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PROPERTIES OF ZnO NANOPARTICLES SYNTHESIZED IN DIFFERENT 
PHYSICAL CONDITIONS 

SUMMARY 

Nanoparticles have attracted great attention of researchers because of their wide 
applications in many fields of science and technology. These materials can be 
synthesized by various methods by using different materials.  In this wide range of 
various nanoparticles CdSe, CdS, and ZnO are the best known. Studies on ZnO 
nanoparticles have been done since 1935. ZnO nanoparticles have some advantages 
with respect to CdSe and CdS such as long-term environmental stability, 
biocompatibility, non-toxicity, and low cost. Moreover, the properties of ZnO 
nanoparticles makes it an ideal candidate for a variety of devices like sensors, ultra-
violet laser diodes and nanotechnology based devices such as displays. 

In this thesis, ZnO nanoparticles were synthesized by the sol-gel method with 
varying physical parameters.  The physical properties of synthesized nanoparticles 
were studied by various experimental methods such as X-ray diffraction, TEM 
(Transmission Electron Microscopy), SEM (Scanning Electron Microscopy) and 
fluorescence spectroscopy. 

Syntheses of these nanoparticles were performed for three different parameters: 
different stirring velocities, different temperatures, and different concentrations of 
materials. Formation kinetics of ZnO nanoparticles were followed by fluorescence 
spectroscopy at different excitation wavelengths. Thus, the effects of these different 
parameters on the kinetics of the formation of ZnO nanoparticles were observed. 

Result of X-ray spectroscopy showed that unit cell of ZnO nanoparticles has 
hexagonal structure.  

The samples synthesized in different stirring velocities showed a little difference in 
emission spectra of the fluorescence. However, fluorescence spectra of the samples 
synthesized at different temperatures showed considerable distinctions. TEM images 
of these samples showed that the average size of these nanoparticles changes with the 
temperature, the absence or presence of TEOS (capping material), and the 
concentration of KOH. 

For the samples synthesized with low KOH contents, the emission spectra have two 
distinct peaks around 488 nm and 520 nm.  At higher KOH contents, these peaks 
merge and form a broad Gaussian peak with lower fluorescence intensity. This is due 
to the interference effect of the emiting lights, which is expected to be more 
pronounced as the density of nanoparticles is increased.   

From TEM photos, we observed that the average diameter of the nanocrystals 
synthesized at room temparature without TEOS is about 15 nm and with TEOS about 
5 nm, which indicates that the size of the nanoparticles can be controlled by capping 
with TEOS, i.e., it prevents the ZnO nanoparticle to grow up.  The average size of 
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the samples synthesized at 40ºC with TEOS is about 10 nm which shows that the 
increasing temperature results in increasing size of the particles.   

We monitored the excitation and emission spectra with varying wavelengths to 
designate energy band gaps of the deep traps and the band-edge of the ZnO 
nanoparticles. These experiments showed that in the emission spectrum the peaks 
from the band-edge do not show any shift but the emission peaks from the deep traps 
show some considerable shifts upon changing the excitation wavelength. 

As a result, we indicated that the wavelength of the lights around 380 nm, 423 nm, 
450 nm, 463 nm, and 485 nm are because of band-edge excitons. On the other hand, 
there is a gradual change from 490-559 nm in emission peaks with increasing 
excitation wavelength. These shifts are because of the selective excitation of vibronic 
levels in the surface state of the ZnO nanoparticles. 

The most important part of this study could be that ZnO nanoparticles were 
succecufuly synthesized and characterized. These nanoparticles will be synthesized 
in gel or gelling media for tuning the size of them in our later study. Therefore, the 
works included in this thesis will be the background for the studies of these kind that 
are going to be performed in future. 
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FARKLI FİZİKSEL KOŞULLARDA SENTEZLENEN ZnO 
NANOPARÇACIKLARININ ÖZELLİKLERİ 

ÖZET 

Nanoparçacıklar bilim ve teknolojinin birçok alanında geniş kullanım alanı bulmaları 
sebebiyle araştırmacıların büyük ilgisini çekmektedir. Farklı malzemeler kullanılarak 
ve farklı metodlarla bu nanoparçacıklar elde edilebilmektedir. Bu geniş spektrumda 
en çok bilinen nanoparçacıklar CdSe, CdS ve ZnO dır. ZnO üzerine yapılan 
çalışmalar 1935 ten beri devam etmektedir. ZnO nun CdSe ve CdS ye göre bazı 
üstünlükleri vardır. Bunlar; uzun süreli çevresel kararlılık, biyolojik uyumluluk, 
toksik etkilerinin olmaması ve düşük maliyetli olmalarıdır. Bunun ötesinde, ZnO nun 
optik özellikleri sebebiyle sensör, mor ötesi lazer diyotlar, ekranlar gibi 
nanoteknoloji temelli aletlerin yapılması için ideal bir aday olarak gözükmektedir.   

Bu tez çalışmasında ZnO nanoparçacıkları farklı fiziksel parametrelerde sol-jel 
metoduyla sentezlenmiştir. Sentezlenen parçacıkların fiziksel özellikleri X-ışını 
saçılması, TEM (geçirme electron mikroskopu), SEM (taramalı electron mikroskopu) 
ve floresans spektroskopisi yöntemi gibi farklı deneysel tekniklerle incelenmiştir. 
Ayrıca ZnO nanoparçacıklarının oluşum kinetikleri ilk defa incelenmiştir. Farklı 
fiziksel ortamlarda oluşturulan bu parçacıkların oluşum kinetikleri incelenirken 
floresans spektroskopisi yöntemi kullanılmıştır.  

Nanoparçacıkların sentezi farklı karıştırma hızları, farklı sıcaklık ve farklı malzeme 
konsantrasyonu gibi üç farklı parametre için gerçekleştirilmiştir. Nanoparçacıkların 
oluşma kinetiği farklı uyarma dalgaboyları (300 nm, 331 nm, 350 nm ve 400 nm) 
için floresans spektroskopisi ile takip edilmiştir. Böylece bu farklı parametrelerin 
oluşma kinetiği üzerine etkisi gözlemlenmiştir. 

X-ışınları spektroskopisi ile ZnO birim hücresi hegzagonal (wurtzite) yapıda olduğu 
anlaşılmıştır. ZnO parçacıklarının oluşumları bittikten sonra bir örnek TEOS ile 
kaplanmış ve başka bir örnek ise kaplanmadan bırakılmıştır. Her iki örneğin X-
ışınları spektrumunda aynı pikler gözlemlenmiştir. Bu spektrumlardan yararlanılarak 
yapılan parçacık boyutu hesaplarında TEOS ile kaplanan örnekte parçacık boyutu 
ortalama 7 nm, kaplanmayan örnekte ise 20 nm civarında bulunmuştur. Bu 
sonuçlardan nano parçacıkların kaplanmadıkları zaman parçacık boyutunun 
büyüdüğü görülmüştür. 

Hazırlanan örneklerin sentez sonrasında alınan floresans spektrumlarına 
bakıldığında, farklı karıştırma hızlarıyla yapılan örneklerde emüsyon 
spektrumlarında önemli bir değişiklik gözlenmemiştir. Karıştırma hızı arttıkça 
emüsyon piklerinde 5 nm civarında yüksek dalga boyuna doğru kayma 
gözlemlenmiştir. Parçacık boyutu büyüdükçe eksiton seviyelerinden kaynaklanan 
emüsyon piklerinde bir değişiklik beklenmezken yüzeydeki kusurlardan kaynaklanan 
enerji seviyelerinden kaynaklanan emüsyon piklerinde kaymalar beklenmektedir. 
Bunun nedeni parçacık boyutu büyüdükçe yüzeydeki kusurların etkisi giderek 
azalmaktadır. Bu da enerji seviyelerinde değişikliklere neden olur ve dolayısıyla bu 
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düzeylerden kaynaklanan piklerde de kaymalar oluşur. Farklı karıştırma hızlarında 
sentezlenen örneklerde hem eksiton seviyelerinden gelen hem de yüzey 
kusurlarından gelen emüsyonların dalga boylarında çok önemli kaymalar 
gözlemlenmemiştir. Buradan karıştırma hızının parçacık boyutunda fazla önemli 
olmadığı ortaya çıkmıştır. 

Farklı sıcaklıklarda sentezlenen örneklerin spektrumlarında önemli değişiklikler 
gözlemlenmiştir. Bu örneklerde sıcaklık arttıkça hem eksiton seviyelerinden 
kaynaklanan piklerde hem de yüzey kusurlarından kaynaklanan piklerde yüksek 
dalga boyuna doğru kaymalar olmuştur. Bu da yüksek sıcaklıklarda sentezlenen 
örneklerin daha büyük parçacık boyutuna sahip olduklarını göstermektedir. 

Hazırlanan örneklerin TEM fotoğraflarından nanoparçacıkların ortalama boyutları 
hesaplanmıştır. Bu fotoğraflarda görülen parçacıkların, parçacık boyutlarının 
floresans ölçümlerindeki sonuçlarla uyumlu olduğu ve sıcaklık arttıkça daha büyük 
boyutta parçacıklar sentezlendiği görülmüştür. Oda sıcaklığında sentezlenen 
örneklerde parçacık boyutu ortalama 5 nm civarında çıkarken 40°C sıcaklıkta 
hazırlanan örneklerde parçacık boyutu 15 nm olarak görülmüştür. Ayrıca TEOS ile 
kaplanan örneğin TEM fotoğraflarında parçacık boyutu ortalama 5 nm civarında 
iken, TEOS ile kaplanmayan örneğin TEM fotoğraflarından ortalama parçacık 
boyutu 15 nm olarak hesaplanmıştır. Bu sonuçlar floresans spektrumundan elde 
edilen ve X-ışınları spektrumundan hesaplanan sonuçlar ile uyumludur. Parçacıkları 
TEOS ile kaplamak ZnO kristallerinin büyümesini engellemektedir. 

Düşük KOH konsantrasyonlarında hazırlanan örneklerin floresans spektrumları ile 
yüksek KOH konsantrasyonlarında hazırlanan örneklerin floresans spektrumları 
arasında farklılıklar görülmüştür. Düşük KOH miktarlarında sentezlenen örneklerde 
emisyon spektrumunda biri 488 nm ve diğeri 520 nm de olmak üzere birbirinden 
ayrık iki emisyon piki çıkmaktadır. Bu pikler yüzeydeki kusurlardan kaynaklanan 
enerji düzeylerinden gelen emüsyon pikleridir. Yüksek KOH konsantrasyonlarında 
bu iki pik birleşerek floresans şiddeti daha düşük şiddetli geniş bir gausyen pike 
dönüşmektedir. Bu dönüşüm emüsyon ışıklarının girişiminden dolayı oluşmaktadır 
ve nanoparçacıkların yoğunluğu (birim hacimdeki sayıları) arttıkça daha belirgin hale 
gelmesi beklenen bir sonuçtur. Bu iki pikin düşük konsantrasyonlarda ayrı iki pik 
halinde görülmesi, iki farklı yüzey kusurunun olduğunu göstermektedir. Bu iki farklı 
yüzey kusuru doğal olarak enerji seviyelerinde farklı seviyelere neden olmaktadır ve 
bu farklı seviyelerden kaynaklanan emüsyon piklerinin de dalga boyları farklılık 
göstermektedir. Fakat KOH konsantrasyonu arttıkça ortamdaki nanoparçacık miktarı 
artmış ve bu piklerin şiddeti kuantum veriminin azalması nedeni ile azalmış ve iki 
pik girişime uğrayarak süperpozisyon göstermiş ve büyük tek bir gaussyen pik haline 
dönüşmüştür. Bu sonuçlar çözeltideki KOH miktarı arttıkça nanoparçacıkların 
sayısının arttığını ve parçacık boyutunun da bir miktar arttığını göstermektedir. 

Yüzeydeki kusurlardan kaynaklanan derin-tuzaklanmış (deep-trap) ve eksiton geçişi 
olarak bilinen bandlar-arası geçiş (band-edge) enerji band aralıklarını belirlemek için 
farklı dalgaboylarına karşılık gelen uyarılma ve yayımlama (emisyon) spektrumları 
floresans ile taranmıştır. Bu deneylerde bazı yayılma piklerinin uyarılma ışığının 
dalga boyu ile değişmediği gözlemlenirken, bazı yayılma piklerinin uyarılma 
dalgaboyu ile kaydığı görülmektedir. Bandlar-arası geçişlere (valans ve iletkenlik 
bandları arasındaki geçişler) karşılık gelen emisyon piklerinde herhangi bir kayma 
olmamasına rağmen, derin-tuzaklanmış (yüzeylerdeki kusurlarda olan uyarılmalar) 
geçişlere karşılık gelen emisyon piklerinde önemli kaymalar oluşmaktadır. Bu 
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deneylerin sonucunda 380 nm, 423 nm, 450 nm, 463 nm ve 485 nm dalgaboylarına 
karşılık gelen piklerin bandlar arası uyarılmalara karşılık geldiği ve uyarılma 
dalgaboyundan bağımsız olduğunu göstermiş bulunmaktayız. Diğer taraftan, 490 nm 
deki emisyon piki uyarılma dalgaboyu arttırıldıkça tedrici olarak 559 nm ye kadar 
kaymaktadır. Bu kaymalar ZnO nanoparçacıkların yüzeylerdeki tuzaklanmalara 
karşılık gelen enerji durumları arasında titreşim seviyelerinin seçici uyarılmalarından 
kaynaklanmaktadır. Bu piklerin bazıları literatürde başka gruplar tarafından tespit 
edilmiş olsa da bazıları ilk kez bu çalışma sonucunda ortaya çıkarılmıştır. 

Çalışmanın son bölümünde ZnO nanoparçacıklarının oluşum kinetikleri 
incelenmiştir. Bu deneyleri yapmak için, sentez esnasında, iki dakikada bir 
çözeltiden alınan bir parça örneğin o andaki floresans spektrumu farklı dalga 
boylarındaki ışık ile uyarılarak alınmıştır. Daha sonra, 2 dakikada bir alınan tüm 
spektrumlardaki yayımlama dalga boyu pikleri belirlenmiş ve bu piklerin 
şiddetlerinin eklenen KOH miktarına göre nasıl değiştiği başka bir grafikte 
çizdirilmiştir. Bu deneylerin sonucunda bu piklerin şiddetlerindeki değişimler 
yorumlanmıştır. Piklerin şiddetindeki değişim bize parçacık oluşum süreci hakkında 
bilgi vermektedir. Özellikle uyarılma dalga boyunda gözlemlenen saçılma piki 
reaksiyonun başlarında sabit olarak ilerledikçe bir müddet sonra aniden sıfıra 
düşmüştür. Bunun nedeni o esnada çözeltide oluşan parçacık formasyonunun belli bir 
eşik değere ulaşması ve bu değerden sonra uyarma dalga boyunun çözelti içinde 
kendiliğinden sönümlenme mekanizmasına uğrayarak sıfıra gitmesi sebebi iledir. 
Saçılma ışığının sıfıra gittiği bu değer farklı fiziksel koşullarda farklı değerlerde 
ortaya çıkmıştır.  

Karıştırma hızı arttıkça saçılma ışığının şiddeti daha hızlı bir şekilde sıfıra gitmiştir. 
Bunun nedeni karıştırma hızını arttırmakla aslında reaksiyonun hızını arttırmış 
olmamızdan kaynaklanmaktadır. Karıştırma hızı arttıkça çözelti içindeki atomlar 
birbirleri ile daha çabuk karşılaşmış ve tepkimeye girmişler böylelikle de 
reaksiyonun hızı artmış ve daha düşük değerlerde saçılma hızı sıfıra gitmiştir. Ayrıca 
bu deneyler esnasında diğer yayımlama piklerine bakıldığında bazı piklerin belli bir 
değerde ortaya çıktıkları, bazı piklerin yok oldukları görülmektedir. Tüm bu 
eğrilerden hangi piklerin reaksiyonun hangi anında ortaya çıktıkları tespit 
edilebilmekte, ve bu piklerin karşılık geldiği fiziksel olaylar yorumlanabilmektedir. 
Bu piklerden de görüldüğü gibi karıştırma hızı arttıkça reaksiyonun hızlandığı 
gözlemlenmiştir. 

Aynı deneyler farklı sıcaklıklarda tekrarlanmıştır. Sıcaklık arttıkça yine reaksiyonun 
hızlandığı gözlemlenmiştir. Sıcaklığın artması durumunda reaksiyon hızının değişimi 
ile karıştırma hızının artması durumunda reaksiyon hızının değişimi 
karşılaştırıldığında, sıcaklığın karıştırma hızından daha etkili bir parametre olduğu 
görülmektedir. Karıştırma hızı reaksiyonu bir miktar hızlandırırken, yüksek 
sıcaklıklarda sentezlenen örneklerde reaksiyonun çok çok daha hızlı ilerlediği 
gözlemlenmiştir. 

Parçacıkların oluşma hızları ve hangi emüsyon piklerinin ne zaman (hangi 
konsantrasyonlarda) oluştuğunu belirlemek amacıyla geliştirilen bu yöntem ilk defa 
bu çalışmada uygulanmıştır.  

Bu çalışmanın en önemli kısmı ZnO nanoparçacıklarının başarılı bir şekilde 
sentezlenebilmesi ve karakterize edilmesi olmuştur. İlerideki çalışmalarımızda bu 
malzemeler jel veya jelleşmekte olan bir ortam içerisinde sentezlenmeye çalışılacak 
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ve böylece kuantum noktalarının boyutları ayarlanabilecektir. Bu tez çalışması 
gelecekte yapılacak bu tür çalışmalar için bir altyapı oluşturmaktadır.  
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1 INTRODUCTION 

Quantum dots with nano sizes and high luminescent efficiency have attracted 

attention of researchers because of their wide applications in many fields of science 

and technology. This thesis introduces the synthesis of ZnO nanoparticles for varying 

physical conditions and studies about their properties. We studied the shifting at 

excitation and emission peaks corresponding to ZnO nanoparticle’s band-edge and 

deep trap electronic excitations, and we got very usefull results. There are some 

reports in the literature about shifting at excitation and emission wavelengths for 

some of the nano materials. Here, we studiesd about shifting in wavelengths of 

excitation and emission for ZnO nanoparticles in details and our results has not been 

reported before. 

In this thesis, we introduce optical and electronic behaviors of ZnO nanoparticles by 

using fluorescence technique. The effects of the stirring velocity, the concentration of 

KOH and the temperature on the kinetics of the particle formation were studied. 

Using TEM and SEM measurements and X-ray diffraction experiments, the size of 

the particles and the structure of the unit cell were determined. It is observed that 

increasing temperature results in formation of big-size nanoparticles. The nano 

particles were capped via TEOS and long-term stability of the particles were 

obtained. The methods used in this thesis for synthezising the ZnO nano particles are 

going to be used in our future works where it is aimed to tune the size of the 

nanoparticles using the gels as reaction media. 

1.1 Literature Review 

1.1.1 Nanocrystals 

Small nanoparticles with diameters between 2 and 20 nanometers are comparable to 

molecules. The electronic and atomic structures of such small nanoparticles have 

unusual features and different from those of the bulk materials. Large nanoparticles 

(>20-50 nm) will have similar properties with those of the bulk [1]. The material 

properties change by size. At small sizes, the properties vary irregularly and are 
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specific to each size. At large sizes, dependence on size is smooth. The size-

dependent properties of nanoparticles include electronic, optical, magnetic and 

chemical characteristics. Nanoparticles can be amorphous or crystalline. 

Nanoparticles of metals, chalcogenides, nitrides and oxides are often single 

crystalline. Crystalline nanoparticles are refered to as nanocrystals. 

1.1.2 What is quantum dots? 

Quantum Dots are very small semiconducting nanocrystals. So, we can consider 

them as dimensionless and also we can consider them as a particle of matter. It is so 

small that addition or removal of an electron may change its properties in some 

useful way. All atoms are quantum dots, but multi-molecular combinations can have 

this characteristic. In biochemistry they are called redox groups and in 

nanotechnology, they are called quantum bits or qubits. The fields of biology, 

chemistry, computer science, and electronics are all of interest to researchers in 

nanotechnology. Other applications of quantum dots include nanomachines, neural 

networks, and high-density memory or storage media [2]. 

Quantum dots range from 2-10 nanometers (10-50 atoms) in diameter and they may 

include up to a total of 100 to 100,000 atoms within the quantum dot volume. 

Atom                                              Bulk                                          Quantum Dot 

 

 

 

 

 

 

 

         Discrete DOS                              Continuous DOS                     Discrete DOS 

Figure 1.1 : Comparison of the electronic structure and spectral characteristics of 
atoms, bulk semiconductors and quantum dots (DOS: density of 
electronic energy states). 
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Their behavior is intermediate between macroscopic solids and atomic or molecular 

systems, and their electronic characters are closely related to the size and shape of 

the individual crystal. 

The size of the crystal affects the band gap. The smaller the size of the crystal cause 

the larger the band gap, the greater the difference in energy between the highest 

valence band and the lowest conduction band. As the band gap is increased, we need 

more energy to excite the dots and when the crystal returns to its ground state more 

energy releases. 

In addition, a quantum dot contains a small finite number (1-100) of conduction band 

electrons, valence band holes, or excitons i.e., a finite number of elementary electric 

charges [3].  

They were discovered in 1980s by Alexei Ekimov [4] in a glass matrix and by Louis 

E. Brus in colloidal solutions and the term of “quantum dot” were coined by Mark 

Reed. In last years, they were used in transistors, solar cells, LEDs, and diode lasers. 

They display very interesting optical properties such as single wavelength excitation, 

size-dependent narrow emission, and high intensity of fluorescence emission. 

Quantum dots can be contrasted to other semiconductor nanostructures: quantum 

wires and quantum wells. In a quantum wire the electrons and holes can move in two 

spatial directions and allow free propagation in three directions. In a quantum well 

the electrons and the holes can move in one direction and allow free propagation in 

two directions. 

One of the good points about quantum dots is that we can vary the energy spectrum 

of a quantum dot by controlling the geometrical size, the shape, and the strength of 

the confinement potential [3]. 

1.1.3 Quantum confinement 

We can see quantum confinement effect when the diameter of the particle is the same 

as the wavelength of the electron wave function[5].  

When the size of the material is so small, their optical and electronic properties turn 

aside from those of bulk materials. The energy spectrum of the nano-size particle 

gets discrete so, the bandgap becomes size dependent. And, as mentioned above, 
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decreasing the size the bandgap get bigger. The emission shifts to the left (blue-shift) 

when the size of the particles decreases [6]. 

 

Figure 1.2 : (a) A bulk semiconductor has continuous conduction and valence 
energy bands separated by an energy gap, Eg0 (left). A quantum 
dot(QD) is characterized by discrete states with energies that are 
determined by the QD radius R. (b) The expression for the size-
dependent separation between the lowest electron and hole QD state 
(QD energy gap) obtained using the “quantum box” model . (c) A 
schematic representation of the continuous absorption spectrum of a 
bulk semiconductor compared to the discrete absorption spectrum of a 
QD [This Figure is taken from ref. [7]. When the size of particles 
decreasess, some blue shift occurs in the optical illumination [6]. 

In the bulk semiconductor an electron-hole pair is bound within a characteristic 

length, called the exciton Bohr radius. When the number of electron and hole 

increase, the properties of the semiconductor change. (Figure1.2.) 

In addition, the exciton Bohr radius is a useful parameter in quantifying the quantum 

confinement effects in semiconductor physics. The Bohr radius (aB) of an exciton in 

semiconductors may be calculated by [8] 

𝑎𝐵 =
ℏε
𝑒2

1
1
𝑚𝑒

+ 1
𝑚ℎ

 
(1.1) 
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Where ε  is the dielectric constant,   is the Planck constant, and me and mh are the 

electron and hole effective masses, respectively. When the particle size is reduced to 

approach the exciton Bohr radius, there are drastic changes in the electronic structure 

and physical properties. These changes include increasing of energy levels, the 

development of discrete features in the spectra, and the concentration of the oscillator 

strength into just a few transitions (Figure 1. 2) [8]. 

A theoretical model based on the effective-mass approximation [8] has established 

two limiting regimes: the weak and the strong confinement regimes. The weak 

confinement regime occurs when the particle radius is larger than the exciton radius. 

In this regime, the exciton translational motion is confined and the size dependence 

of the energy of the exciton is given by the following relation: 

Enl=Eg- R
∗y
n2

 + ħ 2X2nl
2MR2

 (1.2) 

Where Eg is the bulk bandgap, R*y is the exciton Rydberg energy,   is the Planck 

constant, R is the particle size, 𝑀 = 𝑚𝑒 + 𝑚ℎ  and me and mh are the effective mass 

of the electron and hole. Xnl are the roots of Bessel functions that describes the 

energy state, and n is the number of the root and l is the order of the function [8]. 

The strong confinement regime occurs when the particle radius is smaller than the 

exciton radius. In this regime, the individual motions of electrons and holes are 

independently quantized and the size dependence of exciton energy can be given by  

Enl = Eg + 
ħ2Xnl2

2 µ R2 
(1.3) 

Where µ is the reduced mass of the electron and hole pair, 

1
µ

=
1
𝑚𝑒

+
1
𝑚ℎ

 (1.4) 

In both regimes, the energy levels are discrete and we have blue-shift of the 

absorption edge, so the main experimental effects of confinement are the appearance 

of a structured absorption spectrum. The discrete energy is proportional to the 

inverse of the square of the particle radius. Quantum confinement not only increase 

energy gap (blue-shift of the absorption edge) and split the electronic states but also 
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changes the density of states (DOS). Density of states cause many difference 

between novel physical properties and potential applications in low-dimensional 

semiconductors and in electronic behavior of the bulk and of quantum-confined low-

dimensional semiconductors [9]. 

                               Nanoparticles                        bulk mode material 

                                 λ:wavelength                            λ:wavelength   
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Figure 1.3 : Quantum confinement cause increasing of energy difference between 
energy states and bandgap. 

1.1.4 Density of state in quantum dots 

The states in the bands and their dependence on energy are described by the density 

of states. In semiconductor heterostructures, the free motion of carriers is restricted 

to two, one, and zero spatial dimensions. 

The density of states function describes the number of states that are available in a 

system and is essential for determining the carrier concentration  and energy 

distributions of carriers within a semiconductor. The density of states in quantum 

wells (2D), quantum wires (1D), and quantum dots (0D). When considering the 

density of state for a 0D structure (i.e., quantum dot), no free motion is possible. 

Because there is no k-space to be filled with electrons and all available states exist 

only at discrete energies. 

∆E

 
∆E
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The density of state N (E) ~ E1/2 changes from continuous dependence to a steplike 

dependence when we pass from three dimensions to two dimensions. 

Thus the optical absorption features are different for the bulk and the quantum well 

structure. In quantum well the optical absorption edge is at higher photon energy 

comparing to that of the bulk semiconductor and above the absorption edge, the 

spectrum is stepped rather than smooth. The steps correspond to allowed transitions 

between valence-band states and conduction-band states. In addition, at each step 

sharp peaks appear corresponding to confined electron-hole pair states.  

In lower dimensions like quantum dots, nanocrystals, and nanoparticle colloids the 

density of state becomes more discrete when the dimensionality decreases and large 

optical absorption coefficients are observed [10]. 

The changes in the DOS cause changing in the gain profile, a reduction of threshold 

current density, and a reduction of the temperature dependence of the threshold 

current [11]. So, the low-dimensional structures have many applications in 

semiconductor lasers, due mainly to  the quantum confinement of the carriers and the 

variation of the density of states with dimensionality [12]. Thus low-dimensional 

structured materials are interesting for practical applications and basic research.  

1.1.5 Properties of quantum dots 

The electronic and atomic structures of such small nanoparticles have unusual 

features. Large nanoparticles (>20-50 nm), have properties similar to those of the 

bulk [13]. At small sizes, the properties of nanoparticles change irregularly and are 

specific to each size. At larger sizes, dependence on size is smooth. The size-

dependent properties of nanoparticles include electronic, optical, magnetic, and 

chemical characteristics. Nanoparticles can be amorphous or crystalline. 

Nanoparticles of metals, chalcogenides, nitrides, and oxides are often single 

crystalline. Crystalline nanoparticles are referred to as nanocrystals. Nanocrystals of 

materials usually obtainable as sols containing nanocrystals behave like the classical 

colloids. 

1.1.6 Geometric structures 

The dimensions of nanocrystals are close to atomic dimensions and thus the high 

fraction of the total atoms is present on their surfaces. For example, a particle 
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consisting of 13 atoms, have 12 atoms on the surface. Such a particle has a surface 

more populated than the bulk. It is possible to estimate the fraction of atoms on the 

surface of the particle (Ps, percentage) using the simple relation, 

𝑃𝑠 = 4𝑁− 13  × 100 (1.7) 

Where N is the total number of atoms in the particle [13] 

The variation of the surface fraction of atoms with the number of atoms is shown in 

Figure 1.4. 

We see that the fraction of surface atoms becomes less than 1% only when the total 

number of atoms is of the order of 107, which for a typical metal would correspond to 

a particle diameter of 150nm [13]. 

Nanoparticles are generally assumed spherical. However, an interesting interplay 

exists between the morphology and the packing arrangement, especially in small 

nanocrystals. If one were to assume that the nanocrystals strictly follow the bulk 

crystalline order, the most stable structure is arrived by simply constraining the 

number of surface atoms. It is reasonable that the overall polyhedral shape has some 

of the symmetry elements of the constituent lattice [13]. 

 

Figure 1.4 : Plot of the number of atoms vs. the percentage of atoms located on the 
surface of a particle.The calculation of the percentage of atoms is made 
on the basis of (1.7) and is valid for metal particles ,from ref. [13]. 

1.1.7 Magnetic properties of quantum dots 

Isolated atoms of most elements have magnetic moments that can be arrived based 

on Hund’s rules. In the bulk, only a few solids are magnetic. Nanoparticles help to 
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study the evolution of magnetic properties from the atomic scale to the bulk.  The 

magnetic properties of the sol-called fine particles had been examined and size 

effects were first noticed in magnetic measurements on particles with diameters in 

the 10-100 nm range [13]. 

The magnetic properties of nano-size particles differ from those of bulk mainly in 

two points. The large surface-to-volume ratio results in a different local environment 

for the surface atoms in their magnetic coupling with neighboring atoms, and causes 

the mixed volume and surface magnetic characteristics. Unlike bulk ferromagnetic 

materials, which usually form multiple magnetic domains, several small 

ferromagnetic particles could consist of only a single magnetic domain and when we 

just have a single particle that is being a single domain, the super paramagnetism 

occurs. The magnetization of the particles is randomly distributed and they are 

aligned only under an applied magnetic field, and the alignment disappears when the 

external field is withdrawn [14]. 

In order to understand size-dependent magnetic properties, we see the changes in a 

magnetic substance when the size of the particles decreases from a few microns to a 

few nanometers. In the ferromagnetic substance, the Tc (Curie temperature in Kelvin 

unit) decreases with decrease in size. This is true for all transition temperatures 

associated with long-range order. For example, ferroelectric transition temperatures 

also decrease with particle size [13]. 

1.1.8 Electronic properties 

Bulk metals have a partially filled electronic band and their ability to conduct 

electrons is because of the availability of a continuum of energy levels above, the 

Fermi level, EF. These levels can easily be populated by applying an electric field and 

the electrons now behave as delocalized Bloch waves (λ~5-10 Å)[13]. 

In semiconductors, a reduction in size of the system causes the energy levels at the 

band edge to become discrete, with interlevel spacings similar to metals. This 

increases the bandgap of the semiconductor [15]. 

Schematically in figure 1.5, the additional complications are introduced by the strong 

directional covalent bonds present in a semiconductor. Accompanying the 

appearance of the discrete levels are other consequence such as the change from 

metallic to van der Waals type of bonding, lowering of the melting point, odd-even 
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effects, a metal-insulator transition. We called these changes as quantum size effects 

[16]. 

 

Figure 1.5 :  Schematic illustration of the changes in the electronic structure 
accompanying a reduction in size, in metals and semiconductors [from 
ref. 13] 

1.1.9 Optical properties 

The electronic absorption spectra of nanocrystals of metals are domained by the 

surface plasmon band, which arises because of the collective coherent excitation of 

the free electrons in the conduction band [13]. 

In the case of semiconductor and other particles, the number of free electrons is 

much smaller and the plasmon absorption band is shifted to the infrared region. The 

absorption of visible radiation by semiconductor nanocrystals is because of excitonic 

transitions. Efros, Brus, and workers worked on the absorption process in 

semiconductor nanocrystals in the visible region [17, 18].They propose a theory 

based on effective mass approximation to explain the size dependent changes in the 

absorption spectra of semiconducting nanocrystals. We can understand the 

absorption spectra by changing the size of the nanocrystals in comparison to the 

exciton diameter. 

The semiconductor nanocrystals show interesting luminescence behavior. The 

luminescence is dependent on the size of the nanocrystal and the surface structure. 
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1.1.10 Other properties 

An increase in the surface area per unit mass is a direct result of reducing dimensions 

of nanocrystals. The increase in specific surface area cause that they are used as 

catalysis. Therefore, the nanoscale materials can be useful as powerful catalysts. In 

addition, change in the electronic structure brought by quantum confinement effects 

could be used to tailor the reactivity of nanocrystals. Reactions with no parallels in 

bulk matter can be carried out through the aid of nanocrystals. Afew such reactions 

have indeed been realized [13]. 

1.1.11 Quantum size confinement and quantum efficiency of nanoparticles 

By considering the properties of quantum dots, we can say that nanoparticles may 

have tunable absorption and emission spectra and they may have higher quantum 

efficiency than conventional phosphors, making it possible to fabricate more 

sensitive sensors or devices that are more efficient. The oscillator strength, ƒ, is an 

important parameter that effects the absorption cross-section, recombination rate, 

luminescence efficiency, and the radiative lifetime in materials. The oscillator 

strength of the free exciton is [19]: 

ƒex =
2𝑚
ħ

 ∆E|µ|2|U(0)|2    (1.8) 

Where m is the electron mass, ∆E is the transition energy, μ is the transition dipole 

moment, and |U (0) |2 represents the probability of finding the electron and hole at the 

same site (the overlap factor). In nanostructured materials, the overlap factor 

increases because of quantum size confinement, so the oscillator strength increase, 

too. The oscillator strength is also related to electron-hole exchange interaction that 

helps to determine excition recombination rate. In bulk semiconductors, the electron-

hole exchange interaction is very small because of dislocationing of the electron or 

hole but in nanoparticles because of confinement, the exchange term should be very 

large. Therefore, the oscillator strength gets increase from bulk to nanostructured 

materials [11]. 

1.1.12 Fluorescence of semiconductor nanoparticles 

Optical excitation of semiconductor nanoparticles causes both band-edges (exciton) 

and deep trap surface state luminescence .The excitonic or band-edge fluorescence 



12 

emissions are size dependent, and they can be explained by the effective-mass 

approximation. Thus, emission colors of nanoparticles can be easily adjustable by 

size, while the emission efficiency is highly determined by surface characteristics. 

The fluorescence process in semiconductor nanoparticles is very complex and most 

nanoparticles exhibit broad and Stokes-shifted luminescence because of the deep 

traps of surface states [20]. Only clusters with good surface passivation show high 

band-edge emission. The absence of band-edge emission has been attributed to the 

large nonradiative decay rate of the free electrons trapped in these deep-trapped 

states [11]. 

When the particles become smaller, the rate of surface/volume and so the number of 

surface states increases rapidly, and the excitonic emission is reduced [21]. In small 

size particles a large percentage of the atoms are on or near the surface. Surface state 

near the bandgap can mix with interior levels to a substantial degree and these effects 

can influence the spacing of the energy levels. Therefore, in many cases, the surface 

state of the particles determines the properties instead of particle size and because of 

that, it is important to characterize the surface sate and control them by chemical 

modification. For example, 99% of the atoms are on the surface for a one nm sized Si 

particles [9].This interface between the nanoparticles and surrounding medium can 

affect the particle properties. Although, there are many reports about the 

luminescence of nanoparticles, but just only a small number of them are dedicated to 

the size dependence of the fluorescence from surface state [11]. When we examine 

the size dependence of the two main emission features (the excitonic and trapped 

emission), we can obtain in which extent the carriers are confined in the emitting 

state. If the surface states are dependent on size, we can understand that not only the 

excitons but also the trapped carriers at the surface state are confined by the quantum 

size effect but if the luminescence of the surface state is not dependent on the size, 

the trapped carriers are not confined by quantum size effect. Therefore, for adjusting 

the energy levels of the surface states it is important to know about surface states 

relative to the quantum confinement [11]. 

The emission spectra of ZnS nanoparticles of different sizes are shown in figure 1.6. 

Here there is no excitonic emission observed and the luminescence arises from trap 

states, it shows that the surface of the particles is not well passivated. By decreasing 

the size the luminescence intensity increase when the trapped state increase in more 
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luminescence. The trap state emission also shifts to the blue when the size decreases 

that it shows the quantum confinement behavior [22]. 

    
                                                                                        300      350          400         450        500         550             600      650 

 

Figure 1.6 : Luminescence spectra of ZnS nanoparticles with average sizes of 1.24 
nm, 1.65 nm, and 2.28 nm, respectively. The luminescence exhibits 
almost exclusively trap state emission, likely because of poor surface 
passivation. Reprinted from [22]. 

Similarly, the results reported by Hoheisel et al. [23] show that both the excitonic 

and the trap state emission peaks shift in energy as function of size in CdSe 

nanoparticles. Reference [23] shows that the emission energy of the surface states in 

these particles is also correlated to the quantum-size effects. 

1.1.13 Synthesis of nanocrystals 

There are a lot of methods that were used to synthesis nanocrystals. But we can 

divide them into two major methods: Physical and chemical methods. 

1.1.13.1 Physical methods 

Many of the physical methods are the evaporation of a solid material vapor that is 

supersaturated to obtain homogenous nanoparticles. In these methods, the size of the 

nanoparticles is controlled by inactivating the source of evaporation or by slowing 

the rate by gas molecules to collide with the particles. In just milliseconds to 

seconds, the growth of nanoparticles occurs and we need to control it by 

experimental parameters. Several specialized techniques have been developed in the 

last few decades but I just mention two of them in the below paragraphs [24]. 
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Figure 1.7 : Absorption and emission spectra of CdSe nanoparticles with average 
sizes of 9 Å, 11 Å, 13 Å, 16 Å, and 21 Å. Quantum confinement results 
in  both the excitonic and trap state emissions clear blueshift with 
decreasing  particle size. Reprinted from [23]. 

Molecular beam epitaxy (MBE): 

For epitaxial growth via the interaction of one or several molecular or atomic beams 

that occurs on a surface of a heated crystalline substrate. In figure 1.8, we see the 

scheme of a typical MBE system that there is a heterostructure placed on a sample 

holder and heated at the necessary temperature and every time we need to rotate it to 

improve the growth homogeneity [25]. During the growth we need ultra-high 

vacuum (UHV) that is around 10-6 – 10-4 mbar. After making vacuum O2, CO2, H2O 

and N2 contamination on the growing surface can be neglected. There is a great 

advantage that growth conditions make it possible to reduce the rate down to nm/sec, 

so the control of the growth thickness is possible [26]. 

Although practice with MBE is not very simple and the substrates are prepared very 

carefully and cleaned with extreme purity and sometimes their properties are spoiled 

by contamination that we have to change them. So, only ultra-pure sources are used. 

For reduce contamination we must keep pressure in the evaporator low and the walls 

of the chamber cooled with liquid nitrogen gas to a temperature to 77 Kelvin. We can 

see the growth by some methods: Reflection high energy electron diffraction 

(RHEED), low energy electron diffraction (LEED), auger electron spectroscopy 

(AES), modulated beam mass spectrometry (MBMS) [27]. 

Photon Energy (eV) 

9Å 

11Å 

13Å 

16Å 

21Å 
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Figure 1.8 : Sketch of MBE system (From ref 27) 

There are some benefits to use MBE: the good interface and surface morphology, 

growth of complex heterostructues with many different layers, high purity starting 

materials and easy chemistry and low growth temperature. Of course this method can 

have some problems that involve graded interfaces, low growth rates, high 

temperatures are hardly reached and very difficult and costly to implement and 

maintain [27].  

Metal organic chemical vapor deposition (MOCVD) 

In MOCVD method we can produce semiconductor nanoparticles with better quality 

than usual chemical methods. This is a technique for depositing thin layers of atoms 

onto a semiconductor wafer. Using MOCVD we can build many layers, each of a 

precisely controlled thickness, to create a material which has specific optical and 

electrical properties. Although the reaction mechanism and kinetic of that are not 

understood very well, but the researchers try to develop it because of some 

advantages like large-area growth capability and good conformal step coverage and 

good controlling of epitaxial deposition [28]. 

The principle of MOCVD is simple. Atoms that we like to be in our crystal are 

combined with complex organic gas molecules and passed over a hot semiconductor. 

The heat breaks up the molecules and put the atoms that we want on the surface layer 

by layer. By changing the composition of the gas, we can change the properties of 

the crystal at an atomic scale. So, we can use this method to growth of quantum dots, 

quantum wires and quantum wells [29]. 
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1.1.13.2 Chemical methods 

We use chemical methods to synthesis various nanocrystals from various types of 

materials. The methods are generally done under mild conditions. The nanocrystal 

materials can be in form of embedded solids, liquids and foams. Most of nanocrystals 

made by this method disperse in solvent (sols) and we can consider the chemical 

method in three steps, seeding, particle growth, and growth termination by capping. 

An important process that occurs during the growth of a colloid is Ostwald ripening. 

In this mechanism, the smaller particles dissolve and redeposit onto larger crystals or 

sol particles. Larger particles are more energetically favored than smaller particles 

[30], because the molecules on the surface of the particle are less stable than the ones 

in the interior. In smaller sizes the number of atoms and molecules on the surface is 

more than the bigger sizes. The system tries to lower its energy so the molecules on 

the surface in smaller sizes will to detach from the particle and diffuse into solution. 

When the small sizes do this, it increases the concentration of free atoms in solution 

and they are supersaturated. Thus, they will have tendency to condense on the 

surface of larger particles [30]. Therefore, all smaller particles shrink, larger particles 

grow, and finally the average size will increase (figure 1.9). Ostwald ripening causes 

the size distribution get bigger to about 15%.However; by using high concentrated 

monomers and capping we can prevent that[31]. 

The seeding and nucleation and termination steps are often not separable so, we start 

with a mixture of the nanocrystal constituents, the capping and the solvent. The rate 

of the steps can be changed by changing some parameters such as temperature and 

concentration. Therefore, we can obtain different size of nanocrystals by performing 

the experiments at different temperature. The important factors that determine the 

quality of a material is the mono dispersity of the nanocrystals obtained. It is 

desirable to have the same size nanocrystals so; we are looking for the synthesis with 

narrow size distribution. The best synthesis today produces nanocrystals with 

diameter distribution of 5%. The other important tool to control the shape and size is 

choosing the capping. For capping, we can use natural polymers like starch and 

cellulose or we can use synthetic polymers like polyvinyl pyrrolidone (PVP), 

polyvinyl alcohol (PVA), and polymethyl vinylether. After that, the nanoparticles 

filtered, washed and again dissolved in a solvent [31]. 
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Figure 1.9 : Monodisperse colloidal growth, schematic illustrating La Mer’s model 
for the stages of nucleation and growth for monodispere colloidal 
particles [31]. 

Colloidal chemistry method 

Colloidal method is the best nano quantum dot preparation in terms of quality and 

monodispersity entail pyrolysis of metal precursors in hot coordinating solvents 

(120°C-360°C). From La Mer and Dinegar’s researches about colloidal particle 

nucleation and growth [32, 33], these preparative routes involve a temporally discrete 

nucleation event by rapid growth from solution phase monomers and after that 

slower growth by Ostwald ripening (figure 1.9). Nucleation is achieved by injection 

of a precursor into hot coordinating solvents immediately and results thermal 

decomposition of the precursor reagents and super saturation of the formed 

monomers. By adding the monomer from solution to the Nano Quantum Dot nuclei 

growth will happens. We can control the size and size dispersion during the reaction. 

Time is very important in changing sizes. Longer reaction times cause a larger 

particle sizes. Nucleation and growth temperatures has some influence, lower 

nucleation temperatures causes lower monomer concentrations and can yield larger 

size nuclei. Also, higher temperatures can cause larger particles as the rate of 

monomer addition to existing particles and Ostwald ripening occurs more at higher 

temperatures [34]. 

The nucleation and growth processes can be changed by concentration and changing 

of them are dependent on the surfactant/concentration ratio and the identity of the 

surfactants. But the higher precursor concentrations cause both fewer and larger 

nuclei and thus larger NQD particle size. Similarly, low stabilizer/precursor ratio 
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cause larger particles and also, weak stabilizer causes the more growth of particle 

size [34]. 

Recently, the researchers could prepare II-VI semiconductors that avoid the Ostwald 

ripening growth regime. They add additional precursor monomer to the reaction 

solution after nucleation and before Ostwald growth being [34]. 

Shape control 

Shape controlling in nanoparticles is very important. The fast nucleation causes 

slower growth and leads to the formation of spherical or approximately spherical 

particles. The isotropic particles have lowest energy shape. The surface energy is 

minimized in spherical particles compared to anisotropic shapes. In different growth 

regime, if the kinetic growth gets fast we have more highly anisotropic shapes and 

we will obtain rods and wires. In semiconductor nanoparticle synthesis, such growth 

conditions have been achieved by using high precursor or monomer and 

concentrations in the growth solution [35]. 

1.1.14 Basic properties and applications of ZnO 

Recently, zinc oxide (ZnO) has been interested by researchers because of its 

interesting properties. Studying on ZnO has been performed since 1935 [36]. ZnO 

has a hexagonal crystal structure and composed of tetrahedrally coordinated O2- and 

Zn2+ ions, and ZnO has partial ionic characteristics. ZnO is a semiconductor 

nanoparticle with a direct band gap of about 3.2 eV and a large exciton binding 

energy of 60 MeV at room temperature [37]. ZnO can exhibit unique optical, photo 

catalytic, piezoelectric, and pyro electric properties and also, it produces an efficient 

blue-green luminescence and displays excitonic ultraviolet (UV) laser action [38]. 

The most important property in ZnO is its larger exciton binding energy and ability 

to grow single crystal substrates and broad chemistry that leads to have many 

opportunities for wet chemical etching, low power threshold for optical pumping, 

radiation hardness and biocompatibility [39].  

They also have some important attributes such as long-term environmental stability, 

bio-compatibility, non toxicity and low cost for making ZnO QDs and ideal material 

for practical applications when compared to QDs of other metal chalcogenides like 

CdS, CdSe, TdTe, etc. [40]. 
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The properties of ZnO makes it an ideal candidate for a variety of devices like 

sensors, ultra-violet laser diodes and nanotechnology based devices such as displays 

[39]. 

Table 1.1 lists the basic physical properties of bulk ZnO [88]. 

Table 1.1: Physical properties of wurtzite ZnO 

Properties value 

Lattice constants (T=300 k)  

a0 0.32469 nm 

c0 0.52069 nm 

Density 5.606 g/cm3 

Melting point 2248 K 

Relative dielectric constant 8.66 

Gap Energy 3.4 eV, direct 

Intrinsic carrier concentration  < 106 cm-3 

Exciton binding energy 60 meV 

Electron effective mass 0.24 

Electron mobility (T=300 K) 200 cm2/V s 

Hole effective mass 0.59 

Hole mobility (T=300 K) 5-50 cm2/V s 

1.1.15 Crystal structure and lattice parameters 

ZnO crystallize in the wurtzite(B4 type) structure, as shown in figure 1.10 . It has a 

hexagonal lattice and is characterized by two interconnecting sublattice of Zn2+ and 

O2-, such that each Zn ion is surrounded by a tetrahedral of O ions, and vice-versa. 

The four most common face terminations of wurtzite ZnO are the polar Zn 

terminated (0001) and O terminated (0001) faces and the non-polar (1120) and 

(1010) faces that both of them have an equal number of Zn and O atoms. The polar 

faces have different chemical and physical properties [39]. 
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Figure 1.10 : The hexagonal wurtzite structure of ZnO. O atoms are shown as large
 spheres, Zn atoms are smaller spheres. One unit cell is outlined. 

The wurtzite structure has a hexagonal unit cell with two lattice parameters, 

a ~ 0.325 nm and c ~ 0.521 nm and the ratio of  𝑐 
𝑎

 =�8
3
 =1.633 (in an ideal wurtzite 

structure). But in a real ZnO crystal the wurtzite structure deviates from the ideal size 

by changing the 𝑐 
𝑎

 ratio. The experimentally observed 𝑐 
𝑎

 ratios are smaller than ideal. 

The lattice parameters are commonly measured at room temperature by X-ray 

diffraction (XRD), which happens to be the most accurate one that is used the Bragg 

law [41]. 

Lattice parameters of ZnO have been researched in many years. The lattice 

parameters of a semiconductor usually depend on the following factors: free electron 

concentration acting via deformation potential of a conduction band that is occupied 

by these electrons, concentration of foreign atoms and defects and their different of 

ionic radii with respect to the substituted matrix ion, external strains, and 

temperature. The lattice parameters of crystalline material are measured by high 

resolution X-ray diffraction (HRXRD) [41]. 

1.1.16 Optical properties 

The optical properties of ZnO nanostructures are being studied for photonic devices. 

Photoluminescence (PL) spectra of ZnO nanostructures have been reported in many 

works [42-53]. 

Excitonic emissions have been observed from the photoluminescence spectra of ZnO 

nanorods [54]. It is shown that quantum size confinement can clearly increase the 

exciton banding energy [55]. Strong emission peak at 380 nm is because of band-to-
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band transition and green-yellow emission band related to oxygen vacancy are 

observed. These results are consistent with those of bulk ZnO. The green emission 

intensity increases with decreasing nanowires diameter and this is because of the 

larger surface-to-volume ratio in thinner nanowires [42-56]. Recently, red 

luminescence band was reported, that is because of doubly ionized oxygen vacancies 

[57]. Also, the quantum confinement was observed by a blu-shift in the near UV 

emission peak in ZnO nanobelts [58]. 

In the quantum-size region, the absorption of UV or visible light depends on the size 

of the nanoparticles [59]. The luminescence spectra of ZnO has a UV band-edge 

emission and one or more broad emission peaks in the visible region. The visible 

region is because of surface defects of the crystal and depending on the fabrication 

conditions these emission peaks change [60]. 

1.1.17 Synthesis of ZnO nanocrystals 

The ZnO nanocrystals can be synthesized by different methods including sol-gel 

method [61], evaporative decomposition of solution [62], wet chemical processes 

[63], gas-phase reaction [64], and hydrothermal synthesis [65], etc. But the most 

important thing about synthesizing the ZnO is controlling size, size-dispersion, 

chemically pure, crystalline nanosized ZnO with narrow size distribution [66]. I 

mentioned some preparation methods below. 

1.1.17.1 Sol-gel method 

Several wet chemical methods have been developed to synthesize ZnO nanocrystals 

[67,68]. The most successful approach to obtain quantum sized ZnO has been the 

sol-gel method [69]. In this method usually uses inorganic metal salt like acetate, 

chloride, nitrate and sulfate or a metal organic species such as a metal alkoxide [70]. 

Unfortunately, the ZnO that synthesized by colloidal method tends to aggregate or 

undergo Ostwald ripening because of their surface energy [71]. So, these 

nanocrystals are not stable in aqueous dispersion during storage [72]. To make them 

stable, various capping have been employed like polyvinylpyrolidone (PVP), amines, 

3-aminopropyl trimethoxysilane, long chain aliphatic thiols, tetraethylorthosillicate 

(TEOS), etc. [73-76]. These surface modifications are useful to make them stable and 

are usually well dispersed in solvents [66]. It has been known for a long time that 

ZnO can be synthesized using zinc acetate and a base such as NaOH or KOH and it 
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hase been observed that the presence of a small or even trace amount of water in the 

synthesis of ZnO nanocrystals influence strongly the size of the nanocrystals [77-78]. 

Also, by optical absorption spectra we can get some results. By increasing time the 

absorption intensity increases. It shows increasing ZnO concentration with time and 

there is a shift in the absorption edge to lower energies with increasing time and it 

proves the growth of larger particles [79]. 

In synthesis of ZnO nanoparticles with water, the Zn2+ ions are obtained by 

separation of zinc acetate into Zn2+ and OAc- ions. The hydroxyl ions for the reaction 

are obtained from separation of water. The ZnO nanocrystals have tetrahedral 

coordinated Zn and O atoms and the surface of Zn atoms are terminated by a 

hydroxyl ion instead of the OAc- ion. The nucleation of ZnO clusters is started at 

time t=0 and the growth occurs by the dehydration of terminating OH- ion in 

solution. By diffusion process the Zn2+ ions available in the solution go near the 

surface and the growth of the nanocrystals is continued by Zn2+ ion that capture OH- 

ion (obtained from water) and this process will continue.Thus we can write the 

reaction mechanism to form ZnO as: 

H2O ↔ 𝐻+ + 𝑂𝐻−,  𝑍𝑛2+ + 2𝑂𝐻− ↔ 𝑍𝑛(𝑂𝐻)2 ↔ 𝑍𝑛𝑂 + 𝐻2𝑂 (1.9) 

In the synthesis of ZnO nanocrystals in the presence of a base like NaOH, there are 

some reports [80-83]. In these researches they have measured the ZnO by UV 

absorption in different temperatures and they have shown that the diameter of the 

particles is dependent on the time.They also showed the effect of solvents on the 

kinetics by using ethanol, hexanol, butanol, pentanol and propanol as solvents. 

Recently [84], it has been better analysis that suggested the growth mechanism of 

ZnO is very complex and more experiments are needed to understand the growth 

mechanism of nanocrystals. In this research, they obtained an interesting result that 

the size of the ZnO nanocrystals become smaller if the concentration of NaOH be 

low (0.1-0.2 mmol in 0.25mmol zinc acetate). They explained that for making ZnO, 

the reaction proceeds by dehydration of Zn(OH)2 and also produces water and we 

mentained that the presence of even a small amount of water increases the rate of 

growth of ZnO nanocrystals. Here, the presence of excess NaOH, the unreacted 

NaOH acts as a scavenger of water and absorbs moisture from the solution and thus 

maintains relativity anhydrous conditions. This explains the observation of smaller 
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size nanocrystals at a higher concentration of NaOH beyond a certain threshold 

concentration. If the NaOH concentration be higher than optimal value, the average 

particle size remains approximately the same. 

1.1.17.2 Vapor transport process 

The most common method to synthesize ZnO, GaN and Si nanostructures is vapor 

transport process. In this method Zn and oxygen or oxygen mixture vapor are 

transported and react with each other and form ZnO nanostructures. There are several 

ways to generate Zn and oxygen vapor . Decomposition of ZnO is a direct and 

simple method but, it needs to very high temperatures about 1400° C [85]. Another 

direct method is to heat up Zn powder under oxygen flow [86,87]. This method 

needs lower temperature about 500° C to 700° C, but this method has some 

disadvantages that we must carefully control the ratio between the Zn vapor pressure 

and oxygen pressure to obtain desired ZnO nanostructures. The change of ratio 

causes a large variation on the morphology of nanostructures [86]. 

The sol-gel method provides the possibility of forming ZnO nanostructures at low 

temperature and this method needs less difficult synthesis conditions and provides 

great potential for device applications [88]. 

The indirect methods to synthesize of Zn vapor is metal-organic vapor phase epitaxy 

that Zn compound is used under appropriate oxygen or N2O flow [89-93]. 

1.1.17.3 Effect of capping in synthesis of ZnO 

Before, I discussed about the growth of ZnO nanocrystals without capping in the 

solution. However, almost all of nanocrystals be capped to stabilize the size and 

prevent the growth of nanocrystals. There are some researches about capping of 

polyvinylpyrollidone (PVP) [94,95] and thiol [96] on the growth of ZnO 

nanocrystals. In both cases, the capping has some roles and effects on the kinetics but 

still is complicated to understand. In capping thiol, the growth of the ZnO 

nanoparticles continues for a short time (5 minutes) and then the growth stops. 

Additionally, the size distribution does not change with time. 
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1.1.18 Application of ZnO nanocrystals 

ZnO is already used in society and it is used in many industrial manufacturing 

process including paints, plastics, batteries, cosmetics, electrical equipment, rubber, 

soap, textiles, floor coverings and etc. With improvements in growth technology of 

ZnO nanostructures, epitaxial layers, single crystals and nanoparticles, we are now 

moving into an era where ZnO devices will become increasingly functional and 

exotic [97]. 

ZnO-based nanostructures including nanowire arrays make opportunities for flat 

screen displays, field emission sources, gas, chemical [98] and biological sensors, 

and as UV light emitters and switches [99-101]. 

Epitaxial layers and single crystals are important for the development of 

optoelectronic blue and ultraviolet light emitters and detectors [102], piezoelectric 

[103] and spintronic devices [104],  and together with GaN may form the light source 

of the 21st century [105]. Epitaxial ZnO also can be a semi-conducting transparent 

thin film [106], and they are important for solar cells, gas sensors, displayes and 

wavelength selective applications. The technology have been developed by 

technology of ZnO nanoparticles, especially in sunscreens, paint and coatings and 

etc. 

Also, the radiation hardness of ZnO to MeV proton irradiation makes it an ideal 

candidate for space applications [107]. 

The ZnO has a lot of opportunities for society and industry because of its unique 

properties which are now being applied. In the future ZnO device may become part 

of our lives in everywhere. 
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2 EXPERIMENTAL PART 

2.1 Synthesize of ZnO Nanoparticles 

We synthesized ZnO nanoparticles by the sol-gel method (a solution growth 

technique) [108]. In this work we prepared ZnO nanoparticles by different physical 

conditions like, presence or absence of TEOS in ZnO solution, different stirring 

velocities, temperatures, and concentrations. Also, we studied the formation of ZnO 

nanoparticles from appearance of seeds to the growth of QDs every 2 minutes by 

adding KOH to zinc acetate and followed by  fluorescence measurements for 

different excitation wavelength, 300 nm, 331 nm, 350 nm and 400nm. And finally, 

we observed shifting of excitation and emission wavelength upon the change of 

emission and excitation wavelengths. By this way we researched about the deep-

traps and excition band-edge of the ZnO nanoparticles. 

For the synthesis of ZnO nanoparticles we used zinc acetate dehydrate 

Zn(O2CCH3)2(H2O) solution and KOH solution that prepared separately in 

methanol. After the preparation of these two separate solutions, we added KOH 

solution dropwise to zinc acetate solution with constant stirring, and we prepared 

different samples by different stirring velocities, temperatures and molarities. All the 

chemicals are from MERCK . The quantity of these materials used for the reaction 

and different conditions are given in Table 2.1 and Table 2.2. 

The resulting solutions were stirred with the same stirring velocity for 1 hour to 

make the solution homogenized. At this stage, tetraethylorthosillicate (TEOS) 

solution (98%) was added to ZnO solution for capping and controlling the growth of 

the nanoparticle solutions that happens because of Ostwald ripening regime. 

Immediately after this, distilled water added to the solution to mild sol-gel reaction 

of silica on particle surfaces [108]. After that, we washed them with centrifuge for 3 

times (every time for 10 minutes) by methanol followed by distilled water to remove 

the molecules that unreacted. Finally, the obtained colloid was dispersed in distilled 

water. 
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Table 2.1: Materials and amount of them used for the synthesize ZnO nanoparticles 

Sample 

Zinc Acetate Solution 
(0.1Mol/L) 

KOH solution 

(1 Mol/L) TEOS 

(mL) 

Distilled 

water 

(mL) 

String 

(rpm) 

Temp. 

(°C) zinc 
acetate 

(g) 

Methanol 
(mL) 

KOH 

(g) 
Methanol 

(mL) 

A 0.11 5 0.56 10 0.05 0.1 100 Room 

B 0.11 5 0.56 10 0.05 0.1 200 Room 

C 0.11 5 0.56 10 0.05 0.1 400 Room 

D 0.11 5 0.56 10 0.05 0.1 200 40 

E 0.11 5 0.56 10 0.05 0.1 200 60 

F 0.11 5 0.56 10 - - 200 Room 

Table 2.2: Materials and amount of them used for the synthesize ZnO 
nanoparticles(2) 

Sample 

Zinc Acetate 
Solution 

(0.1Mol/L) 
KOH solution 

TEOS 

(mL) 

Distilled 

water 

(mL) 

String 

(rpm) 
Temp. 

(°C) 
zinc 

acetate 
(g) 

Methan
ol (mL) Mol/L 

KOH 

(g) 
Methan
ol (mL) 

G 0.11 5 0.1 0.0561 10 0.05 0.1 200 Room 

H 0.11 5 0.3 0.1683 10 0.05 0.1 200 Room 

I 0.11 5 0.5 0.2805 10 0.05 0.1 200 Room 

J 0.11 5 0.7 0.3927 10 0.05 0.1 200 Room 

B 0.11 5 1 0.5600 10 0.05 0.1 200 Room 

2.2 Characterization of ZnO Nanoparticles 

The structural properties of the samples are investigated by X-ray diffraction, GBS-

MMA operated at 35 kV and 28 mA using CuKα radiation (1.543Å), Transmission 

Electron Microscopy (TEM), Philips EM 208, and Scanning Electron microscopy 

(SEM), Leo 440i., optical properties was studied by using Varian Cary Eclipse 

fluorescence spectrophotometer. 
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2.3 Following the Kinetics 

For studying of ZnO nanoparticle formation, fluorescence spectra were collected 

(measured) after adding every 150µL of KOH solution to zincacetate solution in 

different excitation wavelength, 300 nm, 331nm, 350 nm, and 400 nm for all 

samples.  
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3 RESULTS AND DISCUSSIONS 

3.1 X-ray Analisis 

For showing the formation phase pure (wurzite) or hexagonal structure of ZnO that 

investigated before [108] and finding the nanosize of the ZnO particles we observed 

samples B and F by X-ray diffraction, GBS-MMA operated at 35 kV and 28 mA 

using CuKα radiation (1.543Å).  Figure 3.1 shows XRD pattern of the samples B and 

F. In samples B and F the samples have shown (100), (002), (101), (102) (110), (103) 

and (200) planes that indicates their hexagonal structure in agreement with literature 

[108]. Here we can see the peaks in the sample B that have TEOS are more clear, By 

using Debey Scherrer’s formula,  

D= 0.89 λ
 β cos (𝜃) (2.1) 

where D is the particle diameter, λ is the wavelength of X-ray used, β is the line 

broadening at half maximum intensity (FWHM) in radians and 𝜃 is the scattering 

angle, the estimated particle size in B is 7 nm and in F is 20 nm. 

 

Figure 3.1 : XRD spectra of sample B and F 
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3.2 Flourescence Results 

3.2.1 The fluorescence of ZnO ingredients 

To make sure about observing ZnO nanoparticle by fluorescence measurements we 

must see the ingredient of ZnO to prove our peaks show the existence of ZnO 

nanoparticles. The figures 3.2-3.5 show the fluorescence of Zinc acetate, KOH, 

methanol and distilled water separately in excitation wavelength of 300 nm, 331 nm, 

350 nm and 400 nm in high slit mode of the fluorescence spectrometer. 

 

Figure 3.2 : Spectra of Zinc acetate solution for different excitation wavelengths 

 

Figure 3.3 : Spectra of KOH solution for different excitation wavelengths 
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Figure 3.4 : Spectra of methanol for different excitation wavelengths 

 

Figure 3.5 : Spectra of distilled water for different excitation wavelengths 

In the above spectra we observed a peak for each material at 40 nm right of the 

excited light. The reason for this behavior in the fluorescence spectra is not so clear 

but it probably comes from some mechanical effects. Fluorescence spectra taken for 

the figures 3.2-3.5 were performed for the maximum slit width of the fluorescence 

spectrometer.  However, it should be noted that the intensity of these peaks are 

extremely low for small slit widths. In below part, fluorescence spectra will be 

shown for nanoparticles were taken for low slit widths. At low slit widths, the 

intensities of above spectra (figure 3.2-3.5) are almost negligible.  

3.2.2 Synthesize of ZnO nanoparticles in different stirring velocities 

The sample A, B and C were synthesized in 100 rpm, 200 rpm and 400 rpm at room 

temperature and the result of the fluorescence measurements are shown in Figure 3.6. 

We excited the solution by the light of 300 nm, 331 nm, 350 nm and 400 nm 

excitation wavelengths. The figure shows the emission spectra of ZnO nanoparticles 
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for the excitation- emission  slit width of 5 nm-5 nm. When it is excited with 

wavelength of 350 nm, it shows four peaks in the emission spectra, one around 377 

nm and the broadband peak at 547 nm and the small emission peak of 421 nm 

wavelengths. There is an emission peak at 364 nm in sample A that in sample B it 

becomes less and in sample C it is disappeared. Also, we can see decreasing of 

intensity from sample A to sample C that may show increasing nanoparticle sizes by 

increasing stirring velocity. Another observation is that for all excitation wavelengths 

the emission peak around 377 nm shifts to higher wavelengths (about 387 nm) for 

highest stirring velocity.  

 

Figure 3.6 : Comparing the sample A, B and C for different excitation wavelengths; 
300 nm,331 nm,350 nm, and 400nm at slit 5-5 

Another observation is that for the excitation wavelengths of 331 and 400 nm, two 

new peaks appeared around 450 nm and 483 nm wavelengts. These peaks correspond 

to the band-edge (exciton) transitions that does not change by changing excitation 

wavelength [109]. Here the fact that the intensity of the emission peaks decrease with 

increasing stirring velocity can be attributed to increasing size of the nanoparticles, 

because as the size of the particle is increased the effect of the nonradiative transition 
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increases. This is due to increasing vibronic levels (deep traps) in the surface state of 

ZnO nanoparticles.  

3.2.3 Influence of capping TEOS on the ZnO nanoparticles 

As I mentioned before about the influence of capping on the formation of 

nanoparticles, now we are studying about the influence of Tetraethylorthosillicate 

(TEOS) solution as a capping on the ZnO nanoparticles. In Figure 3.7 The 

fluorescence emission spectra of ZnO nanoparticles are shown for the sample B 

(with TEOS) and the sample F (without TEOS). As we see, in 300 nm of excitation 

wavelength before adding TEOS, there are two peaks about 377 nm and 526 nm that 

after adding TEOS and distilled water these peaks have shift to 360 nm and 522 nm. 

Also, the intensity after adding TEOS increases. 

 

Figure 3.7 : Comparing of sample B (TEOS) and F ( Without TEOS) for different  
excitation wavelengths;  300 nm,331 nm,350 nm and, 400nm (a.u: 
arbitary unit) 

The peak at 600 nm for 300 nm excitation is due to the second harmonic of the 

excitation wavelength. 
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In 331 nm of excitation wavelength, there are two peaks about 380 nm and 534 nm 

that after adding TEOS these peaks shift to 360 nm and 530 nm. In 350 nm and 400 

nm of excitation there is no sensible change. 

Here, we want to discus why the Gaussian peak around 520 nm disappears in 400 nm 

excitation wavelength and two distinct peaks at 490 nm and 530 nm appeared. As the 

excitation energy is decreased, (the wavelength is increased) we cannot excite the 

band edge energy levels because the band-edge energies are highly bigger that the 

deep trap levels (the surface states). Therefore, we just excite the deep-trap levels 

when we excite with 400 nm ligt. Thus, the interference effects become negligible 

and we see clearly the distinc peaks.  

3.2.4 Synthesize of ZnO nanoparticles in different temperatures 

Figures 3.8 and 3.9 show the emission spectra of samples A, D and E that excited 

with wavelengths 300 nm, 331 nm, 350nm and, 400 nm at slit 5 nm-5 nm and 10 nm-

10 nm. The fact that the emission peak at 364 nm in sample A disappeared in sample 

D and E. It shows that increasing the temperature we miss this peak. Also, by 

increasing the temperature from sample A to D and E the emission peak at 377 nm in 

sample A shifts to 386 nm in sample D and 387 nm in sample E that shows by 

increasing the temperature we have bigger ZnO QDs. The intensity of 

photoluminescence (PL) emission has also been found to decrease with increasing 

the size of ZnO QD from sample A to E. It is clear that intensity of emission depends 

on both size [110-112] and surface properties of the QDs [113-115]. Therefore, only 

the particle size cannot explain the behavior of PL. and partly depend on the 

preparation methods and conditions. In small nanoparticles because of large surface 

to volume ratio, the number of atoms in the surface is much more than the atoms in 

the volume and the surface trapping increases. Whereas in bigger QDs we have less 

surface trapping process thereby resulting into decrease in intensity of PL emission 

for ZnO QDs. There is no shift in the wavelength of the emission peaks at 421 nm, 

the peaks around 450 nm and 483 nm that appeared clearly upon the excitation with 

331 nm and 400 nm excitation lights respectively, and the peak at 547 nm. 
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Figure 3.8 : Comparing the sample A, D and E for different excitation wavelengths 
(a) 300nm, (b) 331nm, (c) 350nm, and (d) 400nm at slit 5-5, (a.u.: 
arbitary unit). 

 

Figure 3.9 : Comparison of the sample A, D and E for different excitation 
wavelength (a) 300nm, (b) 331nm, (c) 350nm and (d) 400nm at slit 10-
10, (a.u.: arbitary unit). 
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Another observation is that there is no considerable change in fluorescence spectra 

taken at 40 oC and 60 oC. Only the intensities of the corresponding peaks decrease as 

the temperature is increased which is an expected result due to the increasing non-

radiative transition probabilities as the temperature is increased.  

Here increasing slit width makes clearer the peaks around 421nm, 450 nm, and 483 

nm for the excitation wavelengths 331 nm and 350 nm. The peaks at 421nm, 450nm, 

and 483 nm together with the emission wavelength of 387 nm are probably 

correspond to  band-edge (exciton) transitions for ZnO nanocrystal [116],  i.e., not 

shift occur in emission spectra upon changing the excitation wavelength [109,66]. 

3.2.5 Effect of the increasing KOH on the synthesize of ZnO nanoparticles 

Table 2.2 shows the sample G, H, I, J, and B with different KOH molarities, 0.1 M, 

0.3 M, 0.5 M, 0.7 M and 1 M. In this experiment we studied these samples by 

fluorescence measurements to show how the size of ZnO nanoparticles can change 

by different amount of KOH. Figure 3.10 shows them for the excitation wavelengths 

of 300 nm, 331 nm, 350 nm and, 400 nm. 

As seen from Figure 3.10 for low KOH content some distinct peaks appeared around 

360 nm, 406  nm, 425 nm, 440 nm, 488 nm, and 520 nm. As the KOH is increased 

these distinst peaks disappear and unified into a big gaussian peak. This is probably 

due to the interference effect of the emited ligths. For higher KOH concentrations it 

is expected that the quantum dot density would be high enough to force the 

interference effect. Thus this work could be used to decide the suitable concentration 

of KOH for  fluorescence measurements. This prudence was checked by some other 

experiments. The fluorescence spectra of the fresh samples show distinct peaks, but 

while they were measured after they had been waited for one hour or more they show 

the gaussian peak in every concentration. This is again should be due to the 

increasing local concentration of the quantum dots, i.e., the coagulation of the 

quantum dots. Once they formed the coagulation they can not show the distinct 

fluorescence peaks even if you shake them by hand.  

The fluorescence spectra for Samples B and C for diffrent excitation wavelengths are 

given in Appendix A. As seen from these figures increasing KOH content and 

stirring velocity result in rapid unification of the distinct peaks.  
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Figure 3.10 : Comparing the sample G, H, I, J and B for different excitation 
wavelengths (a) 300 nm, (b) 331 nm, (c) 350 nm and (d) 400 nm 

3.2.6 Studying the seeding and the growing of ZnO nanoparticles during the 

synthesize 

In this study we prepared ZnO nanoparticles by adding KOH (150 microlitre every 

time) to zinc acetate and after each addition of KOH solution; we monitored the 

excitation and emission spectra of the result solution. We examined it for sample A, 

B, C, D, and E. These experiments are shown in Table 3.1. 

3.2.7 Comparing the samples made in different stirring velocities in growing 

ZnO nanoparticles 

Here we considered the samples made in different stirring velocities to understand 

the scheme of their process during addition of KOH to zinc acetate for preparing 

ZnO nanoparticles in experiments 1, 3 and 7 in Table 3.1. 

The figure 3.11 shows the emission spectra of the samples A (with stirring velocity 

of 100 rpm), B (with stirring velocity of 200 rpm) and C (with stirring velocity of 

400 rpm) that all of them are kept at room temperature with different stirring 

velocities for the excitation wavelength of 331 nm. We showed that the emission 

KOH 
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spectra of the solutions change considerably with increasing KOH content. First 

three distinct peaks at 440 nm, 485 nm, and 520 nm occur for low KOH contents. 

Above some certain KOH contents that are specific for each stirring velocity these 

distinct peaks disappeared and a broad peak that unifies these distinct peaks appear 

around 510 nm. 

Table 3.1: Experiments for samples in different KOH solution 

Experiment Sample Temperature Stir (rpm) Excitation(nm) 

1 A Room 100 331 

2 B Room 200 300 

3 B Room 200 331 

4 B Room 200 350 

5 B Room 200 400 

6 C Room 400 300 

7 C Room 400 331 

8 C Room 400 350 

9 C Room 400 400 

10 D 40 200 331 

11 E 60 200 331 

The distinct peaks become unified to the one just above some threshold KOH 

contents as mentioned above. These threshold KOH amounts are 2250 µl, 1950 µl, 

and 1800 µl for the samples A, B, and C, respectively.  We determined these 

numbers from the very frequent experiments. But we did not show all the spectra in 

Figure 3. 11 not to complicate the pictures. Another observation from these figures is 

that the overall fluorescence intensities increase up to these threshold KOH content 

for each sample, and then decrease with further increase in the KOH content. We can 

conclude that increasing stirring velocity during the synthesis results in faster 

unification of these distinct peaks.  
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Also, the intensity of the peak around 360 nm increases till adding 450 micro liters of 

KOH and after that it starts decreasing for each sample A, B and C. So, we can say 

that different stirring velocity does not have any influence on this peak. 

The intensity of the scattered light at 331nm increases till adding 450 micro liters of 

KOH and then starts decreasing with increasing KOH content for each sample, even 

it goes to about zero above specific KOH contents.  

3.2.8 Comparing the samples at different temperatures synthesized in growing  

ZnO nanoparticles 

Here, we study the temperature effect on the synthesis of the quantum dots in 

samples 3, 10 and 11 in Table 3.1. The samples were mixed with the same stirring 

velocity and excited with 331 nm wavelength of light. They show different 

fluorescence properties at different temperatures. As seen from Figure 3.11 at room 

temperature  (sample B), the distinct peaks get unified around 500 nm wavelength 

about 1950 µl KOH threshold, this threshold value decreases to 900 µl KOH when 

the temperature is increase to 40°C (sample D). When the temperature is increased to 

60°C (sample E) this threshold value almost goes to zero, i.e., immediately after 

adding KOH the peaks get unified. It is understood from these experiments that the 

sole effect of the temperature on the formation of the quantum dots is to accellarate 

the reaction time.  

3.2.9 Following the formation kinetics of ZnO nanoparticles synthesized at 

different physical conditions 

Here we studied the dependency of the intensity of the peaks observed during the 

formation of the quantum dots to KOH concantration. We used the samples denoted 

in Table 3.1. These data were collected from the experiment explained in previous 

section.  
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Sample A (331 nm)  

 

Sample B (331 nm)  

 

Sample C (331 nm)  

 

Figure 3.11 : Comparing the samples A, B, and C from seed to growgth of ZnO   
nanoparticles for excitation wavelength of 331nm 

 

KOH KOH 

KOH KOH 

KOH KOH 
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Sample B (331 nm)  

 

Sample D (331 nm) 

 

Sample E (331 nm) 

 

Figure 3.12 : Comparing the sample B (room temperature), D (40°C) and E (60°C) 
from seed to growgth of ZnO nanoparticles for excitation wavelength of 
331nm 

KOH 

KOH 

KOH 

KOH 
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In these experiments following the scattered light intensity is a direct indication of 

the kinetics of the formation of the particles. When it is seen from the figures above 

at same critical KOH concentration scattered intensity goes suddenly to zero 

although there is no change in the opacity of the samples at these threshold 

concentrations. This is directly related to the formation of quantum dots. The fact 

that the scattered intensity disapears is due to something like a self quenching of the 

scattered intensity. By this we mean that above a critical quantum dot density the 

incident light is completely absorbed by the sample due to multiple. On this picture 

we certanly conclude that the increasing stirring velocity results in decreasing 

reaction time for quantum dot formation as seen in Figure 3.13. 

As seen from the plots in Figure 3.13 almost all peak intensities behave as follow: 

the intensity of all the corresponding peaks are more or less the same for the initial 

period of the KOH concentration. Then they decreases almost with the same slopes 

and then again becomes constant with increasing  KOH concentration, except for the 

intensity corresponding the gaussian peak. We believe that the change in the 

fluorescence intensity of the peaks are closely related with the instant concentration 

of the quantum dots of the samples. Similar to the scattered light if the dot density is 

small enough almost all the emitted light from different dots are collected by the 

detector. When we come close to the critical concentration, some of the emitted 

lights will be absorbed by the sample due to self-quenching (excitation of the 

quantum dots by the emitted light). After this concentration the emitted intensity 

decreases fast due to probably the accelaration of the reaction and thus the fast 

increase in the dot concentration. Having passed this region, the peak intensities 

again become almost the same even the KOH concentration is increased. Change in 

the Gausian peak is little bit different from this general behaviour; it decreases still 

with increasing KOH concentration as shown by the Figure 3.13. As known the size 

effect of a sphere-like object decreases as the size (radius) is increased. In our 

experiment that the intensity of 515 nm light decreases even far away of threshold 

concentration is due to the increase in average size of the quantum dots.  

As seen from the pictures given in Appendix B together with the figure 3.13 

increasing temperature results in decrease for the concentration at which the scattring 

intensity goes to zero. As the temperature increase from room temperature to 60°C , 

the critical  KOH consentration decreases from appreximately 30 (microlitre) to 10 
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(microlitre). These exactly shows that decrease in the scattering intensity is directly a 

measure of the reaction stage, where considerable increase in the concentration of 

QDs takes place. 

 

Figure 3.13 : Change in the intensity of the emission peaks as function of  
concentration of KOH solution added to Zn(O2CCH3)2(H2O)  solution 
for sample A excited with 331 nm light 

3.2.10 Fluorescence spectra of sample A for different excitation and emission 

wavelengths 

We measured the fluorescence emissions of sample A for different excitation 

wavelengths. In Fig 3.14 we showed the emission spectra for the excitation 

wavelengths between  300- 360 nm increasing the excitation 10 nm each step. Here 

there are some peaks, at 380 nm, 423 nm, and 550 nm which do not show any shift 

for each excitation wavelength. So, it is clear that these emissions come from band-

edge (exciton transition) [109]. The peak observed at 408 nm for 300 nm excitation 

shifted gradually to 478 nm when the excitation wavelength is changed gradually 

from 300 nm to 360 nm. Total 70 nm shift is because of selective excitation of 

vibronic levels (deep traps) in the surface state of ZnO nanoparticles [109]. 
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Figure 3.14 : Sample A(room temperature,100 rpm stirring velocity) in 
differentexcitation wavelength (300-360nm excitation),  (a.u. : arbitary 
unit). 

Figures 3.15 and 3.16 show the continiuing part of the Figure 3.14 for the range of 

excitation 370 nm- 410 nm. From this figure it is seen that in addition to the peak 

around 423 nm there are some other peaks at 450 nm, 463 nm, and 485 nm which are 

not changing with excitation wavelength. Therefore, these emissions come again 

from band-edge exitations. 

As a result of these two figures we easily conclude that the wavelength of the lights 

around 380 nm, 423 nm, 450 nm, 463 nm, 485 nm are because of band-edge 

excitations (excitons transitions). 

In the range of excitation for sample A from 370 nm to 410 nm, there is a shift in the 

gaussian peak around 550 nm,  from 505 nm to 559 nm,  total  54 nm shift in 

wavelength. These shifts again are due to selective excitation of vibronic levels (deep 

traps) in the surface state. 

Excitation Wavelength 
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Figure 3.15 : Emission spectra of sample A for different excitation wavelengths 
(370- 410 nm excitation), (a.u.: arbitary unit). 

 

Figure 3.16 : Emission spectra of sample A for different excitation wavelengths (370 
nm- 410 nm excitation). 

For getting more results we kept the wavelength of the emission fixed between 505 

nm and 559 nm for sample A and monitored excitation spectra between 370 nm and  

410 nm (Figure 3.17). Here the result is similar to the results concluded from  the 

above experiments. There is a excitation peak of 370 nm when the emission 

wavelength is changed from 505 nm to 560 nm fixed at 505 nm and it shifts to 410 

step by step at the emission wavelength that prove the previous plot. Whereas there is 

Excitation Wavelength 

Excitation Wavelength 
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an excitation  peak at 415 nm that does not shift. This means that the main excitation 

wavelength for exciting all deep-trap excitations is 415 nm. 

 

Figure 3.17 : Excitation spectra for sample A for different emission wavelengths 
varied between 505 nm- 560nm, (a.u.: arbitary unit). 

In Table 3.2 we summarized the results deduced from the above findings. Here we 

showed the relation between excitation wavelength and the emission wavelength of 

ZnO nanoparticles. As we see, for different excitation wavelength (300 nm- 360nm), 

the emission peaks of 380nm and 423nm do not change.  But by changing excitation 

value from 300-360nm, we see the gradual changing in emission value from 408 nm-

480 nm and also, by changing the excitation value from 360 nm to 410nm, again 

there is a gradual change from 490 nm-559nm in emission wavelength peaks that 

their shift is because of the selective excitation of vibronic levels in the surface state 

of the ZnO nanoparticles. The trapping process is reported to be fast (about hundreds 

of femtosecond) and the fluorescence cannot compete with it [117]. So, the energy 

transfer between the upper vibrational level and lower vibrational level of the excited 

state of the particle becomes inefficient because of shortening of life time and it 

causes the excitation wavelength depends on the emission characteristics of the ZnO 

nanoparticles [109].  

Emission Wavelength 
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Here we would like to report that the intensity of the peak corresponding to 450 nm 

is extremeley small comparing the other peak intensities.   

The excitation and corresponding emission wavelengths are summerized in Table 

3.2. 

Table 3.2: The relation between emissions and excitation wavelengths for ZnO  
nanoparticles 

Emi.(nm) 
 

Exc.(nm) 380 408 423 437 450 463 480 485 490 505 518 531 545 550 559 

300 * * * 
 

* 
        

* 
 310 * 

 
* 

          
* 

 320 * 
 

* * 
         

* 
 330 * 

 
* 

 
* 

        
* 

 340 * 
 

* 
  

* 
       

* 
 350 * 

 
* 

 
* 

 
* 

      
* 

 360 * 
 

* 
     

* 
    

* 
 370 

  
* 

 
* * 

 
* 

 
* 

     380 

  
* 

 
* * 

 
* 

  
* 

    390 

  
* 

 
* * 

 
* 

   
* 

   400 

  
* 

 
* * 

 
* 

    
* 

  410 

  
* 

 
* * 

        
* 

These shifts in emission wavelengths are explained on the basis of a double well 

model that incorporates the surface states to account for the excited electronic states 

in the ZnO nanoparticles. Figure 3.18  shows the emissions in two wells of ZnO 

nanoparticles. One of the wells accounts for the excitonic or intrinsic core state 

emission and the second well is for the surface state emission. These shifts in the 

wavelengths of emission peaks are because of the selective excitation of vibronic 

levels in the surface state of the ZnO nanoparticles [109]. The size dependent of 

photoluminescence shows that trapped carriers at the surface states are also confined 

by the spatial-confinement effect. 
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Figure 3.18 : Energy diagram for two wells of ZnO nanoparticles 

3.3 TEM Study and Results 

Studies of Transmission Electron Microscopy (TEM) of ZnO nanoparticles were 

performed. For preparation of the TEM samples, ZnO nanoparticles were waited in 

ultrasonic bath for 10 minutes to make them completely dissolved in water. 

Immediately after removing, the solution from ultrasonic bath we put one drop of the 

ZnO nanoparticle solution on the coating carbon grid and let it be dried completely. 

After that the sample is ready to study by TEM. We observed samples B, F and D by 

the TEM microscopy. The TEM photos for samples B, F, and D are in Fig. 3.19. By 

comparing the pictures, we see in sample B (with TEOS), the size of the ZnO 

nanoparticles are smaller than that of in sample F (without TEOS) and sample D 

synthesized at 40ºC with TEOS. The average sizes of the ZnO nanoparticles are 

about 15 nm, 5 nm, and 10 nm, respectively for the samples F, B and D. By 

comparing the sizes of the sample F and B, we can conclude that the size of the 

nanoparticles can be controlled by capping with TEOS, i.e., it prevents the ZnO 

nanoparticle to grow up. In addition, the samples B and D that both of them are 

performed with TEOS but sample B synthesized at room temperature, and sample D 

in 40ºC show different sizes in ZnO nanoparticles. As we see, the nanoparticle sizes 

in sample D is bigger than sample B. That means, the size of the ZnO nanoparticles 

increases considerably by increasing the temperature. 

 

Surface state 

Excitonic states 

Ground states 

408nm 550nm 559nm    485nm 463nm 450nm 423nm 380nm 
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Figure 3.19 : TEM images of samples F(Room T,Without TEOS), B (Room T,With 
TEOS), and D (40 ºC, With TEOS). 

3.4 SEM Study and Results 

Here we are going to introduce the results of Scanning Electron Microscopy (SEM) 

for ZnO nanoparticles. For preparation of the SEM samples, ZnO nanoparticles were 

waited in ultrasonic bath during 10 minutes to make them completely dissolved in 

water. Immediately after removing the samples from ultrasonic bath, we put one drop 

of the ZnO nanoparticle solution on the holder and wait to be dried completely. For 

pereventing the sample charging by electrons during study by SEM, we coated them 

by carbon under argon gas. Because the resolution of the SEM is much lower than 

TEM, we do not expect to observe the nanosize ZnO nanoparticles. In Figure 3.20, 

we see the sample of F and B. In sample F, we can see the ZnO nanoparticles that are 

shaped as wires but in sample B that contains TEOS we do not observe them. Here 

we can result that the sizes of the ZnO nanoparticles are too small to observe with 

SEM. 
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Figure 3.20 : SEM images of samples F(Room T,Without TEOS) and B (Room 
T,With TEOS). 

 

Sample F Sample B 
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4 CONCLUSSION 

Based on the works performed in this hesis we synthesized ZnO nanoparticles first 

time in our lab with great success. The syntezes were performed under different 

temperature, stirring velocity and concentrations. We observed all possible band-

edge excitation(excitonic) and deep-trap (surface state) transitions some of which are 

given in the literature, we exactly proved why these wavelengths correspond to band-

edge and deep-trap transitions by using fluorescence measurements. 

We monitored the excitation and emission spectra with varying wavelengths to 

designate energy band gaps of the deep-traps and the band-edge of the ZnO 

nanoparticles. These experiments showed that in the emission spectrum the peaks 

from the band-edge do not show any shift but the emission peaks from the deep-traps 

show some considerable shifts upon changing the excitation wavelength. 

As a result, we indicated that the wavelength of the lights around 380 nm, 423 nm, 

450 nm, 463 nm, and 485 nm are because of band-edge excitons. On the other hand, 

there is a gradual change from 490-559 nm in emission peaks with increasing 

excitation wavelength. These shifts are because of the selective excitation of vibronic 

levels in the surface state of the ZnO nanoparticles. 

From TEM photos, we observed that the average diameter of the quantum dots 

(nanocrystals) synthesized at room temparature without TEOS is about 15 nm and 

with TEOS about 5 nm which indicates that the size of the nanoparticles can be 

controlled by capping with TEOS, i.e., it prevents the ZnO nanoparticle to grow up.  

The average size of the samples synthesized at 40ºC with TEOS is about 10 nm 

which shows that the increasing temperature results in increasing size of the 

particles.   

The most important part of this study should be that ZnO nanoparticles were 

succecufuly synthesized and characterized. And, These nanoparticles will be 

synthesized in gel or gelling media for tuning the size of them in our later study. 



52 

Therefore, the works included in this thesis will  form the  background for the studies 

of this kind that are going to be performed in future. 
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APPENDIX A.1  

(a) 

(b) 

(c) 

(d) 

Figure A.1: Comparing of sample B for different excitation wavelengths: (a)300 nm. 

(b)331 nm. (c)350 nm. (d)400 nm   
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APPENDIX A.2 

(a)  

(b) 

(c) 

(d) 
Figure A.2: Comparing of sample C for different excitation wavelengths: (a)300 nm. 

(b)331 nm. (c)350 nm. (d)400 nm   
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APPENDIX B.1  

(a) 

(b)  

(c) 

(d) 
Figure B.1: Time Change in the intensity of the emission peaks as function of   

concentration of KOH solution added to Zn(O2CCH3)2(H2O)  solution 
for sample B excited with 300 nm, 331 nm, 350 nm, 400 nm light: 
(a)300 nm. (b)331 nm. (c)350 nm. (d)400 nm   
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APPENDIX B.2 

(a)  

(b) 

(c)  (d) 
Figure B.2: Time Change in the intensity of the emission peaks as function of 

concentration of KOH solution added to Zn(O2CCH3)2(H2O) solution 
for sample C excited with 300 nm, 331 nm, 350 nm, 400 nm light: 
(a)300 nm. (b)331 nm. (c)350 nm. (d)400 nm   
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APPENDIX B.3 

 

Figure B.3: Time Change in the intensity of the emission peaks as function of 
concentration of KOH solution added to Zn(O2CCH3)2(H2O)  
solution for sample D excited with 331 nm light: (a)331 nm.  
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APPENDIX B.4 

 

Figure B.4: Time Change in the intensity of the emission peaks as function of 
concentration of KOH solution added to Zn(O2CCH3)2(H2O) solution 
for sample E excited with 331 nm light: (a)331 nm.  
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