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ABSTRACT 

Novel InP-based Quantum Dots via ZnO Shelling and Ruthenium Doping for Lighting 
and Antibacterial Applications 

 
Güncem Özgün Eren 

Doctor of Philosophy in Biomedical Sciences and Engineering  
July 26, 2023  

Semiconductor colloidal quantum dots (QDs) have been at the focus of attention in recent 
years due to their advantageous properties, including emission tunability by quantum 
confinement effect and material composition, high photoluminescence quantum yield 
(PLQY), and chemical stability. Thus, QDs are regarded as ideal materials for a wide 
variety of applications such as light-emitting diodes (LEDs) and photocatalysis. 

In the first part of our thesis, we demonstrated highly efficient quasi-type-II InP/ZnO/ZnS 
core/shell QDs with a PLQY of 91%. It is generally accepted perspective that type-II 
core/shell QDs, in which electron and hole wavefunctions are spatially separated, exhibit 
low PLQY. Even though type-II QDs with high PLQY values have been reported 
recently, they consist of heavy metals which show toxic effects. In our study, we used 
environmentally benign InP-based QDs as an alternative material compared to cadmium 
counterparts. After the synthesis of InP core QDs, we grew ZnO shell by thermal 
decomposition process to obtain type-II heterostructure. Subsequently, multiple ZnS 
shells were grown by SILAR technique. We integrated as-synthesized core/shell QDs on 
blue LED die using a novel architecture in liquid-state to minimize the host material 
effect. The resulting QD-LED exhibited external quantum efficiency (EQE) of 9.4%. 

In the second part of thesis, we introduced for the first-time ruthenium doping into 
InP/ZnS QDs as alternative strategy for efficient red-emitters. To date, various transition 
metals doping into InP QDs have been investigated, however, ruthenium (Ru) ion doping 
into InP QDs has not been explored yet. In our study, we synthesized Ru doped InP QDs 
by hot injection of ruthenium precursor into main solution at elevated temperature. Ru 
presence was confirmed by optical and structural analysis techniques. Ru doped InP-
based QDs displayed higher PLQY in the red spectral region compared to undoped 
sample. The integration of Ru-doped QDs into LEDs in a liquid matrix led to an external 
quantum efficiency of 7.9%. 

In the last part of thesis, we investigated the potential of InP/ZnO core/shell QDs with 
type-II band alignment as a novel antibacterial agent. To date, various types of colloidal 
QDs have been introduced for antibacterial applications, including InP, ZnO, and CdTe. 
However, antibacterial activity of the type-II based QDs have not been studied yet. In our 
study, we demonstrated that InP/ZnO QDs exhibited reactive oxygen species (ROS) 
generation, including superoxide (•O2⁻) and hydroxyl radicals (•OH). Furthermore, upon 
low intensity green light stimulation (3 mW.cm-2) the optimized core/shell QDs displayed 
high antibacterial activity of 99% inhibition against Pseudomonas aeruginosa. 

These findings showed novel InP-based QDs via ZnO shelling and ruthenium doping are 
efficient material for LED and antibacterial applications. 
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ÖZET 

Aydınlatma ve Antibakteriyel Uygulamalar İçin ZnO Kabuk Kaplamalı ve 
Rutenyum Doplu Yeni InP Tabanlı Kuantum Noktalar 

 
Güncem Özgün Eren 

Biyomedikal Bilimler ve Mühendislik, Doktora 
Temmuz 26, 2023  

 
Yarı iletken kolloidal kuantum noktaları (QD), kuantum hapsetme etkisi ve malzeme 
bileşimi ile emisyon ayarlanabilirliği, yüksek fotolüminesans kuantum verimi (PLQY) ve 
kimyasal stabilite dahil olmak üzere avantajlı özellikleri nedeniyle son yıllarda ilgi odağı 
olmuştur. Bu nedenle, kuantum noktalar, ışık yayan diyotlar (LED'ler) ve fotokataliz gibi 
çok çeşitli uygulamalar için ideal malzemeler olarak kabul edilmektedir.  

Bu tez çalışmamızın ilk kısmında %91 gibi yüksek PLQY değerine sahip yarı tip-II 
InP/ZnO/ZnS çekirdek/kabuk kuantum noktaları gösterdik. Genel kabul görüşe göre 
elektron deşik dalga boylarının kısmen ayrıldığı tip-II yapısındaki QD’lar düşük PLQY 
değerine sahiptir. Bu konuda son yıllarda yüksek kuantum verimliliğine sahip tip-II 
kuantum noktalar rapor edilmiş olsa da toksik etkiye sahip kadmiyum içermektedirler. 
Bu bağlamda, çalışmamızda kadmiyum içerikli benzerlerine alternatif olarak çevreye 
zararsız InP tabanlı QD’ler gösterilmiştir. InP çekirdek QD'lerinin sentezinden sonra, tip 
II heteroyapı elde etmek için ZnO kabuğunu termal ayrıştırma işlemiyle büyüttük. Daha 
sonra, SILAR tekniği ile çoklu ZnS kabuklarını büyüttük. Ana malzeme etkisini en aza 
indirgemek için sentezlenmiş olan QD’leri yeni tip dizayn kullanılarak mavi LED’lere 
entegre ettik. Ortaya çıkan kuantum nokta tabanlı LED’in dış kuantum verimliliği (EQE) 
%9.4 olarak ölçüldü. 

Tez çalışmamızın ikinci kısmında verimli kırmızı yayıcılar için alternatif bir yöntem 
olarak InP/ZnS QD’lere rutenyum katkılanması ilk kez incelenmiştir. Şimdiye kadar, 
çeşitli geçiş metallerinin InP kuantum noktalarına doplanması araştırılmış olsa da 
rutenyum doplanması henüz rapor edilmemiştir. Çalışmamızda, rutenyum doplu InP 
QD’ler rutenyum solüsyonunun yüksek sıcaklıkta ana solüsyona sıcak enjeksiyonu ile 
sentezledik. Rutenyum elementi çeşitli karakterizasyon teknikleriyle doğrulandı. Ayrıca, 
rutenyum doplu örneğin dopsuz olana kıyasla daha yüksek PLQY değerine ve QD tabanlı 
LED cihazının %7.9 verimliliğe sahip olduğu görüldü. 

Tez çalışmamızın son kısmında ise yeni bir antibakteriyel malzeme olarak yarı  tip-II 
InP/ZnO QD’ler araştırıldı. Bugüne kadar, antibakteriyel uygulamalar için InP, çinko 
oksit (ZnO) ve kadmiyum telerat (CdTe) gibi QD’ler araştırılmış olsa da tip-II QD’lerin 
antibakteriyel özellikleri rapor edilmemiştir. Bu bağlamda, ilk kez tez çalışmamızda 
InP/ZnO QD’lerin süperoksit (•O2⁻) ve hidroksil (•OH) radikalleri olmak üzere reaktif 
oksijen türleri (ROS) ürettiğini gösterdik. Ayrıca düşük yoğunluklu yeşil ışık uyarılması 
altında Pseudomonas aeruginosa’ya karşı %99 düzeyinde antibakteriyel etki gösterdiği 
tespit edildi. 

Sonuç olarak bu tez çalışması ile ZnO kabuk kaplaması ve rutenyum doplama yoluyla 
yeni InP tabanlı QD'lerin LED ve antibakteriyel uygulamalar için etkili malzemeler 
olduğu gösterilmiştir. 



vi 

 

ACKNOWLEDGMENTS 

First of all, I would like to start by thanking Prof. Sedat Nizamoğlu, my supervisor and 

the head of Innovative DEvices and interfAces LABoratory (IDEALAB) at Koç 

University. I am incredibly fortunate to have the opportunity to work in his lab for the 

past five years. Not only did he provide me with such a lab environment with high 

standards, but he also constantly helped me with endless support, knowledge, and 

patience throughout my PhD. Being a member of his group is truly an honor for me, so I 

owe him many thanks. 

I would also like to say many thanks to my beloved wife Şule for her limitless patience, 

understanding, and support throughout the five years at Koç University. Without her, I 

would never have come to this point. My sincere thanks also go to my parents who always 

support and encourage me to pursue my interests. 

I would like to thank Assoc. Prof. Umut Aydemir and Prof. Erdem Alaca for valuable 

scientific discussions as my thesis committee members. I also sincerely thank Assoc. 

Prof. Caner Ünlü, and Assoc. Prof. Onur Ferhanoğlu for giving me the honor to be my 

thesis committee member and providing helpful suggestions and comments for improving 

the thesis.  

I would like to express my gratitude to Prof. Alphan Sennaroğlu, Prof. Önder Metin, Prof. 

Cleva W. Ow-yang from Sabancı University, Prof. Mehmet Şahin from Abdullah Gül 

University, Prof. Füsun Can, Asst. Prof. Safacan Kölemen, Dr. Rainer T. Lechner from 

the University of Leoben, Dr. Işınsu Baylam, and Dr. Nazlı Ataç for their indispensable 

scientific contributions and helpful suggestions. I am also grateful to Dr. Hadi Jahangiri 

and Dr. Barış Yağcı from Koç University Surface Science and Technology Center 

(KUYTAM) and Dr. Gülcan Çorapçıoğlu from Koç University Nanofabrication and 

Nanocharacterization Center for Scientific and Technological Advanced Research 

(n2STAR) for the measurements and characterization.  

A special thanks to my former colleagues, especially, Dr. Houman Bahmani Jalali, Dr. 

Sadra Sadeghi, Dr. Rustamzhon Melikov, Dr. Onuralp Karatüm, Dr. Itır Bakış Doğru 

Yüksel, Dr. Erdost Yıldız, and Mertcan Han, who collaborated with me for publishing 

many papers. I also owe many thanks to my current group colleagues especially, Asım 

Önal, Lokman Kaya, Rıdvan Balamur, Saad Ullah Khan, Muhammad Hassnain, Hümeyra 



vii 

 

Nur Kaleli, Tarık Safa Kaya for their efforts and contributions. I am also grateful to 

colleagues, Dr. Melek Şermin Özer, Dr. Zafer Eroğlu, and Buse Sündü who gave valuable 

efforts and suggestions to my papers. 

I also would like to express my gratitude to Prof. Gönül Alpay Tekin from Harvard 

University and Prof. Günay Kut from Boğaziçi University. Despite their areas of expertise 

are totally different from my own, their moral support during PhD was irreplaceable.  

Finally, I acknowledge the Scientific and Technological Research Council of Turkey 

(TUBITAK) (119F363), European Research Council (ERC, Grant Agreement 

101045289), European Research Council (ERC Grant Agreement 639846), and Marie 

Skłodowska-Curie (STIMULUS, Grant Agreement 955664) for the financial support. 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 

 

TABLE OF CONTENTS 

ACKNOWLEDGMENTS ........................................................................................... vi 

LIST OF TABLES .......................................................................................................... xii 

LIST OF FIGURES .......................................................................................................xiii 

ABBREVIATIONS ....................................................................................................... xix 

Chapter 1: Introduction ..................................................................................................... 1 

Chapter 2: Scientific Background ..................................................................................... 4 

2.1 Colloidal Quantum Dots ................................................................................... 4 

2.1.1 The nucleation and growth mechanism of colloidal QDs ........................... 5 

2.1.2 The synthesis of colloidal QDs ................................................................... 6 

Hot injection technique ......................................................................................... 6 

Heat-up method ..................................................................................................... 7 

SILAR technique................................................................................................... 8 

Co-precipitation technique .................................................................................... 9 

Cation exchange .................................................................................................... 9 

2.1.3 Transition metal doped QDs ....................................................................... 9 

Nucleation doping ............................................................................................... 10 

Growth doping approach..................................................................................... 10 

Ion diffusion doping ............................................................................................ 11 

2.1.4 The optical properties of QDs ................................................................... 11 

Exciton behavior in QDs ..................................................................................... 11 

Absorbance, photoluminescence (PL) and photoluminescence quantum yield 
(PLQY) ............................................................................................................... 12 

Fluorescence lifetime .......................................................................................... 13 

Nonlinear absorption properties of QDs ............................................................. 14 

Stokes-shift in QDs ............................................................................................. 15 

Energy band alignment of core/shell QD............................................................ 15 

2.1.5 Structural and optical characterization of QDs ......................................... 16 

Structural characterization of QDs...................................................................... 16 

Optical characterization of QDs.......................................................................... 17 

2.2 Light-emitting diodes (LEDs) ......................................................................... 17 

2.2.1 Quantum dot-based light-emitting diodes (QD-LEDs)............................. 18 

Solid-state quantum dot-based light-emitting diodes (QD-LEDs) ..................... 18 



ix 

 

Liquid-state quantum dot-based light-emitting diodes (QD-LEDs) ................... 19 

2.3 Optical analysis of quantum dot based light-emitting diodes (QD-LEDs) ..... 20 

2.3.1 Luminous efficiency (LE) ......................................................................... 21 

2.3.2 Luminous efficacy of radiation (LER) ...................................................... 21 

2.3.3 External quantum efficiency (EQE).......................................................... 22 

2.3.4 Power conversion efficiency (PCE) .......................................................... 22 

2.3.5 Color gamut .............................................................................................. 22 

2.3.6 The Photometric analysis of LEDs ........................................................... 23 

2.4 Photocatalytic activity of semiconductor QDs................................................ 23 

2.4.1 Photocatalysis mechanism in semiconductor QDs ................................... 23 

2.4.2 Superoxide radical ( •O2⁻) ......................................................................... 24 

2.4.3 Hydrogen peroxide ( H2O2 )...................................................................... 25 

2.4.4 Hydroxyl radical ( •OH ) ........................................................................... 25 

2.4.5 Singlet oxygen ( 1O2 ) ............................................................................... 26 

Chapter 3: Indium Phosphide (InP) Quantum Dots ........................................................ 27 

3.1 Indium phosphide-based quantum dots (InP-QDs)......................................... 27 

3.1.1 History of InP QD synthesis ..................................................................... 27 

3.1.2 Synthesis methods of InP QDs.................................................................. 27 

Hot-injection method .......................................................................................... 27 

Alternative phosphorus source for InP QDs synthesis.................................... 28 

Heat-up method ................................................................................................... 28 

Seeded growth ..................................................................................................... 29 

Cation exchange .................................................................................................. 30 

Microwave-assisted synthesis ............................................................................. 31 

Continuous injection synthesis............................................................................ 31 

3.1.3 Surface chemistry of InP QDs .................................................................. 31 

Types of surface ligands ..................................................................................... 31 

Ligand exchange ................................................................................................. 32 

Water-induced surface oxidation ........................................................................ 32 

Hydrofluoric acid (HF) treatment ................................................................... 33 

3.1.4 Defects of InP QDs ................................................................................... 34 

3.1.5 Core/shell InP QDs ................................................................................... 35 

3.1.6 Transition metal doped InP QDs............................................................... 36 

3.1.7 Biocompatibility of InP QDs .................................................................... 37 



x 

 

Chapter 4: Cadmium-free and Efficient Type-II InP/ZnO/ZnS Quantum Dots and Their 
Application for LEDs ...................................................................................................... 39 

4.1 Introduction ..................................................................................................... 39 

4.2 Results and Discussion.................................................................................... 40 

4.2.1 Synthesis of InP/ZnO/ZnS core/shell/shell QDs....................................... 40 

4.2.2 Quantum mechanical calculations and optical analysis ............................ 41 

4.2.3 Structural analysis ..................................................................................... 44 

4.2.4 Ultra-fast decay dynamics......................................................................... 47 

4.3 LED application .............................................................................................. 49 

4.4 Conclusion ...................................................................................................... 52 

Chapter 5: Ruthenium Doped InP QDs For Efficient Red Emission.............................. 53 

5.1 Introduction ..................................................................................................... 53 

5.2 Results and Discussion.................................................................................... 54 

5.2.1 Synthesis of Ru-doped InP quantum dots ................................................. 54 

5.2.2 Structural characterization ........................................................................ 55 

5.2.3 Optical characterization ............................................................................ 57 

5.2.4 Optimization of quantum yield ................................................................. 60 

5.3 Ru:InP/ZnS core/shell quantum dot-based LED............................................. 61 

5.4 Discussion ....................................................................................................... 63 

5.5 Conclusion ...................................................................................................... 64 

Chapter 6: Antibacterial Activity of Type-II InP/ZnO QDs Against Bacterial Infections
......................................................................................................................................... 65 

6.1 Introduction ..................................................................................................... 65 

6.2 Results and discussion .................................................................................... 66 

6.2.1 Synthesis and structural characterization of InP and InP/ZnO QDs ......... 66 

6.2.2 Optical characterization results of InP/ZnO core/shell QDs..................... 68 

6.3 Reactive Oxygen Species (ROS) studies ........................................................ 71 

6.4 Antibacterial studies........................................................................................ 73 

6.5 Conclusion ...................................................................................................... 75 

Chapter 7: Conclusion..................................................................................................... 76 

Appendix A ..................................................................................................................... 78 

A.1 Synthesis of InP/ZnO/ZnS core/shell/shell QDs............................................. 78 

A.1.1 Synthesis of InP QDs ................................................................................ 78 

A.1.2 Synthesis of InP/ZnO and QD-4ZnS core/shell/shell NCs ....................... 78 



xi 

 

A.2 InP/ZnO/ZnS-based QD-LEDs ....................................................................... 78 

A.2.1 Lens making procedure ............................................................................. 78 

A.2.2 Fabrication of LED Device and Close-Packed LEDs ............................... 79 

A.2.3 LED measurements ................................................................................... 79 

A.3 Structural and optical characterizations of QDs ............................................. 79 

Appendix B ..................................................................................................................... 85 

B.1 Synthesis of Ru:InP/ZnS QDs......................................................................... 85 

B.1.1 Zinc oleate (0.5 M) stock solution preparation ......................................... 85 

B.1.2 Ruthenium (0.01 M) stock solution preparation ....................................... 85 

B.1.3 Synthesis of InP Core QDs with different core sizes ................................ 85 

B.1.4 Synthesis of Ru:InP QDs .......................................................................... 85 

B.1.5 Synthesis of Ru:InP/ZnS core/shell QDs .................................................. 86 

B.2 Ru:InP/ZnS-based QD-LED ........................................................................... 86 

B.2.1 Lens making procedure ............................................................................. 86 

B.2.2 Fabrication of LED Device ....................................................................... 86 

B.2.3 LED Measurements................................................................................... 87 

B.3 Structural and Optical Characterizations of QDs............................................ 87 

Appendix C ..................................................................................................................... 94 

C.1 Synthesis of InP/ZnO core/shell QDs ............................................................. 94 

C.1.1 Synthesis of InP core QDs ........................................................................ 94 

C.1.2 Synthesis of InP/ZnO core/shell QDs ....................................................... 94 

C.2 Ligand exchange of InP/ZnO core/shell QDs ................................................. 94 

C.3 Optical and structural characterization ........................................................... 95 

C.4 ROS detection and quantification ................................................................... 95 

C.5 Antibacterial study .......................................................................................... 96 

C.6 Statistical analysis ........................................................................................... 97 

Appendix D ..................................................................................................................... 99 

D.1 List of Publications ......................................................................................... 99 

D.1.1 First-author publications in peer reviewed journals.................................. 99 

D.1.2 Co-author publications in peer reviewed journals .................................... 99 

BIBLIOGRAPHY ......................................................................................................... 101 

 

 



xii 

 

LIST OF TABLES 

 

Table A. 1: PLQY values according to injected ZnO precursor amount into InP Core 
solution ............................................................................................................................ 80 

Table A. 2: Zinc and Sulphur precursor solution concentration for ZnS shells.............. 81 
 

Table B. 1: ICP-MS analysis results for the Ru:InP core QDs. ...................................... 88 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiii 

 

LIST OF FIGURES 

Figure 2. 1: The schematic representation of size tunable optical properties of quantum 
dots. As the quantum dot size increases emission wavelength shifts towards red spectral 
region [25]. ........................................................................................................................ 4 

Figure 2. 2: (a) Schematic illustration of semiconductor QDs capped with organic ligand 
[27]. (b) A computational model of lead sulfide (PbS) QDs. The inorganic 
semiconducting core (PbS) is covered by organic ligands [26]. ....................................... 5 

Figure 2. 3: Schematic drawing of a LaMer model for the colloidal QDs formation 
mechanism [28]. ................................................................................................................ 6 

Figure 2. 4: Schematic illustration of hot-injection technique for synthesis of colloidal 
QDs. In a typical hot-injection approach the precursor solution [B] at room temperature 
is quickly injected into a hot reaction solution [A] or injecting both [A] and [B] precursors 
into a hot medium. Therefore, monomer formation and nucleation process are initiated 
and be followed by growth of nanocrystals [28]............................................................... 7 

Figure 2. 5: Schematic illustration of heat-up technique [29]........................................... 8 

Figure 2. 6: Schematic representation of the synthesis of core/shell colloidal QDs by 
SILAR technique [30]. ...................................................................................................... 8 

Figure 2. 7: Schematic drawing of nucleation and growth doping approaches [38]. ..... 10 

Figure 2. 8: Schematic illustration of temperature-dependent ion diffusion doping [41].
......................................................................................................................................... 11 

Figure 2. 9: Schematic illustration of fundamental exciton behavior in a QDs [43]. ..... 12 

Figure 2. 10: (a) The absorbance of InP QDs; (b) PL emission of InP/ZnSe/ZnS 
core/shell/shell QDs sythesized by seed-assisted hot-injection method [13]. ................ 13 

Figure 2. 11: The PL decay dynamics of ZnCdSe based QDs before and after treatment 
with tributylphosphine (TBP) [44].................................................................................. 14 

Figure 2. 12: Schematic illustration of TAS measurement principle [45]. ..................... 14 

Figure 2. 13: The represantation of Stokes-shift observed in QDs [52]. ........................ 15 

Figure 2. 14: Schematic represantation of band alignment for different type of core/shell 
structures [53]. ................................................................................................................ 16 

Figure 2. 15: HRTEM images of (a) ZnCdSe/ZnSe core/shell QDs [44]; (b) InAs/ZnSe 
core/shell QDs [54]. ........................................................................................................ 17 

Figure 2. 16: (a) External quantum efficiency (EQE)–luminance profile of InP/ZnSe/ZnS 
QD based QD-LED device [13]. (b) Spectral radiant flux of (blue) the blue pump LED 
and (green) a green QD-on-chip LED both driven by a current of 10 mA together with 
the integrated power. CCE is color conversion efficiency, while WPE is wall plug 
efficiency [14]. ................................................................................................................ 19 

Figure 2. 17: (a) Schematic representation of liquid-state QD-LED device; (b) The image 
of fabricated liquid-state QD-LED device. When the QD-LED is turned on it emits white 
with a luminous efficiency of 200 lumen/watt [62]. ....................................................... 20 



xiv 

 

Figure 2. 18: (a) Schematic representation of liquid-state QD-LED device; (b) Image of 
fabricated white light-emitting QD-LED device when LED is turned on [44]. ............. 20 

Figure 2. 19: Eye sensitivity function [63]. .................................................................... 21 

Figure 2. 20: The representation of color gamut............................................................. 22 

Figure 2. 21: (a) the integrating sphere; (b) optical detector. ......................................... 23 

Figure 2. 22: Illustration of formation of reactive oxygen species in the photocatalytic 
redox reaction [68]. ......................................................................................................... 24  

Figure 3. 1: The schematic illustration of the seeded growth method [28]. ................... 29 

Figure 3. 2: Uniform, highly symmetrical and near-unity emitting InP/ZnSe/ZnS QDs 
synthesized by seed-assisted hot injection method [13]. (a) Preparation of InP cores and 
InP/ZnSe/ZnS QDs with different morphology and shell thickness. The amounts of Se 
precursor for QD-1, QD-2 and QD-3 were 0.6 mmol, 1.2 mmol and 2.0 mmol, 
respectively, per 10 ml of solvent. The estimated size, based on inductively coupled 
plasma-atomic emission spectroscopy (ICP-AES) data, was projected on the STEM 
image of each QD. (b) Ultraviolet–visible absorption spectra of the aliquots, taken during 
the InP core synthesis. a.u., arbitrary units. (c) Photoluminescence spectra of QD-1′ 
(prepared without HF addition), QD-1, QD-2, QD-3, QD-1R, QD-2R and QD-3R. Inset, 
photograph of QD-1′ (no HF) and QD-3 taken under 365 nm illumination. (d-i) STEM 
images of QD-1, QD-1R, QD-2, QD-2R, QD-3 and QD-3R (scale bar, 20 nm). (j, k) 
Electron diffraction spectroscopy mapping of In, Zn, P, Se, and S for QD-3R (scale bar, 
10 nm). ............................................................................................................................ 29 

Figure 3. 3: Schematic illustration of wurtzite InP QDs which were synthesized through 
cation exchange process. After growth of gradient ZnSeS shell, the resulting core/shell 
QDs emitted peak wavelength between 674 and 754 nm [87]. ...................................... 31 

Figure 3. 4: Schematic illustration of oxide layer which is formed on the surface of InP 
QDs. Ketonic decarboxylation of the carboxylic acids causes water formation during 
synthesis process at elevated temperature. As a result, an amorphous mixed oxide phase, 
including InPOx, In2O3, and InOy(OH)3−2y forms [93].................................................... 33 

Figure 3. 5: X-ray photoelectron spectroscopy (XPS) result of the InP QDs before and 
after HF treatment. After removing of the phosphorus oxide layer by HF treatment, XPS 
peak which is related to InPOx disappears [13]............................................................... 34 

Figure 3. 6: Energy levels of HOMO, LUMO, In-DBs, and P-DBs of InP QDs based on 
the DFT calculations. When the QD size increases HOMO level increases; whereas 
LUMO level decreases. Regardless of the QD size, indium and phosphorus dangling 
bonds are at levels of -3.947 eV and -5.717 eV, respectively [99, 100]. ........................ 35 

Figure 3. 7: Energy diagram of Cu:InP QDs. ................................................................. 36 

Figure 3. 8: The schematic recombination mechanism of Mn:InP/ZnS QDs [108]. ...... 37  

Figure 4. 1: (a) Energy band diagram of InP/ZnO/ZnS core/shell/shell QDs. Quantum 
mechanical simulations of (b) InP core, (c) InP/ZnO core/shell, and (d) InP/ZnO/ZnS 
core/shell/shell QDs. Black lines correspond to the radial probability distribution of 
electrons, while red lines show the radial probability distribution of holes. Black and red 



xv 

 

dashed lines correspond to confinement potential profile for electrons and holes, 
respectively. .................................................................................................................... 42 

Figure 4. 2: (a) Absorbance and PL spectra of InP, InP/ZnO, and InP/ZnO/ZnS QDs with 
multiple shells. Here, QD refers to the InP/ZnO core/shell QDs and #ZnS refers to the 
number of SILAR growth cycles. (b) Normalized quenching factor of the QD-4ZnS 
core/shell NCs calculated by multiplication of reabsorption R and (1-PLQY). (c) PLQY 
(%) of QDs in hexane. Errors bars represent the standard deviation from three 
measurements. ................................................................................................................. 43 

Figure 4. 3: (a) Pair distance distribution functions (PDDFs) of the InP core (black), 
InP/ZnO core/shell QD (blue) and QD-4ZnS core/shell/shell NCs (red) as resulting from 
the P(q)-curves shown in Appendix A. (b) Distributions of spheres that can describe the 
measured SAXS curves of the InP core and InP/ZnO- core/shell QDs. Size distribution 
histograms of the (c) InP core (inset: TEM image, scale bar is 2 nm), (d) InP/ZnO 
core/shell (inset: TEM image, scale bar is 2 nm), and (e) QD-4ZnS core/shell/shell NCs 
(inset: TEM image, scale bar is 2 nm) by HR-TEM measurements. Total number of 200 
quantum dots are counted for size distribution. (f) XRD of InP, InP/ZnO and 
InP/ZnO/4ZnS core/shell/shell NCs. XPS analysis of InP core QDs, (g) In 3d spectrum 
and (h) P 2p spectrum. .................................................................................................... 45 

Figure 4. 4: Measured ΔA spectrum, temporal evolution of ΔA at the wavelength of 
maximum bleaching, and 2-dimensional variation of ΔA as a function of probe delay and 
wavelength for: InP core (a)-(c), InP/ZnO (d)-(f), and QD-4ZnS (g)-(i) NCs for InP, 
InP/ZnO, and QD-4ZnS NCs, respectively. Measured transient absorption spectra of (a) 
InP core; (d) InP/ZnO and (g) QD-4ZnS at different probe delays. The excitation 
wavelength was 320 nm. The measured peak wavelength of the nonlinear absorption 
changed and matched the bleach peak after the shell growth which can be explained by 
the reduction of the carrier-trap induced stark effect. (b), (e) and (h) show the measured 
and fitted temporal evolution of the carrier decay times at the probe wavelengths of 520 
nm and 585 nm. For the InP core the first excitonic peak was at 520 nm and the τ1 and τ2 
values were determined to be 1 and 65.7 ps. The ZnO shell growth reduced the trap states 
and hence, τ1 and τ2 increased to 1.5 and 76.5 ps, respectively. The multiple ZnS shell 
growth caused further trap passivation, resulting in short (τ1) and long (τ2) lifetimes of 
3.4 and 84.3 ps, respectively. (c), (f) and (i) surface plots of the measured ΔA with respect 
to the probe delay and wavelength.................................................................................. 49 

Figure 4. 5: (a) Schematic of the QD based LED fabrication. (b) Photograph of the LED 
when it is turned on. (c) PCE (%) and EQE (%) at different OD values. Inset: Intensity 
spectra of red-emitting QD-based LEDs at different optical densities of 0.07 and 0.2. (d) 
The (x,y) color coordinates of the QD-LEDs at different optical densities with an injection 
current of 10 mA. (e) Intensity spectra of the red-emitting QD-based LED with the optical 
density of 0.4 at different current injection levels ranging from 5 mA to 150 mA. ....... 51  

Figure 5. 1: Schematic illustration of the synthesis process. .......................................... 55 

Figure 5. 2: HRTEM and size distribution of the synthesized (a) G-InP core (2.82 nm ± 
0.45), (b) Ru:InP (2.94 nm ± 0.37) (Ru:In ratio of 0.003), and (c) Ru:InP/ZnS core/shell 
QDs (5.83 nm ± 0.81). For the particle size distribution, a minimum of 200 particles were 
counted. The scale bar of the HRTEM images is 5 nm. (d) STEM image and EDX 
elemental maps of In, P, and Ru. The scale bar is 100 nm. (e) XRD pattern for the InP 



xvi 

 

core, Ru:InP (Ru:In ratio of 0.003), and Ru:InP/ZnS core/shell QDs that have the final 
PLQY of 77.6%............................................................................................................... 57 

Figure 5. 3: (a) PLQY comparison between InP core, Ru:InP (Ru:In ratio of 0.003), and 
control group (InP core without addition of Ru dopant). (b) PL shift (meV) for G-InP 
QDs at different Ru:In injection ratio. For the G-InP core QDs, the highest PL shift was 
325 meV at Ru:In injection ratio (mmol) of 0.005.  (c) PL peaks of G-InP, yellow-emitting 
(Y-InP), and orange-emitting (O-InP) core and maximum PL shift change (meV) after Ru 
doping at different Ru:In ratio. For the G-InP core QDs, the highest PL shift was 325 
meV at Ru:In injection ratio (mmol) of 0.005, while for the Ru doped Y-InP and O-InP 
core QDs, maximum PL shift values were 314 meV and 217 meV with the Ru:In injection 
ratios of 0.01. (d) Measured variation of the nonlinear absorbance change (ΔA) as a 
function of the probe delay for InP QDs at 470 nm. (e) Measured variation of ΔA as a 
function of the probe delay for Ru-doped QDs at 540 nm. Measured variation of ΔA as a 
function of the (f) probe wavelength for InP QDs at different probe delays up to 80 ps, 
(g) probe wavelength for Ru-doped InP QDs at different probe delays up to 80 ps. ..... 58 

Figure 5. 4: (a) PLQY for different time intervals after ZnS shell precursor injection on 
Ru:InP (at Ru:In injection ratio of 0.003). (b) Absorbance and PL peaks of optimized G-
InP core, Ru:InP (at Ru:In injection ratio of 0.003), and Ru:InP/ZnS core/shell QDs. .. 61 

Figure 5. 5: (a) Schematic illustration of LED fabrication incorporating QD liquid. (b) 
Image of QD-LED when LED is turned on. (c) (x, y) color coordinates of the QD-LEDs 
at different optical densities. (d) EQE of Ru doped QD integrated LED at different optical 
densities. (e) Intensity spectra of the Ru:InP/ZnS QD-based LED with an optical density 
of 0.94 at different current injection levels ranging from 5 to 100 mA. ......................... 62 
 
Figure 6. 1: (a) Schematic illustration of InP/ZnO core/shell QDs before and after ligand 
exchange. (b) X-ray diffraction pattern of InP/ZnO core/shell QDs. TEM images and size 
distributions of (c) InP core (3.05 nm ± 0.35), (d) InP/1ZnO (3.54 nm ± 0.42), and (e) 
InP/3ZnO core/shell QDs (6.25 ± 0.73 nm). For the particle size distribution, a minimum 
of 200 particles were counted. The scale bar is 10 nm for InP core TEM image, while for 
InP/1ZnO and InP/3ZnO QD TEM image the scale bar is 20 nm. ................................. 67 

Figure 6. 2: XPS results of InP/1ZnO core/shell QDs. (a) In-3d, (b) P-2p, (c) Zn-2p, and 
(d) O-1s. For the In-3d spectrum, we obtained two distinct peaks located at 444.59 and 
452.15 eV; whereas the P-2p spectrum displayed two doublets located at 128.38 and 
132.93 eV, which represent the chemical environment of phosphorus as introduced in 
previous studies [94]. ...................................................................................................... 68 

Figure 6. 3: (a) The energy bandgap diagram of InP and InP/1ZnO QDs with redox 
potentials for the generation of reactive oxygen species. (b) The images of ligand 
exchange process. Before ligand exchange with sulfide ligand, OLA capped InP/1ZnO 
QDs are dissolved in hexane. After the ligand exchange process in the presence of NMF 
and sodium sulfide nonahydrate (Na2S·9H2O) QDs become soluble in water. (c)The 
images of InP/1ZnO QDs under UV light before and after ligand exchange process. (d) 
and (e) Abs and PL emission of InP core and InP/1ZnO capped with OLA and sulfide 
ligand. (f) The bar chart of PLQY values for InP/1ZnO, InP/2ZnO, and InP/3ZnO 
core/shell QDs capped with OLA and sulfide ligand. After the ligand exchange process, 
PLQY drastically decreased by the exterior surface trap states which are generated by 



xvii 

 

short-chain sulfide ligand. (g) Recombination decay rate of InP/1ZnO QDs capped with 
OLA (red colored) and sulfide ligand (brown colored). ................................................. 70 

Figure 6. 4: Detection and quantification of Reactive Oxygen Species (ROS) generated 
by InP/ZnO QDs. For the excitation of QDs, green light with wavelength of 530 nm was 
used. (a) The effect of ZnO shell number on ROS generation efficiency. During 
experiment, DCFH-DA sensor molecule is used at a concentration of 10 µM. The highest 
ROS efficiency was obtained by InP/1ZnO core/shell QDs. (b) The absorbance result of 
XTT-formazan which is related to generation of superoxide radical (•O2⁻). (c) Methyl 
violet degradation experiment which is based on isopropanol (IPA) and benzoquinone 
(BQ) as scavengers.......................................................................................................... 71 

Figure 6. 5: (a) Antibacterial experiments of sulfide capped InP/ZnO QDs against P. 
aeruginosa at different QD concentrations, ranging from 50 to 125 µM in the dark and 
under low intensity green light stimulation (3 mW cm -2). (b) SEM image of untreated 
bacteria. As control group, bacteria were not treated with QD concentration or light 
exposure. (c) SEM image of bacteria which is incubated with InP/ZnO QDs at a 
concentration of 125 µM in the dark. (d) SEM image of bacteria exposed to low intensity 
green light. (e) SEM image of bacteria which is incubated with InP/ZnO QDs at a 
concentration of 125 µM under low green light exposure. ............................................. 74 

Figure 6. 6: Dark cytotoxicity of sulfide capped InP/ZnO QDs on Vero E6 cells. ........ 75 
 
Figure A. 1: SAXS data (symbols) and fits of InP core, InP/ZnO and QD-4ZnS. In (a) the 
experimental SAXS data together with resulting fits (lines) are shown. For describing the 
partly aggregated NCs we fitted simultaneously the structure factor S(q) and the form 
factor P(q). (b) Here the resulting form factor alone is shown containing information on 
particle size, shape, and size distribution. ....................................................................... 81 

Figure A. 2: X-ray diffraction (XRD) of InP (black), InP/ZnO (blue) and of InP/ZnO/ZnS 
(QD-4ZnS) core/shell/shell QDs. The lines are Gaussian peak fits on a splined 
background to the XRD data (dots). The black vertical dashed lines and black crosses 
marks the positions of InP (ICDD 00-032-0452), the blue crosses of hexagonal ZnO 
(ICDD 00-036-1451) and the red crosses of hexagonal wurtzite ZnS (ICDD 00-036-1450) 
in its relaxed bulk crystal phases..................................................................................... 82 

Figure A. 3: X-ray photoelectron spectroscopy analysis of InP/ZnO core/shell QDs. a) In 
3d spectrum, b) P 2p spectrum, (c) Zn 2p spectrum, and (d) O 1s spectrum.................. 83 

Figure A. 4: X-ray photoelectron spectroscopy analysis of QD-4ZnS core/shell/shell QDs. 
a) In 3d spectrum, b) Zn 2p spectrum, (c) O 1s spectrum, and (d) S 2p spectrum. ........ 84 

Figure A. 5: Surface plot of the measured ΔA with respect to the probe wavelength and 
delay up to 1.7 ns for the QD-4ZnS NCs. ....................................................................... 84 
 
Figure B. 1: TEM and size distribution of the synthesized (a) G-InP core (2.67 nm ± 0.39), 
(b) Ru:InP (3.05 nm ± 0.57) (Ru:In ratio of 0.005), and (c) Ru:InP/ZnS core/shell QDs 
(5.58 nm ± 0.74). For the particle size distribution, a minimum of 200 particles were 
counted. The scale bar of the TEM images is 20 nm. (d) XRD pattern for the InP core, 
Ru:InP and Ru:InP/ZnS core/shell QDs. The XRD pattern for InP core QDs exhibited 
three well-defined peaks observed at 2θ values of 27.18°, 44.95°, and 52.97°, attributing 
to the (111), (220), and (311) planes of the zinc-blende crystal structure of InP (JCPDS32-
0452). After the Ru incorporation (Ru:In ratio of 0.005), the diffraction peaks shifted to 



xviii 

 

lower 2θ values of 27.10°, 44.77°, and 52.66° that indicate lattice filling of Ru dopant at 
the interstitial sites of the InP host structure. After the ZnS shell growth on the Ru-doped 
InP QDs, the diffraction peaks shifted toward higher 2θ values of 28.00°, 46.66°, and 
54.46°, respectively......................................................................................................... 89 

Figure B. 2: TEM and size distribution of the synthesized (a) G-InP core (2.81 nm ± 0.47), 
(b) Ru:InP (3.03 nm ± 0.40) (Ru:In ratio of 0.01), and (c) Ru:InP/ZnS core/shell QDs 
(5.71 nm ± 0.98). For the particle size distribution, a minimum of 200 particles were 
counted. The scale bar of the TEM images is 20 nm. (d) XRD pattern for the InP core, 
Ru:InP and Ru:InP/ZnS core/shell QDs. The XRD pattern for InP core QDs exhibited 
three peaks observed at 2θ values of 26.65°, 44.14°, and 52.11°, attributing to the (111), 
(220), and (311) planes of the zinc-blende crystal structure of InP (JCPDS32-0452). After 
the Ru incorporation (Ru:In ratio of 0.01), the diffraction peaks shifted to lower 2θ values 
of 26.55°, 44.00°, and 52.07° that indicate lattice filling of Ru dopant at the interstitial 
sites of the InP host structure. After the ZnS shell growth on the Ru-doped InP QDs, the 
diffraction peaks shifted toward higher 2θ values of 26.60°, 44.41°, and 52.56°, 
respectively. .................................................................................................................... 89 

Figure B. 3: The effect of Ru doping on PLQY for the InP core QDs emitting at green, 
yellow, and orange spectral range. .................................................................................. 90 

Figure B. 4: PLQY (%) change of undoped and doped QDs before centrifugation (BC) 
and after centrifugation (AC) process. ............................................................................ 91 

Figure B. 5: PL shift (meV) for Y-InP and O-InP core QDs according to different Ru:In 
injection ratio. ................................................................................................................. 91 

Figure B. 6: EQE of LEDs integrated with (a) InP/ZnS QDs and (b) Ru-doped InP/ZnS 
at 10 mA for 500 h. The CIE color coordinate changes of (c) bare InP/ZnS QDs and (d) 
Ru-doped InP/ZnS QDs. ................................................................................................. 92 

Figure B. 7: P-2p spectrum of the InP core and Ru:InP QDs. ........................................ 92 

Figure B. 8: (a) Ru-3d and (b) Ru-3p spectrum of the Ru:InP QDs. .............................. 93 

Figure B. 9: (a) Zn-2p spectrum, and (b) S-2p spectrum of Ru:InP/ZnS core/shell QD. 93 
 
Figure C. 1: (a) In-3d and (b) P-2p spectrum of InP core QD. ....................................... 97 

Figure C. 2: Photophysical properties of 2 and 3 ZnO shell grown on the top of InP core 
QDs (a) and (b) Abs spectra for before and after sulfide ligand exchange, respectively. 
(c) and (d) show PL spectra before and after sulfide ligand exchange, respectively. ..... 98 

Figure C. 3: (a) DCF-DH spectrum in the presence of InP/ZnO QDs. For the experiment, 
DCF-DH (10 µM) sensor molecule and 0.5 mM InP/ZnO QDs was utilized under green 
light stimulation. (b) shows the absorbance spectrum of MV dye in the presence of 
InP/ZnS QDs under green light stimulation.................................................................... 98 

 

 

 

 



xix 

 

ABBREVIATIONS 

QD             Quantum dot 

PLQY             Photoluminescence quantum yield 

LED             Light-emitting diode 

LE             Luminous efficiency 

LER             Luminous efficacy of radiation 

PCE             Power conversion efficiency 

EQE             External quantum efficiency 

CCE             Color conversion efficiency 

CCT             Correlated color temperature 

CRI             Color rendering index 

SSL             Solid-state lighting  

CIE             Commission on illumination 

FWHM             Full width at half maximum 

ML             Monolayer 

XRD             X-ray diffraction 

SAXS             Small angle x-ray scattering 

XPS             X-ray photoelectron spectroscopy 

TAS             Transient absorption spectroscopy 

TEM             Transmission electron microscopy 

SEM             Scanning electron microscopy 

HRTEM  High-resolution transmission electron microscopy 

EDX             Energy dispersive x-ray  

ICP-MS  Inductively coupled plasma mass spectroscopy 

STEM             Scanning transmission electron microscopy 

SILAR             Successive ionic layer adsorption and reaction 

TRPL             Time-resolved photoluminescence  

ROS             Reactive oxygen species 

DFT             Density functional theory 

PDMS             Polydimethylsiloxane 

MTT             3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

XTT             sodium 3′-[1-[(phenylamino)carbonyl]-3,4-tetrazolium]-bis(4-methoxy-
6-nitro)benzene sulfonic acid hydrate



Chapter 1: Introduction 

1 

 

Chapter 1: Introduction 

Solid-state lighting (SSL) sources such as light-emitting diodes (LEDs) are developing 

energy-efficient lighting technologies due to their high brightness, long operational 

lifetime, and low energy consumption. The utilization of this technology has a large 

potential impact on energy saving and it is assumed that by replacing LEDs with 

conventional lighting technologies such as incandescent bulbs or fluorescent lamps the 

global electricity which is consumed for lighting would be reduced more than 50% [1]. 

The global LED lighting market grew by 3.2% from 2018 to almost 60BEuro in 2019 [2]. 

Thus, it is expected that LEDs will dominate the majority of lighting technologies in the 

near future. According to the US Department of Energy, by transition to LED technology 

energy savings will be around 40% by 2030. Currently, phosphors which are made of 

rare-earth ions are mostly used as down conversion materials in solid-state LED 

application. However, they lack of tunable and large emission bandwidth, which 

decreases the efficiency of the LEDs at near infrared wavelength region where the human 

eye is not sensitive anymore [3]. Hence, the need for finding alternative materials which 

possess narrow emission bandwidth and tunable luminescence for efficient LEDs 

continues. 

Bacterial infections pose a global threat to public health and cause severe economic issues 

[4, 5]. Since their discovery in the twentieth century, antibiotics have been extensively 

used againts bacterial infections due to their highly effective bactericidal ability and low 

toxicity to host cells [6]. However, in recent times, the misuse of antibiotics together with 

the rapid mutation and evolution of bacteria caused the emergence of resistance in these 

microorganisms. According to a recent report of The World Health Organization (WHO), 

nearly 700,000 deaths are caused by antibiotic-resistant bacteria every year [7] and it is 

predicted that this number will increase to 10 million by 2050 [8]. Therefore, considerable 

research against antibiotic-resistant bacteria has been conducted [9]. However, in the last 

20 years, only two new classes of antibiotics were approved by international regulatory 

agencies [10]. Semiconductor-mediated photocatalysis is based on production of reactive 

species (ROS) and it is considered as a promising and emerging modality in developing 

potential disinfection strategies against several hostile microorganisms [4, 11]. To date, 

titanium dioxide (TiO2) has been proven to be an effective semiconductor photocatalyst 
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in various studies [12]. However, it can only be excited by ultra-violet or near ultra-violet 

due to its high bandgap (3.2 eV). As a result, the search of novel materials which have 

tunable emission is a key requisite. 

Colloidal quantum dots (QDs) offer great potential for LED and photocatalysis 

applications due to their tunable emission bandwith, high photoluminescence quantum 

yield (PLQY), thermal and photostability properties [13-16]. For QD-based LED 

applications, reabsorption and integration of QDs affect the efficiency of the final device. 

In order to address the host material effect issue, one possible solution is the direct 

integration of as-synthesized QDs into the LED architecture. On the other hand, to obtain 

low reabsorption loss, it is important to separate the absorbance and emission peak by 

chosing appropiate core/shell heterostructure (type-II) or doping of host nanostructure 

with numerous transition metals. It is generally accepted perspective that type-II 

core/shell QDs, in which electron and hole wavefunctions are spatially separated, exhibits 

low PLQY. Even though, in recent times, colloidal type-II QDs with high PLQY were 

reported in previous studies, they possess disadvantages such as consisting of cadmium 

as heavy-metal [17, 18]. Instead, indium phosphide (InP) offers great potential as an 

environmentally benign and non-toxic host material for QD-based LED technologies. 

Transition metal doping of colloidal QDs also leads to high PLQY, reduced self-

absorption and longer luminescence lifetime. To date, there are various transition metals 

such as copper (Cu) [19] and silver (Ag) [20] are doped into InP crystal structure. 

However, ruthenium which is a widely used in supercapacitors [21], catalysis [22], and 

optoelectronic neural interfaces [21] have not been reported yet. 

More recently, colloidal QDs have gained significant interest as potential semiconducting 

materials to combat antibiotic-resistant bacteria. To date, various types of QDs such as 

InP [15], CdSe [23], and AgBiS2 [24] have been demonstrated as effective ROS 

generators. However, the effect of type-II QDs on antibacterial activity has not been 

explored yet.  

This thesis demonstrates the synthesis of InP-based QDs and utilization in 2 different 

applications: (1) light-emitting devices (LEDs), (2) antibacterial application. The 

organization of the thesis is as follows:  
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In the first chapter of the thesis, we make an introduction about colloidal quantum dots 

(QDs) and their light-emitting diodes (LEDs) and photocatalysis-based antibacterial 

applications. 

In the second chapter of the thesis, we provide the basic background knowledge about 

colloidal QDs, including the synthesis methods, optical and structural properties. 

Afterwards, we continue with QD-based LEDs and the corresponding working 

mechanisms, optical analysis and measurement techniques. Finally, we focus on 

photocatalysis mechanism and antibacterial application of colloidal QDs. 

In the third chapter, we cover InP-based QDs. In this regard, we provide background 

knowledge about the synthesis methods, surface chemistry, and defect states of InP QDs. 

We also describe InP-based core/shell QDs and biocompatibility properties. 

In the fourth chapter of the thesis, we describe our study which is based on InP-based 

type-II core/shell QDs and their LED application. We first focus on highly efficient 

cadmium-free InP/ZnO/ZnS QDs’ optical and structural properties, followed by QD-LED 

device efficiency fabrication and measurement. 

In the fifth chapter, we introduce our study about ruthenium doped InP-based QDs and 

LED application for efficient red-emission. We first demonstrate the effect of ruthenium 

dopant incorporation on optical and structural properties of InP QDs. We also 

investigated the effect of ruthenium presence on PLQY of QDs in the red spectral region. 

Then, we demonstrated ruthenium doped InP-based QD-LED device fabrication and 

characterization. 

In the sixth chapter of the thesis, we demonstrated for the first time quasi-type-II InP/ZnO 

core/shell QDs with multiple ZnO shells as efficient photocatalysts for the generation of 

reactive oxygen species (ROS). Following the ligand exchange process, we also examine 

the ZnO shell effect on the ROS efficiency of sulfide capped InP/ZnO core/shell QDs. 

Finally, we showed antibacterial activity of the optimized QDs against Pseudomonas 

aeruginosa upon stimulation with low intensity green light. 

In the seventh chapter, we conclude our thesis by describing and remarking our 

achievements. 
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Chapter 2: Scientific Background 

2.1 Colloidal Quantum Dots 

Colloidal quantum dots (QDs) are semiconductor nanocrystals, typically with a diameter 

in the range of 1-10 nanometers, which possess size, shape, and chemical-composition 

dependent ‘quantum confinement effect’ due to their small size comparing to bulk 

counterparts. In bulk semiconductors, the conduction and valence bands are separated by 

energy-gap. When the size of bulk semiconductor is decreased towards nanometer scale, 

the size of the crystal becomes smaller than the exciton Bohr radius (e.g. for ZnSe, CdSe, 

and InP QDs exciton Bohr radius values are 4.1 nm, 4.6 nm, and 10 nm, respectively). As 

a result, upon decreasing the nanocrystal size, the bandgap of the semiconductor increases 

and it leads to formation of discrete energy levels. Due to the quantum confinement effect, 

as the QD size decreases, the nanocrystal emits at shorter wavelengths (towards blue);  

however, as the QD size increases, the emitted light shifts towards the red region of the 

spectrum (Figure 2.1) [25]. Therefore, the bandgap tunability of these materials plays a 

vital role in the advancement and investigation of QDs-based optoelectronic and 

biomedical applications, including light-emitting diodes, photodetectors, lasers, solar 

cells, displays, transistors, photo-catalysis, neural photosimulation, imaging, sensing, and 

bio-labeling. 

 

Figure 2. 1: The schematic representation of size tunable optical properties of quantum 

dots. As the quantum dot size increases emission wavelength shifts towards red spectral 

region [25].  
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Structurally, colloidal QDs consist of an inorganic semiconducting core, covered with an 

organic ligand shell (Figure 2.2) [26, 27]. Inorganic semiconducting core is constructed 

mostly by the III-V (e.g. InP, InAs), II-VI (e.g. CdSe, ZnSe), and IV-VI (e.g. PbS, PbSe) group 

nanocrystals. On the other hand, organic capping ligands which are used for QD synthesis 

are made up of head group and tail group. During colloidal QD synthesis organic ligands 

form a shell around nanocrystals. The head group binds to the nanocrystal surface and 

control the growth and size of the nanocrystals, whereas tail groups cause to repel each 

other, resulting in colloidal stability of formed nanocrystals.  

 

Figure 2. 2: (a) Schematic illustration of semiconductor QDs capped with organic ligand 

[27]. (b) A computational model of lead sulfide (PbS) QDs. The inorganic 

semiconducting core (PbS) is covered by organic ligands [26]. 

2.1.1 The nucleation and growth mechanism of colloidal QDs 

In a wet-chemistry synthesis of colloidal QDs, the formation mechanism of nanocrystal 

is explained by LaMer model, which is typically divided into four stages: (1) monomer 

accumulation, (2) nucleation, and (3) growth. At the stage (1), the starting precursors 

generates smallest building blocks of nanocrystals, termed as monomers. When the 

monomer concentration exceeds a critical value (Csaturation), the nucleation starts to take 

place by collection of monomers in stage (2). At the stage (3), due to the nucleation 

process the consumption of the monomers occurs and the monomer concentration drops 

below critical saturation limit Csaturation. The remaining monomers deposit on the formed 

nanocrystals, termed as growth step. When the monomer concentration reaches 
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equilibrium value small nanocrystals start to dissolve and deposit on bigger nanocrystals, 

resulting in increase of polydispersity. This process is called ‘Ostwald ripening’ (Stage 

4) (Figure 2.3) [28]. 

 

Figure 2. 3: Schematic drawing of a LaMer model for the colloidal QDs formation 

mechanism [28]. 

2.1.2 The synthesis of colloidal QDs 

For the synthesis of colloidal QDs with various size, shape, and chemical compositons, 

the most common approaches are hot-injection, heat-up, co-precipitation, successive 

ionic layer adsorption and reaction (SILAR), and cation-exchange methods.  

Hot injection technique 

This technique is one of most widely used methods for the synthesis of high quality 

colloidal QDs. In a typical hot-injection technique, the precursor solution at room 

temperature is rapidly injected into a hot reaction solution. Therefore, monomer formation 

and nucleation process are initiated and be followed by growth of nanocrystals. Overall, 

the resulting QDs synthesized by hot-injection technique generally exhibit 

monodispersity, narrow size distribution, a relatively high photoluminescence quantum 

yield (PLQY), and colloidal, chemical, and photostability. Moreover, the size and 

morphology of synthesized QDs can be modified by optimizing reaction parameters such 

as injection temperature, precursor molar ratios, and surfactant selection (Figure 2.4) [28]. 
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Figure 2. 4: Schematic illustration of hot-injection technique for synthesis of colloidal 

QDs. In a typical hot-injection approach the precursor solution [B] at room temperature 

is quickly injected into a hot reaction solution [A] or injecting both [A] and [B] precursors 

into a hot medium. Therefore, monomer formation and nucleation process are initiated 

and be followed by growth of nanocrystals [28]. 

Heat-up method 

Heat-up method is an alternative technique, in which all precursors containing metal salts, 

ligands, and solvents are mixed in a flask and the main solution is quickly heated to 

elevated temperature. In this technique, monomers are generated upon heating, followed 

by nucleation and growth steps. Comparing to hot-injection technique, the heat-up 

method is more reproducible and is easier to scale-up for large scale production (Figure 

2.5) [29]. 
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Figure 2. 5: Schematic illustration of heat-up technique [29]. 

SILAR technique 

Successive ionic layer adsorption and reaction (SILAR) technique is commonly used to 

synthesize core/shell nanocrystal heterostructures. In this method, cation and anion 

precursor solutions are prepared at room temperature and subsequently added to the as-

prepared QD core solution at elevated temperature. This approach allows us to control 

shell thickness by varying the precursor solution amounts. Therefore, giant core/shell 

QDs can be produced by SILAR method (Figure 2.6) [30]. 

 

Figure 2. 6: Schematic representation of the synthesis of core/shell colloidal QDs by 

SILAR technique [30]. 
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Co-precipitation technique 

The co-precipitaion technique is generally used to synthesize ternary I–III–VI2 (such as 

CuInS2) semiconductors. Despite the sizes of QDs can be effectively controlled through 

the reaction temperature and time, the resulting QDs’ size distribution produced by this 

approach becomes broader comparing to hot-injection technique due to continuous 

nucleation and growth process.  

Cation exchange 

In order to grow shell on core structure, cation exchange process can be used as an 

alternative technique. It is based on replacement of cation ions from main nanocrystal by 

guest ions dissolved in organic or aqueous solvent. This process specifically might be an 

option when the core and shell materials have large lattice mismatch. The solvation 

energy and Lewis acid-base interactions govern the cation exchange reaction. This 

method is used for different core/shell structures. For instance, Donega and co-workers 

synthesized ZnSe/CdSe QDs using cation exchange of Zn+2 by Cd+2 ion in colloidal ZnSe 

QDs [31]. 

2.1.3 Transition metal doped QDs 

Doping of semiconductor nanocrystals with transition metals is attracting significant 

attention in various applications such as light-emitting diode (LED) [32, 33], luminescent 

solar concentrator (LSC) [34, 35] due to their unique, optical and magnetic properties[36]. 

For instance, a major feature in doped QDs is the Stokes-shift between emission and 

absorption peaks, which gives the doped nanocrystals with suppressed reabsorption 

property. Moreover, doping of QDs with transition metals causes separation of 

photogenerated electrons and hole wavefunctions, thus it leads to longer 

photoluminescence lifetime compared to pure host nanocrystals. In colloidal QD doping, 

dopant incorporation is governed by kinetics and thermodynamic. kinetics determines 

whether a dopant will incorporate into the host nanocrystals, while thermodynamics 

determine the doping mechanism of dopant ion. It should be also pointed out that in case 

of absence of a shell or the distance of the dopant location from the surface of QDs lattice 

diffusion and eventually lattice ejection of the dopants can occur upon thermal treatment  

[36]. General synthetic approaches of the doped nanocrystals are divided into three 

categories as (1) nucleation doping, (2) growth doping, and (3) ion diffusion doping. 
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Nucleation doping  

In nucleation doping approach, all precursors including the dopant precursor are mixed 

during the nucleation step. Before host nanocrystals formation, dopant nucleate first. 

Then, core dopant nuclei are overcoated by host material. Pradhan et al. showed 

manganese doped zinc selenide (Mn:ZnSe) QDs using this technique. First, they 

synthesized MnSe nuclei 1-2 nm in diameter, then they added zinc precursor solution to 

grow ZnSe [37]. 

 

Figure 2. 7: Schematic drawing of nucleation and growth doping approaches [38]. 

Growth doping approach 

In growth doping technique, host nanocrystals are formed before injection of dopant ions. 

Then, dopant precursor solution is added to adsorb the dopant ions on surface of QDs. 

Afterwards, the dopant ions are encapsulated by overgrowing of a shell. Pradhan et al. 

synthesized copper doped ZnSe (Cu:ZnSe) QDs using growth doping approach [37]. The 

same technique was also used by Gamelin and co-workers to obtain cobalt doped 

cadmium sulfide (Co:CdS) nanocrystals [39]. In that study, after formation of CdS 

nanocrystal, they injected Co dopant precursor to adsorb the dopant ions. Then, Co:CdS 

was encapsulated by an isocrystalline shell. Schematic illustration of nucleation and 

growth doping approaches is given in Figure 2.7 [38]. 
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Ion diffusion doping  

Ion diffusion doping is a particular case of growth doping. For the first time, Saha et al. 

designed a core shell material which consists of a small magnetic iron oxide core (Fe3O4) 

overcoated with a thick shell of semiconductor nanocrystal (CdS) [40]. After annealing 

of the core/shell structure at high temperature, iron (Fe) dopants diffused towards 

interface and semiconductor shell. As a result, uniformly doped Fe:CdS QD was 

produced. Chen et al. synthesized copper and manganese doped ZnSe QDs through ion 

diffusion doping. In that study, the injected dopant ions adsorb on the surface of QDs at 

relatively low temperature. Then, above a certain critical temperature, dopant ions diffuse 

into the crystal structure of the host nanocrystal (Figure 2.8) [41]. 

 

Figure 2. 8: Schematic illustration of temperature-dependent ion diffusion doping [41]. 

Cation exchange reactions, in which dopant cation is exchanged with host cation through 

diffusion mechanism are also applied for doping of nanocrystals. The extent of the cation 

exchange reactions can also be adjusted by changing the concentration of dopant ions and 

ligands present in the solution. Gamelin and co-workers investigated high-quality 

colloidal Cd1–xMnxSe nanocrystals by diffusion doping of preformed CdSe nanocrystals 

and they showed that diffusion of Mn ions into the host nanocrystal is governed by the 

excess amount of Se ions [42]. 

2.1.4 The optical properties of QDs 

Exciton behavior in QDs 

The fundamental exciton behaviors observed in colloidal QDs structures are illustrated in 

Figure 2.9. When a photon of excitation light is absorbed by a QD, an electron is excited 

from the valence band (occupied orbitals) to the conduction band (unoccupied orbitals) 

and it generates hot electron (hole) in conduction and valence bands as shown in ‘Step 1’. 
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For hot electron and holes, there are two main pathways to take place. If the trap state 

energy levels are at proper positions, hot electron (hole) might be trapped by those states 

(illustrated as Step 5). These trap states may cause non-radiative recombination or may 

back-transfer the charge carriers (Step 6) to regenerate an exciton that can be followed by 

radiative (Step 3) or non-radiative electron-hole recombinations (Step 4). As a second 

possibility, hot electron and hole might relax to lowest unoccupied molecular orbital 

(LUMO) and highest occupied molecular orbital (HOMO) levels through Step 2 and form 

band-edge exciton. As a result, electron and hole may undergo recombination by radiative 

process, resulting in emitting a photon (emission) [43]. 

 

Figure 2. 9: Schematic illustration of fundamental exciton behavior in a QDs [43]. 

Absorbance, photoluminescence (PL) and photoluminescence quantum yield (PLQY) 

The optical properties of QDs are size, shape, and composition-dependent. When the QD 

size decreases, the energy-gap increases, thus the ability to control the size of QDs yields 

size-dependent different colored nanocrystals. The smaller a QD, closer to the blue end 

of the spectrum. There are three main optical properties can be described for colloidal 

QDs: (1) absorbance, (2) emission, and (3) photoluminescence quantum yield (PLQY). 

These optical properties can be adjusted by synthesizing nanocrystals which have 
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different size, shape, and composition for specific applications. Typical absorbance and 

PL spectra of the QDs are demonstrated in Figure 2.10 [13].  

 

Figure 2. 10: (a) The absorbance of InP QDs; (b) PL emission of InP/ZnSe/ZnS 

core/shell/shell QDs sythesized by seed-assisted hot-injection method [13]. 

Photoluminescence quantum yield (PLQY) is defined as the ratio of number of emitted 

photons (per time and volume unit) relative to the number of absorbed photons. This 

metric is related to fluorescence efficiency of the QDs. If a QD contains surface trap 

states, it causes non-radiative losses, resulting in decrease of PLQY. 

Fluorescence lifetime 

The fluorescence lifetime is defined as average time a QD stays in its excited state before 

returning to the ground state upon excitation. In terms of formulation, this characteristic 

time of a QD is given by Equation (2.1). 

                                                       = 1𝑘𝑓+𝑘𝑛𝑟                                                               (2.1) 

which  corresponds to the average lifetime; whereas 𝑘𝑓  and 𝑘𝑛𝑟  are radiative and non-

radiative decay rates, respectively. Typical fluorescence lifetime of a ZnCdSe based QDs 

before and after surface treatment is given in Figure 2.11 [44]. 
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Figure 2. 11: The PL decay dynamics of ZnCdSe based QDs before and after treatment 

with tributylphosphine (TBP) [44]. 

Nonlinear absorption properties of QDs 

Understanding the charge carrier dynamics in QDs is highly essential for their various 

applications. The mechanism of nonlinear absorption properties is analysed by transient 

absorption spectroscopy (TAS) measurement. This technique is based-on excitation of 

QD sample by two laser beams (probe and pump) and measurement of absorbance 

simultaneously. Basically, the high intensity pump laser beam is used to excite the QD to 

higher energy level, which alters the ground state population. Next, a white light probe 

laser is passed through the sample to measure the absorption. Therefore, the change in 

absorption which is related to charge carrier dynamics can be analysed by TAS technique. 

Schematic illustration of TAS measurement principle is shown in Figure 2.12 [45]. 

 

Figure 2. 12: Schematic illustration of TAS measurement principle [45]. 
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Stokes-shift in QDs 

One of the dominant factor that affects the efficiency of QD-based applications is 

reabsorption property which leads to energy loss. The Stokes-shift (red-shift) is the 

separation between the excitation and emission spectra of the QDs and it is one of the 

most important parameter that determine the optical properties of QDs for their 

applications. Several approaches have been proposed to decrease the reabsorption of QDs 

by Stokes-shift engineering [46-48]. For instance, Sadeghi et al. synthesized quasi-type 

II InP/ZnO core/shell QDs as non-toxic material and it has been shown that due to 

transition from a type-I to a quasi-type-II carrier localization the spectral emission and 

absorption overlap decreased [48]. Alternatively, Stokes-shift engineering is performed 

by doping the host material with variable transition metal ions such as copper (Cu), 

manganese (Mn) etc. [19, 49-51]. The represantation of Stokes-shift is given in Figure 

2.13 [52].  

 

Figure 2. 13: The represantation of Stokes-shift observed in QDs [52]. 

Energy band alignment of core/shell QD 

According energy band alignment of the conduction band valence band edges of the core 

and shell, semiconductor core/shell QDs are classified into three main subgroups as type-

I, type-II, and reverse type-I heterostructures. In type-I structure, the bandgap of the core 

semiconductor is smaller than the bandgap of shell material, leading to confinement both 

electron and hole in the core region. For this type of heterostructures, shell is used to 

passivate the surface trap states of core structure to obtain high PLQY, high photo and 
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thermal stability for their applications such as LED. In type-I structures, emission is 

mainly dominated by the core due to localization of electron and hole in the core region. 

On the other hand, in type-II structures one of the band edges (either is valence or 

conduction band edge) of the shell is located in the bandgap of core semiconductor. This 

band alignment of the conduction and valence band edge leads to spatial separation of 

electron and hole wavefunctions, thus significant Stokes-shift can be observed with 

respect to type-I core/shell structures. For type-II structure, due to reduced overlap 

between electron and hole wavefunctions electrons and holes can be separated, which 

makes them excellent candidates for solar cell and photodetector applications. In the case 

of quasi-type-II configuration, one type of carrier is confined in the core; while the other 

carrier is delocalized entire core/shell QDs. Reverse type-I is the opposite of type-I 

structure, in which charge carriers are delocalized in the shell. An overview of energy 

band alignment of the core/shell heterostructured core/shell QDs is shown in Figure 2.14 

[53]. 

 

Figure 2. 14: Schematic represantation of band alignment for different type of core/shell 

structures [53]. 

2.1.5 Structural and optical characterization of QDs 

Structural characterization of QDs 

Semiconductor QDs exhibit different type of crystal structure such as zinc blende (e.g. 

InP, CdSe), wurtzite (e.g. CdS, ZnS), and perovskite crystal structure. In order to analyse 

the structural properties of QDs several characterization techniques are performed such 
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as X-ray diffraction (XRD), transmission electron microscopy (TEM), high-resolution 

transmission electron microscopy (HRTEM), X-ray photoelectron spectroscopy (XPS), 

inductively coupled plasma-mass spectroscopy (ICP-MS), inductively coupled plasma-

atomic emission spectroscopy (ICP-AES), small angle X-ray scattering (SAXS). As an 

example, HRTEM images of ZnCdSe/ZnSe core/shell QDs and InAs/ZnSe core/shell 

QDs are demonstrated in Figure 2.15. 

 

Figure 2. 15: HRTEM images of (a) ZnCdSe/ZnSe core/shell QDs [44]; (b) InAs/ZnSe 

core/shell QDs [54]. 

Optical characterization of QDs 

The main optical properties including absorbance, PL emission, and PLQY of the QDs 

are measured steady-state optical analysis methods. For the photoluminescence lifetime 

measurement Picoquant MicroTime 100 Time-resolved Fluorescence Microscope was 

used. As excitation source, A PDL 800-D diode laser driver for picosecond pulses 

combined with a 375 nm laser head was used. The repetition rate was 8 MHz. 

To characterize the nonlinear absorption properties, transient absorption spectroscopy 

(TAS) measurement is carried out. For TAS measurement, QDs were excited with 320 

nm femtosecond pulses, generated with an optical parametric amplifier  (MKS Spectra-

Physics TOPAS), which was pumped with a regeneratively amplified Ti:sapphire laser 

delivering 120 fs pulses (MKS Spectra-Physics, Spitfire Ace). 

2.2 Light-emitting diodes (LEDs) 

Historical records about the incandescent light bulbs dates back to 18th century. As a 

revolutionary step, Thomas Edison invented electric light bulb, which transforms 
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electricity as the primary source for lighting. In 1962, Nick Holonyak, Jr. From General  

Electric invented the first red-emitting LED which is made up a semiconductor alloy 

gallium arsenide phosphide (GaAs1-xPx) [55]. In the following years, by great interest and 

research in the LED field came up with a groundbreaking achievement which is the first 

efficient InGaN/AlGaN based blue-emitting LED was produced by Nakamura, Akasaki, 

and Amano [56]. This breakthrough won the aforementioned researchers the 2014 Nobel 

Prize in Physics. 

2.2.1 Quantum dot-based light-emitting diodes (QD-LEDs) 

Quantum dot based light-emitting diodes (QD-LEDs) offer a lot of potential as next-

generation color converters for displays and lighting sources. The working principle 

which is based on QD excitation mechanism of QD-LEDs is classified into two main 

group: (1) electroluminescent QD-LEDs, (2) photoluminescent QD-LEDs. In 

electroluminescent QD-LEDs, QDs are excited through charge injection. In 

photoluminescent QD-LEDs, also known as color conversion QD-LEDs, the mechanism 

is based on the generation of photoluminescence from the optical excitation of QD 

material by LED chip. 

Solid-state quantum dot-based light-emitting diodes (QD-LEDs) 

The first QD based LED device was produced by Alivisatos and co-workers in 1994 [57]. 

As an electroluminescent QD-LED, they fabricated a hybrid organic/inorganic device 

which consist of cadmium selenide (CdSe) QDs and semiconducting p-paraphenylene 

vinylene (PPV) polymer. Eunjoo Jang and co-workers showed InP based QD-LED 

devices which exhibit excellent value for the EQE (21.4%) (Figure 2.16a) [13]. Recently, 

Hens and co-workers demonstrated green, amber, and red-emitting color conversion QD-

LED devices using InP-based QDs. By implementing near-unity InP/ZnSe/ZnS core/shell 

QDs in photocurable thiol–ene resin, the QD-LEDs exhibited color conversion efficiency 

over 50% with nearly complete blue light rejection for green-emitting QDs (Figure 2.16b) 

[14].  
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Figure 2. 16: (a) External quantum efficiency (EQE)–luminance profile of InP/ZnSe/ZnS 

QD based QD-LED device [13]. (b) Spectral radiant flux of (blue) the blue pump LED 

and (green) a green QD-on-chip LED both driven by a current of 10 mA together with 

the integrated power. CCE is color conversion efficiency, while WPE is wall plug 

efficiency [14]. 

Liquid-state quantum dot-based light-emitting diodes (QD-LEDs) 

In the fabrication of solid-state QD-LED structures, QD materials are transformed from 

liquid to solid form. During transformation, the QDs’ efficieny might drop due to several 

effects such as reabsorption losses [58, 59] and host-material effect [60, 61]. In order to 

overcome this issue, integration methods of QDs in liquid-state were presented as 

alternative routes. For instance, Sadeghi et al. showed liquid-state color conversion QD-

LED which has white emission spectrum. In this study, they synthesized red-emitting 

CdSe/CdS/ZnS core/shell/shell and green-emitting CdSeZnS/CdSZnS alloyed 

core/alloyed shell QDs. Then, they fixed semi-sphere polydimethylsiloxane (PDMS) 

polymer on blue LED chip using UV curable polymer. After curing, they injected the QD 

solution inside LED device as shown in Figure 2.17 [62]. 
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Figure 2. 17: (a) Schematic representation of liquid-state QD-LED device; (b) The image 

of fabricated liquid-state QD-LED device. When the QD-LED is turned on it emits white 

with a luminous efficiency of 200 lumen/watt [62].  

Similarly, high-performance white light-emitting diodes over 150 lm/W was 

demonstrated by Onal et al. For that they synthesized green- and red-emitting 

ZnCdSe/ZnSe core/shell QDs with high PLQY of 94% [44]. Afterwards, they injected 

the QD solutions using microsyringe into LED device which was prepared via same 

methodology described above (Figure 2.18).  

 

Figure 2. 18: (a) Schematic representation of liquid-state QD-LED device; (b) Image of 

fabricated white light-emitting QD-LED device when LED is turned on [44]. 

2.3 Optical analysis of quantum dot based light-emitting diodes (QD-LEDs) 

The optical analysis of QD-LED devices is determined by variety of parameters such as 

luminous efficiency (LE), luminous efficacy of radiation (LER), correlated color 

temperature (CCT), color rendering index (CRI), color gamut coverage and ratio, (x, y) 

coordinates of light in the tristimulus color coordinates, external quantum efficiency 

(EQE) and power conversion efficiency (PCE). 
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2.3.1 Luminous efficiency (LE) 

Luminous efficiency (LE) is defined as the effectiveness of a light source that converts 

electrical power to optical power sensed by human eye. The luminous efficiency refers to 

the ratio of the luminous flux emitted by the source to the electrical input power and it is 

measured using Equation (2.2) as follows: 

                                                                    𝐿𝐸 = Ф𝑙𝑢𝑚𝐼𝑉                                                                  (2.2) 

where Ф𝑙𝑢𝑚 is the luminous flux which is a measure of light power of a source perceived 

by the human eye; whereas I and V are the forward injection current and voltage of the 

LED, respectively. Luminous flux can be calculated using Equation (2.3) given below 

[63]. 

                                             Ф𝑙𝑢𝑚 = 683 𝑙𝑚𝑊 ∫ 𝑃(𝜆) 𝑉(𝜆) 𝑑(𝜆)                                             (2.3) 

where 𝑃(𝜆) is the power spectral density, 𝑉(𝜆) is the eye sensitiviy function centered at 

λ= 550 nm (Figure 2.19) [63].  

 

Figure 2. 19: Eye sensitivity function [63]. 

2.3.2 Luminous efficacy of radiation (LER) 

The luminous efficacy of radiation is defined as the efficiency with which the emitted 

light can be converted to the perceived brightness by the human eye and it can calculated 

based on Equation (2.4) as follows [63]. 
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                                                            𝐿𝐸𝑅 = Ф𝑙𝑢𝑚𝑃                                                         (2.4) 

where P is the optical power from the light source. 

2.3.3 External quantum efficiency (EQE) 

The external quantum efficiency of the LED devices is defined as the ratio of number of 

photons emitted to number of electrons injected (Equation (2.5)) [63].                 

                                                     𝜂𝑒𝑥𝑡 = 𝑃𝐿𝐸𝐷 ℎ𝜈⁄𝐼 𝑒⁄                                                                           (2.5) 

2.3.4 Power conversion efficiency (PCE) 

Another important parameter that defines the optical property of QD-LEDs is the power 

conversion efficiency (PCE) and it is calculated by using Equation (2.6).  

                                                𝑃𝐶𝐸(%) = 𝜂𝑒𝑥𝑡 (𝜆1𝜆2)                                                    (2.6) 

where λ1 and  λ2 are the wavelength of the photons absorbed and emitted by the LED, 

respectively. 

2.3.5 Color gamut 

The color gamut is the range of colors that can be produced by combining red, green, and 

blue. Color gamut is an important parameter in terms of image quality because it indicates 

the number of colors that a LED device can display. The most common way to depict the 

color gamut is as an area on a CIE xy chromaticity diagram that displays all the colors a 

typical human can see as shown in Figure 2.20. 

 

Figure 2. 20: The representation of color gamut. 
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2.3.6 The Photometric analysis of LEDs 

LED measurements were performed with a multi-port Ocean Optics integrating sphere. 

The detector was an Ocean Optics Torus with an optical resolution of 1.6 nm FWHM 

over the spectra range. The signal to noise ratio was 250:1. In order to calculate the optical 

parameters, the intensity spectra was input inside the OSRAM Calculator software 

(Figure 2.21). 

 

Figure 2. 21: (a) the integrating sphere; (b) optical detector. 

2.4 Photocatalytic activity of semiconductor QDs 

Since the first discovery over 90 years ago, photocatalysis has emerged as an effective 

technique in numerous fields such as antibacterial applications, the production of 

hydrogen fuel, and self-cleaning of building materials. In 1972, titanium dioxide (TiO2) 

electrode is used for the first time for photocatalytic splitting of water by Fujishima and 

Honda [64]. In recent years, with the development of new materials more studies have 

been developed on semiconductor-based antibacterial applications. Among them, QDs 

have attracted great interest over the past decade owing to their great optical and chemical 

properties. Recently, different types of QDs such as indium phosphide (InP) [15], 

InP/ZnS core/shell structures [65], carbon nanodots (CDs) [66], silver bismuth sulfide 

(AgBiS2) [24],  are studied as efficient photocatalytic materials for various applications. 

2.4.1 Photocatalysis mechanism in semiconductor QDs 

Photocatalysis reaction is defined as the chemical reaction that takes place under the joint 

action of light and the photocatalyst. From the point of semiconductor photochemistry, 

photocatalysis mechanism is based on light-induced redox reaction caused by 
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photoinduced electrons (e-) and holes (h+) generated on the surface of the semiconducting 

materials such as QDs. As a result of excitation with light which is greater than the band-

gap of the QDs, electron is excited from valence band to conduction band, leaving a hole 

in valence band. While electrons in the conduction band migrate towards the surface of 

QDs and they are involved in reduction reaction; whereas holes in the valence band move 

towards surface of QDs, causing oxidation reaction.  

Water and oxygen are highly crucial parameters for photocatalysis reaction since 

photocatalysts are used in water vapor under aerobic conditions. After illumination with 

light, the redox reactions generate reactive oxygen species (ROS) which are defined as 

the chemical species formed upon incomplete reduction of oxygen [67]. There are mainly 

four types of reactive oxygen species generated in the photocatalytic redox reaction of 

oxygen and water, including (1) superoxide anion (•O2⁻), singlet oxygen (1O2), hydroxyl 

radical (•OH), and hydrogen peroxide (H2O2) as depicted in Figure 2.22 [68]. 

 

Figure 2. 22: Illustration of formation of reactive oxygen species in the photocatalytic 

redox reaction [68]. 

2.4.2 Superoxide radical ( •O2⁻) 

The amount of superoxide radical (•O2⁻) generated in aqueous medium is related to 

trapped electrons and holes on the surface of QDs. The reduction of O2 with the 

conduction band electron (e-) or the oxidation of H2O2 with a photo-induced valence band 

hole (h+) causes the formation of superoxide radical (•O2⁻) as given in Equation (2.7) and 

Equation (2.8), respectively. 

                                                            𝑂2 + 𝑒− → •𝑂2−                                                               (2.7)   
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                                                     𝐻2𝑂2 + ℎ+ → •𝑂2− + 2𝐻+                                                   (2.8) 

Hydrogen peroxide formation depicted in Equation (2.8) is formed by the two-step 

oxidation of water or two electron reduction of O2 as given in Figure 2.22. 

2.4.3 Hydrogen peroxide ( H2O2 ) 

Comparing to other reactive oxygen species, hydrogen peroxide (H2O2) is the most stable 

molecule. In terms of generation of (H2O2), there are two mechanisms. Those 

mechanisms include the two-electron reduction of O2, and the two-hole oxidation of water 

(Equation 2.9) as shown in Figure 2.22. After a one-electron reduction process, O2 

becomes superoxide radical (•O2⁻) as given in Equation (2.7). For the generation of 

hydrogen peroxide (H2O2), superoxide radical (•O2⁻) may undergo two reduction paths, 

involving the disproportionation of superoxide radical (•O2⁻) (Equation 2.10) or reduction 

of superoxide radical (•O2⁻) by photo-induced conduction band electron (Equation 2.11) 

[68]. 

                                             2𝐻2𝑂 + 2ℎ+ → 𝐻2𝑂2 + 2𝐻+                                                       (2.9) 

                              •𝑂2− + 𝑂2• 𝐻 + 𝐻2𝑂 → 𝐻2𝑂2 + 𝑂2 + 𝑂𝐻−                                    (2.10)   

                                              •𝑂2− + 𝑒− + 2𝐻+ → 𝐻2𝑂2                                                     (2.11) 

2.4.4 Hydroxyl radical ( •OH ) 

Hydroxyl radical (•OH) is often regarded as the main effective reactant for oxidation 

processes in photocatalysis reactions. Photocatalytic oxidation of H2O with the valence 

band holes (Equation 2.12) or reduction of hydrogen peroxide (H2O2) with conduction 

band electrons (Equation 2.13) generate the hydroxyl radical (•OH). Furthermore, 

hydroxyl radical (•OH) is formed by reaction of hydrogen peroxide (H2O2) with 

superoxide radical (•O2⁻) as given in Equation 2.14 [68]. 

                                                    𝑂𝐻− +  ℎ+
 →  𝑂• 𝐻                                                            (2.12) 

                                                 𝐻2𝑂2 + 𝑒− → 𝑂• 𝐻 + 𝑂𝐻−                                                (2.13) 

                               𝐻2𝑂2+•𝑂2− → 𝑂• 𝐻 + 𝑂2 + 𝑂𝐻−                                           (2.14) 
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2.4.5 Singlet oxygen ( 1O2 ) 

Singlet oxygen radical (1O2) is the lowest excited electronic state of molecular oxygen. It 

is usually generated by an energy transfer mechanism from the excited state of a given 

material. There are several groups of materials which have the ability to generate singlet 

oxygen radicals (1O2) reported in the literature. For instance, it has been shown that 

graphene quantum dot (GQDs) passivated with polyethylene glycol derivatives produce 

singlet oxygen radicals (1O2) by the excitation with blue light [69]. 
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Chapter 3: Indium Phosphide (InP) Quantum Dots 

3.1 Indium phosphide-based quantum dots (InP-QDs) 

Among III-V semiconductor nanocrystals indium phopshide (InP) QDs have attracted 

great attention due to tunability of fluorescence emission throughout the visible and near-

infrared range by changing the size [13, 15, 70]. InP has the zinc-blende crystal structure 

and a bulk-band gap of 1.35 eV which is corresponding to ≈920 nm in wavelength [71]. 

Furthermore, due to its environmentally benign and non-toxic property compared to 

cadmium (Cd) and lead (Pb)-based QDs counterparts InP QDs is considered as promising 

material in various applications [72-74].  

3.1.1 History of InP QD synthesis 

The studies of InP synthesis date back 1980s [75]. For the first time, Healy et al. 

synthesized InP crystals by using indium(III) chloride (InCl3) and tris(trimethylsilyl) 

phosphine (P(SiMe3)3) as precursors. In the following years, controlling over the reaction 

kinetics was enhanced by the availability of novel synthetic techniques and reagents. In 

1994, high-quality InP nanocrystals were reported by Nozik and co-workers [76]. In their 

study, InP nanocrystals were synthesized by mixing chloroindium oxalate complex with 

(P(SiMe3)3) at room temperature and heating the precursor solution in the presence of 

trioctylphosphine oxide (TOPO) and trioctylphosphine (TOP). However, these studies 

resulted in InP nanocrystal formation with weak quantum confinement and poor emission 

properties. Recently, advances in nanotechnology have led to development of highly 

efficient and monodisperse InP-based QDs [13, 77]. There are several procedures for InP 

QDs synthesis. 

3.1.2 Synthesis methods of InP QDs 

Hot-injection method 

Similar to other semiconductor nanocrystals the formation of InP nanocrystals is 

explained by LaMer model. In the light of this model, Peng and co-workers synthesized 

InP QDs by rapid injection of P(SiMe3)3 precursor to an octadecene (ODE) solution which 

consists of indium acetate and fatty acids [78]. Moreover, they indicated that good size 

distribution and well-distinguished absorption features which are related to ligand type 

and concentration used during synthesis. In 2019, the same group introduced 
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stoichiometry controlled InP-based QDs which possess  near-unity photoluminescence 

quantum yield (PLQY), mono exponential decay dynamics, narrow line width using 

similar reagents for QD-LED application [79].  

Until 2013, the synthesis of InP QDs is mostly based on injection of P(SiMe3)3 precursor 

at elevated temperature. However, the rapid depletion of this phosphorus source prompted 

researchers to explore alternative phosphorus precursors to be used in the synthesis of InP 

QDs. 

Alternative phosphorus source for InP QDs synthesis 

For InP QDs synthesis, tris(trimethylsilyl) phosphine (P(SiMe3)3) precursor has been 

dominant phosphorus source for more than 30 years. However, tris(trimethylsilyl) 

phosphine (P(SiMe3)3) precursor has problematic attributes such as being expensive and 

explosive in contact with air. Nowadays, amino phosphines are emerging precursors 

compared to silyl phosphines as economic and safe-to-use under ambient conditions for 

the synthesis of efficient InP nanocrystals [80, 81]. Basically, in this technique indium 

halides and zinc halides are dissolved in a primary amine solvent such as oleylamine 

(OAm) [80]. Song et al. first demonstrated InP QDs by employing amino phosphine [82]. 

More recently, Hens and co-workers synthesized InP-based core/shell QDs with more 

than 90% of PLQY covering all visible spectrum using amino phosphine as phosphorus 

source [77]. 

Heat-up method 

The first heat-up method-based InP QDs with a mean diameter of around 26 nm in size 

was introduced by Mićić et al in 1994 [83]. In their procedure, they used chloroindium 

oxalate and P(SiMe3)3 as the raw materials. They treated the raw materials with a mixture 

of trioctylphosphine oxide (TOPO) and trioctylphosphine (TOP) at 270º C for several 

days. Later, Reiss and co-workers demonstrated one-pot synthesis of InP/ZnS core/shell 

QDs by heating all precursors, including indium myristate, zinc stearate, dodecanethiol, 

and (P(SiMe3)3) together in ODE [84]. 
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Seeded growth 

The seeded growth technique is defined as the introduction of seed nanocrystals into the 

reaction medium to initiate the nucleation of the target nanocrystals. A schematic 

illustration of this technique is given in Figure 3.1 [28].  

 

Figure 3. 1: The schematic illustration of the seeded growth method [28]. 

One of the most prominent advantage of this method is exceptional controlling the size 

and morphology of nanocrystals. As an example, InP/ZnSe/ZnS core/shell/shell QDs 

which possess near-unity PLQY of 100% with full width at half maximum (FWHM) of 

35 nm were synthesized via seed-assisted hot injection method (Figure 3.2) [13]. 

 

Figure 3. 2: Uniform, highly symmetrical and near-unity emitting InP/ZnSe/ZnS QDs 

synthesized by seed-assisted hot injection method [13]. (a) Preparation of InP cores and 

InP/ZnSe/ZnS QDs with different morphology and shell thickness. The amounts of Se 
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precursor for QD-1, QD-2 and QD-3 were 0.6 mmol, 1.2 mmol and 2.0 mmol, 

respectively, per 10 ml of solvent. The estimated size, based on inductively coupled 

plasma-atomic emission spectroscopy (ICP-AES) data, was projected on the STEM 

image of each QD. (b) Ultraviolet–visible absorption spectra of the aliquots, taken during 

the InP core synthesis. a.u., arbitrary units. (c) Photoluminescence spectra of QD-1′ 

(prepared without HF addition), QD-1, QD-2, QD-3, QD-1R, QD-2R and QD-3R. Inset, 

photograph of QD-1′ (no HF) and QD-3 taken under 365 nm illumination. (d-i) STEM 

images of QD-1, QD-1R, QD-2, QD-2R, QD-3 and QD-3R (scale bar, 20 nm). (j, k) 

Electron diffraction spectroscopy mapping of In, Zn, P, Se, and S for QD-3R (scale bar, 

10 nm). 

Cation exchange 

Cation exchange process for the synthesis of InP QDs was performed by Beberwyck and 

Alivisatos in 2012 by incubating Cd2P3 QDs and InCl3 in TOP medium at 270º C [85]. 

Later, InP QDs were prepared by cation exchange using Cu3-xP template instead of a 

Cd2P3 template. Manna and co-workers used Cu3-xP nanocrystals as material template to 

synthesize hexagonal wurtzite InP QDs in the presence of TOP and ODE. They also 

showed that cationic diffusion started from the peripheral corners of Cu3-xP nanocrystals 

and gradually evolves toward the center [86]. Similarly, Ji and co-workers demonstrated 

wurtzite monodisperse InP QDs with controllable size through cation exchange of Cu3P 

nanocrystals. Moreover, they grew a gradient ZnSeS shell on wurtzite InP core structure, 

producing fluorescent QDs that emit peak wavelength between 674 and 754 nm (Figure 

3.3) [87]. 
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Figure 3. 3: Schematic illustration of wurtzite InP QDs which were synthesized through 

cation exchange process. After growth of gradient ZnSeS shell, the resulting core/shell 

QDs emitted peak wavelength between 674 and 754 nm [87]. 

Microwave-assisted synthesis 

In this rapid technique, high-power microwaves are applied to polar solvents to force 

rotate and collide, resulting in heating of reaction medium [28]. Mostly, the QDs synthesis 

can be completed in less than 5 min. Hence, this technique holds great potential for the 

large-scale synthesis of InP QDs. Additionally, it can provide uniform heating for the 

synthesis process compared to conventional techniques. One of the first study based on 

microwave-assisted InP synthesis was performed by Strouse and co-workers in 2005 and 

the PLQY of the generated InP QDs was %4 [88].  

Conversely, microwave-assisted technique also has some drawbacks. First, it lacks 

synthesizing InP-based core/shell structures such as InP/ZnS QDs. Second, it is hard to 

analyse the intermediate products formed during synthesis. 

Continuous injection synthesis 

High anion precursor reactivity (phosphorus source) during InP QDs synthesis leads to 

the rapid depletion of the precursor. Thus, it prevents the formation of monodispersed InP 

QDs. To address the aforementioned issue, Bawendi and co-workers introduced a novel 

continuous injection strategy that does not require any initial hot-injection or heat-up step 

for large InP QDs with low polydispersity. Therefore, the nucleation and growth of InP 

QDs are initiated by single continuous injection step. The resultant InP QDs exhibited 

absorption peak at 631 nm with a half width at half-maximum of 81 meV [89]. 

3.1.3 Surface chemistry of InP QDs 

Types of surface ligands 

For the InP QDs synthesis and their various applications, different types of surface ligands 

are used. The types of surface ligands are divided into three main categories based-on the 

theory of coordination chemistry: (1) L-type ligands; (2) Z-type ligands; (3) X-type 

ligands. L-type ligands such as primary amines (e.g., Oleylamine-OLA, hexadecylamine-

HDA), phosphines (PR3), and phosphine oxides (OPR3) bind as neutral two-electron 

donors (Lewis bases) to unoccupied surface metal atoms (Lewis acids) [90]. These type 
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of ligands are neutral donors. Z-type ligands are neutral acceptors which consist of metal 

cation and inorganic anion such as InCl3 [91]. Finally, X-type ligands such as carboxylates 

(RCOO⁻), thiolates (RS⁻), sulfide (S⁻) provide one electron to bond with metal ions 

present on the surface of QDs [90]. 

According to hydrophobicity and hydrophilicity properties, they can also be classified 

into two main categories. Hydrophobic ligands typically consist of long alkyl chains such 

as oleic acid (OA), stearic acid (SA), myristic acid (MA), and trioctylphosphine (TOP). 

These ligands make QDs soluble only in nonpolar solvents such as octadecene (ODE). 

Hydrophilic ligands have bifunctional groups, in which surface-anchoring and 

hydrophilic end groups are both present. Therefore, the QDs which are capped with these 

ligands can be dissolved in water. Typical examples for this type of ligand are 3-

mercaptopropionic acid (MPA), cysteine [90].   

Ligand exchange 

The ligands which are used to synthesize colloidal QDs are mostly soluble in non-polar 

solvents such as ODE and OLA [13, 81]. However, according to specific applications 

after synthesis of InP QDs, it is required to ligand exchange to make water soluble QDs. 

For instance, Yu et al. introduced sulfide-capped InP core and InP/ZnS core/shell QDs as 

an alternative and non-toxic material photosensitizer for the photocatalytic hydrogen 

evolution in 2018. First, InP core and InP/ZnS core/shell QDs were synthesized using 

oleylamine (OLA) as long alkyl chain. Then, the QDs were ligand exchanged with sulfide 

(S⁻) in the presence of formamide (FA) or N-methylformamide (NMF), resulting in 

highly photocatalytic material [65]. In another study, Lee and co-workers showed highly 

efficient MPA capped InP QDs against various bacterial species, including 

Staphylococcus aureus, Bacillus cereus, Escherichia coli and Pseudomonas aeruginosa 

for photodynamic treatment [92]. 

Water-induced surface oxidation 

InP QDs exhibit oxophilic property, which makes them highly sensitive to oxidation 

during synthesis [93, 94]. In previous studies, it has been shown that water presence 

significantly induces the oxidation of the QDs. As a pioneering study, Cros-Gagneux et 

al. investigated the surface chemistry of the InP QDs, and they showed that dialkyl ketone 

was formed during the synthesis process via a decarboxylative coupling route and 
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provides oxidative conditions [95]. The resulting QD was a structure composed of 

InP/InPOx/palmitate ligand. Later, Virieux and et al. studied InP/ZnS core/shell QD and 

its surface and interface. They obtained that in a typical synthesis of InP QDs, ketonic 

decarboxylation of the carboxylic acids produces water as a byproduct which oxidizes the 

surface of nanocrystal during process. As a result, an amorphous mixed oxide phase 

which was made of InPOx, In2O3, and InOy(OH)3−2y formed as illustrated in Figure 3.4 

[93]. 

 

Figure 3. 4: Schematic illustration of oxide layer which is formed on the surface of InP 

QDs. Ketonic decarboxylation of the carboxylic acids causes water formation during 

synthesis process at elevated temperature. As a result, an amorphous mixed oxide phase, 

including InPOx, In2O3, and InOy(OH)3−2y forms [93]. 

Hydrofluoric acid (HF) treatment 

Hydrofluoric acid (HF) treatment has been known as an effective technique for increasing 

the PLQY of InP QDs over 20 years [96]. There are several explanations on the etching 

mechanism of HF treatment. It is thought that HF treatment passivates the traps at 

undercoordinated surface phosphorus atoms and removes the oxidized phosphorus layer 

from the surface of QDs [97]. Won et al. demonstrated a significant increase in PLQY 

value due to removing of the phosphorus based oxide layer after HF treatment for the 

synthesis of InP/ZnSe/ZnS QDs (Figure 3.5) [13]. Interestingly, when they perform HF 

treatment step before ZnSe shell growth it resulted in poor passivation. Instead, they 

added HF solution at an early stage of shell growth. As an alternative HF mechanism, 

which is studied by Alivisatos and co-workers, fluorine ions directly bind to surface 

indium dangling bond of the In-based QDs (InAs) and removing the bulkier carboxylate 

ligands [98].  
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Figure 3. 5: X-ray photoelectron spectroscopy (XPS) result of the InP QDs before and 

after HF treatment. After removing of the phosphorus oxide layer by HF treatment, XPS 

peak which is related to InPOx disappears [13]. 

3.1.4 Defects of InP QDs 

Colloidal QDs possess inherent, multiple dangling bonds (DB) on their surface as a result 

of intrinsic weak bonding nature and steric hindrance of organic ligands [99]. These 

dangling bonds cause the formation of surface trap states that can have detrimental effects 

on photoluminescence properties. In previous studies, it has been shown that InP QDs 

have two type dangling bonds (D), including indium (In-DBs) and phosphorus (P-

DB)[99]. For InP core QD, both In-DB and P-DB create invariant DB energy levels at -

3.947 eV and -5.717 eV regardless of the core size. Moreover, In-DB and P-DB generate 

deep and shallow trap levels in the photoluminescence spectra, respectively. 

Based on the density functional theory (DFT) calculations [99], HOMO level of InP 

increases; whereas LUMO level decreases as the QD size increases due to the quantum 

confinement effect as given in Figure 3.6. 
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Figure 3. 6: Energy levels of HOMO, LUMO, In-DBs, and P-DBs of InP QDs based on 

the DFT calculations. When the QD size increases HOMO level increases; whereas 

LUMO level decreases. Regardless of the QD size, indium and phosphorus dangling 

bonds are at levels of -3.947 eV and -5.717 eV, respectively [99, 100]. 

3.1.5 Core/shell InP QDs 

In order to passivate the surface trap states, it is required to form a core/shell structure by 

embedding the InP core QDs into another semiconductor material. InP-based core/shell 

structures are divided into three categories based on the energy band alignment of core 

and shell material: (1) type-1, (2) type-2, and (3) reverse type-I. For the type-I core/shell 

structure, electron-hole pair is confined in the InP region. Furthermore, the epitaxial shell 

growth on core is highly important, thus the lattice mismatch between core and shell 

material should be minimized. Typical and widely used InP-based type-I core/shell 

structures are InP/ZnSe, InP/ZnS, and InP/ZnSe/ZnS QDs. The growth of ZnS shell on 

InP by seeded growth technique was introduced by Weller and co-workers in 2001 [101]. 

Later, Peng and co-workers synthesized InP/ZnS core/shell QDs with a PLQY of 40%. 

In that work, they grew ZnS shell by adding the zinc and sulfur precursor solutions at low 

temperature and heating to high temperatures for several cycles [102]. 

The lattice mismatch between InP and ZnS (7.6%) results in formation of lattice strains, 

which causes broadening of the emission peak. Thus, adding an interlayer which has 

lower lattice mismatch (e.g., for ZnSe 3.4%) between InP and ZnS is an effective 

approach to increase the PLQY of the core/shell QDs. Similarly, alloyed shells such as 

ZnSe1-xSx[103] and ZnxCd1-xSe [104] are also used to minimize the strain effects for highly 

efficient QDs. Recently, Hens and co-workers reported InP/Zn(Se,S)/ZnS QDs covering 

the visible spectrum with near unity PLQY [77].  
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For the InP-based type-II QDs, one charge carrier is confined in the core, whereas the 

other charge carrier is confined in the shell structure. Consequently, electron and hole 

wavefunctions are spatially separated, causing ref-shift in PL emission.  Lian et al. 

synthesized quasi-type-II InP/CdS core/shell QDs for the first time in 2013 [105]. In 

2018, Sadeghi et al. introduced heavy metal-free quasi-type-II InP/ZnO core/shell QDs. 

Although the lattice mismatch between InP and ZnO is relatively high (around 11%) they 

demonstrated that due to reduced reabsorption loss InP/ZnO core/shell QD is promising 

material for luminescent solar concentrator (LSC) application [48]. In the same year 

Bahmani et al. used the same material for neural photostimulation application [106]. 

Reverse type-I core/shell/shell structure consisting of ZnSe/InP/ZnS QDs were developed 

by Kim and co-workers [107]. They showed that by adjusting the InP layer thickness the 

emission color was tuned from violet to red. 

3.1.6 Transition metal doped InP QDs 

To date, various transition metals such as copper (Cu), manganese (Mn), and silver (Ag) 

were incorporated into InP QDs [19, 20, 108-110]. Among them, Cu doped InP/ZnSe 

(Cu:InP/ZnSe) QDs with tunable emission ranging in the red and near-infrared regions 

(NIR) (630−1100 nm) has been first introduced by Peng and co-workers in 2009 [19]. 

They synthesized Cu:InP QDs by investigating several key parameters, including reaction 

temperature, copper concentration, etc. They observed that the optimum temperature for 

effective surface adsorption of copper dopant ions on InP QD surface was around 130º C, 

indicated by PL quenching of InP core. Subsequently, the temperature was increased to 

210º C at a rate of 2º C/min, resulting in a dramatic increase of the dopant PL intensity 

which shows the incorporation of copper ions into InP crystal structure.  

 

Figure 3. 7: Energy diagram of Cu:InP QDs. 
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When properly doped in InP crystal structure, Cu+ dopant ion generates intragap energy 

level which is located above valence band of InP (Figure 3.7). Upon excitation of host 

nanocrystal copper acts as hole acceptor and the photo-generated electrons recombine 

with holes localized at Cu+ trap state, resulting in red-shift in PL emission [19]. Thus, 

copper dopant emission can be tuned by adjusting the host nanocrystal size. On the other 

hand, for the manganese doped QDs, the emission is not affected by the size of host 

nanocrystals due to the forbidden intrashell (d-d) transition of the Mn2+ ion as 

demonstrated in Figure 3.8 [108]. The radiative transition results from the recombination 

of electrons located at 𝑇14  with holes localized at the 𝐴16  (Figure 3.8). 

 

Figure 3. 8: The schematic recombination mechanism of Mn:InP/ZnS QDs [108]. 

Mei et al. synthesized Mn and Cu doped InP/ZnS QDs, via nucleation growth technique 

at different Cu:Mn ratios [108]. The resulting Mn:InP/ZnS QDs exhibited PLQY of 

71.6% with 5 milisecond (ms) fluorescent lifetime.  

3.1.7 Biocompatibility of InP QDs 

InP-based QDs have emerged as promising materials to be used in biomedical 

applications due to their less toxicity alternative to cadmium-based counterparts. 

Different surface modifications and dose are also crucial considering the toxicity of InP 

QDs. Chen et al. reported the concentration dependent cytotoxicity of the InP/ZnS QDs 

modified with different surface groups, including amine (NH2), carboxyl (COOH), and 

hydroxyl (OH). According to MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-

diphenyltetrazolium bromide) assay results, they obtained that the cell viability remained 

above 90% for InP-NH2 and InP/ZnS-OH groups and above 80% for InP/ZnS-COOH 
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groups, respectively [111]. Prasad and co-workers showed bioconjucated InP/ZnS 

core/shell QDs with high quality and bright luminescence for imaging pancreatic cells  

[112]. First, they synthesized InP/ZnS QDs using hot-injection and SILAR techniques. 

Then, the surface of the QDs were functionalized with mercaptosuccinic acid, followed 

by pancreatic cancer specific monoclonal antibodies. The viability of treated cells with 

QDs remained the range of 80-90% relative to that of untreated cells for 24 and 48 h. 

Recently, Bahmani Jalali et al. showed InP-based QDs’ (InP/ZnO and InP/ZnS QDs) 

viability and biocompatibility for neural photostimulation application [106, 113]. MTT 

assay results showed that the photoelectrode which consists of InP/ZnO core/shell QDs 

did not exhibit any toxic effect Neuro2A cells under either in the dark or blue light 

exposure. Similarly, to investigate the biocompatibility of InP/ZnS QD-based 

biointerfaces mitochondrial activity and membrane integrity are measured using MTT 

and lactate dehydrogenase (LDH) assay using SH-SY5Y cells a neuroblastoma cell line. 

It has been shown that the resulting QD-based biointerfaces did not affect the cell viability 

and membrane permeability of cells. 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4: Cadmium-free and Efficient Type-II InP/ZnO/ZnS Quantum Dots and Their 

Application for LEDs 

39 

 

Chapter 4: Cadmium-free and Efficient Type-II InP/ZnO/ZnS 

Quantum Dots and Their Application for LEDs 

This section is based on the publication ‘‘Cadmium-free and Efficient Type-II 

InP/ZnO/ZnS Quantum Dots and Their Application for LEDs’’ G.O. Eren, S. Sadeghi, H. 

Bahmani Jalali, M. Ritter, M. Han, I. Baylam, R. Melikov, A. Onal, F. Oz, M. Sahin, C. 

W. Ow-Yang, A. Sennaroglu, R. T. Lechner, and S. Nizamoglu, ACS Applied Materials 

& Interfaces 13.27 (2021): 32022-32030. Reproduced (or “Reproduced in part‟) with 

permission from American Chemical Society Copyright 2021. 

It is a generally accepted perspective that type-II nanocrystal quantum dots (QDs) have 

low quantum yield due to the separation of the electron and hole wavefunctions. Recently 

high quantum yield levels were reported for cadmium-based type-II QDs. Hence, the 

quest for finding non-toxic and efficient type-II QDs is continuing. Herein, we 

demonstrate environmentally benign type-II InP/ZnO/ZnS core/shell/shell QDs that reach 

to a high quantum yield of ~91%. For that ZnO layer was grown on core InP QDs by 

thermal decomposition, which was followed by ZnS layer via successive ionic layer 

adsorption. The small angle x-ray scattering (SAXS) shows that spherical InP core and 

InP/ZnO core/shell QDs turn into elliptical particles with the growth of the ZnS shell 

growth. To conserve the quantum efficiency of QDs in device architectures, InP/ZnO/ZnS 

QDs were integrated in-liquid state on blue LEDs as down-converters that led to an 

external quantum efficiency (EQE) of 9.4% and power conversion efficiency (PCE) of 

6.8%, respectively, which is the most efficient QD-LED using type-II QDs. This study 

pointed out that cadmium-free type-II QDs can reach high efficiency levels, which can 

stimulate novel forms of devices and nanomaterials for bioimaging, display, and lighting. 

4.1 Introduction 

Semiconductor nanocrystal quantum dots (QDs) have attracted significant attention for 

light-generating devices such as luminescent solar concentrators [48, 114, 115], light-

emitting diodes [13, 116-118] and lasers [119, 120]. They show advantageous properties 

such as tunable emission color due to quantum confinement effect, high photochemical 

stability, and solution processability [121-124]. Especially, high photoluminescence 

quantum yield (PLQY), defined as the ratio of the number of photons emitted to the total 

number of generated excitons, is a key figure of merit. To reach high PLQYs, type-I 
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quantum dots with straddling alignment that localize the electron and hole inside the core 

are the most widely investigated heterostructures. 

Alternatively, type-II QDs have conduction and valence band extrema in different 

materials, and it is a generally accepted perspective that type-II QDs result in low PLQYs. 

So far, a wide variety of type-II heterojunctions composed of CdSe, CdS, CdTe, and ZnTe 

(e.g., CdTe/CdSe, ZnTe/CdSe) have been examined [125-128]. However, their PLQY 

remained low, which is attributed to the spatial separation of the electrons and holes that 

leads to the increase of the nonradiative recombination rates and decrease of PLQY. 

Recently, high PLQY values of 61% [17], 68% [18], and 88% [129] were achieved with 

ZnSe/CdS/ZnS, CdSe/CdTe, CdxZn1−xS/ZnSe/ZnS type-II QDs, respectively. But, the 

aforementioned type-II QDs have highly toxic heavy metal of cadmium [130-132]. 

Alternatively, there were also a few cadmium-free QDs (e.g., ZnTe/ZnSe) investigated, 

but their PLQY reached up to 36% [106, 133]. Therefore, the quest for finding efficient 

and Cd-free type-II QDs, which can find widespread use to form environmentally benign 

light-generating devices and biocompatible luminescent markers, is continuing.  

In this section, we demonstrate InP/ZnO/ZnS core/shell/shell QDs, which have type-II 

staggered line-up heterojunctions. We synthesized ZnO shell with thermal decomposition 

and grew subsequent multiple ZnS shells with SILAR method. We optimized the ZnO 

and ZnS shell thickness that led to a high efficiency PLQY of 90.8%. Moreover, QDs 

were integrated in liquid-state on blue LEDs and QD-LEDs demonstrated EQE and PCE 

of 9.4% and 6.6%, respectively. 

4.2 Results and Discussion 

4.2.1 Synthesis of InP/ZnO/ZnS core/shell/shell QDs 

InP core QDs were synthesized via hot-injection method [48, 134, 135]. For that, zinc 

undecylenate was used to passivate InP cationic dangling bonds and decrease trap states 

[134], [136], and oleylamine (OAM) and oleic acid (OA) were used as stabilizing agents. 

In brief, indium chloride (InCl3), OAM, OA, and zinc undecylenate were dissolved in the 

1-octadecene (ODE) solvent in glovebox at room temperature. After degassing and 

heating to 200º C, tris-(trimethylsilyl)phosphine (P(TMS)3) was injected into reaction 

mixture to initiate the nucleation and growth. To generate a type II band alignment ZnO 

shell was selected; by considering the successful growth of  CdTe/ZnSe core/shell QDs 
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with a lattice mismatch of 14% [137] ZnO growth on InP with a lattice mismatch of 11% 

is also feasible [48, 106, 138]. In this regard, ZnO was grown on InP core by thermal 

decomposition of zinc acetylacetonate (Zn(acac)2) [139, 140]. During the synthesis, 

OAM was used as the stabilizing agent in order to hinder ZnO aggregation [141]. 

Furthermore, a different amount of ZnO precursor solution was added for reaching the 

highest PLQY (see Appendix A). To further increase the PLQY we performed ZnS 

growth on InP/ZnO core/shell structure by using SILAR technique. For that, the reaction 

solution of InP/ZnO was cooled down to 170º C and zinc stearate-ODE (Zn(St)2-ODE) 

and sulphur- trioctylphosphine (S-TOP) stock solutions were added to reaction solution 

and temperature was increased to 250º C for 30 min. Similarly, to grow additional ZnS 

shells the temperature followed the same thermal cycling. 

4.2.2 Quantum mechanical calculations and optical analysis 

To understand the optical properties of the synthesized QDs we calculated their quantum 

mechanical properties by self-consistently solving Poisson-Schrödinger equations in the 

effective mass approximation (Figure 4.1b, Figure 4.1c, and Figure 4.1d) and correlated 

them with the optical measurements (Figure 4.2) [106]. InP core QD has type-I band 

alignment that led to the confinement of electron and hole in the same spatial core region 

with a high overlap of the wavefunctions of ~90% (Figure 4.1b). After ZnO shell growth, 

the band alignment of the nanostructure transit from type-I to type-II, and while hole 

wavefunction is confined completely in the core region like in InP core QD, electron 

wavefunction expands towards to ZnO shell that reduces the wavefunction overlap to 

60% (Figure 4.1c) [142]. Since the delocalization of the electron decreases the 

confinement energy level within the conduction band and the exciton binding energy, the 

photoluminescence peak red-shifted from 585 nm to 613 nm while the FWHM 

maintained at ~74-75 nm for core and core/shell nanostructures. We investigated the 

PLQY of ZnO shell growth under different ZnO molar ratio, PLQY reached 25.8% (see 

Figure 4.2a & Appendix A).  
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Figure 4. 1: (a) Energy band diagram of InP/ZnO/ZnS core/shell/shell QDs. Quantum 

mechanical simulations of (b) InP core, (c) InP/ZnO core/shell, and (d) InP/ZnO/ZnS 

core/shell/shell QDs. Black lines correspond to the radial probability distribution of 

electrons, while red lines show the radial probability distribution of holes. Black and red 

dashed lines correspond to confinement potential profile for electrons and holes, 

respectively. 
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Figure 4. 2: (a) Absorbance and PL spectra of InP, InP/ZnO, and InP/ZnO/ZnS QDs with 

multiple shells. Here, QD refers to the InP/ZnO core/shell QDs and #ZnS refers to the 

number of SILAR growth cycles. (b) Normalized quenching factor of the QD-4ZnS 

core/shell NCs calculated by multiplication of reabsorption R and (1-PLQY). (c) PLQY 

(%) of QDs in hexane. Errors bars represent the standard deviation from three 

measurements. 

Afterwards to reach higher PLQYs, a variety of ZnS shell thickness was investigated. 

From 1 to 4 cycles of ZnS shell growth, the PLQY increased due to effective confinement 

of electron-hole pairs in the InP-ZnO nanostructure and surface passivation (Figure 4.2c) 

[143]. After the fourth growth cycle of ZnS, PLQY of InP/ZnO/4ZnS nanocrystals (QD-

4ZnS NCs) started to decrease, possibly due to higher interfacial strain caused by 

dislocations [137, 144]. By the fourth ZnS shell, PLQY reached the maximum level of 

90.8%. QD-4ZnS showed a PL peak at 618 nm, which is slightly red-shifted (5 nm) with 

respect to InP/ZnO QDs due to the lower wavefunction overlap of 49%. We also 

investigated the effect of ZnO and ZnS shell growth on the normalized quenching factor 

(reabsorption x (1-PLQY)) [34] for core and core/shell structures to select the appropriate 

nanostructure (Figure 4.2b). After ZnO shelling due to red shifting of the PL peak 

quenching factor decreased, and the minimum value is observed at QD-4ZnS NCs. 
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4.2.3 Structural analysis 

To understand the size and shape of the quantum dots we performed SAXS measurement 

in ethanol [145] by probing up to 106 individual particles. The scattering data after 

subtracting the ethanol background are shown in Appendix A, which are plotted versus 

the reciprocal scattering vector q. In Figure 4.3a we plotted instead of the reciprocal form 

factor P(q) directly its Fourier transform, the pair distance distribution function (PDDF) 

in real space [145, 146]. The PDDF is the distribution of all distances within all single 

particles of the probed sample volume, which also contains the mean particle dimensions 

of the whole ensemble. From the maximum dimension found within the PDDF, we derive 

the maximum dimension found within the particle ensemble. The bell-like PDDFs of the 

InP-core and the InP/ZnO core/shell QDs indicate spherical quantum dot shapes, whereas 

the asymmetric shape of the QD-4ZnS-PDDF is a hint for an elongated mean shape. The 

change from a spherical shape for the InP and InP/ZnO QDs to a more elliptical one for 

the QD-4ZnS NCs can be also seen in the fact that only the first two SAXS curves could 

be fitted with monomodal distributions of spheres as shown in Figure 4.3b. In these 

distributions, we derive from the peak positions directly the mean radii and hence the 

mean diameters of the QDs, from the widths of the size distributions. For the InP-core we 

get a sphere diameter of 3.6±0.8 nm and for the InP/ZnO core/shell QDs 4.4 ± 0.9 nm 

with size distributions between 9-10%, which is in excellent accordance with the TEM 

data shown in the inset of Figure 4.3c and Figure 4.3d. The asymmetric PDDF of QD-

4ZnS NCs, however, indicates a prolate like mean particle shape [147]. The short 

diameter is only a bit larger than the spherical diameter of 4.4 nm found for the InP/ZnO 

NCs as can be deduced from the slightly shifted peak of the QD-4ZnS-PDDF with respect 

to InP/ZnO-PDDF (see Figure 4.3a). The long axis is derived from the long tail within 

the PDDF, from which we deduce maximum values between 9 to 10 nm. Most of the QDs 

within the ensemble depicts long axis values between 6-7 nm, which is within the broader 

mean size distribution found by TEM with a maximum at 7.02±0.9 nm (Figure 4.3e). The 

elongated shape of the QD-4ZnS NCs together with their chain-like fractal aggregation 

(see Appendix A) can be explained by a slightly inhomogeneous growth of the ZnS shell 

resulting in an overall prolate like NC shape. This kind of elliptical NC shape can be 

found also for other core/shell NC systems with thick shells, where the shell growth along 

specific crystallographic directions is energetically favored [148]. The ellipsoidal shape 
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of nanoparticles can potentially lead to radiation polarization [148] and additionally 

allowed transitions forbidden in spherical QDs [149]. 

 

Figure 4. 3: (a) Pair distance distribution functions (PDDFs) of the InP core (black), 

InP/ZnO core/shell QD (blue) and QD-4ZnS core/shell/shell NCs (red) as resulting from 

the P(q)-curves shown in Appendix A. (b) Distributions of spheres that can describe the 

measured SAXS curves of the InP core and InP/ZnO- core/shell QDs. Size distribution 

histograms of the (c) InP core (inset: TEM image, scale bar is 2 nm), (d) InP/ZnO 

core/shell (inset: TEM image, scale bar is 2 nm), and (e) QD-4ZnS core/shell/shell NCs 

(inset: TEM image, scale bar is 2 nm) by HR-TEM measurements. Total number of 200 

quantum dots are counted for size distribution. (f) XRD of InP, InP/ZnO and 
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InP/ZnO/4ZnS core/shell/shell NCs. XPS analysis of InP core QDs, (g) In 3d spectrum 

and (h) P 2p spectrum. 

The crystal structure of the resulting QDs was investigated by analyzing the XRD patterns 

(see Figure 4.3f & Appendix A). The black vertical dashed lines and black crosses mark 

the positions of InP bulk peaks (ICDD 00-032-0452),  the blue crosses of hexagonal ZnO 

(ICDD 00-036-1451), and the red crosses mark the positions of the cubic sphalerite phase 

of ZnS (a=5.4093 Å ICDD 00-65-0309), respectively. From the only core QDs, we 

observe that the crystal structure corresponds to zinc blende (a=5.869 Å, ICDD 00-32-

0452). For InP/ZnO NCs, we still observed the InP zinc blende crystal structure, but due 

to the thin ZnO shell (~0.2-0.3 nm) its diffraction peak (ICDD 00-036-1451) cannot be 

detected. This is not surprising as only one monolayer (ML) shell material on a crystalline 

core can grow epitaxially by maintaining the lattice constant of the core [150]. For the 

InP/ZnO/ZnS NCs, a shift of the InP peaks occurred in direction of the position of ZnS 

in the cubic sphalerite phase (ICDD 00-65-0309). This shift can be explained by the 

situation that the first MLs of the ZnS-shell initially maintains epitaxial registry with the 

lattice parameter of InP and with subsequent ML of ZnS, tends to reach its bulk lattice 

constant [150]. Because of the cubic lattice constant of ZnS is smaller than that of InP, 

the InP core is compressively strained, reflected by peak shifts to larger Q-values or 

diffraction angles (see Figure 4.3f). Additionally, we observe different peak-shift values 

as well as peak width values for the InP core along different crystallographic directions, 

indicating that the influence of the ZnS shell on the InP core is not isotropic. This result 

is suggestive of asymmetric ZnS shell growth as already derived from the SAXS analysis. 

XPS analysis was performed to confirm the elemental surface chemistry of the InP core, 

InP/ZnO core/shell, and QD-4ZnS core/shell/shell NCs, respectively. For the analysis, all 

of the peaks have been spectrally corrected according to the carbon-1s standard peak. For 

the InP core QDs, the In-3d spectrum exhibits two peaks located at 444.5 eV (3d5/2) and 

452.1 eV (3d3/2) (Figure 4.3g and Figure 4.3h), which can be assigned to InP [151-153]. 

The P-2p spectrum shows two doublets, which are related to the two different chemical 

environments of the phosphorus atoms. The first pre-dominant doublet that present at 

127.8-128.9 eV (2p3/2) is the characteristic peak for InP [154, 155]. The doublet in 132.4 

eV – 133.4 eV range is associated with the P atoms in an oxidized medium, most probably 

InPOX [151, 156]. In the XPS spectra of InP/ZnO core/shell QDs, the peaks corresponding 
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to Zn 2p are observed which indicates the Zn+2 bound to oxygen in the ZnO [157-159]. 

The Zn 2p3/2 and 2p1/2 peaks are at 1022.09 eV and 1045.8 eV, respectively (see Appendix 

A). For the InP/ZnO core/shell QDs, the In-3d peak shifts to higher binding energies 

located at 444.7 eV (3d5/2) and 452.5 eV (3d3/2), compared to the InP core QD (see 

Appendix A). Furthermore, shifting to higher binding energies located at 127.9 eV and 

132.4 eV also occurs in P-2p spectrum (see Appendix A). Similarly, O-1s peak shifted to 

higher binding energy from 530.9 eV to 531.3 eV after formation of the ZnO shell coating 

(see Appendix A). The possible reason for this type of shifting is due to the additional 

oxidation process during the ZnO shelling procedure [151]. For the QD-4ZnS 

core/shell/shell NCs the S-2p spectrum exhibited two peaks located at 161.2 eV-162.6 eV 

(see Appendix A). It was previously reported that these binding energies are associated 

with S2- anions present in the ZnS [151, 160, 161]. In addition, after the ZnS shell 

formation, In-3d peaks shifted to lower binding energies located at 444.4 eV (3d5/2) and 

452.0 eV (3d3/2) (see Appendix A). Similarly, binding energies of Zn-2p and O-1s (see 

Appendix A) had also displaced to lower values after ZnS shelling due to decrease of the 

InP-O bonds formed by oxidation [162]. 

4.2.4 Ultra-fast decay dynamics 

The effect of shell growth on the ultrafast decay dynamics and the nonlinear absorption 

of QDs was further investigated by using femtosecond pump-probe spectroscopy [34, 

163]. In the experiments, the QD solutions (InP core, InP/ZnO core/shell, and QD-4ZnS 

core/shell/shell NCs) were excited with a 320-nm, femtosecond pump pulses (incident 

fluence is 480 µJ.cm-2) and the difference between the pumped and unpumped absorbance 

(ΔA) of the QDs was measured over the 450-800 nm spectral range by using a 

femtosecond visible continuum probe. Figure 4.4 summarizes the results of the 

femtosecond transient absorption (TA) measurements. Measured ΔA spectrum, temporal 

evolution of ΔA at the wavelength of maximum bleaching, and 2-dimensional variation 

of ΔA as a function of probe delay and wavelength are shown in Figure 4.4a-c, Figure 

4.4d-f, and Figure 4.4g-i for InP, InP/ZnO, and QD-4ZnS NCs, respectively. The peak 

wavelength of the measured ΔA spectra of the QDs exhibited a red-shift as a function of 

the probe delay due to the intra-band decay of the excited carriers to the conduction band 

edge [164] (Figure 4.4a, Figure 4.4d, and Figure 4.4g). The TA measurements showed 

that for the InP core, the steady state absorption peak wavelength was at 490 nm and the 
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peak wavelength of bleach was at 520 nm (Figure 4.4a). However, after the growth of 

ZnO or ZnS shell over InP core, the peak wavelengths of steady-state absorption and 

bleach became nearly equal (Figure 4.4a, Figure 4.4d, and Figure 4.4g), which can be 

explained based on the reduction of the biexciton and carrier-trap induced stark effect 

[165]. The ultrafast temporal evolution of the carriers was further investigated for probe 

wavelengths at which the measured ΔA showed the maximum amount of bleach (520 and 

585 nm) for the InP, InP/ZnO, and QD-4ZnS NCs. As can be seen from Figure 4.4b, 

Figure 4.4e, and Figure 4.4h, following an initial rise, a bi-exponential decay occurred, 

which could be characterized by the decay times τ1 and τ2 [166, 167]. Here, the decay 

times τ1 and τ2 are due to shallow and deeper traps, which originate due to the P and In 

dangling bonds [100]. The decay times of τ1 and τ2 for the InP, InP/ZnO, and QD-4ZnS 

NCs were determined by performing a bi-exponential fit to the measured ultrafast decay 

data. The fit results showed that τ1 and τ2 both increased from 1 to 1.5 ps and from 65.7 

to 76.5 ps, respectively, after the shell growth of ZnO on the InP core. Furthermore, for 

the case of  QD-4ZnS NCs, τ1 and τ2 became 3.4 and 84.3 ps, respectively, indicating 

further passivation of the shallow and deeper traps as a result of shell growth [165, 168-

170]. Note that the measured ΔA did not vanish completely for the longest probe delay 

of 80 ps, since the carrier recombination for the QDs occur over ns time scales (see 

Appendix A). 
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Figure 4. 4: Measured ΔA spectrum, temporal evolution of ΔA at the wavelength of 

maximum bleaching, and 2-dimensional variation of ΔA as a function of probe delay and 

wavelength for: InP core (a)-(c), InP/ZnO (d)-(f), and QD-4ZnS (g)-(i) NCs for InP, 

InP/ZnO, and QD-4ZnS NCs, respectively. Measured transient absorption spectra of (a) 

InP core; (d) InP/ZnO and (g) QD-4ZnS at different probe delays. The excitation 

wavelength was 320 nm. The measured peak wavelength of the nonlinear absorption 

changed and matched the bleach peak after the shell growth which can be explained by 

the reduction of the carrier-trap induced stark effect. (b), (e) and (h) show the measured 

and fitted temporal evolution of the carrier decay times at the probe wavelengths of 520 

nm and 585 nm. For the InP core the first excitonic peak was at 520 nm and the τ1 and τ2 

values were determined to be 1 and 65.7 ps. The ZnO shell growth reduced the trap states 

and hence, τ1 and τ2 increased to 1.5 and 76.5 ps, respectively. The multiple ZnS shell 

growth caused further trap passivation, resulting in short (τ1) and long (τ2) lifetimes of 

3.4 and 84.3 ps, respectively. (c), (f) and (i) surface plots of the measured ΔA with respect 

to the probe delay and wavelength. 

4.3 LED application 

To prevent any efficiency drop due to host material effect, we designed an architecture 

[62] that can maintain QD solution in liquid-state on top of the blue LED (Figure 4.5a). 
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For that we used a transparent polymeric lens made of polydimethylsiloxane (PDMS) due 

to its scalable and low cost fabrication [171, 172]. We placed the lens on top of the blue 

LED chip and sealed the edges with the UV-curable polymer. After the curing process 

was finished, we injected red-emitting QDs by using a microsyringe into the blue LED 

capped with a PDMS polymeric lens. When the blue LED is turned on, the blue 

electroluminescence generated from the blue LED die optically pumps the QDs in 

solution-state, which generates photoluminescence in the red spectral region (Figure 4.5a 

and Figure 4.5b). To analyze the optical performance of the fabricated QD-LED, we 

injected the QD solution with different optical densities. While the optical density 

increases, red emission becomes stronger in comparison with the blue 

electroluminescence (Figure 4.5c). Finally, the (x,y) tristimulus coordinates reached to 

red region on the CIE chromaticity diagram by integrating QDs with an optical density 

of 0.4 (Figure 4.5d). The intensity spectra remained almost constant with a slight change 

of the PL peak position of 3 nm while the current injection level increases from 5 mA to 

150 mA (Figure 4.5e). The EQE was measured as 28.6%, 25.3%, 19.2%, 13.4% and 

9.43% for the optical densities of 0.04, 0.07, 0.13, 0.20 and 0.4, respectively. Moreover, 

PCE is calculated by the relation of PCE=ηext.1.(2)-1 (Equation (4.1)) [173] where 𝜆1 

and 𝜆2 are the emission peak wavelength of the blue EL and emission peak wavelength 

of the QDs, respectively. PCE of LEDs corresponded to 21.62%, %, 18.85%, 13.99%, 

9.85% and 6.86% for the respective OD values, respectively.  



Chapter 4: Cadmium-free and Efficient Type-II InP/ZnO/ZnS Quantum Dots and Their 

Application for LEDs 

51 

 

 

Figure 4. 5: (a) Schematic of the QD based LED fabrication. (b) Photograph of the LED 

when it is turned on. (c) PCE (%) and EQE (%) at different OD values. Inset: Intensity 

spectra of red-emitting QD-based LEDs at different optical densities of 0.07 and 0.2. (d) 

The (x,y) color coordinates of the QD-LEDs at different optical densities with an injection 

current of 10 mA. (e) Intensity spectra of the red-emitting QD-based LED with the optical 

density of 0.4 at different current injection levels ranging from 5 mA to 150 mA.  

To date, in terms of type-II QD based LED studies, Jin et al. synthesized green-emitting 

alloyed CdxZn1-xS/ZnSe type-II QDs and these LED results demonstrated EQE of 8.78% 

[129]. Moreover, Lin et al. reported deep-red LEDs based on CdTe/CdSe core/shell QDs 

with a maximum EQE of 6.19% [18]. Instead of cadmium-based QDs, Karatum et al.  

integrated InP/ZnO core/shell QDs as an emissive layer into LED application resulting in 

EQE of 0.53% [138]. Comparatively, the LED using InP-based type-II QDs in this study 

reached to EQE level approaching to 10% due to the high efficiency in synthesis batch 

and conserving their efficiency levels by direct integration in liquid state. 
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4.4 Conclusion 

In summary, we demonstrated cadmium-free and efficient type-II InP/ZnO/ZnS 

core/shell/shell QDs. For that, initially InP core QDs with emission in the red spectral 

region were synthesized by hot injection technique. Then, the sequential growth of ZnO 

and ZnS shells led to a high PLQY of 90.8%. ZnO and ZnS shell formation was confirmed 

by optical analysis that is supported by quantum mechanical simulations. Moreover, 

SAXS measurement showed that the ZnS shell induced the transition of the nanocrystal 

ensemble from spherical to elliptical shapes. Finally, we integrated the core/shell/shell 

QDs into LED die in liquid form to reduce host-material effect. The fabricated liquid-

LED device demonstrated 9.4% of EQE and 6.8% of PCE, respectively, which is the most 

efficient type-II QD based LED reported to date. Type-II QDs show high promise for 

future bioimaging, display and laser applications. 
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Chapter 5: Ruthenium Doped InP QDs For Efficient Red Emission 

This section is based on the publication ‘‘Ruthenium Doped InP Quantum Dots for 

Efficient Red Emission’’ G. O. Eren, A. Onal, O. Karatum, H. Jahangiri, M. S. Ozer, Z. 

Eroglu, B. Sundu, L. Kaya, A. B. Burcak, U. Aydemir, O. Metin, A. Sennaroglu, and S. 

Nizamoglu, ACS Applied Nano Materials 6.12 (2023): 10044-10053. Reproduced (or 

“Reproduced in part‟) with permission from American Chemical Society Copyrigh t 

2023. 

The synthesis of various transition-metal doped InP quantum dots (QDs) such as copper, 

manganese, and silver for enhanced optoelectronic properties has been reported to date. 

Herein, we introduce ruthenium doping into InP QDs. After the Ru doping, InP QDs 

showed a significant red-shift up to 325 meV due to the introduction of mid-gap states. 

The optimization studies of the ZnS shell formation on Ru-doped InP core QDs led to a 

high photoluminescence quantum yield (PLQY) of 77.6% in red spectral region, while 

without ruthenium doping the PLQY reached a maximum level around 60% via the same 

synthetic approach. Elemental mapping, mass spectrometry, and lattice change confirmed 

the incorporation of ruthenium inside the InP QDs. Moreover, the integration of Ru-doped 

QDs into LED in liquid matrix led to an external quantum efficiency (EQE) of 7.9%. This 

study demonstrates that ruthenium doping can be an alternative strategy for efficient red 

emitters. 

5.1 Introduction 

Colloidal semiconductor quantum dots (QDs) have gained significant industrial and 

academic interest for a wide variety of applications such as light-emitting diodes (LEDs), 

lasers, luminescent solar concentrators (LSC), solar cells, and photocatalysts  [13, 116, 

174-179]. The interest in the QDs mainly originates from their tunable energy levels, 

which can be controlled via quantum confinement effect, alloying and ligand engineering. 

Besides, transition-metal ion doping of QDs is one of the most effective strategies to add 

new and enhanced properties. It can be achieved by kinetic factors at relatively low 

synthesis temperatures (<400º C) [36] and leads to high photoluminescence quantum 

yield (PLQY) [34, 180], improved thermal and chemical stability [19, 181], longer 

radiative lifetime [181], reduced self-absorption [182], and tunable emission spectral 

width [37] depending on the choice of the dopant.  
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To date, cadmium-based host materials have been doped with different transition metals 

[166, 183, 184]. However, cadmium suffers from its inborn heavy-metal toxicity, which 

raises concerns for its practical use [130]. As non-toxic alternatives, zinc chalcogenide 

QDs (e.g., ZnSe, ZnSeTe, ZnS) were used for different transition-metal doping [181, 185-

187], but their spectral tunability range is limited up to the orange spectral range. Instead, 

indium phosphide (InP) possesses great potential as environmentally benign and non-

toxic host material for QD-based technologies [188, 189]. To date, incorporation of Cu, 

Mn, and silver (Ag) into InP QDs [19, 20, 108-110] have been investigated, but to the 

best of our knowledge ruthenium (Ru) ion doping into InP QDs has not been explored 

yet, which has been a popular element for supercapacitors [190, 191], catalysis [22] 

photodynamic therapy [192, 193], and optoelectronic neural interfaces [194, 195]. Similar 

to other transition-metals, by introducing Ru as a dopant ion into the host semiconductor 

nanocrystal, it is possible to generate efficient centers for the recombination of the excited 

carriers in the bandgap of the semiconductor. Furthermore, ruthenium doping can 

enhance the photocatalytic activity of semiconductor QDs [196]. 

In this section, we introduce ruthenium doping into InP quantum dots. The X-ray-based 

techniques (X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and 

energy dispersive X-ray analysis (EDX)) confirmed the doping of ruthenium into the InP 

structure. To decrease the surface traps and increase the PLQY, a zinc sulfide (ZnS) shell 

was grown on ruthenium doped InP structure. Optimization of ruthenium doping and ZnS 

shell led to a high PLQY of 77.6% in red spectral range. Finally, Ru:InP/ZnS core/shell 

QD solutions were integrated into a LED device architecture and the resulting red LED 

exhibited an external quantum efficiency (EQE) of 7.9%. Doping of InP QDs with 

ruthenium points out an alternative strategy for efficient red emitters.  

5.2 Results and Discussion 

5.2.1 Synthesis of Ru-doped InP quantum dots 

Green-emitting InP (G-InP) QDs were synthesized via the hot injection of 

tris(trimethylsilyl)phosphine P(TMS)3 into indium chloride (InCl3) containing organic 

solution in the presence of stearic acid (SA) and hexadecylamine (HDA) surfactants under 

argon environment [180]. Next, ruthenium acetylacetonate (Ru(acac)3) was injected into 

the as-synthesized InP QDs and the resultant mixture was heated to 230º C for ensuring 



Chapter 5: Ruthenium Doped InP QDs For Efficient Red Emission 

55 

 

Ru doping. To reduce the surface trap states and increase the PLQY of the QDs, a ZnS 

shell was grown on the yielded Ru-doped InP QDs via injection of zinc oleate and sulfur 

(S) in trioctylphosphine (TOP) into the QDs solution at 160º C via dropwise (at a rate of 

2 mL/h) and following heating up the mixture to 220º C (Figure 5.1). 

 

Figure 5. 1: Schematic illustration of the synthesis process. 

The average size of the spherical G-InP QDs was calculated as 2.82 nm (Figure 5.2a). 

After the introduction of the Ru dopant at Ru:In ratio of 0.003, the size of the QDs slightly 

increased to 2.94 nm (Figure 5.2b). Upon the growth of ZnS shell, a clear increase in the 

size of the core/shell QDs was observed and they exhibited an average size of 5.83 nm 

(Figure 5.2c), indicating the formation of ZnS shell with an average shell thickness of 

1.45 nm, which equals  4.6 monolayers (ML), on Ru-doped InP QDs [197].  

5.2.2 Structural characterization 

To confirm the successful doping of Ru into the G-InP QDs, we performed scanning TEM 

(STEM) energy-dispersive X-ray spectroscopy (EDX) elemental mapping analysis 

(Figure 5.2d). The signals of Ru are clearly observed in the QDs along with In and P. To 

further investigate the presence of Ru dopant in the InP crystal structure, inductively 

coupled plasma mass spectrometry (ICP-MS) analysis for the Ru:InP QDs (Ru:In ratio of 

0.003) was performed. The measurements showed that In:Ru:P weight ratio was 

0.36:0.005:0.071 showing the presence of Ru inside InP QDs (see Appendix B). XRD 
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patterns of the InP core, Ru:InP, and Ru:InP/ZnS core/shell QDs are shown in Figure 

5.2e. The broadened diffraction peaks of all samples are observed due to the small size of 

the QDs. The XRD pattern for InP core QDs exhibited three well-defined peaks observed 

at 2θ values of 26.70º, 44.09º, and 52.58º, attributing to the (111), (220), and (311) planes 

of the zinc-blende crystal structure of InP (JCPDS32-0452). After the Ru incorporation 

(Ru:In ratio of 0.003), the diffraction peaks shifted to lower 2θ  values of 26.54º, 43.90º, 

and 52.28º that indicate lattice filling of Ru dopant at the interstitial sites of the InP host 

structure [198, 199]. Furthermore, the lattice constant slightly increased from 5.822(9) Å 

to 5.830(5) Å due to the small amount of Ru doping concluded by ICP-MS. Such a small 

change does not significantly affect the lattice mismatch between the core and shell. For 

InP core and Ru:InP QDs, we observed an additional peak around ~33º which is related 

to indium oxide (In2O3) (JCPDS06-0416) (Figure 5.2e). We consider that rapid oxidation 

of InP QDs and their transformation into In2O3 was realized upon their exposure to air 

after synthesis process [200]. After the ZnS shell growth on the Ru-doped InP QDs, the 

diffraction peaks shifted toward higher 2θ values (26.79º, 45.21º, and 53.22º, 

respectively) of the cubic ZnS phase (JCPDS 80-0020). Furthermore, no diffraction peaks 

of separate ZnS phase is observed, indicating that ZnS shell successfully formed on 

Ru:InP QDs [201]. XRD and TEM results of Ru doped InP (G-InP) at higher Ru:In ratios 

(0.005 and 0.01) are also given in Appendix B, indicating the similar trends for Ru:InP 

sample with Ru:In ratio of 0.003. 
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Figure 5. 2: HRTEM and size distribution of the synthesized (a) G-InP core (2.82 nm ± 

0.45), (b) Ru:InP (2.94 nm ± 0.37) (Ru:In ratio of 0.003), and (c) Ru:InP/ZnS core/shell 

QDs (5.83 nm ± 0.81). For the particle size distribution, a minimum of 200 particles were 

counted. The scale bar of the HRTEM images is 5 nm. (d) STEM image and EDX 

elemental maps of In, P, and Ru. The scale bar is 100 nm. (e) XRD pattern for  the InP 

core, Ru:InP (Ru:In ratio of 0.003), and Ru:InP/ZnS core/shell QDs that have the final 

PLQY of 77.6%. 

5.2.3 Optical characterization 

After the structural characterization of the synthesized materials, the effect of Ru doping 

on the optical properties of InP/ZnS QDs was investigated. First, it is reported that InP 

QDs doped with transition metals such as Ag, Cu and Mn showed enhanced PLQY due 
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to the lattice incorporation of the dopants [19, 20, 41]. While the PLQY of G-InP QDs 

were around 2%, after Ru doping, the PLQY increased to 26.7% with Ru:In injection 

ratio of 0.003. We consider two potential mechanisms that can increase the PLQY of the 

InP core QDs after ruthenium doping. First, it is previously shown that oxides (e.g., ZnO) 

on InP can increase the PLQY of the core QDs [106, 201]. Hence, the measured Ru-O-P 

oxide phase on the surface of QDs (see discussion part) may also increase the PLQY of 

the InP core QDs. In addition, the potential diffusion of the dopant ions from the surface 

to the inside of QDs can passivate the nonradiative traps. Such enhancement is also 

observed for copper [19], manganese [202], and silver [203] doping as well . Moreover, 

as a control group, we also synthesized InP QDs without Ru. In this regard, we followed 

the same procedure as conducted for the Ru doping process and we only observed a PLQY 

of only 10.5% with a slight change (Figure 5.3a). Hence, this finding suggests that like 

other dopant ions, Ru doping also suppresses non-radiative recombination centers of QDs 

and increases PLQY [204]. 

 

Figure 5. 3: (a) PLQY comparison between InP core, Ru:InP (Ru:In ratio of 0.003), and 

control group (InP core without addition of Ru dopant). (b) PL shift (meV) for G-InP 
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QDs at different Ru:In injection ratio. For the G-InP core QDs, the highest PL shift was 

325 meV at Ru:In injection ratio (mmol) of 0.005.  (c) PL peaks of G-InP, yellow-emitting 

(Y-InP), and orange-emitting (O-InP) core and maximum PL shift change (meV) after Ru 

doping at different Ru:In ratio. For the G-InP core QDs, the highest PL shift was 325 

meV at Ru:In injection ratio (mmol) of 0.005, while for the Ru doped Y-InP and O-InP 

core QDs, maximum PL shift values were 314 meV and 217 meV with the Ru:In injection 

ratios of 0.01. (d) Measured variation of the nonlinear absorbance change (ΔA) as a 

function of the probe delay for InP QDs at 470 nm. (e) Measured variation of ΔA as a 

function of the probe delay for Ru-doped QDs at 540 nm. Measured variation of ΔA as a 

function of the (f) probe wavelength for InP QDs at different probe delays up to 80 ps, 

(g) probe wavelength for Ru-doped InP QDs at different probe delays up to 80 ps. 

The effect of Ru doping on PLQY was investigated for the InP core QDs emitting at 

green, yellow, and orange spectral range (i.e, G- InP, Y-InP, O-InP) (see Appendix B). 

As a general trend, PLQY values dropped with increasing Ru:In injection ratio and we 

consider that loosely adsorbed dopant ions might start to act as non-radiative 

recombination centers at higher ratios, which decrease the PLQY [205]. Among different 

combinations, we selected the Ru:InP QD emitting at green (with the Ru:In ratio of 

0.003), which exhibits a PLQY of 26.7% for further studies. We also evaluated the PLQY 

of doped and undoped QD samples before and after the purification and observed that the 

PLQY slightly increased after purification process (see Appendix B). After the Ru 

doping, additional mid-gap states are introduced into the energy levels of InP QDs [206] 

and thus, a significant redshift of the PL peak was observed from 559 nm to 655 nm, 

which corresponds to 325 meV with the Ru:In injection ratio of 0.005 (Figure 5.3b and 

Figure 5.3c). The excess Ru dopant (at higher Ru:In ratio) led to smaller redshift in PL 

emission, possibly due to the saturation of available sites for Ru doping and formation of 

excess oxidation layer on InP core surface (Figure 5.3b) [207]. For yellow and orange-

emitting QDs, maximum PL shift values were 314 meV and 217 meV, respectively. 

Similarly, smaller redshift in PL emission was observed at higher Ru:In ratio for yellow 

and orange-emitting QDs (see Figure 5.3c & Appendix B). In the context of explaining 

the redshift mechanism in PL emission, we consider that Ru impurity is located above the 

valence band edge of the InP QDs based on its electronegativity [206], and thus the Ru 

dopant impurity state acts as a hole acceptor [206] similar to the Cu dopant [19, 208]. As 
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a result, the photo-generated holes at the Ru dopant level radiatively recombine with the 

electrons from the conduction-band of InP nanocrystals, resulting in a red shift of the 

Ru:InP QD PL emission [109, 208]. To further confirm this effect, ultrafast pump-probe 

spectroscopy of the undoped and Ru-doped InP QDs was studied, and a single-

exponential fit was applied to compare the picosecond decay time () of the QDs. In these 

measurements, the change ΔA in the nonlinear absorbance was measured as a function of 

probe delay and probe wavelength. For the undoped InP QDs  was measured as 14.8 ps 

(Figure 5.3d), and for Ru-doped InP QDs  decreased to 8.65 ps (Figure 5.3e), which is 

due to the introduction of the mid-gap states that increase the interband decay rates. 

Moreover, introduction of the Ru dopant led to the formation of the mid-gap state above 

the valence band edge of InP QDs giving rise to the observed red shift of the ΔA spectrum 

from 470 to 540 nm (Figure 5.3f and Figure 5.3g). 

5.2.4 Optimization of quantum yield 

Since efficient light generation is an important goal for a wide variety of optoelectronic 

applications such as lighting, bioimaging and lasing, the optimization of PLQY was 

performed. In this regard, to increase the PLQY of the Ru:InP QDs further, optimization 

studies of ZnS shell growth were performed by using controlled delivery of zinc-sulfur 

precursor solution into the reaction medium. The highest PLQY of 77.6% was observed 

for the Ru:InP/ZnS core/shell QDs at 30 min under the injection rate of 2 mL/h (Figure 

5.4a). At longer times, PLQY value started to decrease due to interfacial strain effects,  

[137] and after 60 min it fell down below 50% (Figure 5.4a). The absorption and PL 

emission peaks of the optimized G-InP, Ru:InP, and Ru:InP/ZnS QDs showed red-shift 

after each step (Figure 5.4b). Moreover, we also checked the maximum-attainable PLQY 

of InP/ZnS core/shell QDs via the same synthesis approach and it was 61.2%, which is 

lower than the Ru-doped QDs. Similarly, in previous studies PLQY values up to 60% was 

reported [134]. Hence, ruthenium doping holds promise to obtain efficient red emitters. 
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Figure 5. 4: (a) PLQY for different time intervals after ZnS shell precursor injection on 

Ru:InP (at Ru:In injection ratio of 0.003). (b) Absorbance and PL peaks of optimized G-

InP core, Ru:InP (at Ru:In injection ratio of 0.003), and Ru:InP/ZnS core/shell QDs. 

5.3 Ru:InP/ZnS core/shell quantum dot-based LED 

We selected lighting as a potential application for Ru doped InP/ZnS core/shell QDs. For 

that, we integrated the QDs on blue LED chips (with a wavelength of 460 nm) in liquid 

state to conserve the PLQY and reduce the host material effect [44, 201]. We selected 

polydimethylsiloxane (PDMS) elastomer to prepare transparent polymeric lens due to its 

scalable and low-cost production [62]. Moreover, PDMS can recover its surface after the 

injection and hold the liquid on top of the blue LED chip without any leakage. After the 

production of polymeric lens, the lens on top of the blue LED chip was placed and sealed 

the edges by UV-curable polymer. Once the curing process is finished, we injected the 

Ru:InP/ZnS core/shell QDs in toluene using a micro syringe (Figure 5.5a). When the blue 

LED is turned on, the blue electroluminescence generated from the blue LED die optically 

pumps the QDs in the solution state, generating photoluminescence in the red spectral 

region (Figure 5.5b). As the optical density increased, the (x, y) tristimulus coordinates 

shift toward the red region on the chromaticity diagram (Commission International de 

l’Eclairage, CIE) and at the optical density of 0.94, strong red emission was observed.  

The change in the (x, y) tristimulus coordinates (Δx and Δy) were measured as 0.42 and 

0.19, respectively, when the optical density increased from 0.15 to 0.94 OD (Figure 5.5c). 

We analyzed the optical performance of the fabricated LED at different OD levels and 

the external quantum efficiency (EQE) (Figure 5.5d) was measured according to Equation 

B.1 (see Appendix B) [209]. The resulting EQE dropped due to re-absorption while the 
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optical density increased and finally the red LED had an EQE of 7.9%. We also observed 

that the spectral profile did not significantly change when the current injection level 

increases from 5 to 100 mA (Figure 5.5e).  

 

Figure 5. 5: (a) Schematic illustration of LED fabrication incorporating QD liquid. (b) 

Image of QD-LED when LED is turned on. (c) (x, y) color coordinates of the QD-LEDs 

at different optical densities. (d) EQE of Ru doped QD integrated LED at different optical 

densities. (e) Intensity spectra of the Ru:InP/ZnS QD-based LED with an optical density 

of 0.94 at different current injection levels ranging from 5 to 100 mA. 

We performed chemical stability tests on an LED integrated with Ru-doped InP/ZnS 

core/shell QDs and compared it with the LED using QDs without doping. To prevent any 

evaporation and lens interaction, blue LEDs were combined with QDs in a glass lens. The 

T50 lifetime for the Ru-doped InP/ZnS QDs was 1433 hours, indicating that they had a 

longer lifetime than undoped InP/ZnS QDs having T50 of 461 hours. Moreover, the shift 

of the CIE coordinates for the doped QDs (Δx= 0.011, Δy=0.009) is lower than the 

undoped ones (i.e., Δx= 0.019, Δy=0.021) (see Appendix B). The result shows that 

ruthenium doping of InP/ZnS can increase the stability of the LEDs. 
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5.4 Discussion 

In terms of ruthenium doping mechanism, we proposed a three-step process, which 

includes the preparation of undoped QDs, then exposure to dopant ions and finally 

coverage with an additional shell [210]. We consider that the introduction of the dopants 

takes place via diffusion of ions from a ruthenium containing oxide phase. We 

investigated the oxidative phases on InP and we observed that the oxidation of the InP 

core QDs (i.e., InPOx)  realized due to the ketonization process at elevated temperatures, 

which is evidenced by XPS [93, 95].  For the InP core structure, the P-2p spectrum 

displays two doublets, corresponding to two distinct phosphorus chemical environments. 

The first doublet at 128.47 eV (2p1/2) is the typical peak of InP QDs (see Appendix B) 

[93, 152] while the second dominant doublet with higher intensity at 133.03 eV (2p3/2) is 

associated with an oxidized layer, mostly In-P-O interactions of InPOx phase (see 

Appendix B) [93, 156]. This process can be defined as the transformation of carboxylic 

acids (i.e., stearic acid in our synthesis) into ketones, releasing carbon dioxide and water 

as byproducts [211]. Therefore, the ketonization provides oxidative conditions, which 

affect the chemical and physical properties of the InP QDs. After introducing the Ru 

precursor into the system, Ru(acac)3
 decomposes to RuO2 and acetylacetonate at elevated 

temperature [212]. Afterwards, due to their similar electronegativity values (Ru:2.20, 

P:2.19), they form a complex bridge with oxygen (Ru-O-P), resulting in a decrease in 

binding energy of InPOx phase related P-2p spectrum (2p3/2) (see Appendix B). Moreover, 

oxidized form of ruthenium is also observable with the binding energies of Ru-3d and 3p 

peaks at 280.06 eV and 461.98 eV, respectively (see Appendix B) [213]. We assume that 

the forming of Ru-O-P complex bridges also caused this binding energy shift. In brief, 

XPS results demonstrates that the ruthenium dopant is doped with oxidation state +4 

(Ru+4) inside the InP nanocrystal structure [213, 214]. After the ZnS shell growth at 

elevated growth, ruthenium is still observable showing the incorporation of ruthenium 

into the QDs. In addition, for the Ru:InP/ZnS, the Zn 2p3/2 and 2p1/2 peaks are at 1021.59 

eV and 1044.64 eV (see Appendix B); whereas S 2p spectrum exhibited two peaks located 

at 161.18 eV and 162.46 eV (see Appendix B), confirming the ZnS shell formation on 

Ru:InP core QDs [93]. 

Up until now, only a few reports have studied doped InP-based QDs for LEDs. Yang and 

co-workers synthesized dual emissive InP:Cu/ZnS/InP/ZnS QDs to use in LED 



Chapter 5: Ruthenium Doped InP QDs For Efficient Red Emission 

64 

 

application as light converter material. The PLQY of multi-heterojunction nanostructure 

had a PLQY of 35% [32]. Further, Yang and co-workers demonstrated Ag doped InP/ZnS 

core/shell QDs with high PLQY up to 75% [20]. They integrated Ag:InP/ZnS core/shell 

QDs on a commercial gallium nitride (GaN)-based blue LEDs. Similar study of Ag doped 

InP/ZnS QDs with PLQY of 77% were reported by Yang and co-workers [215]. In our 

case, red-emitting ruthenium doped QDs show a PLQY of 77.6% at similar level of Ag 

doped InP/ZnS QDs [215] that have emission peak in the yellow spectral region. 

Therefore, we believe that doping of InP with ruthenium is an alternative technique to 

produce efficient red-emitters. In this regard, to further boost the efficiency of Ru:InP-

based QDs in red spectral region, shelling strategies with ZnSe [216] and GaP [217] as 

intermediate layers between InP and ZnS might be effective approaches for future LED 

studies. 

5.5 Conclusion 

In conclusion, we demonstrated ruthenium doping into InP quantum dots for the first 

time. Ru doping enabled significant red shift of emission and increase in the interband 

decay rate. The optimization of Ru doping and ZnS shell growth facilitated a high PLQY. 

Ru doping was structurally confirmed via XRD, EDX, XPS and ICP-MS. Finally, we 

applied QDs for lighting application. Ruthenium doping emerges as an alternative 

strategy for emission in red spectral range.  Moreover, there exists significant room to 

grow a wide variety of shells such as ZnSe, ZnO, GaP to further engineer the 

optoelectronic properties for targeted applications. 
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Chapter 6: Antibacterial Activity of Type-II InP/ZnO QDs Against 

Bacterial Infections  

The lack of new antibiotics has worsened the issue of antibiotic-resistant bacteria which 

are a threat to global health around the world. Therefore, considerable novel research 

against antibiotic-resistant bacteria have been conducted. Recent advances in 

nanotechnology and chemistry have paved the way for novel materials to be used in this 

field. Colloidal semiconductor QDs offer great potential as effective photocatalyst against 

antibiotic-resistant bacteria infections due to their high capacity of producing reactive 

oxygen species (ROS). In this study, we synthesized environmentally benign InP/ZnO 

core/shell QDs which have quasi-type-II heterostructure with multiple ZnO shell growth 

using hot-injection technique. In order to separate the charge carriers effectively and 

enhance the photocatalytic activity, we performed a ligand exchange, replacing 

oleylamine (OLA) with short-chain sulfide (S-2) ligand. The highest ROS production was 

obtained by InP/1ZnO core/shell QDs compared to InP/2ZnO and InP/3ZnO QDs. As a 

result, under low intensity green light stimulation (3 mW.cm -2) the optimized core/shell 

QDs (sulfide-capped InP/1ZnO) displayed high antibacterial activity of 99% inhibition 

against Pseudomonas aeruginosa. 

6.1 Introduction 

The emergence of antibacterial drug resistance is one of the most significant health 

concerns of the twenty-first century [218]. According to a recent study from the World 

Health Organization (WHO), antibiotic-resistant bacteria kill about 700,000 people every 

year, and this number is expected to rise to 10 million by 2050 [7]. Among the antibiotic-

resistant bacteria, Pseudomonas aeruginosa which has the capacity to infect various parts 

of body such as blood and lungs poses a significant risk to human health [219, 220]. 

Semiconductor-based photocatalysis is emerging technique as effective antibacterial 

protection application [4, 11]. The photocatalysis mechanism of the semiconductor 

materials is based on the generation of reactive oxygen species (ROS) such as singlet 

oxygen (1O2), superoxide (•O2⁻), hydroxyl radical (•OH), and hydrogen peroxide (H2O2) 

after excitation of the photocatalyst [68]. More recently, there has been a growing interest 

in colloidal semiconductor QDs for the treatment of antibiotic-resistant bacteria. To date, 

various types of colloidal QDs have been introduced for antibacterial application, 
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including InP [15], ZnO [221], CdTe [222]. However, antibacterial activity of the type-II 

based QDs, in which electron and hole wavefunctions are spatially separated, have not 

been studied yet. 

In this study, we demonstrated InP/ZnO core/shell QD which has quasi-type-II 

heterostructure as an effective antibacterial agent. In this regard, first, we synthesized the 

InP core by hot-injection technique. Then, we grew multiple ZnO shells on the InP core 

structure by thermal decomposition process to obtain quasi-type-II heterostructure, 

enabling electron and hole wavefunctions are spatially separated. For the antibacterial 

application, we performed ligand exchange by replacing oleylamine (OLA) with sulfide 

ligand. We observed that sulfide-capped InP/1ZnO core/shell QDs exhibited highest ROS 

generation, including superoxide (•O2⁻), hydroxyl radical (•OH); whereas sulfide-capped 

InP/2ZnO and InP/3ZnO QDs exhibited lower ROS generation efficiency. Thus, for the 

antibacterial studies we used the InP/1ZnO core/shell QDs and they displayed high 

antibacterial activity of 99% inhibition against Pseudomonas aeruginosa under low 

intensity green light stimulation (3 mW.cm -2). 

6.2 Results and discussion 

6.2.1  Synthesis and structural characterization of InP and InP/ZnO QDs 

InP core QDs were synthesized by hot-injection technique of 

tris(trimethylsilyl)phosphine (P(TMS)3) on indium chloride (InCl3) at elevated 

temperature in the presence of the oleic acid (OA) and oleylamine (OLA) ligands with 

the 1-octadecene (ODE) solvent. ZnO shell growth was performed via thermal 

decomposition process of  zinc acetylacetonate monohydrate [Zn(acac)2.xH2O] [223]. For 

the consecutive ZnO shelling growth, shell precursor solution was added into the reaction 

mixture at 100º C and temperature is increased to 245º C. The schematic figure of the 

resulting core/shell QDs was illustrated in Figure 6.1a. The diffraction peaks are observed 

at 2θ values of 25.86º, 43.35º, and 51.78º corresponding to (111), (220), and (311) planes, 

respectively, indicating that cubic zinc blende structure of InP remained after ZnO shell 

growth (Figure 6.1b). Transmission electron microscopy (TEM) images showed that after 

first ZnO (1-ZnO) shell the size of QDs increased from 3.05 nm ± 0.35 to 3.54 nm ± 0.42, 

indicating that 0.49 nm shell was grown (see Figure 6.1c and Figure 6.1d). The formation 
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of a third ZnO (3-ZnO) shell led to the increase in size of QDs to 6.25 ± 0.73 nm (Figure 

6.1e). 

 

Figure 6. 1: (a) Schematic illustration of InP/ZnO core/shell QDs before and after ligand 

exchange. (b) X-ray diffraction pattern of InP/ZnO core/shell QDs. TEM images and size 

distributions of (c) InP core (3.05 nm ± 0.35), (d) InP/1ZnO (3.54 nm ± 0.42), and (e) 

InP/3ZnO core/shell QDs (6.25 ± 0.73 nm). For the particle size distribution, a minimum 

of 200 particles were counted. The scale bar is 10 nm for InP core TEM image, while for 

InP/1ZnO and InP/3ZnO QD TEM image the scale bar is 20 nm. 

To investigate the chemical composition of as-synthesized InP core and InP/ZnO 

core/shell QDs we conducted X-ray photoelectron spectroscopy (XPS) measurement 

(Figure 6.2). For the analysis, binding energies in the XPS data were calibrated with 

reference to the C–C bond in the C 1s spectrum (284.6 eV). The corresponding XPS 

results of InP/1ZnO core/shell QDs have been demonstrated in Figure 6.2 (For XPS 
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results of InP core see Appendix C). It has been observed that In-3d and P-2p peaks (see 

Figure 6.2a and Figure 6.2b) shifted towards higher binding energies which indicates the 

additional oxidation layer formation by the presence of ZnO shell on the InP core 

structure. In addition to this result, Zn-2p and O-1s peaks also confirm the ZnO shell 

growth (see Figure 6.2c and Figure 6.2d). 

 

Figure 6. 2: XPS results of InP/1ZnO core/shell QDs. (a) In-3d, (b) P-2p, (c) Zn-2p, and 

(d) O-1s. For the In-3d spectrum, we obtained two distinct peaks located at 444.59 and 

452.15 eV; whereas the P-2p spectrum displayed two doublets located at 128.38 and 

132.93 eV, which represent the chemical environment of phosphorus as introduced in 

previous studies [94]. 

6.2.2 Optical characterization results of InP/ZnO core/shell QDs 

A ligand exchange process was employed after the synthesis of InP/ZnO core/shell QDs  

to investigate the reactive oxygen species (ROS) generation efficiency. The energy 

bandgap diagram of InP core and quasi-type-II InP/ZnO core/shell QDs are given in 

Figure 6.3a. For the ligand exchange, we used short-chain sulfide ligand (S-2) to enhance 

the charge carrier separation and increase the ROS efficiency. The ligand exchange 
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process was carried out by mixing the InP/ZnO QDs dissolved in hexane with sodium 

sulfide nonahydrate (Na2S·9H2O) which is dissolved in a high polar solvent N-methyl-

formamide (NMF) at room temperature. The final sulfide-capped QDs were dissolved in 

water. The images of QD solution under ambient and UV light before and after ligand 

exchange process were shown in Figure 6.3b and Figure 6.3c. 

The absorbance and photoluminescence spectra of the InP/ZnO core/shell QDs before 

and after ligand exchange were investigated (see Figure 6.3d, Figure 6.3e and Appendix 

C). It has been observed that ZnO shell formation caused red-shift of the emission peak 

of the InP core from 598 nm to 618 nm (~70 meV) (Figure 6.3e). The red-shift in emission 

peak indicates that hole is confined in the InP core structure, while the electron delocalizes 

entire core/shell QDs.  
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Figure 6. 3: (a) The energy bandgap diagram of InP and InP/1ZnO QDs with redox 

potentials for the generation of reactive oxygen species. (b) The images of ligand 

exchange process. Before ligand exchange with sulfide ligand, OLA capped InP/1ZnO 

QDs are dissolved in hexane. After the ligand exchange process in the presence of NMF 

and sodium sulfide nonahydrate (Na2S·9H2O) QDs become soluble in water. (c)The 

images of InP/1ZnO QDs under UV light before and after ligand exchange process. (d) 

and (e) Abs and PL emission of InP core and InP/1ZnO capped with OLA and sulfide 

ligand. (f) The bar chart of PLQY values for InP/1ZnO, InP/2ZnO, and InP/3ZnO 

core/shell QDs capped with OLA and sulfide ligand. After the ligand exchange process, 

PLQY drastically decreased by the exterior surface trap states which are generated by 

short-chain sulfide ligand. (g) Recombination decay rate of InP/1ZnO QDs capped with 

OLA (red colored) and sulfide ligand (brown colored). 

We also investigated the shell thickness effect on photoluminescence quantum yield 

(PLQY) attribute of QDs. We observed that as the shell thickness increases from 1-ZnO 

to 2-ZnO, PLQY value also increased from 10.5% to 16.9% due to better passivation of 

surface trap states [48]. However, further increase in ZnO shell thickness (3-ZnO) caused 

strain effects in the crystal structure, leading to lower PLQY value (Figure 6.3f) [137]. 

The ligand exchange with short-chain sulfide ligand (S-2) resulted in further red-shift in 

the emission peak of QDs from 618 nm to 646 nm, possibly as a result of enhanced charge 

transfer toward sulfide ions (S2−) and further separation of charges as demonstrated in 

Figure 6.3e [224]. It should be also pointed out that after ligand exchange with sulfide 

ligand caused decrease in PLQY of QDs due to the formation of increased amount of trap 

states and nonradiative relaxation processes (Figure 6.3f) [65, 224]. 

Figure 6.3g demonstrates the recombinaton lifetime of InP/1ZnO QDs before and after 

ligand exchange process. It was fitted by using a biexponential decay function and the 

average lifetime of InP/1ZnO core/shell QDs was calculated using Equation (6.1) as 

follows: 

                                         𝜏𝑎𝑣𝑒 = (𝐴1×𝜏12+𝐴2×𝜏22)(𝐴1×𝜏1+𝐴2𝑥𝜏2)                                                           (6.1) 

where 𝜏𝑖 respresents the PL-decay time constants; 𝐴𝑖 respresents the amplitudes of the 

corresponding decay components. After ligand exchange with sulfide ligand the 
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recombination lifetime decreased from 13.9 ns to 3.5 ns, indicating the formation of 

excess nonraditive trap states by the presence of sulfide [65]. 

6.3 Reactive Oxygen Species (ROS) studies  

For the ROS generation studies of the InP/ZnO QDs with multiple ZnO shells, we used 

2′,7′-dichlorofluorescein diacetate (DCFH-DA) as sensor molecule [225]. By the 

presence of ROS in the medium, this sensor molecule is converted into 

dichlorofluorescein (DCF) which is a fluorescent molecule that emits at 525 nm (see 

Appendix C). Therefore, the change in fluorescence intensity of this sensor molecule 

provides information about the ROS generation in different time intervals. In this regard, 

after ligand exchange with sulfide, we illuminated the resulting InP/ZnO core/shell QDs 

with green light with a wavelength of 530 nm and measured the fluorescence intensity of 

dichlorofluorescein (DCF). We observed that sulfide-capped InP/1ZnO QDs exhibited 

the highest ROS generation compared to InP/2ZnO and InP/3ZnO QDs (Figure 6.4a). 

This suggests that with increasing the ZnO shell formation the charge carrier transfer 

towards sulfide ligand becomes harder. 

 

Figure 6. 4: Detection and quantification of Reactive Oxygen Species (ROS) generated 

by InP/ZnO QDs. For the excitation of QDs, green light with wavelength of 530 nm was 

used. (a) The effect of ZnO shell number on ROS generation efficiency. During 

experiment, DCFH-DA sensor molecule is used at a concentration of 10 µM. The highest 

ROS efficiency was obtained by InP/1ZnO core/shell QDs. (b) The absorbance result of 

XTT-formazan which is related to generation of superoxide radical (•O2⁻). (c) Methyl 

violet degradation experiment which is based on isopropanol (IPA) and benzoquinone 

(BQ) as scavengers. 



Chapter 6: Antibacterial Activity of Type-II InP/ZnO QDs Against Bacterial Infections 

72 

 

Since all the ROS molecules generated by semiconductor photocatalysis are sensitive to 

DCFH-DA sensor molecule, it is important to differentiate the types of generated ROS 

molecules. In this regard, we conducted several experiments. First, we used XTT (sodium 

3′-[1-[(phenylamino)carbonyl]-3,4-tetrazolium]-bis(4-methoxy-6-nitro)benzene sulfonic 

acid hydrate) [226] to detect the superoxide radical (•O2⁻) produced by QDs. The presence 

of the superoxide radical (•O2⁻) in the medium enables the transformation of XTT to XTT-

formazan [227] which is an orange-colored water-soluble compound that can be detected 

spectrophotometrically by monitoring the increase in absorbance at 470 nm. Upon green 

light irradiation for every 10 mins time intervals, we observed that the absorbance 

intensity of the XTT-formazan increased, which shows the superoxide radical (•O2⁻) 

generation at the concentration of 114 ± 7.34 µM by InP/ZnO QDs (Figure 6.4b). 

Additionally, we did not observe any absorbance in the absence of light irradiation 

(Figure 6.4b). Second, we performed an experiment which is based on methyl violet (MV) 

dye to detect other possible ROS molecules, except superoxide radical (•O2⁻). For that, 

we used isopropanol (IPA) and 1,4-benzoquinone (BQ) as scavengers for hydroxyl (•OH) 

and superoxide radicals (•O2⁻), respectively [228]. It was observed that both hydroxyl 

(•OH) and superoxide radicals (•O2⁻) are responsible for the photodegradation of MV dye 

as shown in Figure 6.4c. Moreover, an experiment which is based on InP/ZnS QDs and 

MV dye as control groups was carried out to confirm the presence of hydroxyl (•OH) 

radical. It was observed that the absorbance of MV did not change substantially after 30 

minutes of irradiation which verifies that hydroxyl (•OH) radical is generated by the 

presence of ZnO shell (see Appendix C) [229]. Based on these experiments, 

photocatalytic mechanism of InP/ZnO QD is as follows: when the QD is excited electron-

hole pair is created. Electrons that delocalize entire core/shell InP QD structure interact 

with oxygen molecule (O2) to generate superoxide (•O2⁻) (Equation 6.2), while holes are 

captured by sulfide ligand to generate hydroxyl (•OH) radicals (Equation 6.3) [65, 230].  

                                                       𝑂2 + 𝑒− →• 𝑂2−                                                     (6.2) 

                                                    𝐻2𝑂 +  ℎ+
 →  𝐻+ +  𝑂• 𝐻                                                (6.3)             

As a result, it can be referred that quasi-type-II sulfide-capped InP/ZnO core/shell QDs 

exhibit photocatalytic activity based on the generation of hydroxyl (•OH) and superoxide 

(•O2⁻) radicals (see Figure 6.3a). 
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6.4 Antibacterial studies 

For the antibacterial experiments of sulfide capped InP/ZnO QDs, we determined the 

antibacterial effect against P. aeruginosa at different QD concentrations, ranging from 50 

to 125 µM under green light exposure (λpeak = 530 nm) at a low intensity level of 3 

mW.cm-2 (see Figure 6.5). In the dark, InP/ZnO QDs exhibited no growth-inhibiting 

property, indicating that the concentration of QD is below the inherent toxicity. Despite 

we observed no growth inhibition at a QD concentration of 50 µM (mean CFU/ml 

1.83x104), increasing the concentration of QDs to 75 µM enabled growth inhibition of up 

to 91.7% under green light exposure. The highest growth inhibitions of 95.5% (mean 

CFU/ml 1.02x102 & p: 0.0069) and 98.7% (mean CFU/ml 3.90x102 & p: 0.0053) were 

obtained at QD concentrations of 100 µM and 125 µM, respectively. Additionally, we 

conducted scanning electron microscopy (SEM) characterization technique to investigate 

the cellular morphology change (see Figure 6.5). SEM images demonstrated that cellular 

morphology is not altered in the case of control and QD-treated groups in the dark. 

However, for the QD-treated groups which were exposed to green light, the cellular 

morphology changed as shown in the SEM images (marked with red circles-see Figure 

6.5e), indicating that sulfide capped InP/ZnO QDs can be activated through externally 

applied light.  

We also performed cytotoxicity assay for the InP/ZnO QDs using Vero E6 cells under in 

the dark and we observed that the cell viability remained above 90% at QD concentrations 

ranging from 50 µM to 125 µM (see Figure 6.6). Thus, it can be concluded that InP/ZnO 

QDs can be considered as an effective biocompatible material for antibacterial 

applications.  
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Figure 6. 5: (a) Antibacterial experiments of sulfide capped InP/ZnO QDs against P. 

aeruginosa at different QD concentrations, ranging from 50 to 125 µM in the dark and 

under low intensity green light stimulation (3 mW cm -2). (b) SEM image of untreated 

bacteria. As control group, bacteria were not treated with QD concentration or light 

exposure. (c) SEM image of bacteria which is incubated with InP/ZnO QDs at a 

concentration of 125 µM in the dark. (d) SEM image of bacteria exposed to low intensity 

green light. (e) SEM image of bacteria which is incubated with InP/ZnO QDs at a 

concentration of 125 µM under low green light exposure.  
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Figure 6. 6: Dark cytotoxicity of sulfide capped InP/ZnO QDs on Vero E6 cells. 

6.5 Conclusion 

In conclusion, we demonstrated quasi-type-II InP/ZnO core/shell QDs with multiple ZnO 

shells for antibacterial application against P. aeruginosa. In order to separate charge 

carriers further and enhance the ROS efficiency, amine groups were successfully replaced 

with short-chain sulfide ligands via ligand exchange process. It has been observed that 

InP/ZnO QDs have the potential to generate ROS, specifically superoxide (•O2⁻) and 

hydroxyl radicals (•OH). Moreover, InP/ZnO QDs with 1-ZnO shell exhibited the highest 

ROS efficiency compared to 2-ZnO and 3-ZnO shells. Furthermore, upon low intensity 

green light stimulation (3 mW.cm-2) the optimized core/shell QDs displayed high 

antibacterial activity of 99% inhibition against Pseudomonas aeruginosa. 
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Chapter 7: Conclusion 

In conclusion, in this thesis work, we have shown novel InP-based QDs and their light-

emitting diode (LED) and antibacterial applications. In this regard, we first introduced 

highly efficient quasi-type-II InP/ZnO/ZnS core/shell/shell QDs with PLQY of more than 

90%. ZnO and ZnS shell formation were confirmed by optical analysis that is supported 

by quantum mechanical simulations. Further, using small angle X-ray scattering (SAXS) 

measurement we described that ZnS shell formation enables the transition of the NC 

ensemble from spherical to elliptical shapes. We also suppressed the host material effect 

in QD-based light-emitting diodes by simple liquid-state integration that lead to an 

external quantum efficiency (EQE) of 9.4% and power conversion efficiency (PCE) of 

6.8%, respectively. Then, we introduced ruthenium doping which can be an alternative 

strategy to obtain efficient red-emitters in InP crystal structure for the first time. We 

confirmed the ruthenium presence inside the InP crystal structure by several 

characterization techniques such as x-ray photoelectron spectroscopy (XPS), energy-

dispersive X-ray analysis (EDX). In order to enhance the PLQY of ruthenium doped InP 

QDs (Ru:InP) we grew ZnS shell and the final Ru:InP/ZnS QDs exhibited PLQY of 

77.6% in the red spectral region. We also observed that in the absence of ruthenium the 

PLQY of QDs was measured around 60%. The integration of Ru:InP/ZnS QDs into LEDs 

in a liquid matrix led to an external quantum efficiency of 7.9%. 

As the final study of this thesis, for the first time, we demonstrated quasi-type-II InP/ZnO 

core/shell QDs with multiple ZnO shells as efficient photocatalysts for the generation of 

reactive oxygen species (ROS). We used hot injection and thermal decomposition 

methods to synthesize InP/ZnO core/shell QDs. Quasi-type-II heterostructure by ZnO 

shell led to red-shift in emission peak from 598 nm to 618 nm (~70 meV). We conducted 

ligand exchange process to replace amine group with short-chain sulfide ligand. InP/ZnO 

QDs with 1-ZnO shell exhibited the highest ROS efficiency compared to 2-ZnO and 3-

ZnO shells. Furthermore, upon low intensity green light stimulation (3 mW.cm-2) the 

optimized core/shell QDs exhibited high antibacterial activity of 99% inhibition against 

Pseudomonas aeruginosa. 

As a result of our studies, I published 4 articles as first-author in such journals including 

ACS Applied Materials & Interfaces, ACS Applied Nano Materials, AIP Chemical 
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Physics Reviews, and STAR Protocols, and co-authored eight more journal papers 

published in ACS Nano, Nano Letters, ACS Photonics, Scientific Reports, Advanced 

Healthcare Materials, Advanced Materials Technologies, and Frontiers in Neuroscience. 
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Appendix A 

A.1 Synthesis of InP/ZnO/ZnS core/shell/shell QDs 

A.1.1 Synthesis of InP QDs 

Firstly, 43 mg of zinc undecylenate, 32 µL oleic acid (OA), 66 µL oleylamine (OAM), 

22 mg InCl3 were mixed in 3 mL ODE and heated to 120º C. The flask was degassed 20 

min at 120º C and refilled with nitrogen. Afterwards it was heated to 200º C and 500 µL 

phosphine stock solution (P(TMS)3-ODE 0.2 mmol mL-1) was rapidly injected and mixed 

30 min at 200º C. Then the solution was cooled down to 80º C and aliquot was taken from 

sample. 

A.1.2 Synthesis of InP/ZnO and QD-4ZnS core/shell/shell NCs 

In order to prepare the ZnO stock solution 245 µL OAM, 8 µL OA and 6,5 mg Zn(acac)2 

were mixed in 1.6 mL ODE at 80º C. 500 µL ZnO stock solution was added to InP core 

solution at 80º C and heated to 250º C. It was mixed 30 min at this temperature and cooled 

to 170º C.  For the zinc (Zn) and sulphur (S) precursor solutions were prepared separately. 

510 mg Zn(St)2 and 27 mg S powder were dissolved in 8 mL ODE and 8 mL TOP, 

respectively. It should be noted that for fully dissolving of sulphur in TOP we applied 

heat which was around 100°C. After preparation of stock solutions, they were added to 

InP/ZnO solution in a row and heated to 250º C. The solution was mixed at 250º C for 30 

min. For each shelling procedure same method was employed. The injection amounts of 

precursors were shown in Table A.2. 

A.2 InP/ZnO/ZnS-based QD-LEDs  

A.2.1 Lens making procedure 

In order to make hemi-spherical lens with outer diameter of 9 nm and inner diameter of 

7 nm, PDMS-SYLGARD 184 Elastomer was mixed with of SYLGARD 184 curing agent 

with ratio of 10:1, then the mixture was stirred vigorously until the bubbles appear. 

Afterwards to dispel the bubbles completely the mixture was degassed 20 min. The 

mixture was poured into the aluminum mold and cured at 70º C 1 hour. After curing, lens 

was taken out from mold. The thickness of the as-prepared lens is 1 mm. 
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A.2.2 Fabrication of LED Device and Close-Packed LEDs 

Before soldering of the electrical wires for connection to the voltage supply, the blue chip 

was mounted on board. Afterward, PDMS lens was attached on LEDs by using an NOA 

68 UV curable polymer. To cure LEDs with PDMS lens were kept under UV radiation at 

365 nm for 20 min. To prevent any leakage from PDMS lens, dripping of curable polymer 

and keeping under radiation was made two times. 

A.2.3 LED measurements 

For LED measurement, an EP-B4040F-A3 InGaN GaN blue LED chip from Secol 

Company with an illumination wavelength at 465 nm was used. LED measurements were 

performed with a multi-port Ocean Optics integrating sphere. The detector was an Ocean 

Optics Torus with optical resolution of 1.6 nm FWHM. The signal to noise ratio was 

250:1. The external quantum efficiency was calculated based on literature as mentioned 

above. 

A.3 Structural and optical characterizations of QDs 

Powder X-ray diffraction (XRD) measurements of the InP, InP/ZnO, and QD-4ZnS NCs 

were performed by Bruker D8 eco X-ray diffractometer [λCu-Kα=1.54 Å radiation] with a 

scan speed of 0.14º min-1. Before XRD measurements, they were purified three times to 

remove excess impurities. Then, the colloidal NC dispersion was drop casted on a Si-

miscut wafer, a zero-background holder. XRD measurement was carried out at room 

temperature. Steady-state absorbance and PL measurements were performed by using 

Edinburgh Instruments FL-50 spectrofluorometer by excitation wavelength of 375 nm. 

QE measurements were carried out by using an integrating sphere with an inner diameter 

of 150 mm.  

For TEM measurement, samples were deposited as 10 µL of 1 mM of QD in hexane 

solution on a copper support grid. Transmission electron microscopy (TEM) analysis was 

performed using a JEOL JEM-ARM200CFEG UHR microscope with a spherical 

aberration-corrected probe and equipped with a Gatan UltraScan camera model 994 

US1000X.  

Bright-field images were collected using an accelerating voltage of 200 keV. For the 

small angle x-ray scattering (SAXS) measurements about 100 µl of NC-dispersions have 
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been filled in quartz glass capillaries with 1.5 mm diameter and have been sealed with 

epoxy resin. The capillaries have been inserted into our laboratory SAXS system 

(Nanostar from Bruker AXS) and have been measured in vacuum to suppress air 

scattering. Two-dimensional (2D) SAXS images have been recorded using Cu-Kα X-ray 

radiation with a wavelength of 1.5 Å and a 2D Vantec detector. The 2D scattering patterns 

have been azimuthal integrated to obtain 1D scattering intensity I(q) data as a function of 

the reciprocal scattering vector q. All 1D data have been corrected for the different x-ray 

transmission values.  

Transient absorption (TA) studies were performed with an ultrafast pump-probe 

spectrometer to measure the change ΔA in the nonlinear absorbance spectrum 

(ΔA=Apumped-Aunpumped; Apumped=absorbance spectrum of the pumped sample and 

Aunpumped=small-signal absorbance spectrum).  Further details of the pump-probe setup 

and measurement procedure are described in reference [34].Here, free charge carriers 

were excited with a 320-nm femtosecond pump pulse (fluence of 480 µJ.cm -2) and the 

resulting nonlinear absorbance change was measured with a femtosecond white-light 

probe in the 450-800 nm spectral window.  

Table A. 1: PLQY values according to injected ZnO precursor amount into InP Core 
solution. 

 ZnO precursor 

solution 

injection amount  

Zn/In ratio 

(mmol)  

PLQY of 

InP/ZnO 

Core/shell QDs 

(%) 

Concentration-1 300 µL 0.38 x 10-2 14.6 

Concentration-2 400 µL 0.51 x 10-2 22.4 

Concentration-3 500 µL 0.65 x 10-2 25.8 

Concentration-4 600 µL 0.77 x 10-2 22 
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Table A. 2: Zinc and Sulphur precursor solution concentration for ZnS shells. 
 Concentration 

(M) 

QD-

1ZnS 

QD-

2ZnS 

QD-

3ZnS 

QD-

4ZnS 

QD-

5ZnS 

QD-

6ZnS 

ZnSt2-

ODE 

0.1 600 

µL 

825 

µL 

1050 

µL 

1365 

µL 

1775 

µL 

2310 

µL 

S-TOP 0.1 600 

µL 

825 

µL 

1050 

µL 

1365 

µL 

1775 

µL 

2310 

µL 

 

 

Figure A. 1: SAXS data (symbols) and fits of InP core, InP/ZnO and QD-4ZnS. In (a) the 

experimental SAXS data together with resulting fits (lines) are shown. For describing the 

partly aggregated NCs we fitted simultaneously the structure factor S(q) and the form 

factor P(q). (b) Here the resulting form factor alone is shown containing information on 

particle size, shape, and size distribution. 
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Figure A. 2: X-ray diffraction (XRD) of InP (black), InP/ZnO (blue) and of InP/ZnO/ZnS 

(QD-4ZnS) core/shell/shell QDs. The lines are Gaussian peak fits on a splined 

background to the XRD data (dots). The black vertical dashed lines and black crosses 

marks the positions of InP (ICDD 00-032-0452), the blue crosses of hexagonal ZnO 

(ICDD 00-036-1451) and the red crosses of hexagonal wurtzite ZnS (ICDD 00-036-1450) 

in its relaxed bulk crystal phases. 
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Figure A. 3: X-ray photoelectron spectroscopy analysis of InP/ZnO core/shell QDs. a) In 

3d spectrum, b) P 2p spectrum, (c) Zn 2p spectrum, and (d) O 1s spectrum. 
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Figure A. 4: X-ray photoelectron spectroscopy analysis of QD-4ZnS core/shell/shell QDs. 

a) In 3d spectrum, b) Zn 2p spectrum, (c) O 1s spectrum, and (d) S 2p spectrum. 

 

Figure A. 5: Surface plot of the measured ΔA with respect to the probe wavelength and 

delay up to 1.7 ns for the QD-4ZnS NCs. 
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Appendix B 

B.1 Synthesis of Ru:InP/ZnS QDs 

B.1.1 Zinc oleate (0.5 M) stock solution preparation 

5504 mg zinc acetate (30 mmol), 20 mL OAm, and 40 mL ODE were mixed at room 

temperature and degassed at 120º C for 60 min. After degassing, the temperature 

increased to 170º C under argon atmosphere and mixed at 170º C for 30 min. It was cooled 

down to room temperature and centrifuged at 9000 rpm, 6 min using hexane. 

Centrifugation process was repeated 3 times. The resulting white powder was kept in 

glove-box. 

B.1.2 Ruthenium (0.01 M) stock solution preparation 

4 mg Ru(acac)3 was dissolved in 1 mL anhydrous chloroform. 

B.1.3 Synthesis of InP Core QDs with different core sizes 

For the synthesis of green-emitting InP core QDs,  22 mg (0.1 mmol) InCl3, 48 mg (0.2 

mmol) HDA, 43 mg (0.1 mmol) zinc undecylenate and 28 mg (0.1 mmol) SA were mixed 

in 3 ml ODE in a three-neck 50 ml round bottom reaction flask. The solution was firstly 

degassed at 120 °C for 1.5 h, then heated up to 220º C under nitrogen atmosphere. 0.5 ml 

of the P(TMS)3 stock solution was injected into the solution at this temperature. The 

solution was kept at 210º C for 20 min and then cooled down to room temperature. For 

the synthesis of yellow and orange-emitting InP core structure, same chemical amounts 

were used. Injection temperature for yellow and orange-emitting InP QDs were 230º C 

and 235º C, respectively. After injection of phosphine precursor, they were mixed at 220 

and 225º C for 20 min, respectively. After 20 min, they were cooled down to room 

temperature. Then, the solutions were centrifuged at 9000 rpm, 20 min using hexane-

ethanol. Centrifugation process was repeated 2 times. The final QD solutions were 

redispersed in hexane. 

B.1.4 Synthesis of Ru:InP QDs 

After 20 min, instead of cooling down to room temperature, solutions were cooled down 

to 150º C. At 150º C, Ru precursor solution with different Ru:In ratio was injected into 

the main solution and the reaction flask was heated to 230º C. After injection of ruthenium 
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precursor, the solution color became darker. It was mixed at 230º C for 20 min, cooled 

down to room temperature. Then, the solution was centrifuged at 9000 rpm, 20 min using 

hexane-ethanol. Centrifugation process was repeated 2 times. The final QD solution was 

redispersed in hexane. 

B.1.5 Synthesis of Ru:InP/ZnS core/shell QDs 

Instead of cooling down to room temperature, Ru:InP solution was cooled down to 160º 

C. 259 mg zinc oleate and 93 mg sulfur were dissolved in 2 mL TOP. Solution 

temperature increased to 220º C and zinc precursor solution was injected dropwise into 

the flask at a rate of 2 mL/h using a syringe pump. Then, the solution was kept at 220º C 

for 60 min for growing the shell. Finally, the solution was cooled down to room 

temperature. Afterwards, hexane was added into the flask and the resulting crude solution 

was centrifuged at 11000 rpm, 3 min. Centrifugation at 11000 rpm was repeated 3 times 

to minimize the amount of zinc-based organic parts. Then, the QD solution was mixed 

hexane and ethanol with a volume ratio of 1:2:4 and precipitated at 9000 rpm for 10 min. 

Precipitation process was repeated 2 times. The final QDs solution was redispersed in 

toluene. 

B.2 Ru:InP/ZnS-based QD-LED 

B.2.1 Lens making procedure 

In order to make hemi-spherical lens with outer diameter of 9 mm and inner diameter of 

7 mm, PDMS-SYLGARD 184 Elastomer was mixed with of SYLGARD 184 curing 

agent with ratio of 10:1, then the mixture was stirred vigorously until the bubbles appear. 

Afterwards to dispel the bubbles completely the mixture was degassed 20 min. The 

mixture was poured into the aluminum mold and cured at 70º C for 1 hour. After curing, 

the lens was taken out from mold. The thickness of the as-prepared lens is 1 mm. 

B.2.2 Fabrication of LED Device 

Before soldering of the electrical wires for connection to the voltage supply, the blue chip 

was mounted on board. Afterward, PDMS lens was attached to LEDs by using an NOA 

68 UV curable polymer. To cure LEDs with PDMS lens were kept under UV radiation at 

365 nm for 20 min. To prevent any leakage from PDMS lens, dripping of curable polymer 

and keeping under radiation were made two times. 
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B.2.3 LED Measurements 

Ocean Optics integrating spheres were used for LED characterizations. An Ocean Optics 

Torus was used as a detector with a wavelength range of 300 to 900 nm with an optical 

resolution of 1.6 nm FWHM over the spectra range. An Ocean Insight HL-3P-INT-CAL 

was used as a calibration source. 

B.3 Structural and Optical Characterizations of QDs 

X-ray diffraction (XRD) of InP core, Ru:InP, and Ru:InP/ZnS QDs were carried out using 

a Rigaku Miniflex XRD λCu Kα = 1.54 Å with a 5º min−1 scan rate. XRD samples were 

prepared by drop-casting QDs dissolved in hexane onto 1 cm × 1 cm silicon wafers and 

heated to 100º C and kept at this temperature for 1 h to dry liquid QDs on the silicon 

wafers. XRD measurements were carried out at room temperature. The lattice parameters 

of the samples were determined by least-squares refinement on 3 reflection positions 

corresponding to (111), (220) and (311) planes, using WinCSD software package [231]. 

For the X-ray photoelectron spectroscopy (XPS) measurement, the same sample 

preparation method was followed. XPS measurements were performed using a Thermo 

Scientific K-α (Al Kα source) surface analysis tool at ultrahigh vacuum conditions. For 

the analysis, binding energies in the XPS data were calibrated with reference to the C–C 

bond in the C 1s spectrum (284.6 eV). ICP-MS measurement was performed to 

investigate the chemical composition of the QDs. For the ICP-MS analysis, Agilent 7700x 

inductively coupled plasma-mass spectrometer was used. The powder samples were 

digested in 10 mL of aqua regia (8 mL HNO3 + 2 mL HCl) via a Start D Milestone 

Microwave Digestion system and obtained each samples diluted with a deionized water 

(18.2 Mohm) by a ratio of 1:3. For TEM measurement, samples were deposited as 10 μL 

of a 1 mM QD in a hexane solution on a copper support grid. TEM measurements were 

performed using Hitachi HT7800 (100 kV). HRTEM measurements were performed 

using FEI TALOS F200S TEM 200 kV. STEM images were collected using Hitachi 

HF5000 Cs corrected cold FEG 200 kV, equipped with EDX (Oxford Instruments). 

Steady-state absorbance and PL measurements were performed using an Edinburgh 

Instruments, FS5 spectrofluorometer with a 150 W xenon lamp. The excitation 

wavelength was 375 nm. For absorbance and PL measurements, regular quartz cuvettes 

were used. PLQY measurements were carried out using an integrating sphere with an 
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inner diameter of 150 mm. For the femtosecond transient absorption spectroscopy (TAS) 

experiments, solutions containing QDs were excited with 320-nm femtosecond pulses, 

generated with an optical parametric amplifier (MKS Spectra-Physics TOPAS) which 

was pumped with a regeneratively amplified Ti:sapphire laser delivering 120-fs pulses 

(MKS Spectra-Physics, Spitfire Ace). The incident pump fluence was 480 µJ/cm2. The 

resulting difference ΔA between the pumped and unpumped  absorbance was measured 

as a function of probe delay by utilizing  a femtosecond white-light probe in the 400−650 

nm spectral window. 

Table B. 1: ICP-MS analysis results for the Ru:InP core QDs. 

Sample Amount 

(mg) 

In (wt%) Ru (wt%) P (wt%) 

56.4 0.36 0.005 0.071 
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Figure B. 1: TEM and size distribution of the synthesized (a) G-InP core (2.67 nm ± 0.39), 

(b) Ru:InP (3.05 nm ± 0.57) (Ru:In ratio of 0.005), and (c) Ru:InP/ZnS core/shell QDs 

(5.58 nm ± 0.74). For the particle size distribution, a minimum of 200 particles were 

counted. The scale bar of the TEM images is 20 nm. (d) XRD pattern for the InP core, 

Ru:InP and Ru:InP/ZnS core/shell QDs. The XRD pattern for InP core QDs exhibited 

three well-defined peaks observed at 2θ values of 27.18°, 44.95°, and 52.97°, attributing 

to the (111), (220), and (311) planes of the zinc-blende crystal structure of InP (JCPDS32-

0452). After the Ru incorporation (Ru:In ratio of 0.005), the diffraction peaks shifted to 

lower 2θ values of 27.10°, 44.77°, and 52.66° that indicate lattice filling of Ru dopant at 

the interstitial sites of the InP host structure. After the ZnS shell growth on the Ru-doped 

InP QDs, the diffraction peaks shifted toward higher 2θ values of 28.00°, 46.66°, and 

54.46°, respectively. 

 
Figure B. 2: TEM and size distribution of the synthesized (a) G-InP core (2.81 nm ± 0.47), 

(b) Ru:InP (3.03 nm ± 0.40) (Ru:In ratio of 0.01), and (c) Ru:InP/ZnS core/shell QDs 
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(5.71 nm ± 0.98). For the particle size distribution, a minimum of 200 particles were 

counted. The scale bar of the TEM images is 20 nm. (d) XRD pattern for the InP core, 

Ru:InP and Ru:InP/ZnS core/shell QDs. The XRD pattern for InP core QDs exhibited 

three peaks observed at 2θ values of 26.65°, 44.14°, and 52.11°, attributing to the (111), 

(220), and (311) planes of the zinc-blende crystal structure of InP (JCPDS32-0452). After 

the Ru incorporation (Ru:In ratio of 0.01), the diffraction peaks shifted to lower 2θ values 

of 26.55°, 44.00°, and 52.07° that indicate lattice filling of Ru dopant at the interstitial 

sites of the InP host structure. After the ZnS shell growth on the Ru-doped InP QDs, the 

diffraction peaks shifted toward higher 2θ values of 26.60°, 44.41°, and 52.56°, 

respectively. 

 
Figure B. 3: The effect of Ru doping on PLQY for the InP core QDs emitting at green, 

yellow, and orange spectral range. 
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Figure B. 4: PLQY (%) change of undoped and doped QDs before centrifugation (BC) 

and after centrifugation (AC) process. 

 

Figure B. 5: PL shift (meV) for Y-InP and O-InP core QDs according to different Ru:In 

injection ratio. 
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Figure B. 6: EQE of LEDs integrated with (a) InP/ZnS QDs and (b) Ru-doped InP/ZnS 

at 10 mA for 500 h. The CIE color coordinate changes of (c) bare InP/ZnS QDs and (d) 

Ru-doped InP/ZnS QDs.   

 

 

Figure B. 7: P-2p spectrum of the InP core and Ru:InP QDs. 
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Figure B. 8: (a) Ru-3d and (b) Ru-3p spectrum of the Ru:InP QDs. 

 

Figure B. 9: (a) Zn-2p spectrum, and (b) S-2p spectrum of Ru:InP/ZnS core/shell QD. 

The EQE of the LEDs was measured from the following formula (Equation B.1) [209]  

 ηext = number of photons emitted into free space per second 
number of electrons injected into LED per second

 = 𝑃/(ℎ𝑣)𝐼/𝑒                        (B.1) 

where P is the optical power emitted into free space, also called radiant flux.  
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Appendix C 

C.1 Synthesis of InP/ZnO core/shell QDs 

C.1.1 Synthesis of InP core QDs 

For InP core QD synthesis, zinc undecylenate (43 mg), oleic acid (OA) (32 µL), and 

oleylamine (OLA) (66 µL) were mixed with indium chloride (InCl3) (22 mg) in ODE (3 

mL) medium. Afterwards, it was degassed at 120º C for 1.5 hour and temperature is 

increased to 220º C under argon (Ar) environment. 500 µL phosphine solution [P(TMS)3-

ODE] (0.1 mmol.ml-1) was rapidly injected into the main solution at 220º C and mixed at 

that temperature for 30 min. The solution was then cooled to 80º C, and an aliquot was 

taken for characterization purposes. 

C.1.2 Synthesis of InP/ZnO core/shell QDs 

In order to synthesize InP/ZnO core/shell QDs zinc acetylacetonate dehydrate 

[Zn(acac)2.xH2O] solution (6.5 mg) which includes oleylamine (OAM-245 µL), oleic 

acid (OA-8 µL) and 1.6 mL ODE was injected at 80º C and heated to 245º C. It was mixed 

at 245º C for 30 min, then it was cooled down to room temperature. For additional ZnO 

shell growth, same procedure was performed. The crude solution was cooled down to 

room temperature. Hexane was added into the flask and the resulting crude solution was 

centrifuged at 11000 rpm for 3 min to remove byproducts. The QD solution was mixed 

with hexane and ethanol. Then, it was centrifuged at 9000 rpm for 10 min. Precipitation 

process was repeated two times. The final QDs solution was redispersed in hexane. 

C.2 Ligand exchange of InP/ZnO core/shell QDs 

Ligand exchange process was carried out using Na2S·9H2O as sulfide source. InP/ZnO 

QDs which are dissolved in hexane with the concentration of 3-5 mg/mL were mixed 

with 0.05 M Na2S·9H2O solution dissolved in N-methyl-formamide (NMF) at room 

temperature. Once the transfer of QDs towards N-methyl-formamide (NMF) solution is 

completed, NMF solution was centrifuged using hexane to remove the remaining 

nonpolar organic species. Then, QDs were precipitated using acetone. Afterwards, QD 

precipitate was redissolved in water by ultrasonication process. Once a clear solution was 

obtained, centrifugation process was performed at 5000 rpm for 5 min to remove the 

impurities. The final QDs dissolved in water were stored at 2-6º C. 
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C.3 Optical and structural characterization 

To determine the surface composition of the QDs, X-ray photoelectron spectroscopy 

(XPS) was employed, using a Thermo Scientific K-alpha (Al Kα source) surface analysis 

tool at ultrahigh vacuum conditions. XPS spectrometer with binding energy calibrated 

using the C 1s peak at 284.5 eV. For powder X-ray diffraction (XRD) analysis, a Rigaku 

miniflex XRD instrument with λCu Kα = 1.54º A and a scan rate of 5 min-1 was utilized. 

To prepare the samples for XPS and XRD analysis, the QDs were dissolved in hexane 

and deposited onto a 1 cm x 1 cm silicon wafer. The samples were then completely dried 

by heating to 110º C for 1 hour. TEM measurements were performed using FEI TALOS 

F200S TEM 200 kV. For TEM analysis, samples were deposited as 10 μL of a 1 mM QD 

in a hexane solution on a copper support grid. 

Steady-state absorbance and photoluminescence measurements were taken using an 

Edinburgh Instruments (FS5 spectrofluorometer) with an excitation wavelength of 375 

nm. Quantum efficiency was measured using an integrating sphere with an inner diameter 

of 150 mm. For the time-dependent PL decay measurements, a PicoQuant MicroTime 

100 time resolved confocal fluorescence microscope with a diode laser (λexc = 375 nm) 

at a 60 MHz repetition rate coupled to a 40x objective lens was used. Bandpass filters 

with a bandwidth of 15 nm were utilized for spectrally resolved data. 

C.4 ROS detection and quantification 

For the ROS detection and quantification experiements, 2',7'-dichlorofluorescein 

diacetate (DCF-DA) was used as a sensor molecule at a concentration of 10 µM. A stock 

solution of 2',7'-dichlorofluorescein diacetate (DCF-DA) (10 mM) was prepared using 

dimethyl sulfoxide (DMSO) solvent, then it was diluted to 10 µM solution. QD solution 

and blank sample was irridiated by green light. The emission of the DCF molecule was 

monitored at 0, 10, 20, and 30 minutes. For the emission measurement, Edinburgh 

Instruments FS5 spectrofluorometer was used. During the measurements the excitation 

wavelength was adjusted to 490 nm. To quantify superoxide (•O2⁻) radical, sodium 3′-[1-

[(phenylamino)-carbony]-3,4-tetrazolium]-bis(4-methoxy-6-nitro) benzene-sulfonic acid 

hydrate (XTT) was used. For the absorbance measurement of XTT-formazan Edinburgh 

Instruments FS5 spectrofluorometer was used. The molar concentration of each ROS 

species was determined using Equation C.1 
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                                                        C =  ∫ C0−CtT0 dtT                                                        (C.1)        

where C is the average molar concentration of ROS species, Co is the initial concentration 

of the sensor molecule, Ct is the concentration of the sensor molecule at time t, T is the 

irradiation time. 

Methyl violet (MV) dye degradation experiment was performed using isopropanol (IPA) 

and 1,4-benzoquinone (BQ) as scavengers for hydroxyl (•OH), superoxide anion (•O2⁻). 

Beer-Lambert law was used to calculate the concentration of MV dye. 

C.5 Antibacterial study 

The antibacterial activity of InP/ZnO QDs at different concentrations ranging from 50 to 

125 µM was evaluated against Pseudomonas aeruginosa ATCC® 700829™ strain. To 

perform the assay, overnight bacterial cultures were diluted in 1 x PBS (Biowest) to obtain 

a final concentration of 105 CFU/ml. The diluted cultures were then incubated with the 

QDs for 1 hour at 37º C in 12-well Ibidi chambers, whereas control group was incubated 

with phosphate buffered saline (PBS) only. Green light source (λmax = 530 nm) was 

utilized to excite the samples for 4 hours. To evaluate the antibacterial effect of QDs in 

the dark, a separate set of samples was prepared without light exposure. For control group, 

no QD treatment or light exposure was performed. For the quantification of the viable 

bacteria, serial diluted samples were prepared and plated on agar plates. The experiments 

were repeated three times.  

For the bacteria-counting assay, bacteria suspensions (concentration of 106 per well) are 

first incubated with QDs for one hour, followed by green light exposure for four hours. 

Then, bacterial suspensions were centrifuged and the pellets were washed. The pellets 

were then stained with BacLight (L7007, Invitrogen) for 15 minutes at room temperature 

and fixated with 3.5% formaldehyde for 1 hour. The washed pellets were transferred to 

black flat bottom 96-well plates (Greiner), and the total cell counts were analyzed using 

the Celigo Image Cytometer. 

Following the exposure to green light, the bacterial pellets were washed with 1x PBS and 

fixated in 2.5% glutaraldehyde for 1 hour. Then, the samples were dehydrated by 

incubating them in 50, 70, 80, 90, and 100% of ethanol for 10 min and they were 

transferred onto glass slides (10 µl of sample for each). Scanning electron microscope 
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(SEM) was used for the high-resolution image. Before SEM characterization, the samples 

were coated with gold to obtain clear image. The magnification was 10,000x.  

For the cytotoxicity studies of the QDs, Vero-E6 cell lines were grown in high-glucose 

DMEM supplemented with 10% inactivated Fetal Bovine Serum and 1% 

Penicillin/Streptomycin/Amphotericin at 37º C under 5% CO2. InP/ZnO QDs added to 

the Vero-E6 cell lines at concentrations of 50, 75, 100, and 125 µM. Afterwards, they 

were incubated for 5 hours at 37º C. Following the incubation process, the cells were 

treated with 0.5 mg/ml MTT for 2 hours at 37º C. Then, 200 µl of DMSO was added to 

the cells, and the absorbance was measured at 570 nm using a Multiskan GO plate reader . 

C.6 Statistical analysis 

Viable bacterial counts were compared with One-Way ANOVA test using Graphpad 

Prism 9. Inhibition caused by QD and / or light exposure were compared to control viable 

counts. The bacterial inhibition was considered as statistically significant for p < 0.05. 

 

Figure C. 1: (a) In-3d and (b) P-2p spectrum of InP core QD. 
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Figure C. 2: Photophysical properties of 2 and 3 ZnO shell grown on the top of InP core 

QDs (a) and (b) Abs spectra for before and after sulfide ligand exchange, respectively. 

(c) and (d) show PL spectra before and after sulfide ligand exchange, respectively. 

 

Figure C. 3: (a) DCF-DH spectrum in the presence of InP/ZnO QDs. For the experiment, 

DCF-DH (10 µM) sensor molecule and 0.5 mM InP/ZnO QDs was utilized under green 

light stimulation. (b) shows the absorbance spectrum of MV dye in the presence of 

InP/ZnS QDs under green light stimulation.  

 

 



Appendix D 

99 

 

Appendix D 

D.1  List of Publications 
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Kaya, L.; Burcak, A. B.; Aydemir, U.; Metin, O.; Sennaroglu, A.; Nizamoglu, S; 
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Materials, vol. 6, no. 12, pp. 10044-10053, 2023. 
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