405 nm experiences a slight redshift (2 

nm) upon the addition of the first ZnS ML onto the core in Mn:CdS/ZnS core/shell QDs (Figure 

2.5a). The small spectrum shift could be attributed to the delocalization of the core electrons into 

the thin CdZnS alloyed interface that is formed between the CdS core and the ZnS shell lattice to 

reduce the surface strain for the epitaxial growth of the ZnS shell. A larger redshift of the first 

exciton absorption peak (20 nm shift, from 405 to 425 nm) is observed with the intentional 

growth of one CdZnS ML directly onto the Mn:CdS QDs for the Mn:CdS/CdZnS/ZnS 

core/multi-shell QDs (Figure 2.5b), which is consistent with the increased delocalization of the 

core electrons to the CdZnS alloyed shell with a smaller bandgap compared to that of ZnS 

lattice.4 
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Figure 2.5 (a and b) Normalized absorption (dotted lines) and PL (solid lines) spectra of 

Mn:CdS/ZnS(1–5 MLs) and Mn:CdS/CdZnS/ZnS(1–4 MLs) core/multi-shell QDs, respectively. (c) The 

PL Intensity ratio of CdS host lattice and Mn(II) and (d) the changes of Mn(II) PL peak position 

as a function of ZnS and CdZnS/ZnS shell thickness for Mn:CdS/ZnS(1–5 MLs) and 

Mn:CdS/CdZnS/ZnS(1–4 MLs) core/multi-shell QDs, respectively. (e) Schematic of the dopant 

outward migration by inserted CdZnS alloyed trap layer and (f) the band alignment of the 

Mn:CdS/CdZnS/ZnS core/multi-shell QDs. 

     A single broad emission peak centered at 575 nm (FWHM: 112 nm) is observed in the 

emission spectrum of the Mn:CdS core QDs (Figure 2.5a-b), indicating the presence of surface 

trap-states overlapping with the Mn(II) emission. An immediate narrowing of the Mn(II) PL 

FWHM was observed after the first ML shell passivation in both CdS/ZnS and CdS/CdZnS/ZnS 

QDs (Figure 2.6), indicating the successful surface passivation to remove surface trap-states in 

the core/shell QDs. A new PL peak from the core CdS QDs at around 420 and 438 nm was 

observed after the growth of the first ZnS and CdZnS shell for Mn:CdS/ZnS and 

Mn:CdS/CdZnS/ZnS QDs, respectively. 
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Figure 2.6 FWHM of Mn PL peak for Mn:CdS/ZnS(1-5 MLs) and Mn:CdS/CdZnS/ZnS(1-4 MLs) 

core/multi-shell QDs. 

     Interestingly, the PL ratio of the CdS host and Mn dopants continually changes during 

shell passivation. Prior to the shelling, the host-dopant coupling is strong as indicated by the 

single emission band (i.e., ICdS/IMn = 0). After the growth of 5 shell MLs, the final CdS to Mn PL 

ratio (ICdS/IMn) reached 2.08 and 3.40 for the Mn:CdS/ZnS(1-5 MLs) and Mn:CdS/CdZnS(1 

ML)/ZnS(1-4 MLs) QDs, respectively (Figure 2.5c). The changes in the PL ratio of CdS QDs and Mn 

reflects different energy transfer rates between the excitons and Mn ions, which can be 

understood using equation 2.1:151 

ூಾ

ூೂವ
= 𝑛Фெ

ಶ

ೆವషೃ

ఒೂವ

ఒಾ
                                                                  (eq. 2.1)                         

Where IMn and IQD are intensities of Mn and host band-gap PL of the doped QDs, 

respectively; n is the number of Mn ions doped inside one NC; λQD is the wavelength of the host 

QD PL, λMn is the wavelength of the Mn emission; ФMn is the emission efficiency of a Mn ion; 
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kUD-R is the radiative relaxation rate constant of undoped NCs; and kET is the rate constant for the 

energy transfer from an exciton to a Mn ion. Considering small changes in the host and dopant 

PL position, and constant doping concentrations in core/shell NCs, the kET between host QDs and 

Mn(II) dopants can be held proportional to the PL ratio amid the Mn and host lattice (kET ∝ 

IMn/IBG).43, 147, 220 kET is related to the overlap between the wavefunctions of the exciton and Mn 

dopants,220 and thus the distance between exciton and Mn ions. Therefore, the ratio of Mn(II) to 

host PL reflects the degree of host-to-dopant energy transfer rate and can be used as an “optical 

gauge” to monitor dopant location and dopant migration behavior inside core/shell QDs.17 The 

dramatically increased PL ratio of CdS and Mn in Mn:CdS/CdZnS(1 ML)/ZnS(4 ML) core/multi-

shell QDs (from 0 to 3.40) indicates the decreased energy transfer efficiency (KET) and the host-

dopant coupling due to the larger separation between the core and dopant ions during outward 

dopant ion migration (Figure 2.5e and f). 

     The driving force of Mn(II) ions migration to the CdZnS shell is that the size of the 

Mn(II) ions (80 pm) is between that of Cd(II) (92 pm) and Zn(II) (74 pm).221 Considering the 

nearly linear composition-dependent lattice parameter of the alloy phase based on Vegard’s 

law,222 the alloyed shell would then have intermediate lattice parameters with a cation size 

between that of Cd(II) and Zn(II). The Mn(II) migration from the CdS core to the alloyed shell is 

thermodynamically favored since it minimizes the lattice strain caused by the large size 

difference (13%) between Cd(II) and Mn(II) (Scheme 2.3).178 The moderately increased ICdS/IMn 

(2.08) in the Mn:CdS/ZnS(5 ML) core/shell QDs without inserting the CdZnS alloyed layer could 

be understood by Mn migration to a thin alloyed interface (CdxZn1-xS) formed by ion diffusion 

and exchange to release the strain caused by lattice mismatch (7% between CdS and ZnS), which 

is consistent with a small blueshift of the host PL. The elevated ICdS/IMn ratio in Mn:CdS/CdZnS(1 
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ML)/ZnS(4 ML) core/multi-shell QDs can be attributed to the greater distance travelled by the 

dopant ions in the presence of an inserted alloyed “trap” shell. 

 

Scheme 2.3 Schematic of inserting an alloyed CdZnS layer to reduce the lattice strain between 

CdS and ZnS lattice. 

     It should be noted that the nonradiative relaxation and surface defect emission could 

compete with the host-dopant energy transfer.223 To verify that the change of the Mn-to-host PL 

ratio (as an “optical gauge” for dopant location) is due to dopant migration inside core/shell QDs 

instead of simple elimination of surface traps on the core QDs during shell coating, we 

performed a control experiment of undoped core/multi-shell QDs with the same core and shell 

composition and sizes. During the ZnS shell passivation, PL QYs for both the doped and 

undoped QDs increased from ~5% to ~30% with the increase of the shell thickness (Figure 2.7). 

The total PL QYs of Mn doped CdS/CdZnS/ZnS and CdS/ZnS QDs are similar to that of 

undoped QDs with the same shell thickness. Therefore, the changes in the ratio between host and 

Mn PL in the Mn:CdS/CdZnS/ZnS QDs can be explained by the different host-dopant energy 

transfer efficiency within the core/shell QDs due to the dopant migration towards alloyed layer, 
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as the distance and wavefunction overlap between the core CdS and Mn dopant ions changes 

(Figure 2.5e).  

 

Figure 2.7 PL QYs of (a) undoped CdS/ZnS(1-5 MLs) and doped Mn:CdS/ZnS(1-5 MLs) core/multi-

shell QDs without an inserted alloy dopant trap, and (b) undoped CdS/CdZnS/ZnS(1-4 MLs) and 

doped Mn:CdS/CdZnS/ZnS(1-4 MLs) core/multi-shell QDs with an inserted CdZnS alloy dopant 

trap as a function of ZnS monolayers, respectively. 

Interestingly, it was found that the PL QYs of Mn doped core/shell QDs are slightly 

higher than their undoped counterparts regardless of the presence of the CdZnS alloyed trap 

layer. The slightly higher PL QY of Mn doped QDs compared with undoped ones is attributed to 

the fast host-dopant energy transfer that efficiently competes with nonradiative relaxation 

pathways, which is consistent with a previous report.123 

The radial position of the Mn dopants inside the core/shell QDs can also be monitored by 

the Mn PL peak position because Mn PL is very sensitive to the shell applied pressure 

(proportional to shell thickness) based on the spherically symmetric elastic continuum model.136 
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Dubertret et al. found that the additional pressure from the outside ZnS shell on the Mn dopants 

in Mn doped CdS/ZnS core/shell QDs slightly narrows the crystal field splitting of the Mn(II) d-

d transition (from 4T1 to 6A1), causing a redshift in the Mn(II) PL.136 The Mn PL of the 

Mn:CdS/ZnS core/shell QDs exhibit a rapid red-shift (~30 nm) followed by gradual plateauing 

during the shelling process. However, no significant red-shift of Mn PL peak occurred after 

initial CdZnS alloyed shell passivation, and had a smaller total Mn PL red-shift of 28.5 nm for 

the ZnS shelled Mn:CdS/CdZnS(1 ML)/ZnS(4 ML) core/multi-shell QDs (Figure 2.5d). The 

decreased red-shift caused by the inserted CdZnS shell indicates a decrease in total shell-induced 

pressure on the dopants, which is consistent with “outward” dopant migration within the 

core/multi-shell QDs.  

2.4 Conclusion 

In this work, outward dopant migration behavior was achieved using an alloyed layer 

with a small cationic size mismatch with the dopant ions in Mn core-doped core/multi-shell QDs. 

The inserted alloyed shell (CdZnS) with smaller cationic size mismatch with the dopants can 

serve as an “atomic trap” to the dopant ions to reduce the strain from the larger cationic 

mismatch between Mn(ii) ions and host sites. This work represents the first  controlled outward 

dopant migration behavior in NC lattice by intentionally inserting an “atomic trap” for dopant 

ions. Controlled dopant migration inside NC lattice provides a new way to fine tune the 

properties of doped QDs. 
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Chapter 3 

Controlled Inward Dopant Migration by Inserting an "Atomic 

Trap" in Mn Shell Doped Core/Multi-Shell QDs 

Reprinted (adapted) with permission from (Chu, C.; Hofman, E.; Gao, C.; Li, S.; Lin, H.; 

MacSwain, W.; Franck, J. M.; Meulenberg, R. W.; Chakraborty, A.; Zheng, W., Inserting an 

"atomic trap" for directional dopant migration in core/multi-shell QDs. Chem Sci 2023, 14 (48), 

14115-14123.) Copyright (2023) Chemical Science © Royal Society of Chemistry.  

Diffusion of atoms or ions in solid crystalline lattice is crucial in many areas of solid-

state technology. However, controlling ion diffusion and migration is challenging in nanoscale 

lattices. In this work, we intentionally insert a CdZnS alloyed interface layer, with small cationic 

size mismatch with Mn(II) dopant ions, as an “atomic trap” to facilitate directional (outward and 

inward) dopant migration inside core/multi-shell QDs to reduce the strain from the larger 

cationic mismatch between dopants and host sites. Furthermore, it was found that the initial 

doping site/environment is critical for efficient dopant trapping and migration. Specifically, a 

larger Cd(II) substitutional site (92 pm) for the Mn(II) dopant (80 pm), with larger local lattice 

distortion, allows for efficient atomic trapping and dopant migration, while Mn(II) dopant ions 

can be very stable with no significant migration when occupying a smaller Zn(II) substitutional 

site (74 pm). Density functional theory calculations revealed a higher energy barrier for a Mn(II) 

dopant hopping from the smaller Zn substitutional tetrahedral (Td) site as compared to a larger 

Cd substitutional Td site. The controlled dopant migration by “atomic trapping” inside QDs 

provides a new way to fine tune the properties of doped nanomaterials.   
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3.1 Introduction 

Doped semiconductor NCs are acknowledged as a crucial class of nanomaterials, 

attracting interest for investigations ranging from fundamental understanding to applications in 

renewable energy.9, 45, 52, 56, 97, 110, 188, 200, 224, 225 The incorporation of intentional impurities, known 

as dopants, to regulate the characteristics of materials lies in the center of nanomaterials. 

Impurity doping in semiconductor QDs (QDs) has attracted numerous interests for manipulating 

and enhancing their properties, offering a versatile avenue for technological advancements. The 

intentional introduction of impurity ions into the quantum dot lattice has gained increasing 

attention due to its ability to obtain desirable characteristics, such as optical,10, 125, 226 

magnetic,143, 227, 228 electrical,121 and electronic229, 230 properties.  

Despite significant developments in the synthesis of doped NCs, dopant behavior after 

incorporation inside NCs is not well understood. Specifically, the control of dopant location and 

distribution inside NCs through directional dopant migration is still largely unexplored. 

Therefore, it is fundamentally important to understand the spatial distribution of dopants in 

doped NCs from a synthetic control aspect, and a necessity to understand how dopant 

manipulation affects the resulting properties. Dopant ions inside NC lattice are extrinsic point 

defects, which could entail a significant local distortion of the structure, especially with large 

size mismatch with host substitutional sites. Therefore, thermodynamically, the point defects can 

migrate to more ideal substitutional sites with smaller size mismatch. However, manipulating 

dopant location by migration or diffusion inside NC lattice after dopant incorporation is 

challenging due to the high activation energy of ion diffusion. Theoretically, facilitated dopant 

diffusion is possible especially at relatively high temperatures since the high thermal energy of 

dopant ions leads to higher hopping frequencies inside the host lattice.15 Furthermore, high 
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temperature conditions can lead to higher concentrations of intrinsic defects such as vacancies, 

which typically provide a lower-energy pathways for diffusion through a structure that does not 

involve the energy penalties associated with continuously displacing ions from normal ion sites. 

Additional challenges to control and study the dopant migration behavior pertain to 

limited analytical techniques available to detect the location and distribution of dopant ions in 

NCs with high spatial and temporal resolution at the nanoscale. Electron paramagnetic resonance 

(EPR) is a powerful technique to detect transition metal dopants with unpaired electrons and can 

even reveal spin interactions that are sensitive to the local microenvironments in lattice. For 

example, EPR can distinguish the surface and core Mn dopant sites in many II-VI group NC 

lattice.6, 13, 43 However, EPR cannot provide detailed information of the dopant location(s) 

including the depth of a dopant ion inside a NC.  

Previously our group developed a sensitive “optical gauge”, i.e., the changes in the PL 

ratio of host CdS QDs and Mn dopants, to probe dopant location and distribution of Mn dopant 

ions in Mn:CdS QDs during ZnS shell passivation.17 The changes in the PL ratio of CdS QDs 

and Mn reflects different energy transfer rate between the exciton and Mn ions, which can be 

understood using equation 2.1.151 Considering small changes in the host and dopant PL position, 

and constant doping concentration in core/shell NCs, the kET between host QDs and Mn(II) 

dopants can be held proportional to the PL ratio amid the Mn and host lattice (kET ∝ IMn/IBG).43, 

147, 220 kET is related to the overlap between the wavefunctions of the exciton and Mn dopants,220 

and thus the distance between exciton and Mn ions. Therefore, the ratio of Mn(II) to host PL 

reflects the degree of host-to-dopant energy transfer rate and can be used as an “optical gauge” to 

monitor dopant location and dopant migration behavior inside core/shell QDs.  
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As a proof of concept, previously, we used the PL ratio of host CdS QDs and Mn dopants 

to visualize gradual outward dopant migration behavior from CdS core lattice towards the 

formed alloyed interface (CdZnS) in the Mn core-doped Mn:CdS/ZnS core/shell QDs during 

shell passivation.17 It was believed that the Mn(II) could migrate to substitutional sites with 

smaller cationic size mismatch to reduce the strain from the larger cationic mismatch between 

Mn(II) ions (80 pm) and substitutional Cd(II) ion sites (92 pm). The outward dopant migration 

led to the weakened host-dopant energy transfer due to the larger effective separation between 

exciton and dopant ions. (i.e., smaller wavefunction overlap between exciton and dopant ions), 

which is evidenced by the gradually decreased IMn/IBG in the PL spectra. Nevertheless, dopant 

behaviors could be complicated in the host lattice, considering thermal self-annealing effects can 

also induce outward movement of dopants in NCs. For example, dopant ejection could happen 

with extended thermal annealing of Mn doped QDs.14, 215 Therefore, to confirm the role of 

cationic size mismatch for the dopant behavior, it is critical to achieve the control of the inward 

dopant migration in NC lattice. So far, the controlled inward Mn dopant migration behavior is 

still unexplored. In addition, whether the directional (both inward and outward) dopant migration 

and the migration rate can be further controlled by intentionally inserted dopant “trap” layers 

with less size mismatch is unknown. 

In this work, we systematically controlled the Mn dopant migration by inserting an 

alloyed interface as an “atomic trap” within core/muti-shell QDs for inward Mn dopant 

migration and therefore dopant location and distribution inside QDs. Our hypothesis is that the 

inserted CdZnS alloyed shell with small cationic size mismatch with Mn can provide a better 

substitutional site for Mn dopants, which can serve a dopant “trap” to initiate fast dopant 

migration under moderate temperatures. Inward Mn dopant migration behaviors were achieved 
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by intentionally inserting a CdZnS alloyed layer into the shell doped core/multi-shell QDs 

(Scheme 3.1). More importantly, it was found that the initial doping site and environment is 

critical for efficient “atomic trapping” and dopant migration. Specifically, a larger initial 

substitution site for Mn(II) dopants, for example Cd(II) site (92 pm), with larger local lattice 

distortion, allows for efficient atomic trapping and dopant migration, while Mn(II) dopant ions 

can be very stable with no significant migration occurring when occupying a slightly smaller 

substitutional site, such as Zn(II) site (74 pm). Theoretical simulations indicate a significantly 

high energy barrier for dopant hopping through a triangle face of a small substitutional 

tetrahedral (Td) site. It is fundamentally important to understand the mechanism of directional 

dopant migration behavior within NC lattice, which plays a critical role in finely manipulating 

the properties of the doped NCs. 

3.2 Experimental 

3.2.1 Chemicals, stock solutions and precursors 

Chemicals: Cd(NO3)2·4H2O (≥99.0%, Sigma-Aldrich), Mn(CH3CO2)2 (>98%, Alfa 

Aesar), sulfur powder (99.998%, Sigma-Aldrich), cadmium oxide (CdO, 99.99%, Sigma-

Aldrich), zinc oxide (ZnO, ≥99.0%, Sigma-Aldrich), HNO3 (65%, Fisher), oleylamine (OAm, 

70%, Sigma-Aldrich), 1-dodecanethiol (DDT, ≥98%, Sigma-Aldrich), oleic acid (OA, 90%, 

Sigma-Aldrich), 1-octadecene (ODE, 90%, Alfa Aesar), toluene (≥99.5%, Fisher), acetone 

(≥99.5%, Fisher), ethanol (≥99.5%, VWR), and hexane (>98%, Alfa Aesar) were used as 

received. 

Stock solutions and precursors:  
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a) Sulfur-OAm solution for the synthesis of the CdS core QDs. 19.5 mg (0.6 mmol) 

sulfur powder was added into a three-neck flask containing 3 mL OAm. The solution was 

degassed for 30 minutes at room temperature and then heated to 100 ℃ under Argon (Ar) and 

kept stirring at 100 ℃ for about 3 hours. Then the solution was cooled to room temperature and 

reheated before injection.17, 122 

b) Sulfur-ODE solution for the synthesis of metal sulfide shells (i.e., CdS, ZnS, and 

CdZnS shell). 32.0 mg (1.0 mmol) sulfur powder was added into a vial which contained 10 mL 

ODE. The solution was degassed for 30 minutes at room temperature and sonicated at least 2 

hours after refilling with Ar.17, 122 

c) Zn precursor for the growth of ZnS shell. 81.5 mg (1.0 mmol) zinc oxide was mixed 

with 9 mL ODE and 1 mL OA in a three-neck flask. After degassing for 1 hour at 100 ℃, the 

solution was heated to 310 ℃ under Ar. Cooled the solution to the room temperature after it was 

completely clearly. Reheated the solution to a clear solution before the injection.17, 122 

d) Cd/Zn precursor for the growth of CdZnS alloyed shell. 32.0 mg (0.25 mmol) 

cadmium oxide and 20.3 mg (0.25 mmol) zinc oxide were dissolved in 3.6 mL ODE and 1.25 g 

OA. After degassing for 1 hour at 100 ℃, the solution was heated to 310 ℃ under Ar. After the 

solution turned clear, the solution was cooled to room temperature.17 Reheated the solution to a 

clear solution before the injection.  

e) Cd precursor for the growth of CdS shell. 32.0 mg (0.25 mmol) cadmium oxide was 

dissolved in 1.8 mL ODE and 0.62 g OA. After degassing for 1 hour at 100 ℃, the solution was 

heated to 280 ℃ under Ar. After the solution turned clear, the solution was cooled to room 

temperature. Reheated the solution to a clear solution before the injection.17, 122  
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f) Mn precursor (Mn acetate in OAm) for shell doping. OAm (8 mL) was added into a 

three-neck flask and degassed at room temperature for 10 minutes followed by degassing at 120 

℃ for additional 10 minutes. 7 mg (0.04 mmol) anhydrous Mn (CH3CO2)2 was quickly added 

into the flask at room temperature. After degassing at room temperature for 10 minutes and an 

additional 10 minutes at 120 ℃, the solution was cooled to room temperature.17, 122 Note: The 

Mn precursor solution should be freshly made just before the injection.  

3.2.2 Synthesis of Mn shell-doped and undoped core/multi-shell quantum dots 

a) Synthesis of undoped CdS core QDs. Undoped CdS QDs were synthesized through a 

colloidal hot-injection technique as previously described with slight modification.17  Briefly, 41.2 

mg (0.130 mmol) of Cd (NO3)2·4H2O, 0.167 mL of DDT, and 10 mL of OAm were mixed in a 

three-neck flask. The mixture was degassed for 40 min at room temperature and another 10 min 

at 100 °C. The mixture was refilled with Ar and kept at 110 °C for 30 min. Then, 0.667 mL of a 

0.2 M solution of sulfur in OAm was swiftly injected into the flask when the mixture was heated 

to 160 °C. After the injection, the temperature was set at 120 °C and degassed for 10 min. The 

temperature was then raised to 240 °C for nanocrystal growth for 5-10 min. The reaction was 

quenched by removing the heating mantle and submerging the flask in a cold-water bath. After 

the reaction had been cooled below 100 °C, the product was dissolved in toluene and then 

crashed out by adding ethanol. The QDs were separated from solutions by centrifugation with a 

speed set to 5000 rpm at 15 °C for 5 min. The supernatant was discarded and the QDs in the 

precipitant were redissolved in toluene or hexane, and the cleaning process was repeated 3 more 

times before shell coating.   

b) Shell growth. A Successive Ion Layer Adsorption and Reaction (SILAR) procedure 

was used to synthesize core/multi-shell QDs.17, 122  The as cleaned CdS core QDs were dissolved 
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in ~1 mL hexane and then transferred into a new three-neck flask with 6 mL of ODE and 2 mL of 

OAm. After degassing at 90 °C for 30 minutes, the solution was heated to 100 °C, and continued 

to degas for another 10 minutes. Next, the solution was refilled with Ar, then the temperature was 

increased to 180 °C for the following shell growth. For the first CdZnS shell growth, the sulfur-

precursor is dropwise injected by the Cd/Zn-precursor alternatively by the volume needed for 1 

monolayer (ML) shell. For the following ZnS shell coating, alternating injections of the sulfur-

precursor and the zinc-precursor were performed until the desired number of MLs was reached. 

A 10 °C increment of the reaction temperature was used after each ML shell growth throughout 

the multi shell growth procedure. The QDs were cleaned once using toluene/ethanol and 

redissolved in toluene for optical measurements. For TEM, XRD, and EPR measurements, 4-6 

additional washes using toluene/ethanol were performed. 

 c) For CdS/CdZnS/Mn:ZnS/ZnS core/multi-shell QDs with Mn doped into ZnS shell, the 

as-cleaned CdS core QDs were dissolved in ~1 mL hexane and then transferred into a new three-

neck flask with 6 mL of ODE and 2 mL of OAm. After degassing at 90 °C for 30 minutes, the 

solution was heated to 100 °C, and degassed for another 10 minutes. Next, the solution was 

refilled with Ar, then the temperature was increased to 180 °C for the following shell growth 

using a SILAR procedure.17, 122  For the first CdZnS shell growth, the sulfur-precursor was 

dropwise injected by the Cd/Zn-precursor alternatively by the volume needed for 1 ML shell. 

The Mn-Zn-precursor was injected dropwise for the Mn:ZnS shell. The CdS/CdZnS/Mn:ZnS  

QDs were cleaned using toluene/acetone to remove unreacted Mn and shell precursors and the 

cleaned QDs were transfer into a new three-neck flask for the following ZnS shell coating. For 

the following ZnS shell coating, alternating injections of the sulfur-precursor and the zinc-

precursor were performed until the desired number of MLs was reached. A 10 °C increment of 
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the solution temperature occurred after each ML shell growth throughout the multi shell growth 

procedure. 

d) For the synthesis of the CdS/CdZnS/Mn:CdS/ZnS core/multi-shell QDs with Mn doped 

into CdS shell, the same procedure using the SILAR method was used except the Mn doped CdS 

layer was grown in the second shell by dropwise injecting the mixture of CdO and Mn-precursor. 

For control experiments without CdZnS alloyed trap layer, a CdS or ZnS layer was grown to 

replace the CdZnS layer in CdS/CdS/Mn:CdS/ZnS and CdS/ZnS/Mn:ZnS/ZnS core/multi-

shell QDs, respectively. The same sample purification method was adopted for the shell doped 

core/multi-shell QDs as for the Mn core-doped core/multi-shell QDs. 

3.2.3 Characterizations 

Sample size, morphology, and dispersity were analyzed by transmission electron 

microscopy (TEM) using a JEOL JEM-2100F TEM which was operated at 200 kV. Powder X-

ray diffraction (XRD) patterns were taken on a Bruker D2 Phaser with a LYKXEYE 1-

dimensional silicon strip detector using Cu Kα radiation (λ =1.5406 Å). The elemental analysis 

of the samples was conducted by a PerkinElmer Avio-220 Max inductively coupled plasma-

optical emission spectrometry (ICP-OES). For ICP-OES measurements, the powdered samples 

were completely dissolved in 65% HNO3, heated to remove excess NOx, and then diluted with 

2% HNO3 solution.  

Agilent Cary 60 UV-vis spectrophotometer was used to collect absorption spectra of the 

samples in a 1 cm quartz cell. PL measurements were conducted with a Horiba FluroMax Plus 

spectrofluorometer. Time-resolved emission measurements were performed using an Edinburgh 

FLS-980 fluorescence spectrometer equipped with 365 nm picoseconds pulsed lasers (EPLSs) 

and microsecond flashlamp (μF2) to measure PL lifetime from a few nano seconds to seconds. 
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Room temperature EPR spectra was performed by a Bruker ELEXSYS-II E500 spectrometer 

with a microwave frequency of 9.7 GHz. 

3.2.4 Theoretical quantum chemical calculations 

All quantum chemical calculations were performed using density functional theory (DFT) 

using the B3LYP functional using LANL2Z basis set and LANL effective core potentials. The 

tetrahedral (Td) sites occupied by Mn(II) for ZnS and CdS lattice were obtained from the 

respective crystal structures. The minimum-energy path (MEP) for dopant migration from an 

occupied Td site to an adjacent vacant Td site was calculated using the TERACHEM quantum 

chemistry package which was then used to calculate the energy barrier for the dopant migration. 

3.3 Result and Discussion 

In this work, Mn shell-doped core/multi-shell QDs were designed and the directional 

migration behaviors of Mn ions in the QD lattice were studied under the influence of an inserted 

CdZnS layer as an “atomic trap” within core/multi-shell QDs. The inward dopant migration was 

investigated by inserting alloyed interface (CdZnS) in Mn shell-doped CdS/Mn:CdS/ZnS (i.e., 

CdS/CdZnS/Mn:CdS/ZnS) and CdS/Mn:ZnS/ZnS (i.e., CdS/CdZnS/Mn:ZnS/ZnS) core/multi-

shell QDs. To expand the atomic trapping strategy for directional dopant migration, we then 

explored the inward Mn migration behavior by inserting CdZnS alloyed shell in Mn shell-doped 

core/multi-shell QDs. The Mn(II) dopant behaviors when doped into both smaller substitutional 

Zn sites and larger substitutional Cd sites in the shell lattice were tested. (Scheme 3.1). 
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Scheme 3.1 Schematic of Mn shell-doped core/multi-shell QDs with inward dopant migration by 

inserting an alloyed “trap” for Mn dopants. 

3.3.1 Mn doping into smaller substitutional Zn sites (74 pm) in ZnS shell 

We first synthesized undoped CdS core QDs, followed by inserting a CdZnS alloyed shell 

before the dopant growth in the ZnS shell (i.e., CdS/CdZnS(1 ML)/Mn:ZnS/ZnS(1–3 MLs) core/multi-

shell QDs) using a SILAR method. Successful shell growth was evidenced by the gradual size 

increase of QDs from 3.0 ± 0.3 nm of the CdS core QDs to 6.4 ± 0.3 nm after 1 ML CdZnS and 5 

MLs ZnS shell coating from TEM images (Figure 3.1 a–c), as well as gradual XRD peak shift 

from cubic CdS to cubic ZnS phase with the increase of the ZnS shell thickness (Figure 3.1d, and 

Figure 3.2). 
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Figure 3.1 (a–c) TEM images of CdS/CdZnS, CdS/CdZnS/Mn:ZnS, and 

CdS/CdZnS/Mn:ZnS/ZnS core/multi-shell QDs. (d) XRD patterns and (e) normalized absorption 

(dotted lines) and PL (solid lines) spectra of CdS core and CdS/CdZnS/Mn:ZnS/ZnS(1–5 

MLs) core/multi-shell QDs. (f) The PL Intensity ratio of Mn(II) and CdS host lattice (IMn PL/ICdS PL) 

and (g) the Mn(II) PL peak position as a function of ZnS shell thickness. 

Figure 3.1e shows the absorption and PL spectra of CdS/CdZnS/Mn:ZnS/ZnS core/multi-

shell QDs. The CdS core QDs exhibit an absorption peak around 404 nm and a broad defect 

emission peak centered around 580 nm. A new bandgap emission peak from CdS QDs at around 

420 nm was observed after the growth of the first CdZnS shell. 1 ML ZnS shell on the surface of 

CdS/CdZnS/Mn:ZnS QDs leads to a Mn PL around 587 nm. As the ZnS shell MLs increase, the 



76 
 

Mn PL peak redshifts indicating the shell thickness-dependent pressure applied on the Mn 

dopants (Figure 3.1e, g and Figure 3.3). Surprisingly, no significant change in the PL ratio of Mn 

and CdS (IMn/ICdS) of the core/multi-shell QDs with different ZnS shell thickness occurred 

(Figure 3.1f), which indicates no significant dopant migration towards the inserted alloyed shell 

when Mn(II) dopants were directly doped into ZnS shell. Based on this result, we hypothesized 

that there might be a high energy barrier for dopant hopping when dopants occupy a smaller 

Zn(II) substitutional site (74 pm) for a Mn(II) dopant (80 pm). In contrast, a larger initial 

substitutional site could lead to a lower energy barrier for dopant hopping, which allows for 

efficient atomic trapping and dopant migration. 

 

Figure 3.2 XRD patterns of CdS core and CdS/CdZnS/Mn:ZnS/ZnS(1-5 MLs) core/multi-shell 

QDs. 
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Figure 3.3 Normalized absorption (dotted lines) and PL (solid lines) spectra of CdS core and 

CdS/CdZnS/Mn:ZnS/ZnS(1-5 MLs) core/multi-shell QDs. 

3.3.2 Mn doping into larger substitutional Cd sites (92 pm) in CdS shell 

To study the initial substitutional site-dependent dopant behavior under the influence of 

the alloyed “trap” layer, Mn(II) ions were doped in CdS shell with larger substitutional Cd(II) 

cationic sites (92 nm) in CdS/CdZnS/Mn:CdS/ZnS core/multi-shell QDs. TEM images indicate 

the size of the core/multi-shell QDs increases ∼0.5 nm upon the addition of each shell layer 

(Figure 3.4a–c), which is similar to that of CdS/CdZnS(1 ML)/Mn:ZnS/ZnS core/multi-shell QDs 

(Figure 3.5). XRD diffraction peaks gradually shifted from cubic CdS to cubic ZnS phase as the 

function of the ZnS shell thickness (Figure 3.4d and Figure 3.6). ICP-OES measurements 

indicate that the Mn doping concentration is 0.4% for CdS/CdZnS/Mn:CdS QDs, which 
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represents ∼5 Mn(II) ions per QD with an average diameter of a 3.8 nm. After the 1st ML of ZnS 

coating onto the QDs, the Mn doping concentration dropped to 0.3% which represents ∼4 Mn(II) 

ions per QD with an average diameter of 4.3 nm. 

 

Figure 3.4 (a–c) TEM images of CdS/CdZnS, CdS/CdZnS/Mn:CdS, and 

CdS/CdZnS/Mn:CdS/ZnS core/multi-shell QDs. (d) XRD patterns of CdS and 

CdS/CdZnS/Mn:CdS/ZnS core/multi-shell QDs. (e) X-band EPR spectra of CdS/CdZnS/Mn:CdS 

and CdS/CdZnS/Mn:CdS/ZnS(1–5 MLs) core/multi-shell QDs. (f) The representative first sextet 

hyperfine peak of EPR spectra to display general decreasing spectral linewidth and (g) the EPR 

hyperfine peak linewidth as a function of shell monolayers. 
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Figure 3.5 TEM Images and histogram of CdS/CdZnS/Mn:CdS and CdS/CdZnS/Mn:CdS/ZnS5 

MLs core/multi-shell QDs. The insets are the high-resolution TEM images showing d-spacing of 

the (111) lattice plane of the QDs. The slight decrease in the average interplanar spacing from 

0.35 nm of CdS/CdZnS/Mn:CdS to 0.33 nm of CdS/CdZnS/Mn:CdS/ZnS5 MLs core/multi-shell 

QDs is consistent with the smaller lattice parameters of ZnS compared with that of CdS. The size 

of the QDs increased from 3.8 ± 0.3 nm (a and b) to 6.4 ± 0.3 nm (c and d) for 5 MLs of ZnS 

shell coated on the QDs. 



80 
 

 

Figure 3.6 XRD patterns of CdS/CdZnS/Mn:CdS/ZnS core/multi-shell QDs as a function of 

shell thickness. 

EPR data illustrates the hyperfine peaks with hyperfine splitting constants of 91.4 G and 

68.5 G from surface and core Mn dopants for the CdS/CdZnS/Mn:CdS QDs, respectively (Figure 

3.4e). For the CdS/CdZnS/Mn:CdS/ZnS QDs core/multi-shell QDs, all surface hyperfine terms 

were removed through ZnS shell coating. Interestingly, the linewidth of the core Mn hyperfine 

splitting peaks of the CdS/CdZnS/Mn:CdS/ZnS(1–5 MLs) QDs decreased from 8.6 G (1st ZnS ML) 

to 5.0 G (5th ZnS MLs) (Figure 3.4f and g). Considering a slightly larger average Mn–Mn 

distance after the inward dopant migration in the core/multi-shell QDs (from ∼1.7 nm to ∼2.1 

nm. See Table 3.1 and calculation, and Scheme 3.2), the decreasing hyperfine peak linewidth 

could indicate more diluted Mn doping inside the inserted alloy trap layer, as well as narrower 
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and more homogeneous Mn bonding environments, as the result of dopant migration towards the 

alloy trap layer with the smaller cationic size mismatch with Mn dopants. 

Table 3.1 The average distance between Mn ions inside CdS/CdZnS/Mn:CdS QDs and  

CdS/CdZnS/Mn:CdS/ZnS QDs with inward dopant migration behavior. 

Sample [Mn] 

Numbe
r of Mn 
ions per 
QD (n) 

Assuming dopant radial 
position from the center of 
a QD/nm 

Average 
surface area 
occupied per 
Mn ion (AMn) 
/nm2 

Average 
distance 
between 
Mn ions 
(dMn) /nm 

CdS/CdZn
S/Mn:CdS 

0.4% 5 

At the CdZnS and Mn:CdS 
shell interface (1.75 nm) 

7.70 1.57 

At the midpoint of Mn:CdS 
shell (1.88 nm) 

8.84 1.68 

At the outer surface of 
Mn:CdS shell layer (2 nm) 

10.04 1.79 

CdS/CdZn
S/Mn:CdS/ 
ZnS1ML 

0.3% 4 

At the CdZnS and Mn:CdS 
shell interface (2 nm) 

12.57 2.00 

At the midpoint of Mn:CdS 
shell (2.13 nm) 

14.19 2.13 

At the to outer surface of 
Mn:CdS shell layer (2.25 
nm) 

15.90 2.25 

Note: Calculation of the average distance between Mn ions within QDs before and 

after dopant migration. 

For the Mn shell-doped core/multi-shell QDs, Mn ions would occupy in a thin shell layer 

above the CdS core. The surface area of a shell QD can be calculated using equation 3.2,  

Aୱ୦ୣ୪୪ = 4πr୕ୈ
ଶ    (Eq. 3.2) 
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The average area occupied by each Mn ion can be calculated using equation 3.3. It should 

be noted that decreased doping concentration after shell coating and the number of Mn ions per 

core/shell QD is represented as n'.  

A୬ =  Aୱ୦ୣ୪୪/n′   (Eq. 3.3) 

The radius of the circle occupied by a Mn ion (RMn) is, 

R୬ =  ට


ସ
   (Eq. 3.4) 

Then the average Mn-Mn distance in the shell can be estimated as 2 * RMn.  

ZnS shell coated CdS/CdZnS/Mn:CdS QDs, i.e., CdS/CdZnS/Mn:CdS/ZnS(1-5 MLs), have 

the same dopant concentration, and therefore the same average distance between Mn ions, 

regardless of the ZnS shell MLs. 

 

Scheme 3.2 Average Mn-Mn distance before and after inward dopant migration inside shell-

doped QDs. 
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Figure 3.7 TEM Images and histogram of CdS/CdS/Mn:CdS and CdS/CdS/Mn:CdS/ZnS5 MLs 

core/multi-shell QDs. The insets are the high-resolution TEM images showing d-spacing of the 

(111) lattice plane of the QDs. The slight decrease in the average interplanar spacing from 0.35 

nm of CdS/CdS/Mn:CdS to 0.33 nm of CdS/CdS/Mn:CdS/ZnS5 MLs core/multi-shell QDs is 

consistent with the smaller lattice parameters of ZnS compared with that of CdS. The size of 

QDs increased from 3.8 ± 0.3 nm (a and b) to 6.4 ± 0.3 nm (c and d) for 5 MLs of ZnS shell 

coated on the QDs. 
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Figure 3.8 XRD patterns of CdS/CdS/Mn:CdS/ZnS core/multi-shell QDs as a function of shell 

thickness. 

To further prove the role of the alloyed trap layer for dopant migration, we used a CdS 

layer to replace CdZnS in the core/multi-shell QDs (i.e., CdS/CdS/Mn:CdS/ZnS) without an 

“atomic trap” in the core/shell interface (Figure 3.7 and 3.8). Two similar sets of EPR hyperfine 

splitting from surface and core Mn dopants (A: 96.0 and 69.1 G) from CdS/CdS/Mn:CdS QDs 

and only core hyperfine peaks were observed after the following ZnS shell coating in 

CdS/CdS/Mn:CdS/ZnS QDs (Figure 3.9). However, no change in the linewidth of the Mn core 

hyperfine peaks (7.5 G for QDs from the 1st to 5th ZnS shell) was observed (Figure 3.9b and c), 

which indicates no significant changes in the dopant bonding environment and location inside 

the QD lattice without the CdZnS alloyed trap layer. 
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Figure 3.9 (a) Room Temperature X-Band EPR spectra of CdS/CdS/Mn:CdS/ZnS(1-5 MLs) 

core/multi-shell QDs. Two discrete substitutional Mn(II) sites including the core Mn(II) sites 

(hyperfine splitting constant (A: 69.1 G) and surface Mn(II) sites (A: 96.0 G). During the shell 

passivation, only the core site (A = 69.1 G) was observed. (b) The representative first sextet 

hyperfine peak of EPR spectra to display spectra linewidth and (c) the EPR hyperfine peak 

linewidth as a function of shell monolayers. 

The absorption and PL spectra of the selected CdS/CdZnS/Mn:CdS/ZnS and 

CdS/CdS/Mn:CdS/ZnS core/multi-shell QDs are shown in Figure 3.10a and b, respectively (full 

set optical data in Figure 3.11). The PL QYs of the QDs gradually increased during the ZnS shell 

passivation, which is similar to undoped core/multi-shell QDs with the same core and shell 

lattice (Figure 3.12). Significantly, the PL intensity ratio of Mn(II) and CdS host lattice (IMn/ICdS) 

increases from 1.22 to 2.50 during the ZnS shell growth (1–5 MLs) in the 
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CdS/CdZnS/Mn:CdS/ZnS core/multi-shell QDs (Figure 3.10c), which is in contrast to the lack of 

a change in IMn/ICdS when doping Mn in the ZnS lattice of CdS/CdZnS/Mn:ZnS/ZnS core/multi-

shell QDs. (Discussed in Mn doping into ZnS shell with smaller initial substitutional Zn sites 

above.) 

 

Figure 3.10 (a and b) Normalized absorption and PL spectra of (a) CdS/CdZnS/Mn:CdS/ZnS(1–5 

MLs) and (b) CdS/CdS/Mn:CdS/ZnS(1–5 MLs) core/multi-shell QDs. (c) The PL Intensity ratio of 

Mn(II) and CdS host lattice and (d) the changes of Mn(II) PL peak position as a function of ZnS 

shell thickness. (e) Schematic of the dopant inward migration by inserted CdZnS alloyed trap 

layer and (f) the band alignment of the CdS/CdZnS/Mn:CdS/ZnS core/multi-shell QDs. 

Based on eq. 2.1, the increased PL ratio between Mn(II) and CdS host lattice represents 

increased rate of energy transfer (kET), which indicates the enhanced host-to-dopant energy 

transfer due to the inward Mn migration to the alloyed interface (Figure 3.10e and f). 

Furthermore, there was no significant change in the PL ratio of Mn(II) and CdS host QDs when a 

CdS layer is used to replace the “atomic trap” CdZnS layer in the CdS/CdS/Mn:CdS/ZnS 

core/multi-shell QDs (Figure 3.10b and c), which indicates there was no significant dopant 
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migration in the absence of the alloyed interface even though Mn dopants substitute in larger Cd 

sites. In addition, a rapid redshift of the Mn PL position (23 nm) was observed in the 

CdS/CdZnS/Mn:CdS/ZnS QDs with the inserted alloy trap (Figure 3.10a and d). In contrast, the 

Mn dopant PL peak position of CdS/CdS/Mn:CdS/ZnS QDs experienced a lesser redshift (20 

nm, Figure 3.10b and d). The larger Mn PL peak shift indicates larger pressure applied from the 

thick outer shell in CdS/CdZnS/Mn:CdS/ZnS QDs, which can support that the alloy trap layer 

could facilitate the inward dopant migration (Figure 3.10e). 

 

Figure 3.11 Normalized absorption (dotted lines) and PL (solid lines) spectra of (a) 

CdS/CdZnS/Mn:CdS/ZnS(1-5 MLs) and (b) CdS/CdS/Mn:CdS/ZnS(1-5 MLs) core/multi-shell QDs. 
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Figure 3.12 PL QYs (a) shell doped CdS/CdZnS/Mn:CdS/ZnS(1-5 MLs) and undoped 

CdS/CdZnS/CdS/ZnS(1-5 MLs) core/multi-shell QDs, and (b) shell doped CdS/CdS/Mn:CdS/ZnS(1-

5 MLs) and undoped CdS/CdS/CdS/ZnS(1-5 MLs) core/multi-shell QDs. 

3.3.3 Mechanism of initial dopant site-dependent dopant migration behavior and DFT 

calculations 

Our experimental results indicate significant dopant migration when Mn(II) ions were 

doped at larger Cd(II) substitutional cationic sites (92 pm) in Mn:CdS/CdZnS/ZnS (outward 

migration) and CdS/CdZnS/Mn:CdS/ZnS core/multi-shell QDs (inward migration) under the 

influence of inserted CdZnS “atomic trap”. The large size mismatch (13%) between a Mn(II) 

dopant and a larger Cd(II) substitutional site (𝑀𝑛ௗ
 ) entails significant local distortion of the 

structure, therefore, thermodynamically, the dopant migration to the alloyed shell with smaller 

size mismatch (𝑀𝑛ௗ/
 ) to reduce the cationic size strain between Mn(II) ions and host sites is 

favored. However, no significant dopant migration towards inserted alloyed shell occurred when 
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Mn(II) dopants were directly doped into ZnS shell with smaller Zn(II) cationic sites (74 pm) as 

in CdS/CdZnS/Mn:ZnS/ZnS core/multi-shell QDs. Therefore, the initial doping environment can 

affect the dopant behavior, which can be understood as the different energy barriers for the Mn 

dopants hopping between the Td sites formed in the cubic close packing of S ions. In general, the 

dopant ions will follow the lowest energy path available in the host lattice during migration, in 

which the dopant ion first passes through one of the triangular faces of the Td site, then through 

one of the triangular faces of an adjacent tetrahedron, before arriving at the vacant tetrahedral 

site (𝑉ௗ/
ᇱᇱ , Figure 3.13a and b). 

 

Figure 3.13 Schematic of dopant migration behaviors when a Mn dopant occupies a larger 

substitutional Cd site in QD lattice (a) and a smaller substitutional Zn site in QD lattice (b). (c) 

DFT calculation of the minimum energy path as a function of the reaction coordinate (Z) at 0 K. 

(d) Ratio of rate constant for dopant migration in ZnS and CdS lattices as a function of 

temperature. 
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In the case of Mn doped at a smaller Zn(II) substitutional site (74 pm, 𝑀𝑛
 ), a high 

activation energy for dopant hopping is expected since the dopant needs to move through a small 

triangular face from the host ZnS4 tetrahedron (Figure 3.13b). The high activation energy for 

dopants escaping from the small tetrahedrons leads to inactive dopant trapping of the alloyed 

Td site. Therefore, no notable dopant migration occurs in our experiments even though with the 

inserted “alloyed trap” layer. In contrast, a larger initial substitutional Cd(II) site (92 pm) in CdS 

lattice with larger triangular faces of the host CdS4 tetrahedron could lead to a lower energy 

barrier for dopant hopping (Figure 3.13a), which allows for active/efficient atomic trapping and 

directional dopant migration towards alloyed lattice under moderate temperatures (𝑀𝑛ௗ
  + 

𝑉ௗ/
ᇱᇱ  𝑀𝑛ௗ/

  + 𝑉ௗ
ᇱᇱ ).  

To further confirm the initial doping site-dependent dopant behaviors, the minimum 

energy path (MEP) of the Mn dopant hopping to escape from the Td site in ZnS and CdS lattice 

was calculated using DFT. The transition-state structure for the Mn migration was obtained by 

constraining the Mn to be co-planar with one of the triangular faces of the Td site (Figure 3.13a 

and b). The direction normal to the plane, defined by the three S and the Mn atoms, was 

identified to the unbound reaction coordinate which was used to construct the MEP for Mn 

migration (Figure 3.13c). The zero of the hopping distance (x-axis in Figure 3.13c) corresponds 

to the minimum-energy structure of the Mn in the Td site. The barrier height (Ea) is defined as the 

energy difference between the transition-state and the minimum-energy structure for both CdS 

and ZnS Td sites. The results from the MEP analysis show that the Ea is 0.71 and 0.47 eV at 0 K 

for ZnS4 and CdS4 Td sites, respectively, which represents a 52% higher energy barrier for the 

Mn hopping in the ZnS lattice as compared to the CdS lattice. 
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The barrier height (Ea) was further used to calculate the temperature-dependence relative 

rate constant of dopant migration using transition-state theory231 (Figure 3.13d). The relative 

temperature dependence of the mobility of the ions can be expressed by an Arrhenius-like 

equation. 

ೋೄ

ೄ
=

ୣ୶୮ [ିாೋೄ
ೌ ಳ்⁄ ]

ୣ୶୮ [ିாೄ
ೌ ಳ்⁄ ]

               (eq. 3.5) 

Analysis of the relative rate constants show that the rate of Mn dopant migration is about 

three-orders of magnitude smaller (0.0018–0.004) in the ZnS lattice as compared to CdS for the 

temperature range investigated in this study (180–230 °C, blue region in Figure 3.13d). It should 

be noted that higher thermal energy of dopant ions at elevated temperatures (>230 °C) could lead 

to fast dopant migration due to the increased hopping frequencies of the dopants inside the host 

lattice.15 However, the rate of Mn dopant migration in the ZnS lattice as compared to CdS is still 

more than two-orders of magnitude smaller (0.005–0.01) at 230–320 °C shown in Figure 3.13d, 

which can support the different dopant behaviors when dopants initially substitute in Cd and Zn 

sites in the core/multi-shell QDs. 

3.4 Conclusion 

In this work, directional inward dopant migration behaviors was achieved using an 

alloyed layer with a small cationic size mismatch with the dopant ions in Mn shell-doped 

core/multi-shell QDs. The inserted alloyed shell (CdZnS) with smaller cationic size mismatch 

with the dopants can serve as an “atomic trap” to the dopant ions to reduce the strain from the 

larger cationic mismatch between Mn(II) ions and host sites. In addition, the initial dopant 

substantial site is critical for the dopant migration behavior. Specifically, larger Cd(II) 

substitutional sites for Mn dopants in the core (shell)-doped core/multi-shell QDs with inserted 
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CdZnS “active atomic trap” facilitate either the outward or inward dopant migration, while 

smaller initial substitutional sites inhibit dopant movement due to higher energy barrier for 

dopant hopping even through more stable alloyed substitutional sites are available (i.e., 

“inefficient atomic trap”). This work represents the first directional dopant migration behavior in 

NC lattice by inserting an “atomic trap” for dopant ions. Controlled dopant migration inside NC 

lattice provides a new way to fine tune the properties of doped QDs. 
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Chapter 4 

Dopant Behaviors in Perovskite/CdS Ionic Core/Covalent Shell or 

CdS/Perovskite Covalent Core/Ionic Shell Heterojunctions 

 

Perovskites, a class of materials with a general formula of ABX3, have attracted 

considerable attention for their versatile applications in photovoltaics and LEDs. Recent 

advancements have particularly highlighted the importance of metal halide perovskite QDs 

(PQDs) and transition metal doped PQDs due to their outstanding optoelectronic properties and 

potential to enhance solar cell efficiency. Researchers have designed and synthesized epitaxial 

core/shell structures and heterostructures to improve their stability and functionality. However, 

dopant behaviors, such as dopant diffusion, distribution, and migration, within core/shell PQDs 

remain unclear. This chapter explores the synthesis of perovskite-based core/shell 

heterostructures combined with II-VI chalcogenide semiconductors using various colloidal 

methods and investigates dopant behavior through the examination of optical properties. In 

addition, it was found that the significant differences in crystal structure, coordination, and 

growth mechanism between perovskites and chalcogenides make the synthesis of epitaxial 

core/shell PQDs very challenging. 
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4.1 Introduction 

The term 'perovskite' originally referred to the mineral calcium titanium oxide (CaTiO3), 

named after Russian mineralogist Lev Perovski who discovered it in 1839.232 In the 1950s, the 

CaTiO3 crystal structure was elucidated as a 3D network of BX6 octahedra surrounded by a cubic 

A cage.233 Since then, as a promising nanomaterial class, perovskites refer to a large category of 

materials that share an ABX3 crystal structure, where A and B are cations and X is the anion 

(Figure 4.1). The A-site is traditionally occupied by large monovalent cations like 

methylammonium and cesium. The B-site often contains divalent metal cations like lead and tin. 

The X-site typically contains halide anions including chlorine, bromine, or iodine.  

 

Figure 4.1 schematic of (a) ABX3 structure18 and (b) 3-D illustration of corner-sharing PbCl6 in 

cubic CsPbCl3 lattice.19  

18[Reproduced with permission of the International Union of Crystallography © 2008] 

19[Reproduced with open access from {Li, S.;  Lin, H.;  Chu, C.;  Martin, C.;  MacSwain, W.;  Meulenberg, R. W.;  Franck, J. M.;  
Chakraborty, A.; Zheng, W., Interfacial B-Site Ion Diffusion in All-Inorganic Core/Shell Perovskite Nanocrystals. ACS Nano 
2023, 17 (22), 22467-22477.} Copyright © 2023 The Authors.] 

The A, B, and X sites in the perovskite ABX3 structure allow for diverse compositional 

engineering, leading to perovskites with different crystal structures and properties. The stability 

and structure of a perovskite can be predicted using the Goldschmidt tolerance factor t which 
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could be calculated based on the ratio of the ionic radii of ions where rA, rB, and rX are the ionic 

radii of the A-site, B-site and X ions (Eq. 4.1).234, 235 

𝑡 =  
ಲା 

√ଶ (ಳା )
     (eq. 4.1) 

  While theoretically any combination of monovalent, divalent, and halide ions could 

occupy the A, B, and X sites, only certain combinations satisfy the tolerance factor requirements 

for a stable perovskite structure at room temperature. The tolerance factor must be between 0.8-

1.0 to form a stable orthorhombic, tetragonal, or cubic perovskite crystal structure, which 

determines the size compatibility between the A, B, and X ions. Values closer to 1 give ideal 

cubic structures, while lower values give increasingly distorted tetragonal and orthorhombic 

phases. Thus, the Goldschmidt tolerance factor severely limits the possible ion combinations that 

can be used to synthesize viable perovskites (Figure 4.2). 

 

Figure 4.2 The illustration of different possible crystal structures based on different Goldschmidt 

tolerance factors (The illustration is based on the CsSnI3 composition presented by E. Lora Da 

Silvia and coworkers.)20, 21 

20[Reproduced with permission of the American Physical Society © 2015] 
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Metal halide perovskite QDs (PQDs) have rapidly attracted attention with a wide range of 

applications as a new emerged class of semiconductor.236, 237 It was found that the PQDs usually 

have high defect tolerance, free of mid-gap trap states. PQDs have exhibited high 

photoluminescence quantum yield (PL QY),84, 238-240 bright exciton triplet states,241 

superfluorescence,242 and enhanced phase stability compared to the bulk,243-245 as well as 

promising performance in photovoltaics,246-248 light-emitting diodes (LEDs),249-251 lasers252-254 

and photodetectors.255-257 For example, during the year 2012, a research work designed a meso-

superstructure perovskite-based solar cell in which perovskites act as both the light-harvesting 

material and the electron-transporting material, improving the power conversion efficiency to 

10.9%.258 The Ghosh group reported a high power conversion efficiency of 31% with an 

optimized perovskite solar cell structure, where a lead-free perovskite acts as a hole transport 

material.259 The significant improvement in the power conversion efficiency of perovskite-based 

solar cells has ignited more in-depth studies of perovskite-based nanomaterials, such as doped 

perovskites or perovskites core/shell heterostructures.  

Transition metal doping, particularly the incorporation of Mn ions in metal chalcogenide 

NC hosts, has been well-developed.173, 260-263 The distinctive feature of Mn doping lies in its 

long-lifetime spin-forbidden d–d transition within a yellow–orange emission. In perovskite hosts, 

CsPbCl3 stands out due to its wide band alignment and efficient host exciton energy transfer to 

Mn states.264 Achieving successful Mn insertions in perovskite hosts requires a competitive 

reactivity of the Mn precursor with Pb, especially given the rapid reaction kinetics at the desired 

temperature (180–200°C).264 One such method to provide the preferred reaction kinetics is to 

utilize RNH3Cl as the activating reagent under high temperatures to overcome the challenges 
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associated with doping in perovskite NCs.22 Mn2+ ions substitutionally replace Pb2+ ions in the 

CsPbCl3 NCs lattice to form doped perovskites as shown in figure 4.3.  

 

Figure 4.3 Schematic illustration of high-temperature synthesis of Mn doped CsPbCl3 NCs using 

RNH3Cl as the activating reagent.22 

22[Reprinted (adapted) with permission from {Das Adhikari, S.;  Dutta, S. K.;  Dutta, A.;  Guria, A. K.; Pradhan, N., Chemically 
Tailoring the Dopant Emission in Manganese-Doped CsPbCl3 Perovskite Nanocrystals. Angew Chem. Int. Ed. Engl. 2017, 56 
(30), 8746-8750.}. Copyright (2017) John Wiley and Sons Publishing] 

Using a solution phase approach under high temperatures, the synthesis of high quality 

perovskite NCs with different morphologies have been recently reported.239, 265-267 For instance, 

using a high temperature synthesis approach, (150 - 250 ℃), the reported CsPbX3 nanocubes 

have a tunable emission range from 410 nm to 700 nm with a narrow emission line widths (12-

42 nm) and high PL QYs (reaching up to 90%) by adjusting the composition of halide ions.239, 268 

Besides the size and composition, geometric morphology such as 0D spherical QDs, 1D 

nanowires, 2D nanoplatelets is another key factor to affect the overall optical and electronic 

properties, due to changes in band structure.269 For example, 0D QDs usually exhibit an isotropic 

emission, but the 1D nanorods could show a polarized emission. (ref) Sun et al. reported a facile 

ligand-assisted precipitation approach under room temperature for colloidal synthesis of different 

morphologies of CsPbX3 NCs by adjusting the ligands.23 The tailorable morphologies of NCs 
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would be achieved by the combination of different organic acid and amine ligands. The mixture 

of hexanoic acid and octylamine could shape the NCs into spherical QDs, the combination of 

oleic acid and dodecylamine could tailor the shape of NCs into nanocubes, acetate acid and 

dodecylamine will also generate nanocubes, and the oleic acid and octylamine would tailor NCs 

into 2D nanoplatelets.(Figure 4.4)23 These different shapes of NCs show a shape-dependent PL 

within the whole visible spectral region and also a variable decay lifetime from several to tens to 

hundreds of nanoseconds. Davis et al. developed a straightforward, ligand-mediated synthesis 

approach for producing 2D Mn-doped CsPbX3 nanoplatelets by controlling the composition and 

concentration of surface ligands. These include short carbon chain ligands (octanoic acid and 

octylamine) and long carbon chain ligands (oleic acid and oleylamine). This facile method offers 

a green chemistry strategy that operate experiments under room temperature and ambient 

conditions without the use of harsh acids and avoid excessive lead waste.270 

 

Figure 4.4 Schematic illustration of the Room-temperature synthesis route for different 

morphology of CsPbX3 (X = Cl, Br, I) NCs, which mediated by organic acid and amine 

ligands.23 

23[Reprinted (adapted) with permission from {Sun, S.;  Yuan, D.;  Xu, Y.;  Wang, A.; Deng, Z., Ligand-Mediated Synthesis of 
Shape-Controlled Cesium Lead Halide Perovskite Nanocrystals via Reprecipitation Process at Room Temperature. ACS Nano 
2016, 10 (3), 3648-57.}. Copyright {2016} American Chemical Society.] 
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However, the soft ionic nature and low formation energy of metal halide perovskites can 

lead to rapid decomposition and ion segregation.250, 271 The inherent instability of perovskites 

became a significant barrier for practical applications, as when they are exposed to moisture, 

polar solvents, air, light, or heat perovskites degrade.272, 273 For example, prolonged exposure to 

light can lead to the decomposition of PQDs, due to the formation of halogen vacancy-halogen 

interstitial pairs under illumination, causing halogens to migrate to the surface.274 

In traditional metal chalcogenide NCs, shell coating with a different material for the 

formation of a core/shell heterostructure, has proven to significantly enhance the stability and 

optical properties of the NCs. Epitaxial core/shell structures are achieved when the lattice 

parameters and crystal structures between the core and shell materials are compatible, such as in 

the case of CdSe/CdS core/shell NCs with a small lattice mismatch (4%) between the same zinc 

blend crystal structure of the CdSe core and CdS shell.5 Many epitaxial core/shell NC structures 

using III-V, II-VI, IV-VI and I-III-V group semiconductors have been reported with engineered 

optical, electrical, and magnetic properties.77, 275, 276 Similar with the conventional core/shell 

semiconductor NCs, the passivation of a shell onto the perovskite NCs should also provide 

enhanced stability.  

The inherent instability of PQDs necessitates strategies for enhancing their resistance to 

moisture and oxygen. Surface encapsulation methods not only prevent aggregation in solutions, 

thus mitigating anion exchange, but also reduces degradation when PQDs are exposed to polar 

solvents, air, high temperatures, and high-energy beams, attributed to the ionic nature of their 

crystalline structure. Effective surface passivation with alternative materials can significantly 

enhance the chemical, photonic, and thermal stabilities of PQDs. The growth of a shell on the 

surface of ionic perovskites is facilitated when the shell material also exhibits ionic 
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characteristics. For instance, successful synthesis of heterostructures like CsPbBr3/Cs4PbBr6 and 

CsPbBr3/Cs2PbBr5 has been achieved through the addition or removal of PbBr2/CsBr on CsPbBr3 

perovskite NCs.277-280 However, rapid halide ion exchange and spontaneous phase 

transformations challenge the epitaxial growth of semiconductor NCs on surfaces using 

traditional wet colloidal chemistry synthesis methods.281, 282 For ionic perovskites, surface 

passivation with a covalently bonded material could reduce surface defects, improve carrier 

transfer, expand the tunable optical range, and boost stability.283, 284 

Binary II-VI and IV-VI chalcogenides as shell materials for perovskites to enhance the 

stability and optoelectronic properties have been investigated in recent years. Tang et al. 

synthesized CsPbBr3/CdS core/shell NCs by using Cd-oleate and S-OAm as shell precursors.24, 

285 The absorption and PL spectra of the core/shell exhibited a blue shift compared with the pure 

perovskite which indicates an increasing bandgap of the core/shell NCs.(Figure 4.5) The PL QYs 

were reported to increase to 88% with significant added stability. The Chen group reported 

CsPbBr3-xIx/ZnS heterodimers with a longer PL lifetime and an increasing charge diffusion 

length which would benefit photovoltaic devices.286  

However, the large difference in lattice parameters, crystal structure, and growth kinetics 

between ionic perovskites and covalent chalcogenides makes the epitaxial growth of a 

chalcogenide onto a perovskite still very challenging. For example, the bonding environment in 

perovskites is of a soft ionic nature, while in chalcogenides, it is covalent. Furthermore, for most 

II-VI group semiconductors, such as CdS or ZnS, the divalent metal ions are in tetrahedral 

coordination. In contrast, the B-site ions in perovskites, such as Pb2+ in CsPbX3, are in octahedral 

coordination. In addition, there are different growth kinetics and rates for perovskites and 

chalcogenides, especially to form a perovskite shell on the top of II-VI QDs, the rapid formation 
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of perovskite NCs usually makes it difficult to grow a perovskite shell slowly on the core QDs 

without additional perovskite nucleation. These differences create a high energetic barrier at the 

interface, which makes epitaxial growth problematic.281 

 

Figure 4.5 (a) Schematic of CsPbBr3/CdS QDs and (b) XRD patterns of the CsPbBr3/CdS QDs 

compared with standard peak position of CsPbBr3 (Green line in the bottom) and CdS (Orange 

line in the top). (c) and (d) shows the TEM images and the mapping images of core/shell QDs. 

(e) EDX line profiles of Cs, Pb, Br, S, and Cd for CsPbBr3/CdS QDs. and (f) PL emissions of the 

pure perovskite QDs (in green) and CsPbBr3/CdS core/shell QDs (in blue).24 

24[Reproduced with open access from {Tang, X.;  Yang, J.;  Li, S.;  Chen, W.;  Hu, Z.; Qiu, J., CsPbBr3/CdS Core/Shell Structure 
Quantum Dots for Inverted Light-Emitting Diodes Application. Front Chem. 2019, 7, 499.} Copyright © 2019 Tang, Yang, Li, 
Chen, Hu and Qiu.] 

From the discussions in chapters 2 and 3, it is fundamentally important to understand 

both the spatial distribution and location of dopants in NCs from a synthetic control perspective, 

and how dopant manipulation affects the resulting properties. In this chapter, we aim to 

systematically study the dopant behavior in perovskite-based core/shell NCs. The Mn doped 
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perovskite/CdS and perovskite/ZnS core/shell heterostructures were synthesized using a 

combination of hot-injection and single-source precursor methods, as well as a precipitation 

approach. The dopant behavior was probed by optical spectroscopy.  

4.2 Experimental 

4.2.1 Chemicals, stock solutions and precursors 

Chemicals: Cesium carbonate (Cs2CO3, 99.9%, Sigma-Aldrich), hydrobromic acid (HBr, 

48% w/w in H2O, Alfa Aesar), hydrochloric acid (HCl, 37% aqueous solution, Sigma-Aldrich), 

lead (II) bromide (PbBr2, 99.999%, Sigma-Aldrich), lead (II) chloride (PbCl2, 99.999%, Alfa 

Aesar), manganese (II) bromide (MnBr2, >99%, Alfa Aesar), manganese (II) chloride (MnCl2, 

>99%, Fisher), dimethyl sulfoxide (DMSO, 99.9%, Fisher), N,N-dimethylformamide (DMF, 

99.9%, Fisher), cadmium chloride (CdCl2, 99%, Fisher), sodium diethyldithiocarbamate 

(Na(DDTC), 98%, Fisher), zinc diethyldithiocarbamate (Zn(DDTC)2, 97%, Sigma-Aldrich), 1-

octadecene (ODE, technical grade 90%, Fisher), oleylamine (OAm, technical grade 70%, Sigma-

Aldrich), oleic acid (OA, 90%, Fisher), trioctylphosphine (TOP, 97%, Fisher), toluene (99.8%, 

Pharmco), hexanes (98.5%, Pharmco), ethanol (99.5%, Pharmco), methanol (99.8%, Pharmco), 

methyl acetate (99%, Fisher) were purchased and used without further purification. 

Stock solutions and precursors: 

a) Preparation of oleylammonium halide salt (OAm-HX): The OAm-HX (OAm-Br, 

OAm-Cl) salt was synthesized through a modified procedure from the literature.195, 240 In a 

typical 10 mL reaction synthesis, 10 mL of OAm, and 1.28 mL of HBr (1.0 mL of HCl) were 

loaded and mixed well in a 25 mL three neck flask. The following solidified mixture was heated 

to 80 ℃ under vacuum and refilled with Ar gas for 1 hour. Then the temperature was increased 
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to 120 ℃ for 2 hours followed by another further 30 minutes under 150 ℃. The liquid solution 

was then collected into a 20 mL vial with a septum. The stock solution could be stored under 

room temperature but need to be heated to 80 ℃ before using in the following experiment.   

b) Preparation of cesium oleate (Cs-oleate) precursor: Cs-oleate precursor was 

synthesized based on reported method in literatures.265 Briefly, 0.125 g (0.38 mmol) of Cs2CO3, 

0.45 mL of OA, and 4.4 mL of ODE were mixed in a 25 mL three neck flask. The solution was 

heated to 120 °C under vacuum for 1 hour and heated to 150 °C under Ar for a further 30 

minutes.  The stock solution could be stored under room temperature but need to be heated to 

120 ℃ before using in the following experiment. 

c) Preparation of cadmium diethyldithiocarbamate (Cd(DDTC)2): Cd(DDTC)2 precursor 

was synthesized with slight modification based on reported method in literatures.97 In a typical 

synthesis, CdCl2 (0.504 g, 2.7 mmol) was dissolved in 18.4 mL of distilled water.  

Na(DDTC)·3H2O (1.242 g, 5.5 mmol) was mixed with 11.0 mL of distilled water and kept 

stirring until fully dissolved. Then, Na(DDTC)·3H2O aqueous solution was added dropwise into 

the flask containing CdCl2 solution under vigorous stirring followed by slowly formed white 

precipitates of Cd(DDTC)2 particles. The mixture was stirred for at least 1 hour under room 

temperature. Centrifuged all solution to obtain white precipitates and washed with methanol 

twice. The white Cd(DDTC)2 particles were dried under vacuum. 

4.2.2 Room temperature shell growth for Mn doped CdS/Perovskite core/shell 

heterojunctions 

a) Synthesis of undoped and Mn doped CdS core QDs: Mn(II) doped CdS QDs were 

synthesized through a colloidal hot-injection technique as previously described.17  Briefly, 41.2 

mg (0.130 mmol) of Cd (NO3)2·4H2O, 5.82 mg (0.033 mmol) of Mn(NO3)2·H2O, 0.167 mL of 
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DDT, and 10 mL of OAm were mixed in a three-neck flask. The mixture was degassed for 40 

min at room temperature and another 10 min at 100 °C. The mixture was refilled with Ar and 

kept at 110 °C for 30 min. Then, 0.667 mL of a 0.2 M solution of sulfur in OAm was swiftly 

injected into the flask when the mixture was heated to 160 °C. After the injection, the 

temperature was set at 120 °C and degassed for 10 min. The temperature was then raised to 240 

°C for nanocrystal growth for 5-10 min. The reaction was quenched by quickly removing the 

heating mantle and submerging the flask in a cold-water bath. After the reaction had been cooled 

below 100 °C, the product was dissolved in toluene and then crashed out by adding ethanol. The 

QDs were separated from solutions by centrifugation with a speed set to 5000 rpm at 15 °C for 5 

min. The supernatant was discarded and the QDs in the precipitant were redissolved in toluene or 

hexane, and the cleaning process was repeated 3 more times before shell coating.  For undoped 

CdS core QDs, the reaction starts without Mn(NO3)2·H2O and all other procedures are same as 

those for Mn2+ doped QDs. 

The QDs were cleaned once using toluene and ethanol and redissolved in toluene for 

optical measurements. For XRD measurements, 4-6 additional washes using toluene and ethanol 

were performed. 

b) Room temperature shell growth of perovskite through the ligand-assisted precipitation 

method, as previously described.270, 287 A control reaction to synthesize CsPbBr3 QDs was 

performed first. In a typical reaction, PbBr2 (0.04 mmol) and CsBr (0.04 mmol) were mixed in a 

glass vial containing 1 mL of DMF, stirring or sonicating the solution until all particles are fully 

dissolved. In a separate tube, usually a 15 mL centrifuge tube, 0.1 mL of oleic acid (OA) and 

0.05 mL of oleylamine (OAm) were thoroughly mixed before being added to the PbBr2 and CsBr 

precursors. The above solution was then dropwise injected into a vial containing 10 mL of 
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toluene under continuous stirring. Centrifuge the solution at 5000 rpm for 10 minutes and discard 

the precipitate. Wash the supernatant with acetonitrile. All operations were conducted at room 

temperature in an atmosphere without any protective measures.  

For CdS/CsPbBr3 core/shell heterostructures, add pre-synthesized CdS core into the 

toluene before injecting precursors and ligands. For CsPbCl3 and CdS/CsPbCl3 core/shell 

heterostructures, use PbCl2, CsCl, and MnCl2 precursors instead of Br-precursors, and keep all 

procedures the same as described above. For Mn-doped CsPbBr3 shell growth, a separate MnBr2 

precursor was prepared by dissolving MnBr2 into DMF. Adjusting the ratio between precursors 

could achieve different doping concentrations and compositions during the shell growth.  

4.2.3 Single source shell precursors (SSP) method for Mn doped perovskite/CdS core/shell 

NCs 

a) Synthesis of CsPbX3 QDs was performed through the hot-injection method, as 

previously described.239 Briefly, PbX2 (0.188 mmol), such as PbBr2 (0.069 g), or PbCl2 (0.052 g), 

ODE (5 mL), OAm (0.5 mL) and OA (0.5 mL) were loaded in a three-neck flask. The mixture 

was degassed more than 1 hour at 120 ℃ followed by argon refilling. After complete 

solubilization of the PbBr2 or PbCl2 salt, the flask was heated up to 150 ℃ for Br-salt and 170 ℃ 

for Cl-salt. Swiftly injected the prepared Cs-oleate precursor (0.4 mL, 0.125 M in ODE) into the 

solution and quenched the reaction into an ice-water bath after 5 s. For CsPbCl3, 1 mL of 

trioctylphosphine (TOP) was required in the beginning mixture.   

Cleaned the CsPbX3 NCs with toluene and methyl acetate and centrifuged 10 minutes 

with 5000 rpm. Dried NCs under vacuum.  
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b) Synthesis of CsPbX3/CdS core/shell heterostructures by SSP method. Prepared 

CsPbX3 powder (0.015 g), ODE (3 mL) and OAm-X (20 μL) were mixed in a three-neck flask 

and sonicated for 3 minutes. Cd(DDTC)2 powder (5 ~ 10 mg) was added into the flask and 

sonicated for another 5 minutes. The solution was degassed at room temperature for 30 minutes 

and at 100 ℃ for at least 1 hour. Quenched the reaction at different times (10 minutes, 30 

minutes, 60 minutes, etc.) into a cold-water bath. The resulting crude solution was then 

centrifuged for 10 minutes at 5000 rpm. The NCs were redispersed into toluene and cleaned with 

methyl acetate centrifugation where finally the NCs were dissolved in toluene for optical 

measurements.  

4.2.4 Characterizations 

Powder X-ray diffraction (XRD) patterns were taken on a Bruker D2 Phaser with a 

LYKXEYE 1-dimensional silicon strip detector using Cu Kα radiation (λ =1.5406 Å). Agilent 

Cary 60 UV-vis spectrophotometer was used to collect absorption spectra of the samples in a 1 

cm quartz cell. PL measurements were conducted with a Horiba FluroMax Plus 

spectrofluorometer. Time-resolved emission measurements were performed using an Edinburgh 

FLS-980 fluorescence spectrometer equipped with 365 nm picoseconds pulsed lasers (EPLSs) 

and microsecond flashlamp (μF2) to measure PL lifetime from a few nano seconds to seconds.  

4.3 Results and Discussion 

4.3.1 Doped and undoped CdS/Perovskite core/shell heterojunctions 

CdS QDs were initially synthesized using a hot injection in colloidal solution. 

Subsequently, to grow the CdS/Perovskite core/shell NCs, the pre-synthesized CdS core was 
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dissolved in toluene, followed by the room temperature ligand-assisted reprecipitation approach 

for shelling Mn-doped CsPbBr3-xClx NCs perovskite. (Scheme 4.1) 

 

Scheme 4.1 Schematic illustration of the room-temperature synthesis of core/shell NCs.  

 

Figure 4.6 (a)The absorption and emission spectra of CdS core (gray curve), Mn:CsPbBr3-xClx 

(red curve) and CdS/Mn:CsPbBr3-xClx core/shell NCs (purple, green and blue curves) with 

different reaction times. (b) The emission comparison and (c) PL QYs of CdS core, Mn:CsPbBr3-
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xClx and CdS/Mn:CsPbBr3-xClx core/shell NCs are shown. Inset figure shows optical images of 

three samples (0, 15, 30 minutes) under UV light.  

 

Scheme 4.2 Schematic illustration of type-II band alignment of (a) CdS/Mn:CsPbBr3-xClx 

core/shell QDs and  (b) CdZnS/Mn:CsPbBr3-xClx core/shell QDs. 

The first exciton absorption peak for the CdS core at 406 nm experiences a blue shift to 

384 nm after the addition of perovskite precursors and does not shift with increasing reaction 

time. However, this 384 nm absorption peak could be assigned to the pure perovskite, like the 

red curve in figure 4.6 a. The emission spectrum of the CdS core displays a single broad 

emission peak around 570 nm, which indicates a large number of surface defects on the CdS core 

QDs. During the core/shell growth, dual emission peaks illustrate the band gap emission from the 

host lattice around 425 nm, and the Mn dopants emission around 595 nm due to excitonic 

recombination and Mn d-d transitions (4T1 to 6A1), respectively. However, during core/shell 

synthesis, the absorption and emission peak positions and shapes remain unaltered with reaction 

time, which might indicate no core/shell QDs formation. Compared with pure Mn-doped 

perovskite NCs (shell material), they display a strong Mn emission peak around ~598 nm, with a 

slight shift (~4 nm) toward shorter wavelengths for the core/shell QDs. Depending on the type-II 

CdS/Mn:CsPbBr3-xClx  core/shell band alignment (Scheme 4.2),288-291 the electron will be 
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confined in the core, but the hole could be relocated in the core or in the shell, which is expected 

to result in a red shift of the PL spectrum. The PL QYs increased from 6% to 12% following the 

core/shell reaction, suggesting that the CdS core QDs in the initial solution might influence the 

emission, but this is not sufficient evidence for core/shell structure formation.  

For a better understanding of the CdS/perovskite core/shell NCs, CdZnS/perovskite 

core/shell NCs with the similar type-II band alignment were synthesized for comparison using 

the same procedure but replacing the CdS core with a CdZnS core in the initial reaction. The 

optical results and host/Mn PL decay dynamics were shown in figures 4.7 and 4.8. 
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Figure 4.7  Normalized absorption and emission spectra of Mn:CsPbBr3-xClx (green curve), 

CdS/Mn:CsPbBr3-xClx (red curve), and CdZnS/Mn:CsPbBr3-xClx (blue curve) core/shell NCs are 

shown under (a and b) 0 min and (c and d) 15 min of reaction time. 

 

Figure 4.8 PL lifetime for Mn:CsPbBr3-xClx (green curve), CdS/Mn:CsPbBr3-xClx (red curve), 

and CdZnS/Mn:CsPbBr3-xClx (blue curve) core/shell NCs are presented as follows: (a and b) host 

decay time, and (c and d) Mn decay time for the three samples, plotted as a function of reaction 

time. b and d show the lifetimes of the three samples at 0 min. 

As shown in figure 4.7, the CdS/Mn:CsPbBr3-xClx and CdZnS/Mn:CsPbBr3-xClx 

core/shell heterostructures exhibit very different absorption peaks between the pure CdS core and 

CdZnS core. But they are similar to the absorption of pure Mn:CsPbBr3-xClx NCs. The reaction 

time appears to have a minimal impact on the absorption and emission spectra, as all samples 
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exhibit similar optical performance at 0 and 15 minutes. These consistent absorption profiles 

indicate that the optical absorption properties of the core perovskite structure are largely 

preserved, with little impact from the capping layer or specific modifications such as Mn doping. 

Nevertheless, while the absorption characteristics remain consistent across the three samples at 

the same reaction time, they display varying PL intensities. Both the CdS and CdZnS based 

core/shell samples exhibit distinct dual emission characteristics, similar to those of pure Mn-

doped perovskites. However, samples with a CdZnS core generally show a slightly broader 

emission peak with lower intensity compared to those with a CdS core, suggesting better surface 

passivation and fewer non-radiative recombination sites, possibly due to the wider bandgap of 

CdZnS which could affect confinement and energy transfer dynamics. 

Regarding the decay times for host and Mn of the three core/shell NC samples, the Mn-

doped perovskite NCs exhibits the longest host decay and the shortest Mn decay, potentially due 

to more non-radiative pathways or less efficient charge carrier confinement, leading to faster 

recombination. In contrast, CdS/Mn:CsPbBr3-xClx core/shell samples with a CdS core exhibit the 

shortest host decay and the longest Mn decay, possibly resulting from changes in inter-band 

dynamics. However, all samples show similar trends as a function of reaction time,  which 

indicate no clear difference in lifetime observed during the shell coating time. As shown in 

scheme 4.2, both of CdS/Mn:CsPbBr3-xClx  and CdZnS/Mn:CsPbBr3-xClx  core/shell 

heterostructure have type-II band alignment, which is expected to have a longer lifetime than 

pure CdS or CdZnS core QDs (in the range of a few to tens of ns). But from figure 4.8, we could 

not observe obvious longer lifetime of the core/shell heterostructures, therefore, it may not 

support the hypothesis of core/shell formation. Previous literature indicates that overcoming the 

challenges associated with epitaxially passivating perovskites using chalcogenide semiconductor 
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NCs is difficult. Although both perovskite and chalcogenide NCs are colloidal NCs and can be 

synthesized using the high-temperature hot injection method, the fundamental differences 

between the ionic nature of perovskites and the covalent nature of chalcogenide NCs pose 

significant challenges in core/shell formation.281 

4.3.2 Doped perovskite with CdS and ZnS shell by SSP shell coating method 

As described in the experimental section, doped perovskites with a chalcogenide shell 

were synthesized by a combination of hot-injection synthesis of CsPbX3 core reaction with a 

single source precursor shelling methods for II-VI shell growth. (Scheme 4.3) 

 

Scheme 4.3 Schematic of the synthetic route of (a) CsPbCl3 and Mn:CsPbCl3 perovskite core 

NCs via hot injection approach and (b) perovskite/chalcogenide core/shell heterostructures via 

single source precursor method.  

We first synthesized Mn core-doped CsPbBr3/CdS, and CsPbBr3/ZnS core/shell 

heterostructures, however, no Mn PL was observed in small bandgap CsPbBr3 NCs.270 Therefore, 

to observe the Mn PL changes in doped NCs, we synthesized core/shell structures using Mn-

doped larger bandgap CsPbCl3 core NCs with a CdS shell. For the undoped CsPbCl3/CdS 

core/shell heterostructures, Figure 4.9 demonstrates that the absorption and emission spectra 

exhibit similar spectra, including the shape and position of the peaks. Notably, the PL QYs of the 

core/shell NCs increased from 2% (undoped CsPbCl3 NCs) to 18% (0 min core/shell NCs), 
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indicating successful passivation. Additionally, slight changes in the full width at half maximum 

(FWHM) suggest alterations in size distribution due to shell formation. 

 

Figure 4.9 (a) Absorption (dashed line) and photoluminescence (solid line) spectra of CsPbCl3 

core (red), and CsPbCl3/CdS core/shell heterostructures (colorful lines) with different reaction 

time (from 0 to 60 minutes). (b) Photoluminescence spectra of CsPbCl3/CdS core/shell 

heterostructures. (c) The PL QYs changes of the CsPbCl3 core and CsPbCl3/CdS core/shell 

heterostructures as a function of reaction time.  

Figure 4.10 and figure 4.11 illustrate that a low (Mn-to-Pb ratio: 2.0) and high (Mn-to-Pb 

ratio: 5.0) concentration of Mn ions was doped into CsPbCl3 NCs, followed by CdS shell growth. 

The Mn PL peak in low concentration core/shell QDs samples, initially at 589 nm in the core, 

red-shifted to 595 nm after core/shell formation, indicating a change in pressure applied on the 

dopant ions by the shell thickness. However, the intensity of the Mn PL peak remained 

unchanged, suggesting that most of the Mn ions are confined to the CsPbCl3 core. However, as 

shown in figure 4.11, the high concentration of Mn doped core/shell QDs show a clear 
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decreasing trend in Mn PL intensity with reaction time, along with a blue shift in Mn PL 

emission peak position. The high concentration of Mn dopant ions introduced more complicated 

Mn-Mn interactions within the core. Therefore, the Mn PL intensity demonstrated a clear 

decrease as the shell passivation time increased, and the Mn PL peak position exhibited a blue 

shift towards shorter wavelengths, which might have resulted from the slight migration of Mn 

ions out of the core. The PL QYs for low Mn-doped core/shell NCs increased from 4.7% (low 

Mn:CsPbCl3 NCs) to 18% (40 min core/shell NCs) and for samples with a high Mn 

concentration, they increased from 18% (high Mn:CsPbCl3 NCs) to 80% (30 min core/shell NCs) 

as shown in Figure 4.12, consistent with observations in the PL spectra of samples with low and 

high Mn concentration.  

 

Figure 4.10 (a) Absorption (dashed line) and photoluminescence (solid line) spectra of low Mn 

concentration (Mn-to-Pb ratio: 2.0) of Mn: CsPbCl3 core (red), and Mn:CsPbCl3/CdS core/shell 

heterostructures (colorful lines) with different reaction time (from 30 to 90 minutes). (b) 

Photoluminescence spectra of Mn:CsPbCl3/CdS core/shell heterostructures. The blue arrow 
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shows the wavelength shift with reaction time. (c) The changes of Mn PL peak position of the 

core/shell heterostructures as a function of reaction time. 

 

Figure 4.11 (a) Absorption (dashed line) and photoluminescence (solid line) spectra of high Mn 

concentration (Mn-to-Pb ratio: 5.0) of Mn: CsPbCl3 core (red), and Mn:CsPbCl3/CdS core/shell 

heterostructures (colorful lines) with different reaction time (from 30 to 90 minutes). (b) 

Photoluminescence spectra of Mn:CsPbCl3/CdS core/shell heterostructures. The blue arrow 

shows the changes of the PL intensity. (c) The changes of Mn PL peak position of the core/shell 

heterostructures as a function of reaction time. 

 

Figure 4.12 The PL QYs for low Mn concentration (Mn-to-Pb ratio: 2.0) of Mn:CsPbCl3/CdS 

core/shell NCs (green markers) and for high Mn concentration (Mn-to-Pb ratio: 5.0) of 

Mn:CsPbCl3/CdS core/shell NCs (red markers). 
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4.4 Conclusion and Future Research 

Core/shell NCs are an intriguing strategy that offers significant potential to enhance 

stability and broaden the applications of perovskites. Nevertheless, the direct formation of shells 

on perovskite NCs poses considerable challenges, largely due to the soft ionic nature of the 

perovskite structures and the difficulty in finding shell materials that align well with the lattice 

structures of the cores. Ideally, the shell material should serve as a protective barrier against 

severe environmental conditions and should be engineered with a precisely controlled thickness 

to facilitate charge transfer at the interface.  

In the case of perovskite/chalcogenide core/shell NCs, the large differences between ionic 

nature and covalent nature become a notable challenge. Another challenge is how to overcome 

the decomposition issue when shelling with chalcogenides under high temperatures, which is 

essential for the synthesis of colloidal chalcogenide QDs. It has been established that shell 

growth must occur at lower temperatures to prevent impurity formation and phase changes. 

Selecting shell precursors with lower reactivity and fine-tuning the growth duration might 

provide a gradual release of the precursors and prevent independent nucleation of the shell 

material, such as when using single source precursors. 

In this chapter, we synthesized both CdS/perovskite and perovskite/CdS core/shell 

heterostructures. Utilizing the room-temperature precipitation method posed significant 

challenges in shell growth due to limited thermal energy, the rapid growth kinetics of 

perovskites, and the slower kinetics of shell passivation. Optical measurements indicated the 

possible formation of the core/shell heterojunctions, but more analysis using both XRD and TEM 

are needed to definitively prove the core/shell structures. Employing a single-source shelling 

precursor method for II-VI shell growth yielded promising results for core/shell formation. 
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Experiments with both low and high Mn concentrations in Mn:CsPbCl3/CdS core/shell NCs 

show a decreased Mn PL over shell coating reaction time, potentially due to slight outward 

migration from the core during shell growth at high temperatures. However, further studies are 

needed to provide more evidence for the dopant behaviors in the perovskite-based core/shell 

NCs.  
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Chapter 5 

Conclusions and Future Perspectives 

5.1 Research Summary 

The thesis explores the controllable and directional dopant migration behavior within 

core/multi-shell NCs. The first chapter provides an overview of several prior studies on the 

development of both doped and undoped core/shell nanomaterials, as well as the various dopant 

behaviors that could significantly affect the optical and electrical properties of doped NCs. In 

chapter 2, we delve into the Mn(II) outward migration towards the inserted alloyed layer with a 

smaller lattice mismatch in cationic size with the dopant before the outer ZnS shell coating onto 

the Mn:CdS QDs surface. This intentionally inserted alloyed layer (CdZnS) aims to reduce the 

lattice strain caused by the large cationic mismatch between the larger Cd(II) in the core and the 

smaller Zn(II) in the shell and promote the migration of Mn dopants from the core toward this 

alloyed layer. An optical probe using the PL ratio between host and Mn dopant was established 

based on the distance-dependent host-dopant coupling and host to dopant energy transfer. A 

successful inward migration was achieved in Mn shell doped core/multi-shell QDs, which is 

covered in chapter 3. The intentionally inserted alloyed CdZnS layer could be served as an 

atomic trap to facilitate dopant migration. Significantly, it was found that the initial doping site 

and environment is critical for efficient dopant trapping and migration. Specifically, a larger 

Cd(II) substitutional site (92 pm) for the Mn(II) dopant (80 pm), with larger local lattice 

distortion, allows for efficient atomic trapping and dopant migration, while Mn(II) dopant ions 

can be very stable with no significant migration when occupying a smaller Zn(II) substitutional 

site (74 pm).  
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Chapter 4 represents my initial effort toward the investigation of dopant behavior in 

ionic/covalent core/shell heterostructures, i.e., ionic perovskite core with covalent shell, or 

covalent chalcogenide core with ionic perovskite shell. There are still unresolved challenges in 

this topic, but this chapter covers the discussion about the difficulties to achieve epitaxial 

core/shell NCs with large lattice and bonding differences between chalcogenide semiconductor 

and perovskite NCs; these initial results hopefully pave a way to the future for continued study of 

dopant behavior in perovskite-based core/shell NCs. 

5.2 Future Research Directions 

5.2.1 Further exploration of dopant migration behavior in different host lattice 

Dopant migration behavior and dopant location within NCs are crucial for optical, 

electronic, and magnetic properties. The understanding of dopant behavior within different host 

lattices still needs to be further explored. The influence of the host lattice on dopant migration 

and/or dopant localization is a complex interplay of several factors, including lattice structure, 

atomic size mismatch, and the chemical nature of both the host and dopant ions. The crystal 

structure of the semiconductor, whether it's cubic, hexagonal, or another structure, could impact 

dopant diffusion. The size and shape of the substitutional doping sites and vacancies/holes in the 

host lattice determine the potential sites where dopants can fit. For example, a tightly packed 

cubic structure may offer less space for larger dopant atoms, leading to limited diffusion or the 

formation of defect sites.15  

Up to date, most studies on Mn dopants migration or diffusion were related to the CdS 

QDs or CdS/ZnS core/shell QDs.12, 123, 147, 292 Only a few cases focus on dopant migration or 

diffusion behavior of Mn doping into other host lattices have been reported to date. For instance, 

Jamil and Shaw reported that Mn ions diffusion in CdTe NCs depends on the Cd vacancies, 
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which are further affected by the temperature.187 Li et al. in our group previously studied Mn-Mn 

interactions and host-Mn energy transfer in doped 1-D nanowires (NWs) and found that Mn 

dopant ions tend to migrate from the core to the alloyed interface in quasi type-II ZnSe/CdS 

NWs and ZnSe/CdS/ZnS core/shell NWs. This migration significantly affects the host-dopant 

coupling and the optical properties.65  

However, besides II-VI chalcogenide semiconductors, the migration behavior and 

distribution of dopants inside NCs, such as those doped in CuInS2/ZnS core/shell and perovskite-

based core/shell NCs are not fully understood for other commonly explored Mn-doped NCs.  

5.2.2 Monovalent ion (Cu+/2+ and Ag+) doping in CdS/ZnS core/shell system 

Many transition metal ions have been introduced in NC lattices, resulting in varied 

doping concentrations, optical, and magnetic properties. It would be very interesting to study the 

migration behavior of highly mobile monovalent dopant ions in the host NC lattice. Besides 

Mn2+, Cu+/2+ and Ag+ are the other two most common dopants in semiconductor NCs. The Peng 

group developed a method for doping ZnSe NCs with copper using a growth-doping approach. 

They observed a noticeable red shift in the emission peak as the position of the dopant shifted 

from the surface to the interior of the NCs.11 In comparison to Mn-doped semiconductor NCs, 

the synthesis of Cu-doped NCs has received less focus due to the challenges in determining the 

oxidation state and location of Cu ions within the structure. Many unresolved questions surround 

the Cu dopant emission, such as the origin of its emission, reasons for its higher intensity, 

tunability, potential involvement of Cu d-states, emission spectral width, and other related 

properties.293  

Monovalent Cu+ and Ag+ ions have significantly larger diffusion coefficients than 

divalent ions, such as Mn2+, in various semiconductors.294, 295 For example, the activation 
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energies (Ea) for ion diffusion of Cu(I) and Mn(II) ions in ZnS are 0.64 and 2.46 eV, 

respectively.294 In addition, charge compensation, by surface or thermally generated charge 

carriers, is expected in the heterovalent doped II-VI lattice for sustaining electroneutrality.296 

Consequently, diffusion and migration of such monovalent dopant ions in II-VI NCs might be 

more complicated and difficult to control. 

An additional challenge involves the oxidation state of Cu ions in the doped 

semiconductor system. There has been continuous debate regarding the presence of both Cu+ and 

Cu2+ oxidation states, with evidence supporting each. Typically, Cu2+ salts are used as the doping 

source, leading many researchers to believe that Cu2+ ions maintain their +2 oxidation state when 

incorporated into group II-VI semiconductors. However, there are instances in ZnS and CdS 

hosts where it has been observed that sulfide ions reduce Cu(II) to Cu(I), as confirmed by EPR 

measurements, thereby establishing Cu(I) as a stable oxidation state in these contexts. These 

conflicting views on the Cu oxidation state pose significant challenges in defining the 

mechanisms behind Cu dopant emission. Thus, comprehensive scientific investigations are 

necessary to fully understand the photophysical processes in these doped NCs. 

5.2.3 Mn2+ and Cu+/2+ dual ion doping into NCs 

Co-doping with dual transition metal ions into NCs is a useful technique in the 

development of materials with specific optical and electrical properties. For example, Er-based 

amplifiers often introduce a co-dopant, such as Yb, to broaden the absorption cross-sections, 

thereby enhancing the optical gain. Studies of the amplifiers using both Er, and Yb usually 

focused on the interaction between these co-dopants, involving the alternation of their 

concentration and ratios due to the optical gain, heavily relies on the efficiency of energy transfer 

between dopants.297-299 In II-VI chalcogenide semiconductor NCs, by incorporating both Mn2+ 
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and Cu+/2+ into NCs with a bandgap around 3.10 eV, such as CdS or ZnSe, could achieve white 

light emission.300 ZnSe QDs doped with Mn typically exhibit an orange emission at 

approximately 590 nm due to the 4T1–6A1 transition of Mn2+.133 Likewise, ZnSe QDs doped with 

Cu are known to emit blue-green light around 500 nm.301, 302 Consequently, co-doping ZnSe QDs 

with both Cu and Mn could potentially enable the production of a white light emission. In 

addition to white light, the migration of these dual dopants could allow for adjustable tri-

emission (from the host lattice, Cu+/2+, and Mn2+) depending on the dopants' location within the 

NCs. However, incorporating two different dopant ions presents multiple challenges, including 

the coordination of two dopants' reactivity, their oxidation states, and their even distribution 

within the nanocrystal. In the case of Mn, the electron and hole created by the excitation of the 

host lattice migrate to its d-states (4T1–6A1), where they recombine. In contrast, for Cu-doped 

systems, either the electron or the hole moves to the Cu state, leading to recombination within 

the Cu state while the other carrier remains in the host band. These complex interactions in the 

recombination mechanism alters their emission characteristics, and became a large challenge in 

the understanding of Mn and Cu co-doping in NCs.303 

Given these challenges, it's clear that optimized synthetic parameters, including cation 

reactivity, reaction ligands, and temperatures, are necessary to achieve stable, uniformly dual-

doped QDs; dual doped systems offer unique properties to better understanding and control of 

dopant migration behavior.  

5.2.4 New characterization techniques for dopant location and distribution in NCs with 

high spatial resolution 

It is critical to develop characterization techniques to visualize dopant location inside 

NCs with high spatial and temporal resolution. Much of the challenge pertains to the fact that 
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limited experimental tools have sub-nanometer resolution capable of studying the dopant 

location, interface depth, and composition gradients in NCs. In future studies, high-resolution 

transmission electron microscopy (HR-TEM), scanning transmission electron microscope 

(STEM), energy-dispersive X-ray spectroscopy (EDS), and X-ray absorption fine structure 

(XAFS) analysis could be applied to map and track the dopant sites/movement as well as to 

detail the local-composition inside host NCs. For example, XAFS is a powerful tool that could 

interrogate the location of the dopant ions, providing valuable information regarding the distance 

between elements of interest and surrounding atoms, as well as grant aspects pertaining to local 

lattice perturbations caused by lattice mismatch.304-307 In addition, XAFS measurements could 

probe the electronic and atomic structure of each element within the NCs, and use changes in 

signal to validate the dopant migration to the surface or interface region.304, 305 For example, Mn, 

Cd, and Zn K-edge XAFS will be used to probe the local bonding and site symmetry of 

Mn:CdS/ZnS core/shell NCs. In addition, theoretical DFT calculations could be performed to 

establish realistic models of dopants inside NCs and provide more evidence for dopant 

migration.  
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