ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL

SYNTHESIS OF ZnCdSSe, CdSSeTe QUATERNARY AND ZnCdSSeTe
QUINARY ALLOY QUANTUM DOTS VIA TWO PHASE SYNTHESIS
METHOD

M.Sc. THESIS

Merve ERKAN

Department of Chemistry

Chemistry Programme

JUNE 2023






ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL

SYNTHESIS OF ZnCdSSe, CdSSeTe QUATERNARY AND ZnCdSSeTe
QUINARY ALLOY QUANTUM DOTS VIA TWO PHASE SYNTHESIS
METHOD

M.Sc. THESIS

Merve ERKAN
(509201216)

Department of Chemistry

Chemistry Programme

Thesis Advisor: Assoc. Prof. Caner UNLU

JUNE 2023






ISTANBUL TEKNIK UNIiVERSITESI % LISANSUSTU EGIiTiM ENSTITUSU

ZnCdSSe, CdSSeTe DORTLU VE ZnCdSSeTe BESLi ALASIM KUANTUM
NOKTACIKLARININ iKi FAZ SENTEZ YONTEMI iLE SENTEZLENMESI

YUKSEK LiSANS TEZi

Merve ERKAN
(509201216)

Kimya Anabilim Dah

Kimya Programm

Tez Danmismani: Dog. Dr. Caner UNLU

HAZIRAN 2023






Merve ERKAN, a M.Sc. student of ITU Graduate School student ID 509201216
successfully defended the thesis entitled “SYNTHESIS OF ZnCdSSe, CdSSeTe
QUATERNARY AND ZnCdSSeTe QUINARY ALLOY QUANTUM DOTS VIA
TWO PHASE SYNTHESIS METHOD”, which she prepared after fulfilling the
requirements specified in the associated legislations, before the jury whose signatures
are below.

Thesis Advisor : Assoc. Prof. Caner UNLU oo,
Istanbul Technical University

Jury Members:  Assoc. Prof. Argun GOKCEOREN ...,
Istanbul Technical University

Assoc. Prof. Ahmet Emin ATIK ..,
Acibadem University

Date of Submission : 26 May 2023
Date of Defense 12 June 2023






To my family and my dear fiancé,

vii






FOREWORD

I would like to first thank Assoc. Prof. Caner UNLU for his guidance and full support.
He always kindly guide how to find answers and show how to improve the ideas and
projects. Besides his supervisor side, | also want to thank and mention that | learnt a
lot from his kindness and his positive communication way. Although | am working for
a full-time job, he accepted me to his team and gave me opportunity to complete this
thesis. 1 am deeply thankful and happy to find a chance to work with him.

I thank Dr. Biinyamin KARAGOZ and Dr. Ahmet GUL for giving permission to use
Fluorescence and UV-Vis spectrometer found in their lab.

I also would like to thank all BeeDot team members, especially Nida UK for their
valuable support.

I thank my family for their endless support in every phase of my life and | would like
to deeply thank to my twin sister Meltem for being always by my side without
hesitation and give all her support in every possible way. After working full day, first
thing that she asked me when she came home, was ‘Did you write your thesis?’ and if
I said no, she forced me to go outside to a coffee shop and brought me a coffee. While
I was studying, she was enjoying her latte and reading a book. This was huge
motivation for me.

I also want to thank my dear friend Beglim to encouraged me to start my graduate
journey, Oguzhan and Ozge for their enjoyable accompany while I was studying for
my exams.

I can not forget how Kerim helped me to synthesize my first quantum dots while I was
an undergraduate student. I would like to thank him to introduce me such an exciting
research field.

Lastly, I would like to thank my fiancé Sertan to always find how to get over any
challenge in my personal and educational life with his kind and unconditional support.

This thesis was supported by Istanbul Technical University — Scientific Research
Projects Unit (ITU-BAP) [TYL-2021-43457].

May 2023 Merve ERKAN
(Chemist)






TABLE OF CONTENTS

Page

FOREWORD ..ottt bbbttt sb ettt IX
TABLE OF CONTENTS. .. .ottt XI
ABBREVIATIONS ... .ottt bbb Xiii
LIST OF TABLES ... oottt XV
LIST OF FIGURES ......oooiiie e XVii
SUMMARY ettt bbbttt nbe et e e beeene e XiX
OZET ...t ettt sttt tns xxiii
L INTRODUCTION. .. ..ottt sttt se et e s e snae e s e e e neeeenaeeaneeeas 1
1.2 QUANTUM DIOTS ...t et e e e et e e e et e e e e s annneeas 1
1.2 Type of QUANTUM DOTS.........oiiiiiriiiieiiciiieie e 3
1.3 Cadmium-Based Quantum Dots Synthesis Methods .............cccccccevveiieeieiiennnn, 6
1.3.1 Hot-injection synthesis Method............c.coiiiiiniiienee e 6
1.3.2 Two - phase synthesis method ............ccccooe e 7

1.4 Toxicity of Cadmium-Based Quantum DOtS............ccoouvvvrreienenenenceeeee, 8

2. MATERIALS AND SYNTHESIS ....coooiiiiiteceee e 9
2.1 IMALEIIAIS ...ttt ettt re et nre s 9
2.2 SYNENESIS. ..eeteiie ettt ettt e et e re e reenrenres 9
2.2.1 Preparation of precursor SOIUTIONS ..........ccoeiirinieiieieiese e 10
2.2.1.1 Synhesis of cadmium myristate as cadmium precursor ..................... 10

2.2.1.2 Preparation of NaHSe solution as selenium precursor..............c........ 10

2.2.1.3 Prepataion of NaHTe solution as tellurium precursor........................ 10
2.2.1.4 Synthesis of CdSSe ternary alloyed quantum dots ..........c.ccocvevvennene 10

2.2.2 Synthesis of CdSSeTe quaternary alloyed quantum dots ..............c.c........ 11
2.2.3 Synthesis of ZnCdSSe quaternary alloyed quantum dots............cccceeeeee. 12
2.2.4 Synthesis of ZnCdSSeTe quinary alloyed quantum dots..............cccce.e.. 12

3. RESULTS AND DISCUSSION ...ttt 15
3.1 Optical and Structural Characterization .............ccccceevvivieiierie s, 15
3.1.1 Fluorescence spectroscopy and UV-visible Spectroscopy ...........ccccveveenee. 15
3.1.2 X-ray diffraction SPECIrOMELIY.......c.cccviviiiieiiciece e 15

3.2 For CdSSe Ternary Alloyed Quantum DOtS .........ccccvveriieneieneneeseeees 15
3.3 For CdSSeTe Quaternary Alloyed Quantum DOtS..........cccevvevieiiecieeicsiene, 19
3.4 For ZnCdSSe Quaternary Alloyed Quantum DotS..........cccceevveveivervncieseennnn, 25
3.5 For ZnCdSSeTe Quinary Alloyed Quantum DOtS ..........cccceevvevieieeieciciienen, 33
4. CONCLUSION. .. .ot e e e e e e e e e enae e 41
REFERENCES. ... ..ottt ettt sttt 43
CURRICULUM VITAE ... ..ottt 49

Xi






ABBREVIATIONS

FL : Fluorescence

UV-Vis : Ultraviolet Visible

XPS : X-Ray Photoelectron Spectroscopy
XRD : X-Ray Difractometer

Xiii






LIST OF TABLES

Page
Table 2.1 : Used precursors’ amounts to synthesize CdSSeTe. .........cccevvvieiiiennnnnn. 11
Table 2.2 : Used precursors’ amount to synthesize ZnCdSSe. ..........cccocevvviiiinnnn. 12
Table 2.3 : Used amounts of precursors to synthesize ZnCdSSeTe.........c.ccccvvvenen. 13

XV






LIST OF FIGURES

Figure 1.1 :
Figure 1.2 :
Figure 1.3 :
Figure 1.4 :
Figure 1.5 :
Figure 3.1 :
Figure 3.2 :
Figure 3.3 :
Figure 3.4 :

Figure 3.5 :
Figure 3.6 :

Figure 3.7 :
Figure 3.8 :

Figure 3.9 :
Figure 3.10
Figure 3.11
Figure 3.12
Figure 3.13
Figure 3.14
Figure 3.15
Figure 3.16

Figure 3.17

Page

Bulk CdSe and CdSe quantum dots energy bands comparison .............. 2
Size-dependent emission property of the quantum dots ..........cccccccevenee. 3
Types of core-shell quantum dots ..........ccccecveieiieie e 4
Representation of the alloyed quantum dots and core-shell quantum dots
SEFUCTUTE . .t 5
Representation growth of quantum dots with hot-injection synthesis
METNOU . .t 7
Normalized emission spectra of 1h, 3h and 24h reaction time CdSSe
ternary alloyed quantum dots...........ccceveeiiiiie i 16
24 h CdSSe ternary alloyed quantum dots under UV lamp with 366 nm
UVAIA0HATION. ... e 17
Excitation spectrum of CdSSe ternary alloyed quantum dots under 472
nM emission Wavelength. ..., 17
UV spectrum of CdSSe ternary alloyed quantum dots with 24 h reaction
e, ... A0 .. R N R, 18
XRD patterns of CdSSe ternary alloyed quantum dots. ...........ccccveuee. 18
Normalized emission spectra of CdSSe and CdSSeTe with 5 mg Te and
CdSSeTe With 10 MQ Te. .c.eoiiiieieereee e 20
Absorption spectrum of CdSSe ternary alloyed quantum dots. ............ 20
Absorbtion spectrum of CdSSeTe quaternary alloyed quantum dot with
D MG T i 21
Absorption spectrum of CdSSeTe quaternary alloyed quantum dot with
L0 MG T ittt 21
- a) CdSSe, b) CdSSeTe with 10 mg Te and c¢) CdSSeTe with 5 mg
under 366 NM UV- irradiation. .........ccccooveinieieienese e 22
: CdSSe, CdSSeTe with 5 mg Te and CdSSeTe with 10 mg excitation

] OS0! 1 - VPSPPSR 22
: CdSSe and CdSSeTe with 5 mg Te and CdSSeTe with 10 mg Te XRD
PALEEINIS. . ettt arae e 23
> a) CdSSeTe with 0.2 g Cadmium precursor and b) CdSSeTe with 10
mg Cadmium precursor under UV 366 nm UV-irradiation.................. 24
: Normalized emission spectra of CdSSeTe with 10 mg Cd and
CdSSeTe With 0.2 g Cd....ocveeieee e 25
: Normalized emission spectra of CdSSe, ZnCdSSe with 0.1 g Zn, 50
Mg ZN and 0.19 MQ ZN.....ooiiiieiecee e 28
: Normalized absorption spectra of ZnCdSSe with 0.19 g and 50 mg Zn.

.............................................................................................................. 28
: Normalized XRD spectra of CdSSe and ZnCdSSe with 0.19 g and 50
0o 74 USRS UPRPRRPI 29

Xvii



Figure 3.18

Figure 3.19 :

Figure 3.20 :
Figure 3.21 :

Figure 3.22 :
Figure 3.23 :

Figure 3.24 :

Figure 3.25 :

Figure 3.26 :

Figure 3.27 :
Figure 3.28 :
Figure 3.29 :
Figure 3.30 :

Figure 3.31 :
Figure 3.32 :

Figure 3.33:

Figure 3.34 :

: Emission colors of a) CdSSe, b) ZnCdSSe with 50 mg Zn, ¢) ZnCdSSe

with 0.1 g Zn and d) ZnCdSSe with 0.19 g Zn under 366nm UV-

IFACHALION. ...t nee s 29
Normalized Absorbance spectra of CdSSe and ZnCdSSe with 0.1 g Zn.
............................................................................................................... 30

Normalized XRD spectra of CdSSe and ZnCdSSe with 0.1 g Zn....... 30
CdSSe, ZnCdSSe with 50 mg, 0.1 g and 0.19 g Zn excitation spectra.

XPS measurements for ZnCdSSe with 0.1 g Znand 0.1 g Cd [17]....31

HR XPS spectrum of a) Cd b) Se, ¢) Zn and d) S elements in ZnCdSSe
With 0.1 gZnand 0.1 g Cd [17]. ceeoveriiiiiiiiieieeee e 32

Photostability of ZnCdSSe with 0.1 g Zn and 0.1 g Cd a) QD dissolved
in toluene at 1 day and 15 day b) QD dissolved in toluene and
measurements was done at 1,4,7,10,15 days for the same solution c) QD

dissolved in toluene and exposed to laser during 3 [17]. ......ccccvvvvvnennn. 32
Normalized emission spectra of CdSSe, ZnCdSSeTe with 0.1 g Zn,
0.159 Zn and 0.19 MG ZN....ooiiiiiiieiiiiseeie e 34

Emission colors of a) ZnCdSSeTe with 0.1 g Zn, 0.1 g Cd and 5mg Te
b) ZnCdSSeTe with 0.15 g Zn, 50 mg Cd and 5 mg Te ¢) ZnCdSSeTe
with 0.19 g Zn, 10 mg Cd and 5 mg Te d) CdSSe with 0.2 g Zn under

366NM UV-Irradiation. .........ccooveieiierieeie e 34
Normalized excitation spectra of CdSSe, ZnCdSSeTe with 0.1 g Zn,
0.159 Zn and 0.19 MG ZN.....oviiiiiiiiiiiiesieieee e 35
Normalized absorption spectra of CdSSe, ZnCdSSeTe with 0.1 g Zn,
0.159 Zn and 0.19 MG ZN....ooiiiiiiiiiiiieseeieee e 35
Normalized XRD spectra of CdSSe, ZnCdSSeTe with 0.1 g Zn, 0.15 ¢
ZN and 0.19 MQ ZN. ..o 36
Normalized emission spectra of CdSSe, ZnCdSSeTe with 0.1 g Zn,
0.159 Zn and 0.19 MG ZN....ooviiiiiiiiieiereeeeee e 37

Emission color of ZnCdSSeTe with 0.1 g, 0.1 g Cd and 10 mg Te. ... 37

Normalized XRD spectra of CdSSe, ZnCdSSeTe with 0.1 g Zn, 0.15 g
Zn and 0.19 mg Zn wWith 10Mg Te. ..coveiiiieiiiie e 38

Normalized excitation spectra of CdSSe, ZnCdSSeTe with 0.1 g Zn,
0.15gZnand 0.19 MY ZN....ocoeiieiiecieee e 38

Normalized absorption spectra of CdSSe, ZnCdSSeTe with 0.1 g Zn,
0.159 Zn and 0.19 MG ZN....ooviiiiiiiiiesierieieee e 39

Xviii



SYNTHESIS OF ZnCdSSe, CdSSeTe QUATERNARY AND ZnCdSSeTe
QUINARY ALLOY QUANTUM DOTS VIA TWO PHASE SYNTHESIS
METHOD

SUMMARY

Altering the materials’ size and reforming them in nano scale provide important
scientific enhancements which facilitates invention and development of purpose-
oriented technologies. Decreasing the size of the materials to nano scale leads them to
gain beneficial and different chemical and physical properties compared to their
original form, therefore nanotechnology term became important to improve
revolutionary next generation technologies in accordance with human needs.

With the knowledge of the importance of nanotechnology, one of the new nano sized
materials called quantum dots becomes popular. Combining generally 11-VI and I11-V
groups of elements found in periodic table while decreasing the size of the compound
to 2 -15 nm forms quantum dots [1-3], which have unique optical properties and have
great potential to provide important advances in solar cells (Nozik et al., 2010),
biosensors (Hakimian et al., 2018), biomedical imagining systems (Mansur et al.,
2018), photodetectors (Li et al., 2020), high efficiency LEDs (Pidluzhna et al., 2019),
and drug delivery systems. (Ruzycka-Ayoush et al., 2021) [4-9]. Quantum dots are
semiconductors, considered as zero-dimensional material and they obey the quantum
confinement effect, which is the main reason why quantum dots have great potential
to be used in such a wide range of application area. Their zero-dimensional form and
having smaller size than their Bohr radius affect their energy bands, found in their
conduction and valance band, make them to gain discreet form and this provides
several advantages over their original bulk form whose energy band are in continuous
form. Discrete form of the energy bands and quantum confinement effect enable
quantum dots’ optical properties become tunable by changing their size and
composition, which leads a change in their band gaps. To understand the effect of the
size on optical properties, Brus equation should be considered. (Brus, 1984) [10]. It
describes that when size of the quantum dots decreases, their Bohr radius becomes
smaller, which is the length of an exciton and exciton can be described as when a
photon came, an electron passes through the conduction band, and it is considered that
a hole is remained behind in the valance band. This electron and hole pair are called
exciton and decreasing the size of the quantum dots causes a decrease in the distance
between electron and hole pair while increasing the band gap, which provides the
generation of small length of exciton. [1] Smaller length of an exciton requires more
energy to separate its electron from its hole by a photon in order that the electron passes
to the conduction band. As a result, recombination of electron and hole causes higher
energy photon emission compared to the bigger size quantum dots. This is the main
reason that decreasing the size of the quantum dots provides blue shift while increasing
the size causes red shift in the absorption and the emission of the spectra. The tunability
of the band gap by changing size and compositions provides diversity in optical
properties of the quantum dots and this explains their importance to the improvements
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of the next generation display technologies. In addition, they are known as possessing
high quantum yield, it provides signal brightness and helps them to eliminate other
signal interferences for the display technology and their high surface to volume ratio
makes them also attractive to be able to load more active ingredients for the future
applications of the drug delivery systems. [11,12]

The goal of making quantum dots feasible and suitable for the industry and improve
their optical properties to expand their application area, synthesis methods are
considered as one of the most important parameters, which have direct effect on size
and generated quantum dots’ type. Over the years, discovered synthesis methods
enable to form not only core type quantum dots, which contain one component in their
structure but also to form core -shell model and alloyed systems quantum dots, in
which there is possibility to have more than one anion and cation in the structure
[13,14]. This leads a great enlargement of the research area of the quantum dots and
broaden the possibility of taking advantages on different composition features by
affecting directly photophysical properties of the quantum dots. Hot injection method
for synthesizing quantum dot is one of the most popular synthesis methods. However,
it requires high temperatures and high boiling point solvents and dangerous chemicals.
Moreover, fast injection is important as temperature to control the monodispersity,
shape and size of the obtained quantum dots [15,16]. To enhance the similar defects
of the other synthesis methods resembles to the defects of hot injection methods, two
phase synthesis methods is discovered [18]. It allows to obtain quantum dots at low
temperature 100 OC, which prevents usage of high boiling point solvents and lower
the amount of dangerous chemicals. In addition, it provides slow growth, which
enables full control over the shape, size and monodispersity of the obtained quantum
dots in a more environmentally friendly medium.

To obtain high luminescent quantum dots, cadmium precursors are widely used, and
cadmium-based quantum dots are seen to be great candidate for display technology.
However, although its high luminescent properties, cadmium toxicity limits the
cadmium-based quantum dots usage in biomedical imagining systems and biological
technologies. Free cadmium ions cause several damages such as kidney and liver
failure while causing cell death on humans and animals, and considered as
environmental pollutant [19,20]. In near future, it is expected that Global
Environmental Regulations will strictly limit Cadmium usage in next generation
display technologies. Therefore, scientists are investigating prevention of releasing
cadmium ions from quantum dots structures by applying passivation methods on the
surface of the quantum dots and they are trying to reduce the amount of cadmium in
the structure.

In this study, with the advantages of two-phase synthesis method and alloyed systems,
quaternary alloyed CdSSeTe, ZnCdSSe and quinary alloyed ZnCdSSeTe quantum
dots were synthesized to expand and ensure Cadmium-based quantum dots usage in
next generation display technologies by decreasing the Cadmium amount in the
structure while preserving and improving its current beneficial optical properties. Two
strategies were followed to wider the application area of the cadmium-based quantum
dots. First one was adding zinc to CdSSe ternary alloyed quantum dots in order to
obtain ZnCdSSe, which enabled to lower the cadmium amount in the structure and
second strategy was to add tellurium to CdSSe ternary alloyed quantum dots to broad
absorption and controllable emission wavelength range. It is also planned to obtain
ZnCdSSeTe quinary alloyed quantum dots to achieve the goal of lowering cadmium
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amount in the structure and broaden the controllable wavelength of the quantum dots
at the same time.

Syntheses were conducted at 100 OC. Toluene used as non-polar phase and distilled
water used as polar phase. At the interface between the toluene contained cations and
distilled water contained anions, growth of the quantum dots occurred within 3 hours
and 24 hours. Zinc stereate (as Zinc precursor) and Cadmium Myristate (as Cadmium
precursor) mixed with oleic acid, which was used as surfactant, in toluene phase.
Selenium and Tellurium were reduced with sodium borohydride in distilled water to
form NaHSe and NaHTe under nitrogen gas to prevent oxidation and added to the
polar, distilled water phase. In every determined time frames, adequate amount of the
quantum dots, which were passed from the interface to the toluene phase, were taken
and their colored emissions, which gives information about the quantum dots’ size,
controlled by using UV lamp.

To enlighten the composition effect and size on optical properties of the quantum dots,
Fluorescence spectrometer and UV-Visible spectrometer were used. Absorption and
the emission spectra of the synthesized quantum dots within the time interval 1 hour,
3 hours and 24 hours were obtained. It ensured the slow growth of the quantum dots,
which was the main features of the two-phase synthesis method. For the samples
collected at 1 hour and 3 hours, the peaks are wide and became sharper for the 24 hours
samples. It showed the growth of the quantum dots became stable and 24 hours
reaction time reduced the dispersity of the size of the formed quantum dots.

For the structural characterization XRD was used and precipitated quantum dots after
24 hours reaction time was measured. The result showed that Zinc and Tellurium could
be added to the ternary alloyed CdSSe structure to form ZnCdSSe and CdSSeTe.
However, adding Zinc to the quaternary alloyed quantum dot ZnCdSSeTe could not
be achieved, it was found that crystal structure was distorted while forming quinary
alloyed quantum dots.

Different amount of Cadmium contained ZnCdSSe quaternary alloyed quantum dots
synthesized, and it enabled to understand the importance of the cadmium presence in
the structure, and it allowed us to lower the amount of cadmium half of its amount
found in CdSSe ternary alloyed quantum dots. In addition, CdSSeTe quaternary
alloyed quantum dots synthesized with different ratio of Tellurium resulted to enlarge
the absorption and controllable emission wavelength range and with the same amount
of the cadmium found in CdSSe ternary alloyed quantum dots, which has blue color
could be shift to the yellow with a great shift observed in the spectra.
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ZnCdSSe, CdSSeTe DORTLU VE ZnCdSSeTe BESLI ALASIM KUANTUM
NOKTACIKLARININ iKi FAZ SENTEZ YONTEMI iLE SENTEZLENMESI

OZET

Malzemelerin boyutlarinin degistirilmesi ve nano 6lgekte yeniden bi¢cimlendirilmesi,
amaca yonelik teknolojilerin icat edilmesini ve gelistirilmesini kolaylastiran énemli
bilimsel gelismeler saglamaktadir. Malzemelerin boyutlarinin  nano Olgege
diisiiriilmesi, orijinal yapilarina gore gelismis kimyasal ve fiziksel 0Ozellikler
kazanmalarina yol agarak devrim niteligindeki yeni nesil teknolojilerin insan
ihtiyaclaria uygun olarak gelistirilmesinde 6nemli katkilara 6ncii olup nanoteknoloji
teriminin 6nem kazanmasini saglamistir.

Nanoteknolojinin énem kazanmasi ile birlikte boyutlar1 2-15 nm aralifinda bulunan
yar1 iletken kuantum noktaciklari da yeni nesil teknolojilerin gelistirilmesi adina
benzersiz optik ve foto-fiziksel 6zellikleriyle 6nemli bir aday olarak goriilmiis olup,
foto detektorler, QLED olarak adlandirilan yiiksek verimli LED’ler, biyomedikal
goriintlileme sistemleri, ilag iletim sistemleri gibi bir¢ok farkli alanda kullanim
alanlarina katki saglamaktadir.

Genellikle periyodik tablonun 11-VI ve 11I-V grup elementlerinden olusan kuantum
noktaciklariin tistlin optik 6zellikleri Bohr uyarim yarigaplar1 ve kuantum sinirlamasi
etkisi nedeniyle boyuta bagli optik 06zelliklerinin kontrol edilebilmesinden
kaynaklanmaktadir. Bu nedenle hedeflenen kullanim alanina goére kuantum
noktaciklariin optik 6zelliklerinin degistirilebilmesi kuantum noktaciklarina genis bir
uygulama alan1 potansiyeli sunmaktadir.

Bohr uyarim yarigapindan kiigiik olan boyutlar: kuantum noktaciklariin degerlilik ve
iletkenlik bantlarinda bulunan enerji seviyelerinin orijinal formlarindaki hallerine gore
sirekli degil ayrik halde bulunmasinmi sagladigindan, kuantum simirlama etkisine
uyarak boyuta bagl optik 6zelliklerinin degistirilebilmesi 6zelligine sahip olmasina
neden olur. Degerlilik bandi ile iletkenlik bandi arasindaki bant boslugu, boyut
degisikligi ile degistirilebildiginden kuantum noktaciklariin boyutlarinin degismesi
farkli emisyon dalga boylarinin elde edilebilmesini saglar. Uyarim sonucu degerlilik
bandindan iletkenlik bandma gegen elektronun arkasinda bir bosluk biraktig
diistiniiliir. Bu elektron ve bosluk c¢iftine eksiton denir. Elektron ve bosluk ¢iftinin
arasindaki uzaklik ise kuantum noktaciklarinin boyutu azaldik¢a azalir ve uyarim
sonucu elektronun degerlilik bandindan iletkenlik band1 arasindaki kat etmesi gereken
uzunluk yani bant boslugu artar. Bu nedenle boyutu kii¢iik olan kuantum noktaciklar
biiyiilk olan kuantum noktaciklarma goére daha yiliksek enerjili uyarim ile
elektronlarinin iletkenlik bandina gegebilmesi saglanacagindan, elektronun iletkenlik
bandindan degerlilik bandina donerek bosluk ile tekrar birlesmesi sonucunda daha
biiyiik boyutlardaki kuantum noktaciklarina gore daha yiiksek enerjili emisyona neden
olur. Bu nedenle emisyon spektrumunda kuantum noktaciklarinin boyutlar1 azaldik¢a
daha yiiksek enerjili ve daha diisiik dalga boylu 1s1ma gozlemlenir. Bu nedenle
kuantum noktaciklarinin boyutlariin artmasi kirmizi bolgeye dogru emisyon dalga
boylarinda bir kaymaya neden olarak boyuta bagli optik 6zelliklerinin ayarlanmasi ile
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goriinlir bolgede tiim frekanslarda 1s1ma elde edilmesi saglanabilmektedir. Genis
emisyon spektrumu ile yiiksek kuantum verimi 6zellikleri kuantum noktaciklarini
goriintiileme teknolojilerinde 6nemli bir aday olmasini saglar. Yiiksek yiizey alani ve
hacim orani ilag iletim sistemlerinde etken maddenin yiiksek oranda depolanmasinin
Oniinii agarak bu alanda 6nemli bir potansiyele sahip olmasini saglamaktadir.

Sentez yontemi kuantum noktaciklarinin boyutuna, sekline, tiiriine dolayisiyla optik
Ozelliklerine olan direk etkisi nedeniyle kuantum noktaciklarimin amaca yonelik
teknolojilerde kullanim alanlarini arttirabilmek ve biiyiik 6l¢ekli liretime uygun hale
getirebilmek i¢in en 6nemli parametre olarak goriilmektedir. Bu nedenle bir¢ok sentez
yontemi kesfedilmistir. Kesfedilen sentez yontemleri ile elde edilen kuantum
noktaciklariin optik 6zelliklerinin gelistirilmesini saglamak amactyla bir¢ok farkl: tiir
kuantum noktaciklar1 elde edilmistir. Bu sentez yontemleri ile yapilarinda sadece tek
bir bilesen bulunan kuantum noktaciklarinin yani sira birden fazla anyon ve katyonun
bulunma olasiliginin bulundugu ¢ekirdek-kabuk modeli gelistirilmistir. Bu model ile
kuantum noktaciklarinin yiizeyinde bulunan kusurlar, olusturulan kabuk ile giderilerek
yiizey pasivasyonu saglanmis olur ve bu nedenle kabuk stabilitenin ve kuantum
veriminin artmasinda dnemli bir gérev gorerek tek bilesenli kuantum noktaciklarinin
optik ozelliklerinin gelistirilmesini saglar. Bu modelin yani sira alasim sistemli
kuantum noktaciklari olusturulmus olup tg¢li, dortlii ve besli alasim sistemleri
olusturularak ¢oklu katyon ve anyon i¢eren kuantum noktaciklari ile ¢ekirdek- kabuk
modelindeki gibi yiizey kusurlarinin giderilmesi ayn1 zamanda sadece boyuta bagli
degil kompozisyona bagl optik 6zelliklerinin degistirilebilmesi amaglanarak kuantum
noktaciklarimin kullanim alanlarinin genislemesi adina onemli bir adim atilmasi
saglanmistir.

Sicak enjeksiyon yontemi kuantum noktaciklariin en yaygin sentez yontemlerinden
biridir. Bu yontem ile kuantum noktaciklari, katyon ve yiizey aktif madde igeren
yiiksek sicakliklardaki reaksiyon ortamina hizli sogutulmus anyon i¢eren soliisyonun
enjekte edilmesi ile elde edilir. Kuantum noktaciklar1 enjeksiyon sonrasi saniyeler
igerisinde olusur. Enjeksiyonun hizi ve reaksiyon ortaminin sicakligi olusan kuantum
noktaciklarmin boyutuna, sekline ve homojenligine direk etki ettiginden istenilen
ozellikte kuantum noktaciklarimin elde edilmesi yavas biiyiime saglayan sentez
yontemlerine gore zordur. Bu sentez yontemi yliksek sicaklik gerektirdiginden
Oktadesen, TOP ve TOPO gibi kaynama noktasi yiiksek, tehlikeli ve ¢evreye zararl
¢oziiciiler kullanilmasin1 gerektirir.

Bu nedenle iki faz sentez yontemi sicak enjeksiyon ve benzer sentez yontemlerinin
cevreye zararinin azaltilabilmesi ve elde edilen kuantum noktaciklarinin boyutu, sekli
ve homojenligi tizerindeki tam kontrolii, kuantum noktaciklariin yavas biiyiime hizi
ile saglamak icin kesfedilmis olup, bu yontem yiiksek sicaklik gerektirmediginden
kaynama noktas1 yiiksek ¢oziicii kullanimi azaltilmis ve yavas bliylime hizi ile
sentezlenen kuantum noktaciklari iizerinde tam kontrol saglanarak sicak enjeksiyon ve
benzer sentez yontemlerinin olumsuz Ozelliklerinin amaca yonelik gelistirilmesi
saglanmistir. Bu sentez yontemi diisiik sicaklikta sadece tekli sistemlerin degil alasim
sistemleri i¢ginde uygun bir sentez yontemi olup kuantum noktaciklarinin yavas olusma
hiz1 eklenen prekiirsorlerin ¢oziiniirliik ve reaktivitelerinin kontrol edilerek alagim
sistemli kuantum noktaciklarin elde edilmesini kolaylastirir. Bu yontemde katyon
kaynagi, genellikle oleik asit yiizey aktif maddesi ile toliien igerisinde ¢oziiniir ve
belirlenen sicakliktaki suda ¢oziinmiis anyon kaynagini igeren faza eklenir. Olusan
kuantum noktaciklar1 ara fazdan toliien fazina gecer ve bu fazdan polar ¢oziicii ile
cOktiiriilerek elde edilir.
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Yiiksek 151ma yapan kuantum noktaciklart i¢in kadmiyum en yaygin kullanilan
elektropozitif maddedir, kadmiyumun sagladigi avantajlar nedeniyle kadmiyum
tabanli kuantum noktaciklar1 goriintiileme teknolojilerinde 6nemli bir aday olarak
gorilmektedir. Fakat kadmiyum, kuantum noktaciklarina yliksek kuantum verimi,
parlaklik ve gelismis optik 6zellikleri saglamasina ragmen yiiksek toksisitesi nedeniyle
biyomedikal goriintileme alaninda kullanim potansiyelleri sinirlidir.  Serbest
kadmiyum iyonlart hiicre 6liimiine neden olarak insan sagligina ve cevreye ciddi
zararlar verdiginden, kadmiyum iyonlarinin yapidan ayrilmasini engellemek amaciyla
yiizey pasivasyon metotlari aragtirilmaktadir. Yakin gelecekte kadmiyum kullaniminin
kullanim alan1 fark etmeksizin global ¢evre regiilasyonlarina gore ciddi sinirlamalar
getirilecegi dusiiniilmekte oldugundan arastirmalar, kadmiyumun sagladigi optik
avantajlar1 yapidaki kadmiyum oranini azaltarak koruma amaciyla gelistirilen ¢esitli
yontemler lizerinde yogunlagmaya baslamistir.

Bu nedenle bu tezin ana amaci, iki faz sentez yonteminin sadece boyuta bagh degil
kompozisyona bagli optik 6zelliklerinin gelistirilmesine imkan tantyan alagim sistemli
kuantum noktaciklarinin elde edilmesindeki avantajini kullanarak CdSSe iiclii alagim
sistemli kuantum noktaciklarinin yapisinda bulunan kadmiyum miktarin1 ¢inko
ekleyerek azaltarak dortlii alasim sistemli ZnCdSSe kuantum noktaciklar: elde etmek
olup, kadmiyum tabanli kuantum noktaciklarinin gelecekteki kullanim potansiyellerini
gelistirmektir. Bu tezde ayni zamanda {glii alasim sistemli CdSSe kuantum
noktaciklariin kontrol edilebilir emisyon spektrumunun genisletilmesini yapiya telliir
eklenmesiyle CdSSeTe dortlii alasim sistemli kuantum noktaciklarinin elde edilmesini
saglayarak orijinal CdSSe kuantum noktaciklarinin kullanim alanlarinin arttirilmast
amaglanmistir. Bu iki amacin ayni anda elde edilebilmesi i¢in ii¢lii alagim sistemli
CdSSe kuantum noktaciklarinin yapisina hem ¢inko hem telliir eklenmesi denenerek
¢inkonun kadmiyum miktarinin azaltilmasindaki etkisi ile birlikte ayn1 zamanda telliir
eklenmesi gergeklestirilerek besli alasim sistemli ZnCdSSeTe kuantum noktaciklari
elde edilmesi denenerek ti¢lii CdSSe ve dortlii ZnCdSSe yapilarinin kontrol edilebilir
emisyon spektrumunun genisletilmesi ile ayn1 anda yapidaki kadmiyum oraninin
azaltilmas1 hedeflenmistir.

Bu ¢alismada kuantum noktaciklari elde edilirken, kadmiyum ve ¢inko katyon kaynag:
olarak kadmiyum miristat ve ¢inko stearat kullanilmig olup toliien fazinda yiizey aktif
madde olan oleik asit ile birlikte ¢oziinmiistiir. Selenyum ve telliir kaynag1 olarak
sodyum borhidriir soliisyonu ile telliir ve selenyum indirgenmis ve azot ortaminda
siilfiir kaynag1 olan tiyoiire igeren su fazina 100 °C” de eklendikten sonra katyon iceren
toliien faz1 eklenmistir. Reaksiyon siiresi her sentez i¢in 24 saat olarak belirlenmis ve
belirlenen araliklarda ara fazda olusarak toliien fazina gegen kuantum noktaciklar: bu
fazdan toplanarak elde edilen kuantum noktaciklarin biiylimesi UV 1s1k altinda ve
floresan spektrometre ile kontrol edilmistir. Reaksiyon 24 saatin sonunda
durduruldugunda toliien faz1 ve su fazi birbirinden ayrilarak toliien fazi filtreden
gecirilmis ve 1:1 oranda metanol eklenerek kuantum noktaciklarinin ¢oktiirtilmesi
saglanmistir. Elde edilen kuantum noktaciklarinin optik 6zellikleri, 366 nm UV 15181,
floresan spektrometre kullanarak emisyon ve eksitasyon spektrumlar, UV
spektrometre ile de absorbsiyon spektrumlari elde edilerek oOlciilmiis. Yapisal
karakterizasyonlar1 ise X-RAY Difraktometre ile 6l¢iilmiistiir.

Uglii alagim sistemli CdSSe kuantum noktaciklarinin yapisina farkli oranda Telliir
eklenmesi ile birlikte dortlii alasim sistemli CdSSeTe kuantum noktaciklari elde
edilmis olup modifiye edilerek dortlii sisteme dondstiriilmiis CdSSe kuantum
noktaciklarmin kontrol edilebilir emisyon spektrumunun genisletilmesi saglanmistir.
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Eklenen Telliir miktar1 arttikca mavi renk 151ma yapan CdSSe kuantum noktaciklar
CdSSeTe yapisina doniistiiriilmesi ile eklenen Telliir miktarinin arttirilmasiyla sari
renkli 151ma elde edilebilmistir. Absorbsiyon ve emisyon spektrumlari ile bu kirmizi
bolgeye kayma kaydedilmistir. CdSSe kuantum noktaciklarinin eksitasyon
spekrumlar1 ile XRD sonuclar1 elde edilen CdSSeTe kuantum noktaciklari ile
karsilastirilarak yapiya telliir katiliminin gergeklestigi kanitlanmustir.

Daha sonrasinda ii¢lii CdSSe yapisina Cinko eklenerek ZnCdSSe yapisi elde edilmis
ve belirli ¢inko oraninda CdSSe yapisinda bulunan Kadmiyum miktar1 Cinko eklemesi
ile yar1 yartya diistiriilerek alagim sisteminin avantaji ile birlikte kadmiyum oraninin
cinko eklemesi ile azaltilmasi saglanmasinin yani sira bu degisim ile mavi 1s1ma yapan
CdSSe kuantum noktaciklarinin  kontrol edilebilir emisyon spektrumunun
genisletilmesi elde edilen ZnCdSSe yapisinin yesil 1s1ma yapmasi ile saglanmis olup
kadmiyum oranini azaltmak ve kontrol edilebilir emisyon spektrumunu genisletme
amacma ayni anda ulasilabilmistir. Yapiya ¢inko katilimi CdSSe ve ZnCdSSe
kuantum noktaciklarinin XRD ve eksitasyon spektrumu ile gézlemlenmis olup mavi
1s1ma yapan CdSSe kuantum noktaciklarinin yapisina belirli oranda ¢inko eklenmesi
maksimum absopbsiyon ve emisyon dalga boyunun kirmizi bdlgeye dogru kaymasi
UV ve floresans spektrometresi ile gézlemlenmistir.

Fakat ticlii sisteme hem ¢inko hem telliir eklenerek bu iki amacin ayni anda besli
alasim sistemli ZnCdSSeTe yapisi ile elde edilmesi saglanmasi miimkiin olmamustir.
Yapisal karakterizasyondan elde edilen sonuglar besli alagim sisteminin ii¢lii CdSSe
yapisina ¢inko ve telliir katilimi ile olusturulmasinin saglanamadigini kanitlamistir.
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1. INTRODUCTION

1.1 Quantum Dots

Quantum dots’ discovery in 1981 by Ekimov and Onushenko was considered as one
of the most groundbreaking and revolutionary discovery of 20th century because of
their incomparable and promising optical properties [1]. With the first discovery of
the guantum dots researchers focused on investigating the source of their unique
optical properties. The relation between the size of the quantum dots and their optical
properties formulated and explained in depth first by Louis Brus in 1984 [10]. The
researchs started to speed up with an understanding of the importance of size-
dependent emission property of quantum dots, which provides wide application
potential, included next generation display technologies, bio-imagining system, highly

efficient LEDs (QLEDS), drug delivery systems, photodetectors, solar cells [12].

It is found that the main reason of such a wide range of their application area is arise
from ultra-small size of the quantum dots, which is between the range of 2-15 nm.
They are zero-dimensional, highly fluorescent semiconductors contain 10-10.000
atoms and formed generally 11-V1 and 111-V group of elements found in periodic table
[1]. Their ultra-small size compared to their Bohr radius and being zero-dimensional
makes them to obey quantum confinement effect, which make their energy bands
differ from their bulk form and gains them superior optical properties by leading them
to be called as artificial atoms [1,21]. Main difference of their energy bands of the
quantum dots are being in discrete form while in bulk form energy bands are found in

continuous form (Figure 1.1).
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Figure 1.1 : Bulk CdSe and CdSe quantum dots energy bands comparison [22].

Discrete form of the energy bands and quantum confinement effect are the main reason
of size-dependent emission property by providing the ability of tunable band gap not
only by changing composition but also by changing particle size of the quantum dots
[23]. To understand the relation of the size and emission of the quantum dots, Brus
equation should be considered [10]. It describes the relation between the size and
exciton Bohr radius with a concept of energy bands. When a photon excites an electron
and causes its transfer to the conduction band, a hole is considered to be left in the
valance band [24]. It is considered there is an attraction between this electron and hole
and this electron and hole pair called exciton. The similarity of the electron and hole,
with electron and nucleus found in a hydrogen atom makes the distance between the
electron and hole pair called as exciton Bohr radius and this distance decreases when
the size of the quantum dots decreases and the energy band between its conduction
band and the valence band increases [25]. To overcome the attraction of this electron
and hole pair and to pass the distance between valance and conduction band makes
more difficult to separate the electron from hole and reach the electron to the
conduction band, therefore it requires more energy to transfer electron to the
conduction band compared to the bigger size of the quantum dots [26]. Since the band
gap between the conduction and valance band is greater than the bigger size quantum
dots, the radiative recombination of the electron and hole in the valance band causes



emission of a photon, which is higher in frequency and lower in wavelength [27].
Therefore, changing the composition is not the only option to alter the band gap, size
becomes another parameter to provide various color of emission to the quantum dots
(Figure 1.2).
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Figure 1.2 : Size-dependent emission property of the quantum dots [28].
1.2 Type of Quantum Dots

Combination of one chalcogens such as selenium, tellurium, and sulfide with one
electropositive material such as cadmium form common core type of binary quantum
dots. Their optical properties can be changed only by changing the particle size and
their absorption and controllable emission wavelength range is limited with the size
change. Quantum dots have high surface to volume ratio; therefore, their fluorescence
quality depends highly on the surface defect states because surface defect states cause
internal energy bands (trap states) found between the valance band and conduction
band of the quantum dots and it leads non radiative recombination of the excited
electron and hole at the defect energy bands found between the valance and conduction

band while excited electron turning back to the valance band from the conduction band



[29]. As a result, these defects (trap states) decrease the quantum yield, which
describes the efficiency of the transferring absorbed energy to the emitted energy, and
the fluorescence of the quantum dots decreases [30]. To overcome these surface
defects, passivation methods for the surface are investigating, which can be achieved
by changing long alkyl chains found at the surface of the quantum dots with

determined ligands by various ligand exchange methods [31].

These researchs of the passivation methods become the source of the generation of the
new quantum dot type, which is core-shell type quantum dots. In the core-shell system,
the differences of the energy bands between the core and shell results four different
types of the quantum dots, which are Type I, Inverse type I, Type Il, and Inverse type
I1 [32]. In these four types, Inverse type | provides the desired passivation of the
surface of the core because conduction and valance band of the shell is located above
both conduction and valance band of the core, which prevents the trap states form
within the energy bands of the core and it enables to preserve the quality of the
fluorescence of the quantum dots. Since the core energy bands found between the
energy bands of the shell, altering the shell band gap by changing its thickness, which
can be considered as altering the size of the quantum dots, provides various emission
wavelengths by causing the change the distance found between its valance and
conduction band [32,33]. Moreover, when energy bands of the shell are found within
the energy bands of the core, quantum dots become belong to the type I. If only the
conduction band of the quantum dot is found within the energy bands of the shell, it is
called type 1l and the opposite case that only valance band of the core is found within

the energy bands of the shell, it is called inverse type Il (Figure 1.3) [32-36].

Ecs
- o B e st e
S & S &5 S — \—ECB o &
w w w w Evs w g é W\ EVB
EVB EVB
TYPE | INVERSE TYPE | TYPE Il INVERSE TYPE Il

Figure 1.3 : Types of core-shell quantum dots [35].



The main goal of generating highly luminescent quantum dots while expanding the
absorption and controllable emission of the quantum dots in order to broaden their
application area leads improvement of another type of quantum dots, which can be
formed by alloying the core to turn regular binary quantum dots to ternary, quaternary
and quinary alloyed systems. Alloyed quantum dots are classified according to their
internal structure, when they possess homogeneous internal structure, they are called
homogeneous alloyed quantum dots. However, the gradient internal structure can be
resembled to core-shell system in which inner core can be rich in particular
components and while going to the outer part of the core, the component which is high
in the amount can be radiantly change. In this case they are called gradient alloyed
guantum dots and their main difference with the core-shell structure is not having strict
separation which can be described as shell and in which gradient change can be
observed while going from inner part of the quantum dots to the outer part (Figure 1.4)
[31,36].

(a) Gradient internal structure (b) Homogeneous internal struc- (c) Core/shell structure
ture

Figure 1.4 : Representation of the alloyed quantum dots and core-shell quantum dots
structure [37].

Alloyed systems provide not only enhancement of the surface defects but also
enlargement of wavelength range of absorption and controllable emission spectra by
not only altering the particle size but also changing the composition of the quantum
dots. Since in this type of quantum dots, the size is not the only parameter that affects
the emission spectra, composition of the quantum dot becomes another important
parameter to alter the band gap of the quantum dots. [14,38]. In fact, this provides
alloyed systems to have superior property compared to the same size core type and
core-shell structured quantum dots because of their tunable energy bands without
changing the particle size. Moreover, there is various combination of compositions to
form alloy systems, which also leads their application potential becomes wider in next

generation technologies. Having more than one cation or anion in the structure causes



distorted energy bands to alloyed quantum dots because of the differences between the
energies of the combined components while changing the regular discrete form of the
energy bands found in core and core-shell type quantum dots This phenomenon is
called optical bowing and this provides non-linear relation between the composition
and the energy emitted with the recombination of the electron and hole [14,39]. It is
the key reason why this system enables quantum dots’ emission wavelength range
becomes wider compared to same size of the core and core-shell structured quantum
dots. The importance of the tunable band gap without changing the particle size can
be more significant particularly in biological application because in biological
systems, particle size determines the passage of the components to the desired targeted
area and obtaining superior optical properties without changing particle size gain

alloyed system wider application area in biological application [37,40].

1.3 Cadmium-Based Quantum Dots Synthesis Methods

Cadmium is among the most advantageous cation to form chalcogenide quantum dots
by gaining quantum dots high luminescent properties and high quantum vyields.
Therefore, cadmium based quantum dots are one of the most investigating types of
quantum dots and generally, they are synthesized with bottom to top approach, to
which popular hot- injection synthesis method and two-phase synthesis method can be

given as examples.

1.3.1 Hot-injection synthesis method

This synthesis method is the most popular synthesis method to obtain cadmium-based
quantum dots because it provides fast growth of quantum dots. In this method, reaction
starts with rapid injection of cooled anion precursors into the cadmium precursor
media, where temperature is kept generally 300 °C. Temperature control is the key
parameter to obtain desired shape and size of the quantum dots. Since the reaction and
growing of the quantum dots occur within seconds (Figure 1.5), size dispersity is
highly dependent on the fast injection and terminating time of the reaction by
decreasing rapidly the temperature of the media. Highly elevated temperature brings
the requirement of the usage of high boiling point, dangerous solvents such as TOP,
TOPO and octadecene [15,16,41,42]. Therefore, it leads investigation of other greener

and environmentally friendly syntheses methods to continue while eliminating the



disadvantages of the fast growth of the quantum dots, which makes this method

difficult to end up with monodisperse quantum dots.
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Figure 1.5 : Representation growth of quantum dots with hot-injection synthesis
method [42].

1.3.2 Two - phase synthesis method

This synthesis method is excellent alternative to other common synthesis methods
when slow growth of the quantum dots is needed to be able to have full control over
the obtained quantum dots’ size and full control of the dispersity of the obtained
quantum dots. This method is designed by Caner Unlii et al. in 2013 with bottom to
top approach and it decreases the usage of high boiling point, dangerous solvents by
lowering the reaction temperature to 100 °C and becomes more environmentally
friendly alternative [18]. This synthesis method is not only suitable to form core type
quantum dot, but also very advantageous to form alloyed system quantum dots.
Because slow growth of the quantum dots enables to take advantages of the reactivity
differences of the added precursors, which is significant factor for obtaining alloyed

system quantum dots with a gradient internal structure.

In this synthesis method, cation precursors are mixed with oleic acid as surfactant in

toluene and quantum dots are obtained from the reaction occurred between the



interface of the water phase contained anion precursor and toluene phase contained
cation precursors by providing the interaction of the phases in one pot at 100 °C [18].

1.4 Toxicity of Cadmium-Based Quantum Dots

Toxicity of the cadmium-based quantum dots can be related mainly with the release of
Cd*2 ions from the structure because free cadmium ions are considered as toxic to
human health and environment. Although it does not have genotoxic features, it is
categorized as cytotoxic since it causes severe damage to the DNAs and resulting the
cell death. Therefore, free cadmium ions are classified as dangerous pollutant to the
environment and hazardous for human health. Exposure of the free cadmium ions
causes several vital organs failure with the cell death and therefore exposure of
elevated dose should be prevented [43]. In this aspect, it is expected that in near future
global environmental regulations will strictly limit the usage of cadmium in next
generation display and biomedical imagining technologies. To expand and ensure the
usage of the cadmium-based quantum dots especially in vivo biological application,
core-shell systems are widely investigating because it covers the surface of the
cadmium contained core with a non-cadmium included shell and prevents the release
free cadmium ions outside to the system [19,43,44]. It enables to protect current
beneficial optical properties of the cadmium-based quantum dots while lowering the
toxicity. Other passivation methods with ligand exchange methods are also used to
eliminate the risk of the release of cadmium ions while turning the hydrophobic

quantum dots to soluble in aqueous phase to make them suitable for in vivo systems.



2. MATERIALS AND SYNTHESIS

2.1 Materials

Cadmium oxide (CdO, 99.9%, Aldrich), myristic acid (C14H2802, 99.9%, Aldrich) and
toluene (CeHsCHs 99.9%, Aldrich) were used to obtained cadmium myristate

precursor.

For synthesizing alloyed quantum dots cadmium myristate, zinc stereate (CssH700a,
technical grade, Aldrich), sodium borohydrate (NaBHas, 98,0%, Merck), selenium
powder (100 mesh, 99.5%, Aldrich), tellurium powder (200 mesh, 99.8%, Aldrich),
thiouerea (CH4N2S, 99.0%, Merck), Oleic Acid (OA, 90%, Aldrich), toluene
(CeHsCHa, 99.9%, Aldrich), distilled water were used [17].

2.2 Synthesis

Toxicity of the cadmium and the possibility of limitation of cadmium-based quantum
dots in near future led this study to form ZnCdSSe, CdSSeTe quaternary and
ZnCdSSeTe quinary alloyed quantum dots via advantageous two-phase synthesis
methods to form alloyed structures (Caner Unlii et al. 2013) [17,18]. First strategy
was adding zinc into the ternary alloyed quantum dots to lower the cadmium amount
found in the structure and second strategy was adding Te into the CdSSe ternary
alloyed quantum dots to expand its potential application area with broaden the
absorption and controllable emission wavelength range. Lastly, the possibility of
adding both zinc and tellerium into the CdSSe ternary alloyed quantum dots was
investigated to form ZnCdSseTe quinary alloyed quantum dots in order to combine
the advantages of lowering cadmium amount in the structure and wider the emission
spectra to increase the potential of the application area of CdSSe ternary alloyed

guantum dots.



2.2.1 Preparation of precursor solutions

2.2.1.1 Synhesis of cadmium myristate as cadmium precursor

Synthesis of the cadmium myristate was done according to Pan et al. published method
[45]. 1 mole of cadmium oxide was mixed with 2 mole myristic acid at 210 °C. The
reaction was stopped when oxygen outcome completed, and clear solution obtained.
White colored precipitation was collected after the reaction temperature drop to room
temperature and recrystallized in toluene. Obtained white solid was dried at 50 °C and

for future use stored at 4 °C in refrigerator [45].

2.2.1.2 Preparation of NaHSe solution as selenium precursor

NaHSe solution was prepared freshly before every synthesis. First, in 10 mL distilled
water mixed with 15 mg sodium borohydride (NaBHa4, 0,40 mmol) while nitrogen gas
passed through the solution about 15 min and it was injected onto selenium powder
(10 mg, 0,13 mmol) found previously nitrogen gas filled flask. After stirring at 90 °C
clear solution was obtained and it became ready to use.

2.2.1.3 Prepataion of NaHTe solution as tellurium precursor

NaHTe solution was prepared freshly before every synthesis. NaBHa solution prepared
by mixing 10 mL distilled water and 15 mg sodium borohydride (NaBHa, 0,40 mmol)
while nitrogen gas passed about 15 min. Then the solution was injected into 25 mg
tellurium powder contained and nitrogen gas filled flask. NaHTe solution obtained

when dark violet colored solution observed while stirring at 120 °C.

2.2.1.4 Synthesis of CdSSe ternary alloyed quantum dots

CdSSe ternary alloyed quantum dots were used as blank material in this study in order
to comprehend the effect of composition on optical and structural properties while
introducing to cation (Zn) and anion (Te) into the CdSSe ternary alloyed quantum dots’

structure to obtain quaternary and quinary alloyed quantum dots.

To obtain CdSSe ternary alloyed quantum dots, 40 mL distilled water and 60 mg
thiourea as sulfur precursor (0,79 mmol) were mixed at 100 °C in 250 mL nitrogen gas
filled three-necked round bottom flask. 2 mL freshly prepared NaHSe solution was
added into the reaction balloon and immediately after adding NaHSe solution, 0.2 g

cadmium myristate as cadmium precursor dissolved in 50 mL toluene with 1.50 g
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Oleic Acid (5.3 mmol) poured into the reaction balloon and reaction refluxed under
nitrogen gas at 100 °C. Quantum dots started to form at the interphase of the toluene
and water phase and while growing, they passed to the toluene phase because surface
of the quantum dots was covered with long alkyl chains came from oleic acid
surfactant and they become soluble in toluene phase. Reaction temperature was kept
at 100 °C until synthesis was completed.

Adequate amount of growing quantum dots, which was found in toluene phase, were
taken from the reaction mixture between the time interval 5 min, 15 min, 30 min, 1h,
1h 30 mi., 2h, 2h 30 min, and 3h. After 24 hours reaction was stopped by turning off
the temperature and water phase and toluene phase were separated with using
separation funnel and after toluene phase filtered, quantum dots were obtained by
precipitating them with methanol. Precipitated quantum dots were kept in the same

solution in 2-8 °C refrigerator.

2.2.2 Synthesis of CdSSeTe quaternary alloyed quantum dots

Same synthesis procedure of CdSSe ternary alloyed quantum dots was followed,
However, in this time, the main differences was adding freshly prepared NaHTe
solution after injecting constant amount of 2 mL freshly prepared NaHSe solution into
main reaction balloon where 40 mL distilled water and 60 mg thiourea (0,79 mmol) as
sulfur precursor found. Immediately after the addition of anion precursors cadmium
myristate solution in toluene phase was poured to form CdSSeTe quaternary alloyed
quantum dots. Adequate amounts of samples were extracted from reaction balloon
within the same determined time intervals as CdSSe QDs synthesis and reaction was
stopped after 24 hours. After the filtration and the separation of toluene phase from
water phase, quantum dots were precipitated by methanol. Table 2.1 found below
shows the used amounts of precursors in this study to understand the effect of

composition on formed quantum dots’ optical and structural properties.

Table 2.1 : Used precursors’ amounts to synthesize CdSSeTe.

Synthesis Code Qd NaHTe solution/  NaHSe solution/ Thiourea
Myristate Te content Se content
13 ME_CdSSeTe 0,29 2mL/5mg 2mL/2mg 60 mg
16_ME_CdSSeTe 0,2¢g 4 mL /10 mg 2mL/2mg 60 mg
21 ME_CdSSeTe 10 mg 2mL/5mg 2mL/2mg 60 mg
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2.2.3 Synthesis of ZnCdSSe quaternary alloyed quantum dots

Different amount of Zinc Stereate were used to introduce as zinc precursor into CdSSe
tenary alloyed quantum dots’ structure. Only difference of synthesizing ZnCdSSe QDs
compared to CdSSe QDs was dissolving zinc stereate with cadmium myristate in 50
mL toluene which has already contained 1.50 g oleic acid (5.3 mmol) at 90 °C until
clear solution obtained and this solution poured into main reaction balloon under
nitrogen gas, where 60 mg thiourea (0,79 mmol) is dissolved in 40 mL distilled water
and constant amount of 2 mL freshly prepared NaHSe solution was previously injected
with glass syringe. Formed ZnCdSSe quaternary alloyed quantum dots were collected
from toluene phase according to same time intervals explained in CdSSe QDs
synthesis part and reaction is stopped after 24 hours. Toluene phase was separated
from water phase by using separation funnel and after filtering and precipitating with
methanol, quantum dots were obtained. Table 2.2 shows the used amounts of

precursors to synthesize ZnCdSSe.

Table 2.2 : Used precursors’ amount to synthesize ZnCdSSe.

Synthesis Code CdMpyristate S tiirggte Nalgsig,r?tlg;iton/ Thiourea
12 ME_ZnCdSSe 10 mg 0,199 2mL/2mg 60 mg
6_ME_ZnCdSSe 0,1g 0,1g 2mL/2mg 60 mg
11 ME_ZnCdSSe 0,159 50 mg 2mL/2mg 60 mg

2.2.4 Synthesis of ZnCdSSeTe quinary alloyed quantum dots

Different amount of zinc stereate, cadmium myristate and 1,50 g oleic acid (5.3 mmol)
were dissolved in 50 mL toluene under nitrogen gas at 90 °C and poured into 250 mL
three-necked round bottom flask main reaction balloon, where 60 mg thiourea (0,79
mmol) and previously injected 2 mL freshly prepared NaHSe solution and altered
amount of NaHTe solution found and forming quantum dots in toluene phase were
collected within determined time intervals, which were given in CdSSe QDs synthesis
part and reaction was stopped after 24 hours. Using separation funnel toluene phase
separated from water phase and by filtering and adding methanol, quantum dots were
obtained as precipitate. Table 2.3 shows the amounts of precursors used to synthesize
ZnCdSSeTe.
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Table 2.3 : Used amounts of precursors to synthesize ZnCdSSeTe.

Cd

Zinc

NaHSe solution/

NaHTe solution

Synthesis Code Myristate Stereate Se content [/ Te content Thiourea
19 ME_ZnCdSSeTe 10 mg 0,19¢ 2mL/2mg 2mL/5mg 60 mg
18 ME_ZnCdSSeTe 50 mg 0,15¢ 2mL/2mg 2mL/5mg 60 mg
17_ME_ZnCdSSeTe 0,1g 0,19 2mL/2mg 2 mL /5mg 60 mg
25_ME_ZnCdSSeTe 10 mg 0,19¢ 2mL/2mg 4 mL/10mg 60 mg
26_ME_ZnCdSSeTe 50 mg 0,15¢ 2mL/2mg 4 mL /10 mg 60 mg
28_ME_ZnCdSSeTe 0,19 0,1g 2mL/2mg 4 mL /10 mg 60 mg
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3. RESULTS AND DISCUSSION

3.1 Optical and Structural Characterization

3.1.1 Fluorescence spectroscopy and UV-visible spectroscopy

Optical characterization is done by Fluorescence Spectroscopy with Varian Eclipse
fluorescence spectrofluorometer and UV-Vis Spectroscopy with double beam Scinco
Neosystometer 2000. For the Fluorescence measurements of quantum dots collected
from toluene phase within determined time intervals were dissolved in toluene and
350-530 nm excitation wavelength range was used to obtain emission spectra.
Maximum emission wavelengths of each quantum dots, determined from emission
spectra, were used to obtain excitation spectrum. To obtain absorption spectra,
collected quantum dots within determined time intervals were dissolved in hexane and
every quantum dot colors were observed under UV-lamp with 366 nm UV-light
irradiation [46,47].

3.1.2 X-ray diffraction spectrometry

Drop method was used for XRD measurements. According to this method,
dichloromethane was chosen as volatile solvent, which enabled to collect and transfer
quantum dots on to the sample holder without causing any change in the structure of
quantum dots. After the evaporation of the solvent, measurements were done with
RIGAKU SmartLab XRD spectrometer under 0.01 step (deg) with 4 seconds speed of
duration time within the range 15 to 16 2-theta degree with Cu ka radiation at a
wavelength of 1.5406 A at 45 kV voltage [46].

3.2 For CdSSe Ternary Alloyed Quantum Dots

To be able to comprehend and compare the effect of composition on optical properties
and structural properties of quaternary and quinary alloyed Cd-based quantum dots,
CdSSe ternary alloyed quantum dots were synthesized first and used as original point

of future modifications.
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0.2 g cadmium myristate as cadmium precursor, 60 mg thiourea as sulfur precursor
and 2 mL NaHSe solution as 2 mg selenium precursor contained CdSSe ternary
alloyed quantum dots’ growth were observed by using fluorescence spectroscopy and

UV-Visible spectroscopy.

To obtain information about relation between reaction time and size of the quantum
dots, approximately 2 mL of quantum dots were taken from the toluene phase of the
reaction balloon during the synthesis at 1h and 3h. After 24 h, synthesis was stopped,
and quantum dots were collected as precipitate by methanol addition to the separated
and filtered toluene phase. The results showed that within the 1h and 3h, there is no
significant differences in the size of the quantum dots, and they showed maximum
emission approximately 410 nm. However, when the reaction proceeds to 24h, red
shift in the wavelength observed and maximum emission wavelength found around
475 nm, which resulted blue colored emitting CdSSe ternary alloyed quantum dots.
The similarity between the maximum emission wavelength of 1h and 3h proved
growth of the quantum dots did not completely occur immediately after adding the
precursor like hot-injection synthesis method and two- phase synthesis method served
well to control size and monodispersity of the synthesized quantum dots by slow
growth with the convenience of Caner Unlii et al. 2013 findings [18]. Figure 3.1 shows
emission spectra of 1h, 3h and 24h CdSSe ternary alloyed quantum dots excited with
350 nm excitation wavelength and Figure 3.2 shows the color of 24 h sample under
366 nm UV irradiation.
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Figure 3.1 : Normalized emission spectra of 1h, 3h and 24h reaction time CdSSe
ternary alloyed quantum dots.
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Figure 3.2 : 24 h CdSSe ternary alloyed quantum dots under UV lamp with 366 nm
UV-irradiation.

Maximum emission wavelength 472 nm of 24 h CdSSe ternary alloyed quantum dots
used to obtained excitation spectrum (Figure 3.3) to be able to compare excitation
spectrum of future modifications done to form quaternaty and quinary alloyed

quantum dots.
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Figure 3.3 : Excitation spectrum of CdSSe ternary alloyed quantum dots under 472
nm emission wavelength.

Same 24h sample used for fluorescence spectroscopy measurement was used also for
UV-Visible spectroscopy measurements and maximum absorbance found at
approximately 460 nm (Figure 3.4). This maximum wavelength differences between

the emission and absorption spectra can be explained by Stoke shift.
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Figure 3.4 : UV spectrum of CdSSe ternary alloyed quantum dots with 24 h reaction
time.

For the structural characterization, XRD measurements was done and unique quantum

dots’ broad peaks, which is caused by ultra-small size of the quantum dots, were
obtained [18].

Three broad peaks observed at (111), (220) and (311) planes and when it is compared
with the CdSe and CdSe diffraction angles at (111) plane, which are 25.53 and 26.506
respectively, it was found that CdSSe diffraction angle found between these angles
25.809 (Figure 3.5).
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Figure 3.5 : XRD patterns of CdSSe ternary alloyed quantum dots.
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3.3 For CdSSeTe Quaternary Alloyed Quantum Dots

While synthesizing CdSSeTe quaternary alloyed quantum dots, firstly it was
investigated the effect of tellurium addition into the ternary alloyed CdSSe quantum
dots’ structure. Changing the amount of the added tellurium allowed to observe the
tellurium effect on the aim of expanding CdSSe ternary alloyed quantum dots’
absorption and controllable emission wavelength range.

Therefore, while synthesizing CdSSeTe quaternary alloyed quantum dots, amount of
cadmium, selenium and sulfur precursor kept constant as found in previously
synthesized CdSSe ternary alloyed quantum dots in order to be able to compare the
results, which were respectively 0.2 g cadmium myristate, 2 mL NaHSe solution as 2

mg selenium and 60 mg thiourea as sulfur precursor.

Cadmium, selenium and sulfur amount kept constant while different amount of
tellurium added to the reaction to form CdSSeTe quaternary alloyed quantum dots. It
enabled to observe direct effect of tellurium on optical properties on CdSSeTe
quaternary alloyed quantum dots while providing information the differences between

the optical and structural properties with original CdSSe ternary alloyed quantum dots.

It was found that addition of the tellurium into the structure of ternary alloyed CdSSe
quantum dot and increasing the amount of tellurium in the structure of quaternary
alloyed CdSSeTe quantum dots caused red shift on fluorescence emission spectra
(Figure 3.6) and on UV-Visible absorbance spectra by leading a decreasing on energy
band gap of the CdSSe quantum dots (Figure 3.7, 3.8 and 3.9). These results are
convenient since CdTe has lower energy band gap compared to CdSe and CdS.
Therefore, tellurium addition in the structure lowers the energy gap between the
valance and conduction band and the peaks shape became broader when the content of
the tellurium increased in the structure, which is the feature of emission spectra of

quantum dots contained tellurium in their structure.

2 mL and 4 mL NaHTe solution as 5 mg and 10 mg tellurium precursor respectively
added to 0.2 g cadmium myristate as cadmium precursor, 60 mg thiourea as sulfur
precursor and 2 mL NaHSe solution as 2 mg selenium precursor contained CdSSe
ternary alloyed quantum dots. Fluorescence and UV spectroscopy measurements
results showed that increasing the amount of the tellurium in the structure caused red

shift as expected [14,48,49]. It proved the possibility to reach out of the limits of the
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absorption and controllable emission wavelengths of the original ternary alloyed
CdSSe quantum dots by modifying them with forming quaternary structure with the

addition of tellurium.
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Figure 3.6 : Normalized emission spectra of CdSSe and CdSSeTe with 5 mg Te and
CdSSeTe with 10 mg Te.
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Figure 3.7 : Absorption spectrum of CdSSe ternary alloyed quantum dots.
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Figure 3.8 : Absorbtion spectrum of CdSSeTe quaternary alloyed quantum dot with
5mg Te.
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Figure 3.9 : Absorption spectrum of CdSSeTe quaternary alloyed quantum dot with
10 mg Te.
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Figure 3.10 : a) CdSSe, b) CdSSeTe with 10 mg Te and c) CdSSeTe with 5 mg
under 366 nm UV- irradiation.
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Figure 3.11 : CdSSe, CdSSeTe with 5 mg Te and CdSSeTe with 10 mg excitation
spectra.

CdSSe ternary alloyed quantum dots, CdSSeTe with 5 mg Te and CdSSeTe with 10
mg Te excitation spectra obtain at 472 nm, 540 nm, and 561 nm emission wavelength
respectively (Figure 3.11). Between 200 and 400 nm, spectra showed similarity, which
corresponds absorption spectrum. However, after 400 nm represents band-edge
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transition, CdSSeTe quaternary alloyed quantum dots showed different pattern with
the CdSSe ternary alloyed quantum dots, since tellurium was added into the structure.
This composition modification leaded the difference in the band-edge transition, which

proved the addition of tellerium into the structure [50].

To understand the effect of the compositional modification on structure and
crtystallinity,

XRD measurements were done (Figure 3.12) and it proved the addition of tellurium
into the structure. Tellurium addition in the structure could be understood by
diffraction angle shifting to the lower angle compared to the XRD pattern of CdSSe
ternary alloyed quantum dots at plane (111), (220) and (311).

At (111) plane, for CdSSe ternary alloyed peaks found at 25.809 degree, which was
between 25.53 degree and 26.51 degree respectively for CdSe JCPDS and CdS JCPDS.

However, at plane (111) CdSSeTe found lower degree compared to CdSSe ternary
alloyed quantum dots which was seen at 25.46 degree for CdSSeTe with 5 mg Te and
24.47 degree for CdSSeTe with 10 mg Te. Lower shift increment with the addition of
Tellurium into the structure was convenient, since CdTe JCPDS diffraction peak found
at 23.84 2-theta degree [51].
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Figure 3.12 : CdSSe and CdSSeTe with 5 mg Te and CdSSeTe with 10 mg Te XRD
patterns.

Secondly, to understand the importance of the Cadmium amount in the structure on
optical properties, CdSSeTe quaternary alloyed quantum dots synthesized using 10 mg

cadmium myristate, 2 mL NaHSe solution as 2 mg selenium 60 mg thiourea as sulfur
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precursor and 2 mL NaHTe solution as 5 mg tellurium precursor and it was compared

with 0.2 g cadmium precursor contained CdSSeTe quaternary alloyed quantum dots.

Although 0.2 g cadmium precursor contained CdSSeTe was very bright regardless of
different ratio tellurium added in the structure. 10 mg cadmium precursor was not
enough to obtain bright colored quantum dots under 366 nm UV-irradiation as seen in
the Figure 3.13 and the fluorescence spectroscopy results showed that decreasing the
amount of the cadmium caused blue shift under 350 nm excitation wavelength (Figure
3.14).

Figure 3.13 : a) CdSSeTe with 0.2 g Cadmium precursor and b) CdSSeTe with 10
mg Cadmium precursor under UV 366 nm UV-irradiation.
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It was understood that cadmium amount is the key factor to obtain bright quantum dots
and it enables to maintain advantageous optical properties of the original CdSSe

ternary and CdSSeTe quaternary alloyed quantum dots.
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Figure 3.14 : Normalized emission spectra of CdSSeTe with 10 mg Cd and
CdSSeTe with 0.2 g Cd.

3.4 For ZnCdSSe Quaternary Alloyed Quantum Dots

Addition of the zinc into the CdSSe ternary alloyed quantum dot structure investigated
in order to understand the possibility of decreasing the amount of the cadmium found
in the structure to prevent the negative effect of cadmium toxicity on application areas

of the CdSSe ternary alloyed quantum dots.

Therefore, to understand the effect of zinc addition for lowering the amount of
cadmium content originally found in CdSSe ternary alloyed quantum dots, amount of
zinc and cadmium precursor altered while synthesizing ZnCdSSe quaternary alloyed
quantum dots. Total amount of the cation precursors (cadmium myristate and zinc
sterate as cadmium and zinc precursor) was kept constant as 0.2 g for all trials and
2mL NaHSe solution as 2 mg Selenium and 60 mg thiourea as sulfur precursor amount

were used for all syntheses.

Pair of 0.1 g zinc stereate with 0.1 g cadmium myristate, 50 mg zinc stereate with 0.15
g cadmium myristate and 0.19 mg zinc stereate with 10 mg cadmium myristate
contained ZnCdSSe quaternary alloyed quantum dots compared with the original
CdSSe ternary alloyed quantum dots contained 0.2 g cadmium precursor in the

structure.
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Syntheses started by decreasing cadmium amount to 0.15 g with the addition of 50 mg
zinc by forming quaternary alloyed ZnCdSSe quantum dots. It caused 5 nm blue shift
in the emission spectrum compared to the CdSSe ternary alloyed quantum dots
contained 0.2 g cadmium (Figure 3.15). It can be explained as ZnS and ZnSe have
higher band gap compared to CdS and CdSe therefore, addition of zinc into the
structure caused blue shift in emission spectrum. However, although violet color
emission was seen under 366 nm UV-irradiation (Figure 3.18-b), UV results showed
no significant absorbance (Figure 3.16) and for the XRD results, (111) (220) and (311)
planes observed but (220) and (311) plane have low intensity peaks, therefore (111)
plane was chosen to compare the results and shift could be seen at plane (111) more
clearly and the diffraction angle found at 25.95 and it shifted to the higher degrees
compared to (111) CdSSe ternary alloyed quantum dots’ diffraction angle , which
proved the zinc addition into the structure. Since ZnS JCPDS found at 28. 558, CdSe
JCPDS found at 25.53 and CdS JCPDS found at 26.50, addition of zinc considered the
reason of higher degree shift (Figure 3.17). To be able to see clear effect of zinc
addition, to form ZnCdSSe quaternary alloyed quantum dots, amount of zinc increased
to 0.1 g and cadmium amount lowered to 0.1 g, which is the half of the amount found
in original CdSSe ternary alloyed structure. When emission spectrum compared, it was
observed that maximum emission wavelength 26 nm shifted to the higher nanometers
(Figure 3.15). This shift normally cannot be expected in binary and homogeneous
alloyed systems since ZnS and ZnSe have higher energy band compared to CdS and
CdSe. Therefore, it can be considered as modification with zinc addition caused blue
shift in binary and homogeneous alloyed systems. However, in this case it was
observed oppositely. In Deng et al., 2009 study, synthesized uniform alloyed ZnCdSSe
quaternary alloyed quantum dots’ maximum emission wavelength shifted to the higher
nanometers when CdSe amount increased in the structure compared to ZnS amount
since CdSe has lower energy band gap compared to ZnS [52]. Tuning the band gap
can be more predictable in homogeneous alloyed system since there is no optical
bowing seen in this type of quantum dots. However, gradient alloyed systems have
nonhomogeneous structure in their inner core and outer part. This non-homogeneity
leads gradient alloyed quantum dots contain components having different energy
within the structure and it results distorted energy bands instead of having discrete
form of energy bands. Therefore, optical bowing can be occurred by providing non-

linear relation of optical properties against the composition content [53]. In Bailey &
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Nie, 2003 study, this phenomenon observed within CdSSeTe quaternary alloyed
quantum dots, they found that tellurium content increment caused red shift at some
extent. However, when Te content exceeded to %60, emission wavelength starts to
shift lower naometers and they called this non-linear relation unique, and it was

achieved since the structure belong to the gradient alloyed system [14].

Same red shift proved with absorption spectrum (Figure 3.19) and under 366 nm UV-
irradiation, change in the color to green with modification of adding 0.1 g Zn and

lowering the Cd amount to 0.1 g was seen. (Figure 3.18- c).

When XRD results of CdSSe with 0.2 g Cd and ZnCdSSe with 0.1 g Znand 0.1 g Cd
precursors compared, it was seen same diffraction angles peak at plane (111), (220)
and (311) as broad peaks caused by ultra-small size of the quantum dots. The main
difference in the diffraction angle was that shift to the higher diffraction angles for
ZnCdSSe quaternary alloyed quantum dots in every plane. When (111) plane
examined, it was seen that diffraction peak of CdSSe ternary alloyed quantum dots
was found at 25.809 2-theta degree, which was convenient with CdS JCPDS found at
26.506 and CdSe JCPDS found at 25.53 degree. However, ZnCdSSe quaternary
alloyed diffraction peak was seen at 26.296 degree. This proved zinc addition in the
structure since originally ZnS JCPDS diffraction angle found at 28.558 2-theta degree,
therefore after addition of Zinc into the structure caused shift toward higher degree
(Figure 3.20). As a result, cadmium amount can be lowered by half of its amount found
in the correspondent CdSSe ternary alloyed system and also it enabled to expand
absorption and controllable emission wavelength at the same time.

To investigate the possibility of lowering cadmium more than 0.1 g, synthesis was
done with 0.19 g Zinc and 10 mg Cadmium precursor addition. Although under 366
nm UV radiation light blue colored emission was seen (Figure 3.18- d), emission
spectrum showed distorted peak and absorption spectra showed no significant
absorption (Figure 3.15 and Figure 3.16). XRD patterns proved that the structure was
not ZnCdSSe quaternary alloyed quantum dots since there was only one diffraction
peak at plane (111). (Figure 3.17).

In addition, excitation spectra of CdSSe ternary alloyed quantum dots, ZnCdSSe with
50 mg, 0.1 g and 0.19 g Zn results were obtained with 472 nm, 471 nm, 503 nm, and
422 nm emission wavelength respectively (Figure 3.21). CdSSe and ZnCdSSe 50 mg,
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0.1 g Zn showed for the representation of absorption spectrum between 200 — 400 nm
wavelength similarity However, after 400 nm, which represents band-edge transition,
ZnCdSSe with 0.19 g Zn quaternary alloyed quantum dots showed different pattern
with the CdSSe and the rest of ZnSSe with 50 mg and 0.1 g Zn quantum dots. It proved
that 0.19 g zinc addition cannot be achieved with preserving the quantum dots optical
and structural properties. However, 0.1 g zinc addition could be done by lowering the
cadmium amount found in the parent ternary alloyed system while expanding its

controllable emission limits.
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Figure 3.15 : Normalized emission spectra of CdSSe, ZnCdSSe with 0.1 g Zn, 50
mg Zn and 0.19 mg Zn.
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Figure 3.16 : Normalized absorption spectra of ZnCdSSe with 0.19 g and 50 mg Zn.
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Figure 3.17 : Normalized XRD spectra of CdSSe and ZnCdSSe with 0.19 g and 50
mg Zn.

Figure 3.18 : Emission colors of a) CdSSe, b) ZnCdSSe with 50 mg Zn, ¢) ZnCdSSe
with 0.1 g Zn and d) ZnCdSSe with 0.19 g Zn under 366nm UV-irradiation.
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Figure 3.19 : Normalized Absorbance spectra of CdSSe and ZnCdSSe with 0.1 g Zn.
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Figure 3.20 : Normalized XRD spectra of CdSSe and ZnCdSSe with 0.1 g Zn.
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Figure 3.21 : CdSSe, ZnCdSSe with 50 mg, 0.1 g and 0.19 g Zn excitation spectra.

For further investigation for XPS measurements was done for ZnCdSSe with 0.1 g Zn
and 0.1 g Cd, and it is found that ZnCdSSe ratio was 0.15:0.35:0.35:0.15 (Figure 3.22).
Cadmium content was decreased by %30 with zinc addition and (HR) XPS analysis
showed 2 broad peaks for Zn 2p, Cd 3d, S 2p and Se 3d, which proved alloyed structure
since each atom made different types of bonds with more than two different atoms.
(Figure 3.23).
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Figure 3.22 : XPS measurements for ZnCdSSe with 0.1 g Zn and 0.1 g Cd [17].
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Figure 3.23 : HR XPS spectrum of a) Cd b) Se, ¢) Zn and d) S elements in ZnCdSSe
with 0.1 g Znand 0.1 g Cd [17].

Photostability of ZnCdSSe with 0.1 g Zn and 0.1 g Cd also investigated, precipitated
ZnCdSSe florescence spectra obtained by dissolving in toluene on 1 day and 15 day
and FL intensity of the 1 day and 15 day measurement of both solutions did not show
significant differences, therefore it was understood that solid form of ZnCdSSe was
phaotostable at ambient conditions (Figure 3.24- a). Then ZnCdSSe precipitation was
dissolved in toluene and same solution was measured at 1, 4, 7, 10 and 15 days after.
Results showed that FL intensity of 1 day dissolved ZnCdSSe quantum dots was
decreased %30 after 15 days, which showed that quantum dots became unstable in
solution compared to the solid form (Figure 3.24-b) It could be explained as solvent
lead defects on the surface of quantum dots and resulted to form trap states, which
caused intensity decrease. To investigate the effect of continuous laser exposure to
ZnCdSSe quantum dots, they dissolved in toluene and during 30 min, solution was
exposed to laser source. Results showed that ZnCdSSe quantum dots are stable against

laser source exposure (Figure 3.24 -c).
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Figure 3.24 : Photostability of ZnCdSSe with 0.1 g Zn and 0.1 g Cd a) QD dissolved
in toluene at 1 day and 15 day b) QD dissolved in toluene and measurements was
done at 1,4,7,10,15 days for the same solution ¢) QD dissolved in toluene and
exposed to laser during 3 [17].
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3.5 For ZnCdSSeTe Quinary Alloyed Quantum Dots

After quaternary alloyed ZnCdSSe (0.1 g Zn and 0.1 g Cd) results showed the
possibility of lowering cadmium amount found in the original ternary alloyed CdSSe
structure with the addition of zinc while expanding of controllable emission
wavelength by providing green colored quantum dots thanks to gradient alloyed
structure, addition of both Tellurium and zinc into the ternary alloyed structure by
transforming them quinary alloyed quantum dots was investigated in order to
understand the possibility of decreasing cadmium amount in the structure more than it
was found with the modification of forming quaternary alloyed quantum dots.
Tellurium addition was planned along with the addition of zinc in order to achieve
lowering cadmium amount and expanding controllable emission wavelength range at

the same time.

Therefore, syntheses started altering zinc precursor amount while added amount of
tellurium kept constant as 5 mg (2mL NaHTe solution). Total of the cation precursors
(zinc stereate and cadmium myristate) was 0.2 g and pair of 0.1 g zinc stereate with
0.1 g cadmium myristate, 0.15 g zinc stereate with 50 mg cadmium myristate and 0.19
mg zinc stereate with 10 mg cadmium myristate were used to obtained quinary alloyed
ZnCdSSeTe quantum dots.

Another series of syntheses were completed to understand the tellurium effect on
optical properties of the modified quinary alloyed quantum dots. In these series,
tellurium content was increased to 10 mg and same pair of cation precursors used to

obtained comparable results with the 5 mg contained quinary alloyed quantum dots.

When 5 mg Te contained quinary alloyed quantum dots’ emission spectrum compared
with ternary alloyed CdSSe emission spectrum (Figure 3.25), 0.1 g Zn with 0.1 g
cadmium and 0.19 g Zn with 10 mg Cd peaks were obtained approximately at the same
maximum wavelength with CdSSe ternary alloyed quantum dots. However, 0.15 g Zn
with 50 mg Cd provided two different peaks, which lead to conclude this ratio provide
non-uniform structure of formed quantum dots, which means there are two different
energy states providing different emission wavelength. Therefore, it was seen that
monodisperse gradient alloyed quantum dots could not be obtained with this ratio.
Under 366 nm UV-radiation quinary alloyed ZnCdSSeTe quantum dots for all pairs
emitted light blue and blue color as CdSSe ternary alloyed quantum dots (Figure 3.26).
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Excitation spectra of quinary alloyed quantum dots for pair of 0.1 g zinc stereate with
0.1 g cadmium myristate at 496nm, 0.15 g zinc stereate with 50 mg cadmium myristate
at 473 nm and 0.19 mg zinc stereate with 10 mg cadmium myristate at 468 nm showed
similar results at the both absorption and band-edge transition wavelength range with
CdSSe ternary alloyed quantum dots (Figure 3.27). However, only 0.1 g Zn, 0.1 g Cd
with 5 mg Te quinary alloyed ratio showed absorbance in UV spectra (Figure 3.28)
and all of the ratios did not show any specific peaks at diffraction angles correspondent
with the quantum dots presence (Figure 3.30). Therefore, it proved with these ratios,

quinary alloyed quantum dots could not be obtained.
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Figure 3.25 : Normalized emission spectra of CdSSe, ZnCdSSeTe with 0.1 g Zn,
0.15g Zn and 0.19 mg Zn.

Figure 3.26 : Emission colors of a) ZnCdSSeTe with 0.1 g Zn, 0.1 g Cd and 5mg Te
b) ZnCdSSeTe with 0.15 g Zn, 50 mg Cd and 5 mg Te c) ZnCdSSeTe with 0.19 g
Zn, 10 mg Cd and 5 mg Te d) CdSSe with 0.2 g Zn under 366nm UV-irradiation.
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Figure 3.27 : Normalized excitation spectra of CdSSe, ZnCdSSeTe with 0.1 g Zn,
0.15g Zn and 0.19 mg Zn.
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Figure 3.28 : Normalized absorption spectra of CdSSe, ZnCdSSeTe with 0.1 g Zn,
0.15g Zn and 0.19 mg Zn.
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Figure 3.29 : Normalized XRD spectra of CdSSe, ZnCdSSeTe with 0.1 g Zn, 0.15¢g
Zn and 0.19 mg Zn.

To understand the effect of tellurium, same pair of cations used for syntheses, but in
this case Te amount increased to 10 mg (4 mL NaHTe solution).

When emission spectrum observed only 0.1 g Zn, 0.1 g Cd and 10 mg Te contained
quinary alloyed quantum dots showed significant peaks at 551 nm with clear red shift
compared to original CdSSe ternary alloyed quantum dots (Figure 3.30). Although
under 366 nm UV-irradiation, yellow colored was seen (Figure 3.31), in UV
absorption spectra, it was not observed any absorption peaks (Figure 3.34) and for
XRD results, there is no peaks at diffraction angles which proves the presence of the
quantum dots (Figure 3.32). These results were also supported by excitation spectrum
and between 200-400 nm wavelength, which represents absorption and after 400 nm
wavelength for band-edge transition, there was not found any similar results of

guantum dots presence (Figure 3.33).

As a result, quinary alloyed quantum dots could not be achieved by two phase
synthesized method.
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Figure 3.30 : Normalized emission spectra of CdSSe, ZnCdSSeTe with 0.1 g Zn,
0.15g Zn and 0.19 mg Zn.

Figure 3.31 : Emission color of ZnCdSSeTe with 0.1 g, 0.1 g Cd and 10 mg Te.
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Figure 3.32 : Normalized XRD spectra of CdSSe, ZnCdSSeTe with 0.1 g Zn, 0.15¢g
Zn and 0.19 mg Zn with 10mg Te.
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Figure 3.33 : Normalized excitation spectra of CdSSe, ZnCdSSeTe with 0.1 g Zn,
0.15g Znand 0.19 mg Zn.
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Figure 3.34 : Normalized absorption spectra of CdSSe, ZnCdSSeTe with 0.1 g Zn,
0.15g Zn and 0.19 mg Zn.
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4. CONCLUSION

In this thesis, the aim of increasing application area of CdSSe ternary alloyed quantum
dots by expanding controllable emission wavelength range and lowering the cadmium
amount in the structure could be reached by forming CdSSeTe and ZnCdSSe. It was
obtained that increasing the Tellurium amount in the structure caused red shift and
yellow color emitted CdSSeTe quaternary alloyed quantum dots obtained with 5 mg
and 10 mg tellurium addition. With the addition of zinc, cadmium amount could be
lowered half of the amount found in the original CdSSe ternary alloyed quantum dots
and at the same time zinc addition resulted to be obtained green color emitted ZnCdSSe
quaternary alloyed quantum dots, which showed it was also achieved to expand

controllable emission wavelength range of the CdSSe ternary alloyed quantum dots.

However, synthesizing ZnCdSSeTe quinary alloyed quantum dots via two-phase
synthesis method could not be achieved. From the optical and structural results, there
was not seen any sign, which showed the presence of the quinary alloyed quantum dot

could not be obtained.
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