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Abstract  

  

Lighting is a big business, lighting consumes considerable amount of the 
electricity. These facts motivate for the search of new illumination technologies that 
are efficient. Semiconductor light emitting diodes (LEDs) have huge potential to 
replace the traditional primary incandescent lighting sources. They are two basic 
types of semiconductor LEDs being explored: inorganic and organic semiconductor 
light emitting diodes.  While electroluminescence from p-n junctions was discovered 
more than a century ago, it is only from the 1960s that their development has 
accelerated as indicated by an exponential increase of their efficiency and light 
output, with  a  doubling  occurring  about  every  36  months,  in  a  similar  way  to 
Moore's  law in electronics. These  advances  are  generally  attributed  to  the  
parallel  de velopment  o f semiconductor  te chnologies, optics  a nd  m aterial  
science. Organic light emitting diodes (OLEDs) have rapidly matured during the last 
30 years driven by the possibility to create large area light-emitting diodes and 
displays. Another driving force to specifically use semiconducting polymers is the 
possibility to build the OLED on conventional flexible substrates via low-cost 
manufacturing techniques such as printing techniques, which open the way for large 
area productions.   

This  thesis  deals  with  t he  demonstration  a nd  investigation  of heterojunction  
LEDs  ba sed  o n p-organic semiconductor and n-ZnO nanostructures. The ZnO-
organic heterojunctions are fabricated using low cost and simple solution process 
without the need for sophisticated vacuum equipments. Both ZnO-nanostructures 
and the organic materials were grown on variety of substrates (i.e. silicon, glass and 
plastic substrates) using low temperature methods. The growth mechanism of the 
ZnO nanostructures has been systematically investigated with major focus in ZnO 
nanorods/nanowires. Different organic semiconductor materials and device 
configurations are explored starting with single polymer emissive layer ending up 
with separate emissive and blocking layers, or even blends. Interestingly, the 
photoluminescence and electroluminescence spectra of the hybrid LEDs provided a 
broad emission band covering entirely the visible spectrum [∼400-∼800nm]. The 



 
 

hybrid light emitting diode has a white emission attributed to ZnO intrinsic defects 
and impurities in combination with the electroluminescence from the conjugated 
polymers. The ZnO nanostructures in contact with a high workfunction electrode 
constitute an air stable electron injecting contact for the organic semiconductor. 
Hence, we have shown that a white light emission can be achieved in a ZnO-organic 
hybrid light emitting diode using cheap and low temperature growth techniques for 
both organic and inorganic materials.  
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1. General introduction 

Today, it is a part of our daily life to handle and/or deal with electronic and 
optoelectronic devices like light sources, computers, telephones and many others. 
Such devices processes complex data and provide large flow of information through 
high quality displays to render of our communications truly worldwide. All these 
devices share one basic feature; they are composed of semiconductor materials. 
The performance of (opto) electronic devices, even the number and size of pixels in 
digital cameras, are linked to Moore's law. This law describes that the number of 
transistors in a computer chip doubles approximately every two years; which implies 
that dimension of the semiconductor materials in the transistor channel decreases, 
reaching 32 nm in 2011. Driven by the large economical impact of (opto) electronic 
devices in our society, lot of research is pursued to understand better the 
semiconductor nanostructures with critical dimension less than 100 nm. Low 
dimensional structures have unique properties compared to their bulk counterpart 
that can result in new functionalities in devices. For instance, quantum confinement 
leads to discrete electronic levels used in resonant tunneling diodes [1]. Nanoscale 
devices using nanoparticles (0D), nanowires (1D) or thin films (2D) are used to study 
new physics in low dimensional systems and open the way for the development of 
new technologies in key areas, such as, information processing, communications, 
sensors, and renewable energy. In addition, the huge improvement in the synthesis 
methods and characterization tools open the door for tremendous progress to 
control the morphological features of the semiconductor at the nanoscale.  

While inorganic nanostructures offer a new range of functional materials, another 
class of materials, organic semiconductor, further diversifies the possibility in (opto) 
electronics. One of the advantages of using those materials is the ease to process 
thin films on large area, even on flexible substrates. Today, only few devices, such as 
the organic light emitting diodes, have reached the market. 

Because this thesis focuses on light emitting devices, we here describe the 
technological developments of illumination methods. An artificial electric light was 
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first demonstrated by Sir. H. Davy at the royal institute of Great Britain 1802 and 
since then the electric discharge has been under focus for many decades. At the 
beginning, gas discharge lamps contained noble gases such as helium, neon and 
argon were created. At the early twentieth century’s, an incandescent lamp was 
invented. However it was only used for the outdoor illumination due to its large size 
and brightness. The research in the artificial electric light was motivated by new 
commercial applications including indoor illumination. The limited efficiency of 
traditional incandescent and fluorescent light bulbs implies large electrical power 
losses in the form of heat. High electric power consumption is associated with the 
detrimental effect of CO2 production upon electricity production.  A lso, materials 
such as mercury and heavy metals had to be changed because of their toxicity for 
the environment. Recently a new light source is emerging: light emitting diodes. The 
possibility of making small light emitting diode bulbs with low operating power and 
around ten times longer life time compared with the incandescent and fluorescent 
light bulbs put this new lighting technology in a good position on the market. That 
could be seen clearly through the study made by the U.S. Department of Energy, 
where they mentioned that the widespread adoption of next-generation white light 
emitting diodes for lighting could, by 2025, reduce sharply the electricity 
consumption by 10 percent worldwide, cutting $100 billion per year from electric 
bills and saving $50 billion in averted power-plant construction costs.  

  



 
 

5 
 

1.2. Organic light emitting diodes 

An organic light emitting diode (OLED) consists of an organic layer 
sandwiching between positive and negative bias electrodes. The positive electrode 
(anode) is a transparent conducting oxide (e.g. indium tin oxide ITO) such that the 
emitted photons escape the device. The transparent anode has typically a high 
workfunction to be able to inject efficiently holes into valence band of the organic 
semiconductor (small hole injection barrier ∆h). On the contrary, the metal used for 
the cathode has a low workfunction to ensure a low electron injection barrier (∆e) 
and promote the injection of electrons into the conduction band of the organic 
semiconductor. If the barriers ∆e and ∆h are not similar, upon the application of a 
small positive bias, only one type of charge carrier is injected and transported 
through the organic semiconductor. The current thus rises in the device but no light 
is emitted. At higher voltages, the second type of carriers is injected. Hence, both 
electrons and holes travel through the organic layer under the influence of the 
applied electric field and recombine as excitons, i.e. an electron-hole pairs, which 
radiatively relax and emit light (see Fig. 1). The voltage at which the light is emitted 
is the turn on voltage of the OLED (Von). When the device is oppositely biased 
(negative potential in Fig. 1), no current or very small current passes the device 
because both hole and electron injection barriers are large. As a result, an OLED 
shows also a rectifier behavior.   

                                               

Figure 1: Schematic energy band diagram shows charge carriers injection and recombination in an 
organic light emitting diode (left) and the typical current-voltage and electroluminescence 

characteristics (right).  
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OLED is now a mature technology that has reached the market. Real devices are 
more complex, they are composed of multiple layers of organic semiconductors to 
improve the injection of carriers and their recombination [2]. For instance hole 
transport layer (HTL) and/or electron transport layer (ETL) are added to improve 
charge injection and localized the recombination zone away from the metal 
electrodes (to avoid quenching). Moreover those extra layers can be doped to 
achieve low operating voltage OLED (<3V). The emission wavelengths covered by 
OLED is from UV to NIR. In the visible, there are good RGB (red, green, blue) diodes 
with the following performance: Luminous efficiency: ∼20-60 lm W-1; operating 
lifetime: ∼100 000 h; luminance: ∼ 5000-8000 cdm-2 (at ∼20 mA cm-2). Nowadays a 
lot of research is devoted to white light emission by combining organic emitters in 
layers [3] and blends [4] or even considering nanocomposite with quantum dots in 
an organic semiconductor matrix [5]. The potential of OLED for white lightning is the 
low-cost, high efficiency at low voltage. Using emitting polymers there is the 
possibility for flexible applications with even lower fabrication cost using printing 
technologies.  

1.3. Inorganic light emitting diode 

A conventional inorganic light emitting diode (LED) consists in a n-doped 
semiconductor and p-doped semiconductor in intimate contact. This p-n junction is 
sandwiched between two electrodes (Fig. 2). In practice, the same semiconductor 
solid is doped non-homogenously to get one region that is p-doped and one region 
n-doped (e.g. by ion implantation, ion diffusion). A p-n junction requires a perfect 
match of the lattice at the interface to avoid grain boundaries affecting the 
electronic properties of the junction. It is typically not made by assembling two 
different semiconductors, like it is possible to do easily with organic materials. There 
is however a possibility to growth one semiconductor layer on another one to build 
a p-n junction by epitaxial growth. When no voltage is applied to the diode and the 
junction is formed, charge carriers redistribute. Let’s first look at the electronic 
charge carriers. Electrons from the n-doped region recombine with holes from the 
p-doped material along the junction between the layers, forming a depletion zone 
(see Fig. 2). In the depletion zone, the semiconductor material has no majority 
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electronic charge carrier and becomes close to insulating. However, the total 
electrostatic charge is not zero in that region since the immobile ions constituting 
the semiconductor are not balanced by the electronic charge. Considering immobile 
ions of the semiconductor gives a more complete picture: Electrons in the n-doped 
part tend to diffuse into the p region and thus leave positively charged ions in the n 
region. The same phenomenon occurs for the p-doped part: holes diffuse into the n-
type region leaving fixed negatively charged ions in the p region. Hence, while the p 
region and n region far away from the interface are neutral, there is the creation of 
an interfacial non-neutral region of a certain width called the space charge region or 
depletion layer (see Fig. 2). Because of this charge rearrangement, a built in 
potential is created through the p-n junction.  
In reverse bias, the potential applied goes in the same direction as the build in 
potential and the interfacial region is still depleted and insulating, so that only a 
small current passes through the junction. However, if the polarity of the external 
voltage opposes the built-in potential, recombination can once again proceed, 
resulting in substantial electric current through the p–n junction (see Fig. 2). The 
recombination can be non-radiative with indirect band gap semiconductors or 
radiative for direct band gap semiconductors. The LED uses direct band gap 
semiconductors and the  wavelength  of  the  emitted  light  depends  thus on  the   
energy  gap  of  the semiconductor materials. LEDs are now in many applications 
where there is a need of punctual light. White LEDs are making their entrance on 
the market for few applications despite they are more expensive than most 
conventional lighting technologies due to the drive circuitry and power supplies 
needed. However, one of the key advantages of LED-based lighting sources is high 
luminous efficacy. White LEDs quickly matched and overtook the efficacy of 
standard incandescent lighting systems. A conventional 60–100 W incandescent 
light bulb emits around 15 lm/W while a standard fluorescent lights emit up to 100 
lm/W. Cree's XLamp XM-L LEDs, commercially available in 2011, produce 100 lm/W 
at their full power of 10 watts. Practical general lighting needs high-power LEDs, of 
one watt or more. Typical operating currents for such devices begin at 350 mA and 
heat management becomes an issue. 
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Figure 2: (a) Sketch diagram for inorganic light emitting diode, (b) Schematic energy band diagram 
shows charge carriers injection and recombination and the typical current-voltage and 

electroluminescence characteristics (right). 

 

1.4. External quantum efficiency 

External quantum efficiency (EQE) is defined by the ratio between the 
extracted photons to the injected carriers. Or in other words, it translates how much 
the LED device converts the electric current (charge carriers) into light. 
Mathematically EQE can be calculated through the following equation: 
EQE (%) = (injection efficiency)×(internal quantum efficiency) ×(extraction 
efficiency)  

Injection efficiency describes the proportion of the charge carriers that arrives to the 
active (emissive) layer. The key parameter to improve the injection efficiency is the 
suitable interface engineering between different layers including energy matching 
and interfacial morphology. Internal quantum efficiency is the proportion excitons 
(electron-hole pairs) that recombine radiativly to produce light. Excitons can be 
singlet or triplet, but only singlet excitons can decay efficiently and emit light. 
Several strategies have been considered to use triplet excitons with phosphorescent 
materials to increase the efficiency of light emitting diodes [6]. The last factor, the 
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extraction efficiency, also known as the optical efficiency, deals with the ability of 
the created photons to escape from the LED.  
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2. Thesis goal 

Most of the organic semiconductors show stable hole transport, while 
electron transports is more of a problem since the electrons in the bottom of the 
valence band have high energy and react easily with dioxygen or water. Due to the 
high energy of the conduction band, it is also difficult to inject electrons and a low 
workfunction metal is required in an OLED. Such low workfunction metals are not 
stable in air and easily oxidize. On the contrary, the electron transport in ZnO is 
efficient and this semiconductor is easily n-doped. But doping positively ZnO leads 
to an unstable semiconductor, and thus the difficulty to fabricate a stable p-n 
junction LED with ZnO. Hence, organic semiconductor and ZnO appear 
complementary in term of charge transport properties.  
The goal of this thesis is to combine advantageously the electronic transport 
properties and optical properties of organic semiconductors and ZnO to create new 
low-cost hybrid light emitting devices. Since several work reports on the possibility 
to blend inorganic semiconducting nanoparticles (quantum dots) in an organic 
semiconductor matrix, we rather focus on a different way to combine those 
materials: ZnO-organic heterojunctions. Thinking about large area lighting, we force 
us to consider only low-cost manufacturing method that can be easily scaled up and 
no high temperature treatment. In order to go along this line, we decide to use ZnO 
nanostructures since they are easy to fabricate by chemical synthesis. For the 
organic semiconductors, we will use conjugated polymers since they are easy to 
process via solution.  
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3. Organic semiconductors 

3.2. Introduction 

An organic semiconductor consists in an assembly of molecules interacting 
mostly via weak Van der Waals interactions. Like other organic molecules, their 
skeleton is made of mostly carbon and hydrogen atoms and to a smaller extent 
other heteroatoms. However, dislike other organic solids; they can transport 
electrons due to the presence of delocalized molecular orbitals. Organic 
semiconductors are composed of conjugated molecules that display an alternation 
between single and double bonds. Based on the size of the molecule, organic 
semiconductors can be divided in two families: small molecules such as anthracene 
or polymers like polyfluorene (see Fig. 1). 

                                                                        

Figure 1: (a) Anthracene and (b) Polyfluorene 

Organic semiconductors have low electrical conductivity, typically below 10-9 Scm-1, 
i.e. almost like insulators [7]. However, the conductivity of the organic 
semiconductor can be increased from insulators to metals (103 Scm-1) at room 
temperature [7] via oxidation, also called “doping”. Note that the name “doping” 
(typically few percents of the materials) is used but it is not the same as for 
inorganic semiconductor (few ppm). An extra charge carrier (holes in the case of 
oxidation) is provided to the semiconductor materials through chemical or 
electrochemical reactions. Importantly, a counterion is present to screen the charge 
carried by the organic molecule and keep the electroneutrality of the material. In 
the chemical p-doping, the dopant is an electron acceptor, which after electron 
transfer becomes counterions. Electrochemical doping is an alternative doping 
method where the charge carriers come from a polarized metal electrode and the 
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counterions penetrate into the charged organic solid from an electrolyte in the 
electrochemical cell.  

 The history of the organic semiconductor goes back to 1862 when H. Letheby 
notices that the conductivity of polyaniline is higher than the conductivity of its 
mother material aniline [8]. For the next forty years the work and research in the 
semiconductor materials generally was slow, mainly due to the poor understanding 
and controlling of the properties of the organic semiconductor material and lack of 
suitable practical applications. In 1960’s M. Pope and co-workers [9] observed 
electroluminescence using silver electrode first from pure single crystal of 
anthracene and after from anthracene doped with tetracene. The use of electron 
and hole-injecting electrodes to promote their recombination and 
electroluminescence is done for the first time on the same material (anthracene) by 
W. Helfrich and W. G. Schneider in 1965 [10]. In the 70s, small conjugated 
molecules, organic dyes, have been studied for photosensors in xerography. Also, lot 
of research focused on their photonic and electroluminescent properties, as well as 
their ability to form conducting salts. In 1977, A.J. Heeger, A. G. MacDiarmid and H. 
Shirakawa discovered semiconducting polymers and the ability to increase 
polyacetylene’s conductivity by several orders of magnitude using chemical doping 
[11]. In 1987, Kodak fabricates the first efficient organic light emitting diode (OLED) 
with small molecules. It is only later in the 90s, that R. Friend’s group in Cambridge 
shows that conjugated polymers display electroluminescence. The unique 
advantage of semiconducting polymers vs. small molecules is their solution 
processibility. A homogeneous thin film of small molecules is difficult to obtain from 
solution due to the formation of crystallites. The first commercial product using 
polymer light emitting diodes (p-LEDs) was the monochrom segment display in 
Sensotec Philips shaver made available in 2003 [12]. The technology for displays 
using small molecules was far ahead. Indeed, the same year Kodak releases a 
camera with a full color display (Kodak EasyShare LS633). Nowadays, OLED display 
constitutes the next generation of television with a first release product by Sony in 
2007, the so-called the organic panel. In parallel, the fundamental research activities 
were focused on other devices, such as solar cells and transistors. The challenge of 
organic semiconductor devices to reach the standard of inorganic semiconductor 
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devices is to combine the efficiency and the stability. The simplicity in 
manufacturing, low price and large covering area of the organic devices and the 
mechanical flexibility of polymer have been a driving reason for the 
commercialization of these devices. For instance, inkjet printing was used to create 
full color display in 2000 by Cambridge display technology and Seiko-Epson. Also, in 
2008 Sony showcases the first flexible color display.   
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3.3. Bonds in molecules 

The basic feature of organic semiconductors is the alternation of single and 
double bonds involving carbon atoms or other atoms. In order to understand better 
the notion of molecular orbitals, we here describe simple molecules from the 
combination of hybridized atomic orbitals. The hybridized sp2 atomic orbitals at the 
origin of single bonds are combination of hydrogenic 2s and 2px,2py atomic orbitals. 
A historical oversimplified model has tried to explain the possible origin of the 
hybridized orbitals starting from the atomic orbtials of an isolated carbon atom. The 
isolated carbon atom has six electrons arranged in (s) and (p) atomic orbitals. These 
electronic configuration is 1s2,2s2 ,2px

1 ,2py
1 ,2pz

0 as shown in Figure 2. The two 
electrons in the 1s orbital are core electrons and strongly attracted to the nucleus so 
they are not involved in bonds.  The second orbital (2s) is filled with two electrons 
and as consequence this subshell is saturated and cannot contribute in bond 
formation. The remaining 2 electrons belong to the (p) subshell are the only 
electrons that the carbon atom can use for bond formation. Thus looking at the 
electronic structure of the carbon atom alone does not explain why in a methane 
molecule, the carbon is bound to four hydrogen atoms. It’s known that creating 
bond is favorable for the atoms generally because bond formation reduces the 
energy and makes the system more stable. Hence a simple model that has been 
used is that increasing the number of bonds, the carbon atom promote one of the 
2s electron to the empty 2pz orbital forming four equivalents excited states. The 
carbon atom can bond to four atoms with singly occupied atomic orbitals through 
the rearrangement of the four electrons in the excited states into two (SP) or three 
(SP2) or four (SP3) identical hybridized orbitals in a process called hybridization. 
Through which the carbon atoms can make single, double or triple bonds.  



 
 

15 
 

                                          

 

Figure 2. Schematic diagram for electronic configuration of carbon atom and atomic orbitals 
hybridization process. 

An example for sp hybridized orbitals is in ethyne C2H2 including a triple bond 
between the carbon atoms. The triple bond consists of one sigma bond and two π 
bonds (see Fig. 3a). The π bonds are created from the overlaps of the remaining two 
non-hybridized p o rbitals (py and pz) and the π bonds are perpendicular to each 
other. In the sp2 hybridized orbitals such as in ethane C2H4, the s orbital reorganizes 
with two of p o rbitals making three hybridized orbitals (three sigma bonds) per 
carbon atom. The remaining 2pz orbital is used to construct π bond between the 
carbon atoms (see Fig. 3b). For sp3 hybridization like in ethane (C2H6), all the p 
orbitals are hybridized with s orbital making four identical hybrid orbitals that used 
to make four sigma bonds as shown in Figure 3c.  
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Figure 3. Illustrations of the S, P orbitals hybridizations: (a) SP, (b) SP2, and (c) SP3. 

When two atoms interact with each other, their atomic orbitals overlap and 
two molecular orbitals are created by bonding or antibonding combination of those 
atomic orbitals. The bonding molecular orbital called Sigma (σ) is more stable than 
the energy of any of the atomic orbitals. The antibonding molecular orbital [also 
refer to as sigma (σ*)] has an energy higher than the energy of any of the individual 
isolated atoms (see Fig. 4). Electrons in the sigma (σ)molecular orbital provides an 
electronic density between the two positively charged nuclei which keep  them 
stabile even close to each other. While in the antibonding molecular orbital, there is 
a high probability for the electrons to be in the opposite site sides of the nuclei, thus 
preventing any electrostatic stabilization for the repulsion between the two nuclei. 
The energy gap between the filled σ and the empty σ* orbitals is large. Such that 
small non-conjugated molecules or polymers with only sigma bonds (e.g. 
polyethylene) are transparent and electrically insulating.  
The electrons available from the remaining non-hybridized p orbitals in two adjacent 
carbon atoms overlap and create π-bonding molecular orbital and π*-antibonding 
molecular orbital in similar way to σ and σ* molecular orbitals. However, (p) atomic 
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orbitals overlap less than (s) atomic orbitals; as a result the energy difference 
between the π- and π*-orbitals is smaller than between a σ- and σ*-orbitals (see 
Figure 4.). In conjugated molecules and polymers, the optical band gap originates 
often from the π-π* energy difference. 

 

 

Figure 4. A schematic diagram shows the formation of covalent bonds in the SP2 configuration 
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3.4. Conjugated polymers 

Polymer material consists of a long chain of identical organic molecules called 
monomers joined together through covalent bonds. The origin of the word polymer 
comes from the Greek language where poly means “many” and mer means “part”. 
Polymer materials exist naturally in many forms such as rubber and protein also 
synthetic polymers are available in the market like nylon and polyethylene. 
Traditionally, polymer materials have been considered as good electrical insulator 
thus used for instance as insulating coating for electric cables to protect humans 
against electric shocks. The synthesis of polymer is easily scaled up and can be given 
any shape via processing methods. It is thus widely used in the packaging industry, 
for instance simply as plastic bags. Polymer main chain (backbone) commonly 
consists of carbon atoms an example of such polymer polyethylene (Fig. 5a). 
However a polymer backbone including other atoms such as oxygen or silicon also 
exists like in the polyethylene glycol and polysiloxane (see Fig. 5b).  

                                                                     

       Figure 5: (a) Polyethylene           (b) Polyethylene glycol                   (c) polysiloxane                       

Conjugated polymers are characterized by the alternation of single and 
double bonds in the polymer chain. The three sp2 electrons of each carbon atoms 
form three sigma (single) bonds. There is one remaining electron per carbon atom 
that is represented by a Pz orbital perpendicular to the plane formed by the three 
sigma bonds. The Pz orbitals belonging to adjacent carbon atoms interact and form 
two types molecular orbital:  o ccupied π-bonding orbitals of higher energy than 
sigma orbitals and unoccupied π*- antibonding orbitals of even higher energy. These 
delocalized electrons play a crucial role in determining the optical and electronic 
properties of the conjugated polymer. The number and the energy of those orbitals 
are related to the number of carbon atoms in the conjugated backbone, i.e. the 
length of the conjugated molecules (Fig. 6).  F or a conjugated polymer, such as 
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polyacetylene, the number of both π and π* orbitals is large. Also, the energy 
difference between the discrete π-orbitals (or π* orbitals) gets smaller to the limit 
that they consider as continuous bands. The filled π-band is equivalent to the 
valence band in the inorganic material. The highest occupied molecular orbital 
(HOMO) defines the top of the valence band. The empty π*-band is equivalent to 
conduction band in the inorganic semiconductor. The bottom of the conduction 
band corresponds to the lowest unoccupied molecular orbital (LUMO). Due to the 
difference in bond length between single and double bond, the HOMO and LUMO 
levels are not degenerate and there is an energy gap. Such bonds dimerization 
through the polymer chain helps in lowering the energy of the polymer [11].  

 

 

Figure 6: Electronic structures of conjugated polymer shows energy level splitting and band 
formation 
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3.5. Charge transport in organic semiconductors 

Based on the degree of order of the organic semiconductor materials, 
charge transport can be classified in two categories: band transport or hopping 
transport. The band transport mechanism can take place in highly purified 
organic molecular crystals at low temperature (below room temperature). In 
such case, the atoms are perfectly aligned and held together by van der waals 
interaction and π-π interactions. The π-π orbital overlap results in the formation 
of long range delocalized HOMO/LUMO bands between molecules or polymer 
chains (inter-molecular or inter-chain bands). The mobility for highly purified 
organic molecular crystals is high typically in the range of 10 -102 cm2V-1s-1 [12-
16] 

However, any deviation from the high purity of the organic crystals caused by 
different sources such as morphological defects like dislocations, twists and kinks 
in the chain, or chemical defects such as impurities and traps slow down the 
charge transport. The transport becomes dominated by charge hopping 
phenomena and the mobility drops from 10-102 cm2V-1s-1 for highly ordered 
organic crystal to 10-6-10-3 cm2V-1s-1 for amorphous polymer [17]. The disorder of 
the organic material leads to irregular molecular packing, that weakens the 
electronic coupling between adjacent molecular π-orbitals and lead to a 
localization of the charge carrier on one molecule or part of the polymer chain. 
The transport of these charge carriers take place by hopping from one localized 
state to another. The localized states are distributed in space and in energy. The 
hopping rate from one initial localized state to one final localized state is 
governed by the distance between two hopping sites and specific activation 
energy. Assuming a constant distribution of states, such hopping mechanism is 
described with the variable-range hopping model (VRH) [18-19]. Although VRH 
model can explain the temperature dependence of the conductance in some 
disorder organic semiconductors, it ignores the electron-phonon interaction and 
the energy dependent density of states. Many other models are created to 
describe hopping transport mechanism in the disordered organic 
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semiconductors but all of them cover certain ranges depend on their limitations 
[20]. 

Organic molecules and conjugated polymers are known to have a large electron-
phonon coupling. Hence a more complete picture of the charge carrier transport 
should include this ingredient. If the molecular disorder decreases the overall π-π 
interaction between adjacent molecules or chain segments, it also prevents a 
fast electron transfer process. The charge carrier stays on the molecule or part of 
the polymer chain a time longer than the typical vibrational time (10-13s). As a 
result, the molecule rearranges its structure to accommodate in a more stable 
fashion the excess charge, i.e. the charge carrier. The modification of structure 
upon phonon vibration due to a charge carrier translates the so-called electron-
phonon coupling. As a result, a charge carrier is not only a localized state, it is 
localized in a molecular or polymer segment that has a distorted structure and 
this is called a polaron. The polaron is delocalized over ∼5 monomer units in the 
polymer chain (see Fig. 7). Thus authors reported different calculated polaron 
binding energy values such as ∼0.09eV [21], ∼0.19eV [22] and ∼0.32eV [23]. 
When a positive charge is introduced to the polymer chain, a local modification 
in the bond alternation is introduced as shown in figure 7. The localized change 
in the polymer geometry lead to formation of new localized energy levels within 
the polymer bandgap with positive charge and half-integral spin called positive 
polaron. In similar way, a negative polaron can be created (see Fig. 7). 
Furthermore, if two polarons get close enough to each other they can bind 
together and form a bi-polaron. The bi-polaron consists of a double charged 
defect localized on part of the polymer chain. A bipolaron has a zero total spin 
and can be positive or negative.  
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Figure 7: Chemical structures and corresponding electronic structures of polythiophene in neutral, 
n-doped, p-doped and bipolaron states. Polaron energy levels and optical transitions are 

illustrated in the right side, the empty circle represents (electron) and filled circle represents 
(hole). 
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 3.6. Optical properties of organic semiconductors materials 

We start with a general description of an optical transition in an organic 
molecule. When a molecule absorbs light, the absorbed photons change the 
energy of the electronic system. In a simple single-electron approximation, the 
photon energy is used to promote an electron from one occupied orbital into an 
unoccupied orbital, for instance a HOMO-LUMO transition. But the reality is 
more complex, all the electrons in the molecules are actually affected more or 
less by the absorption photon. Hence, it is more correct to describe an optical 
transition in term of total energy of the molecule. The photon absorption leads 
to a transition from the electronic ground state to one of electronic excited state 
as shown in Figure 8. But these are not only electrons that are involved; part of 
the photon energy is transformed into vibrational energy. Vibrational levels are 
discrete energy levels typically close in energy (<0.02eV) and they are sketched 
as horizontal lines in the potential well of an electronic state (Fig. 8). An optical 
transition is thus coupled to vibrational motion of the molecule due to the new 
distribution of the electronic charges around the nucleus (change in coulomb 
force). Consequently the molecule shifts to higher energy with new nuclei 
position (Figure 8). Notice that the electronic transition (∼10-16s) [24] is much 
faster than the vibronic (geometrical) relaxation time (∼10-13s) [24] thus the 
electron shifts from the electronic ground state to the electronic excited state 
through vertical transition.           
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Figure 8. Schematic diagram for the absorption and emission processes in the organic materials.  

The molecule relaxes down from the electronic excited state to the electronic 
ground state in several steps. First, the molecule relaxes down to the ground 
state of the electronic excited level via vibration (vibrational relaxation), that is 
via the dissipation of heat. Second, the molecule relaxes down from the 
vibrational ground state of the electronic excited level to the electronic ground 
level through non-radiatively or radiative processes. In the non-radiative process 
also known as quenching process, the molecule relaxes to the ground state by 
converting the excitation energy into heat (no light emission occur). While in the 
radiative emission or luminescence the molecule emits light with longer 
wavelength than the absorbed photons, as illustrated in Figure 9. The energy 
difference between the absorbed and emitted photons is due to the vibrational 
relaxations both after absorption and emission of light. This is the fluorescence 
phenomenon. Note that depending on the process creating the excited state, 
one makes the distinction between photoluminescence and 
electroluminescence. Photoluminescence is the emission of light from a molecule 
that absorbed photons; while electroluminescence is the emission of light as 
consequence of injected charge carriers in the materials through electrodes.   



 
 

25 
 

 

Figure 9: Absorption and photluminescence emission spectrum of pristine polythiophene 

Now we describe few optical properties more specific to conjugated 
polymers. Organic semiconductors have a bandgap in the range between 1eV to 
4eV [25].  T he optical bandgap of the organic semiconductor can be in first 
approximation defined as the energy difference between the HOMO and the 
LUMO. Similarly, the optical transition is described as the promotion of an 
electron from the HOMO into the LUMO level. The excited state is represented 
simply as an electron in the LUMO and a hole in the HOMO. The primary 
photoexcited species in the conjugated polymers is called an exciton or an 
electron-hole pair. In a neutral polymer segment, the exciton is created through 
coulomb interaction between the excited electron in the LUMO and the hole in 
the HOMO. The binding energy of the excitons has been suggested by some 
authors to be equal or less than 0.1eV and other authors claim    ∼1eV [26-27]. 
The conjugated length is defined for the optical property. Basically, the 
absorption of light creates an exciton that has a certain dimension (electron-hole 
pair) on the polymer chain. The exciton or electron-hole pair has a defined length 
because of the electrostatic attraction between the two charges (electron in the 
LUMO and hole in the HOMO). This length is actually related to the conjugation 
length. It means that an molecular of the same length as the dimension of the 
exciton (few monomer units) will have the same absorption spectrum as the 
polymer with very large number of monomer units. The conjugated length can be 
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seen as the length of the oligomer that has the same optical absorption spectrum 
as the infinitely long polymer. Note that defects and disorder in the polymer 
chains, for example a large torsion angle between two monomer units leads to a 
localization of the orbitals and a decrease in the conjugation length. This type of 
effect appears as blue shift in the absorption spectrum. Interestingly, the effect 
of disorder is different for the emission spectrum. In that case, the exciton will 
diffuse and jump from one segment to other neighboring segments of a bit lower 
band gap. Hence, the exciton is created on one segment but it recombines on 
another segment of lower band gap, such that the emission is red-shifted (Stoke 
shift) even more than for a small molecule. 

The optical properties of charged polymers carrying polarons or bipolarons 
are even more complex. The creation of polaron energy levels in the bandgap gives 
rise to new optical transitions at longer wavelengths that completely change the 
absorption spectrum of the material (Fig. 7). This property is used advantageously in 
electrochromic displays (change of color upon electrical bias). For instance the 
conducting polymer PEDOT positively doped has a large IR absorption due to the 
presence of (bi)polarons; i.e. it is almost transparent in the visible. Upon 
electrochemical reduction, this conducting polymer becomes less oxidized and it 
absorbs strongly in the visible range. In fact, the optical absorption properties of 
polarons and bipolarons are more complex than simply sketched in Figure 7. due to 
the interactions between adjacent polymer chains.  
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4. Zinc oxide 

4.2. Introduction 

Zinc oxide (ZnO) has been discovered at long time ago and has been 
included in diverse products on the market, such as a white pigment in paint, as 
small additive in food and cosmetics, a UV-absorbing material in sunscreen, anti-
inflammatory component in crèmes and ointments, as well as an additive in 
concrete and rubber of car tires. Those wide spread applications are explained by 
the natural abundance of ZnO and its easy preparation by chemical routes. 
Moreover, ZnO is environmentally friendly and non toxic for the human body. 
ZnO is also an air stable semiconductor and a lot of research is going on to use its 
semiconducting properties in various electronic and optoelectronic devices. But 
for such applications, a higher purity level is required. ZnO is a binary chemical 
compound from group ΙΙ-VΙ. It is transparent in its pure form due to its wide 
direct bandgap (3.37eV), see Figure 1 [28]. Compared to other semiconductors, 
ZnO has a very high ionization potential (∼8eV) and electron affinity (∼4.7eV) that 
partially explains the ease to obtain n-doping. A peculiar property of ZnO is its 
large exciton binding energy (∼60meV) at room temperature. This enables 
efficient near-band-edge excitonic emission. The large exciton binding energy 
leads to a close distance between the electron and hole pairs. As a result, even 
ZnO nanostructures, such as quantum dots, are fluorescent. A noteworthy 
property is its tolerance to high-energy radiation, availability of large size ZnO 
substrates and the ability for wet chemical etching [28-30]. All those combination 
of properties make ZnO a promising semiconductor for sustainable 
developments in novel (opto) electronic applications [31]. 
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Figure 1: illustration shows the energy of the valence and conduction bands relative to the vacuum 
level for some of semiconductor materials. The space between the top and the bottom bars 

represents the bandgap [28]. 

Early researches on ZnO material focused on the basic material properties, 
such as lattice parameters [32], band structure and doping [33] and the possible 
applications. However, the interest decreased gradually during the 1980s due to the 
poor control over two major problems; impurities and intrinsic defects presented 
naturally on the ZnO regardless the growth methods or techniques. The second 
challenge is the lack of control over its electrical conductivity. ZnO is unintentionally 
n-type doped and it is rather unstable when p-doped on purpose. Furthermore, the 
achievement of stable, reproducible p-type polarity is among the hardest tasks and 
has not been achieved yet [34]. The p-type ZnO is an indispensable prerequisite for 
achievement of p-n junction necessary in optoelectronics applications. Many trials 
have been done to overcome the p-type doped ZnO by growing ZnO thin films on 
different p-type substrates. However, little success has been achieved due to lattice 
mismatch at the interface of the p-n junction leading to poor device performances 
[35].  

ZnO has a unique ability to form a variety of one-dimensional structures such 
as nanorods, nanorings, nanowalls, nanofibers and nanocombos [34-36], as shown 
in Figure 2. Such nanostructure attracted rapidly growing interest because of their 
unique properties and simplicity of the synthesis.  
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Figure 2: SEM images of ZnO nanostructures: (a) nanoplates, (b) nanowalls, (c) nanorods and (d) 
nanowires 

Recently, ZnO nanostructures are scrutinized for various applications from light 
emitting diodes and solar cell to field effect transistors [34]. In this chapter some of 
ZnO basic properties are discussed.  
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4.3. Structure 

Depending on the crystallizing condition, ZnO has three crystal structures; 
wurtzite, zinc blende and rocksalt as schematically shown in Figure 3. The 
wurtzite structure is a thermodynamically stable crystal structure for ZnO under 
ambient conditions [34, 37]. If ZnO is grown on the surface of a cubic crystal, a 
zinc blende structure is expected; while the rocksalt structure can be only 
achieved under high pressure (∼10GPa) [38].   

 

Figure 3:  ZnO crystal structures 

The ZnO wurtzite crystal structure has a hexagonal unit cell with lattice 
parameters equal to a= 0.324nm and c= 0.521nm [39]. The ZnO structure 
consists of a number of zinc (Zn) and oxygen (O) surfaces stacked alternatively 
along the c-axis. Each Zn cation is surrounded by four O anions coordinated at 
the edges of a tetrahedron as shown in Figure 4. A mechanical deformation of 
the tetrahedral structure leads to a polarization, i.e. the formation of electric 
dipole at the microscopic scale, which in turns results in the piezoelectric 
property of ZnO [40]. 
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Figure 4: Tetrahedron coordination of ZnO (left) and the resulted polarization (right) 

 ZnO has polar and non-polar surfaces. Some of the polar surfaces are 
entirely terminated with zinc cations (Zn2+) giving positive charged surface. Or 
polar surfaces totally terminated with oxygen anions (O2-) giving negative 
charged surfaces. The most common polar surfaces are Zn-(0001) and O-(0001) 
with dipole moment along the c-axis (see Fig. 5). The charges in the polar 
surfaces are fixed and not transferable and the ZnO structure is arranged in 
configuration that minimizes the electrostatic energy. It is worth to mention that 
the ZnO polar surfaces are surprisingly stable and undergo almost no surface 
reconstruction despite the large electrostatic interactions; this has been a hot 
research topic for long time [41]. ZnO has also non-polar surfaces of lower 
(surface) energy than the polar surfaces. Those consist of equal numbers of zinc 
and oxygen anions. The two most common non-polar surfaces are {2110} and 
{0110}. Controlling the growth conditions and tuning the growth rate along the 
polar and non-polar surfaces give unique ability to form a rich family of different 
nanostructures. Some of the ZnO basic properties are summarized in table 1. 
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Figure 5: sketch (left) and SEM image (right) shows the polar and nonpolar surfaces for ZnO 
nanorods 

 

Table 1:  Basic ZnO physical properties at room temperature [34, 38-42] 

Density (g/cm-3) 5.6  
Carrier concentration (cm-3) ∼10-13   
Electron mobility (cm2V-1s-1) ∼200  
Melting point (C°) 1975  
Thermal conductivity (cal/cm/K) 0.13-1.2 
Refractive index 2.008, 2.029 

  

As grown, ZnO always display relatively high electron conductivity 
(electron density about 1018∼1021 cm-3) [43] attributed to native defects and 
impurities [44]. Many references adopted that the unintentional n-type 
conductivity in the ZnO is due to the presence of native defects in particular 
oxygen vacancies and/or zinc interstitials [44-45]. Nevertheless, other 
researchers demonstrated that both oxygen vacancies and/or zinc interstitials 
cannot contribute to the n-type conductivity because they are act as deep 
defects [46-47]. Impurities such as hydrogen, indium, gallium and aluminum have 
been rather suggested as the source of the stable n-type conductivity. Such 
impurities are present in a way or another during the growth and fabrication 
process of the ZnO material and act as shallow donors [48]. The strong candidate 
among these impurities is hydrogen present in almost processing environments. 
Hydrogen cations can act as shallow donors through two suggested ways. Either, 
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the hydrogen substitutes oxygen in the ZnO. Such hypothesis might explain the 
change in the ZnO n-type conductivity upon varying oxygen pressure [48]. Or the 
hydrogen interstitial atom forms a bond with the oxygen in the ZnO and acts as 
shallow donor [49]. But the hydrogen interstitial is highly mobile and the (H-O) 
bond can easily break [50] which cannot explain the high stability of the n-type 
ZnO conductivity in general and at high temperature in particular. 

ZnO nanostructures can growth in several directions <2110>, <0110> 
and ±[0001]. The growth along the [0001] direction is favored because the ZnO 
crystal structure tends to maximize the area of the {2110} and {0110} facets. 
The reason is that those two later facets are non-polar surfaces that have lower 
energy (thermodynamically more stable) than the polar surfaces. As a result, 
one-dimensional ZnO nanostructures are common and various shapes are 
obtained like nanoring, nanotube, nanowires, nanorods, nanobelts, nanodonuts 
and nanopropellers. ZnO nanorods and nanowires among the most commonly 
found. One-dimensional ZnO nanostructure has received broad attention 
because of their potential use in nanotechnology. The small diameters with 
unique electronic density of states, the presence of surface electronic states and 
large surface to volume ratio provide special properties for the ZnO 
nanorods/nanowires compare with 3D counterparts. For instance, the 
achievement of a large p-n junction area is desirable in optoelectronic devices 
such as solar cells and light emitting diodes. In addition, small ZnO 
nanostructures possess many surface atoms and a high defect concentration. The 
surface defects give rise to luminescence emission especially in the visible range, 
thus interesting for light emitting diodes. Furthermore, the electrical conductivity 
in a film of aligned 1D- nanostructures is very anisotropic, which can be used to 
optimize the properties of a device. The large surface area of the 
nanorods/nanowires can be advantageous in sensor applications.  

The growth of the ZnO nanordos /nanowires can be done through both high 
temperature vacuum techniques and wet chemical method.  W et chemical 
method enables rather low aspect ratio typically between 10 and 15 [51]. The 
lack of knowledge about the control of the dopant concentrations, types and 
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positions in any inorganic semiconducting nanostructures strongly hinder today 
their use in commercial devices. The chemical control of the doping in 
nanostructures opens up a lot of possibilities and the research has started in that 
direction [52].  
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4.4. Defects and optical properties 

A defect is defined as an imperfection in the regular pattern of the atomic 
arrangement of a material due to the dislocation of an atom or more from their 
origin positions. Such dislocation can be triggered by foreign atom (impurity) 
associated during the growth. This is referred to as an extrinsic defect. A defect 
might involve a host atom, in that case one speaks about an intrinsic defect. 
Intrinsic defects can be classified in four categories depending on their 
geometrical structure: 

a) Zero dimensional (0D) defects or Point defects consist of an isolated atom in 
localized regions in the host crystal (e.g. vacancies). 

b) One dimensional (1D) defects or line defects consist of a row of atoms (e.g. a 
straight dislocation). 

c)  Two dimensional (2D) defects or area defects consist of an area of atoms (e.g. 
twins). 

d) Three dimensional (3D) defects or volume defects consist of a volume of 
atoms (e.g. voids). 

The 0D-defects (point defects) are the natural intrinsic defects created inside ZnO 
during the growth mechanism and regardless the growth techniques. Such 
defects can be vacancies, interstitials, anti-sites and substitution defects. The 
vacancy defects created when oxygen or zinc atoms are missing in one of the 
lattice site. Oxygen vacancy (Vo) acts as deep donor and located at ∼2 eV below 
the conduction band while zinc vacancy (VZn) is a shallow acceptor located at 
∼0.31 eV a bove the valence band as shown in Figure 6. If the oxygen atom 
occupies a position where there is usually no atom, then it is called interstitial 
oxygen. The interstitial defects can originate from oxygen (Oi) or zinc (Zni) atoms. 
Interstitial oxygen atoms are deep acceptors while zinc interstitials are shallow 
donors. Another type of the point defects is the anti-site defects where an 
oxygen atom occupies a position normally taken by a zinc atom in the zinc lattice 
(or vice versa). Both zinc anti-sites (ZnO) and oxygen anti-sites (OZn) have high 
formation energies and are created under non equilibrium condition such as ion 
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implantation. Oxygen anti-site defects are deep acceptors however zinc anti-site 
defects are shallow donors. Finally, substitution defects can be created during 
ZnO growth process. In such case, an impurity atom has to replace an oxygen 
atom or a zinc atom in the ZnO lattice. 

 

Figure 6: Illustration of intrinsic Defect energy levels in ZnO from different literature sources [53-
54] 

Optical  properties  of  bulk,  thin  f ilms  and  nanostructures  of  ZnO  have  
been  widely studied. Compared to other wide band semiconductor, ZnO has the 
highest exciton binding energy (∼60meV) which ensures efficient luminescence. The 
photoluminescence spectrum shows two main bands; an ultraviolet (UV) band 
emission and a deep band emission (DBE), see Figure 7. The ratio between those 
two emissions depends strongly on the concentration of defects. In crystal with low 
defect density, UV lasing has been observed. The UV emission at [384-376nm] (i.e. 
[3.23-3.30eV]) is attributed to the near band edge emission through excitonic 
processes [55-56]. Increasing the amount of defects suppresses the excitonic 
emission, in other words it decreases the UV emission intensity [57]. In 
nanostructure, the UV emission peak intensity and shape depend strongly on 
various parameters such as the dimension of the nanostructures, the impurities and 
defects concentrations. [58]. 
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Figure 7: RT PL spectrum of ZnO nanorods prepared with ACG method (excitation source 410nm) 

The DBE emission is a broad and multiple peaks band lies within the range of 
the visible spectrum. The visible emission from ZnO nanostructures is intriguing, but 
its importance in optoelectronic applications pushes researchers to understand it 
further today. A main hypothesis for the origin of the DBE emission is intrinsic and 
extrinsic defects. Such defects exist in ZnO nanostructures regardless the growth 
methods. Various methods give various emissions: in the green, yellow, blue and 
red.  Intrinsic defects such as oxygen vacancies, zinc vacancies and extrinsic defects 
like Cu, Fe, OH, Al, H and Mn among the highest purposed defects combined to lead 
to DBE [37].  

The green band emission (sometimes directly associated to DBE) is a broad, 
featureless band centered at ∼500 nm (2.5 eV). The origin of the green emission is 
widely attributed to various intrinsic defects such as oxygen vacancy (VO), zinc 
vacancy (VZn), oxygen interstitial (Oi)[59], zinc interstitial (Zni) [60] and oxygen 
antisite [61]. Nevertheless, oxygen vacancy and zinc interstitial are known to be the 
dominant types. Some authors suggested that the VO emission can occurs through 
multiple mechanisms like a recombination of an electron trapped at an oxygen 
vacancy with a free hole in the valence band [62]. Or the oxygen vacancy acts as 
deep hole trap and the hole trapped in this oxygen vacancy recombines with free or 
shallow trapped electrons [63]. Contrary to the oxygen vacancy hypothesis, 
Reynolds et al. suggest that zinc vacancies are the source of the green emission [64]. 
Özgur et al. [34] explain the multiple origins of the green band emission to the fact 
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that the green emission is originally an integration of many PL bands placed at 
similar positions but associated from different sources as illustrated in Figure 8.  

 

Figure 8: RT PL spectrum (excitation source 410nm) of the DBE and Gaussian fitting for different 
contributions from many defects. 

A yellow emission is also observed in some of the ZnO nanostructures and 
attributed to many defects and impurities such as oxygen interstitial, Zn(OH)2, Al, Li 
and H [65-66]. Blue-violet and orange-red emissions are also detected and their 
emissions attribute to the surface dislocations, zinc interstitials, oxygen vacancies 
and surface traps [65-67]. It is worth to mention that the origin of the emission in 
the visible range generally seems to vary in different samples and among different 
growth techniques. Therefore, it is still an unsolved matter and further 
investigations are needed.  
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4.5. Growth techniques  

Several techniques are available to grow ZnO in films or nanostructures; 
for instance, catalytic growth, gas transport or hydrothermal growths. One can 
distinguish between low temperature (>100°C) and high temperature (∼1000°C) 
growth techniques. The high temperature growth methods require sophisticated, 
high vacuum and high pressure equipments.  Belonging to this class, we find the 
metal–organic chemical vapor deposition (MOCVD), the chemical vapor 
deposition (CVD), the vapor phase epitaxy (VPE), the vapor-liquid-solid (VLS), the 
puls laser deposition (PLD) and the molecular beam epitaxy (MBE) [34]. The 
crystal quality of the ZnO material can be controlled precisely in most of these 
techniques which lead to homogeneous material deposition, high crystal quality, 
high mobility, and less native defects and impurities. However, all these methods 
require high processing temperatures which significantly limit the choice of 
possible substrate materials and integration processes. In addition, the huge 
running cost of the vacuum equipments limits the production of ZnO films on 
large areas. 

For large area and low-cost production, electrochemical deposition is an option. 
Hydrothermal growth methods are promising for scaling up the synthesis of ZnO 
nanostructures. However to create a ZnO film, an extra sintering step at high 
temperature is needed to merge the particles and create a continuous films. The 
fact that small nanoparticles have low sintering temperature is interesting since 
it provides a way to create ZnO film at lower temperature [68]. The chemical 
synthesis of ZnO nanoparticles is carried out in aqueous solution and can be 
carried out on any type of substrates (amorphous or crystalline) [69]. One of the 
major problems of the hydrothermal growth is the unavoidable presence of the 
impurities which comes from the solvents or during the growth process. Such 
impurities affect strongly the electrical and optical properties of the ZnO 
nanostructures. An aqueous chemical growth (ACG) is an example of the 
hydrothermal growth methods where ZnO nanostructure can be prepared 
chemically at temperature lower than 100°C. More details about this growth 
method given in the following section.   
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4.6. Aqueous chemical growth 

The aqueous chemical growth method (ACG) was introduced first by 
Andres-Verges et al. [70] and after by Vayssieres, who has grown ZnO nanowires 
on silicon and glass substrates [71]. In the ACG method, a solution composed of 
hexamethylenetetramine (HMTA – (CH2)6N4) and zinc nitrate (Zn(NO3)2) is used. 
The exact functionality of the HMTA during the growth is believed to be a pH 
stabilizer slowly decomposing to give gradual and controlled ammonia through 
the following reaction:   

(CH2)6N4+ 6H2O ↔ 6HCHO + 4NH3                 (1) 

Also, Sugunan et al. [72] suggested that HMTA attaches to the non-polar facets of 
the zincite crystal because its use is accompanied with a pronounced anisotropic 
growth of the nanostructure, fast along the polar surfaces direction. The 
produced ammonia from equation (1) reacts with the water and disassociates 
into ammonium and hydroxide ions: 

     NH3.H2O ↔ NH4
+ + OH-               (2) 

The rate of production of the hydroxyl ions (OH-) is critical. A high (OH-) 
production rate increases the (Zn2+) ions consumption and prevents the growth. 
The (Zn2+) ions provided by the zinc nitrate salt react with the hydroxide ions and 
precipitate in a low solubility zinc oxide residue on the substrate: 

2OH- + Zn2+ ↔ Zn(OH)2                 (3) 

Zn(OH)2 →Δ ZnO(s) + H2O             (4) 

The ZnO nanostructure density, morphology and aspect ratio can be controlled 
by adjusting reaction parameters such as precursor concentration, growth 
temperature and growth time as shown in Figure 9. It has been proven that the 
high growth temperature lead to smaller and shorter ZnO nanostructure. A 
temperature increase leads to a high rate of evaporation for ammonia resulting 
in a decrease of PH in the solution. The basic environment is essential for the 
ZnO (OH)2 creation. The PH can be adjusted via temperature and simply by 
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covering the beaker tightly with a cap during the growth process. Lowering the 
concentration of the reactants reduce the diameter and length of the ZnO 
nanostructures. Finally, the growth time is of course a way to control the 
dimension of the ZnO nanostructure (e.g. length and diameter of nanorods, see 
Fig. 9).  

 

Figure 9: diagram shows the affect of the growth time in the ZnO nanorods diameters and lengths. 
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5. Manufacturing and characterization 

In this chapter, we describe the basic manufacturing steps and the 
equipments used to prepare and characterize the ZnO nanostructures-organic LEDs. 
All the electrical and optical measurements are done in air at room temperature. 
 

5.2. Device Fabrication 

5.3. Substrate 

All the LEDs reported in the included papers have borosilicate glass (DESAG D263) as 
substrates. Although plastic, silicon, gold wire and ITO substrates are used as well. 
The substrates are immersed in acetone in an ultrasonic bath for 15 min. The same 
step is repeated after changing the acetone to an isopropanol. After that the 
substrates were washed several times using DI-H2O and then dried using N2.  

5.4. Metal contacts 

The top and bottom metal contacts (80-300 nm thick) are deposited on the 
substrate using thermal evaporation with base pressure around ∼10-6 Torr. Both 
contacts are patterned using shadow masks with different geometries and sizes. 

5.5. Organic semiconductor layers 

The solution of the organic semiconductors is heated and filtered with a 
polytetrafluoroethylene (PTFE) syringe filter with 0.1-0.2 µm pore size. The organic 
film is spin coated on the substrate as single, blend or bi-layers films. Then the 
organic film is dried in air at 80°C-150°C to remove the solvent. 

5.6. ZnO nanostructures 

The ZnO nanostructures are prepared using the ACG method in all the included 
papers. The ZnO growth method is always combined with pre-seed layer step. The 
seed layer has been prepared using zinc acetate dehydrate solution. The ZnO 
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nanostructures are grown successfully on the metal electrode, silicon wafer, ITO 
substrates as well as single or multiple organic layers as shown in Figure 2. The 
growth parameters such as growth time, precursor concentrations and growth 
temperature are tuned for the sake of the optimal growth conditions. No post high 
temperature annealing treatment is made to the ZnO nanostructures.    

5.7. Insulator layer 

S1805 photoresist, polystyrene and poly (methyl methacrylate)(PMMA) are among 
the materials that are used as an insulating layer in order to fill the empty space 
between ZnO nanostructures and avoid short circuit when the top electrode is 
deposited. The solution is filtered using PTFE syringe filter with (0.1-0.2µm) size. The 
insulating layer is spin coated on the ZnO nanostructures and annealed at 120°C for 
5minutes. Finally, an oxygen plasma dry etching is carried on using reactive ion 
etching (RIE) technique to selectively etch the insulating layer from the ZnO 
nanostructures tip. 
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5.8. Scanning electron microscope 

Scanning electron microscope (SEM) is one of the most common used 
techniques to provide high resolution images of nanostructures. The typical SEM 
setup is consists of an electron gun. The gun is either composed of a filament (W or 
LaB6) or it is a field emission gun. We have used the later since it gives a more 
focused electron beam and a higher resolution is achieved. The electrons are 
accelerated and focused into a narrow beam by electromagnetic lenses (see Figure 
1). This electron beam hits the sample surface causing different electron emissions 
due to backscattered electrons, secondary and auger electrons. In our case, the 
secondary electrons are detected at grazing angle, and the SEM 3D image is 
constructed. This image gives information on the surface morphology with 1nm 
maximum resolution. 

The organic films and the ZnO nanostructures morphologies are characterized using 
a JEOL JSM-6335F scanning electron microscope. In which the shape, length and 
diameter of the ZnO nanostructures are examined as well as the organic film 
morphology.  

 

Figure 3: Basic construction of SEM 
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5.9. Profilometer 

DEKTAK  is   a   c ontact  profilometer  technique  w hich  measures  the  step  
height  or trench depth on a surface using very low force stylus. The Veeco Dektak 3 
ST is used to measure the surface roughness and the depth (thickness) of the 
organic film. 
 

5.10. Electrical characterization 

A multiple source-measurement units (SMUs) semiconductor parameter 
analyzer (SPA) is used to measure the current-voltage characteristics of the LEDs. All 
the samples to be tested are placed on a ground plate. The electrodes are 
connected to the SPA unit using micromanipulators and coaxial cables. Two SMU 
terminals are connected to the cathode and the anode and the current measured as 
the voltage is swept in constant step.  
 

5.11. Photoluminescence 

Photoluminescence is a nondestructive spectroscopy technique used to 
characterize semiconductors. In which an optical excitation source is used to induce 
excited electronic states in the system. Then the optical emission as consequence of 
states relaxation is detected and characterized by a spectrometer.  O ptical 
parameteric oscillator (OPO) is coupled to a Nd:YAG laser source to provide laser 
light for a broad range of wave length [300-1800 nm]. This laser light is used in the 
photoluminescence experiments. The light emitted by the sample in the 
photoluminescence or electroluminescence experiments is analyzed by a Shamrock 
303 Imaging Spectrograph equipped with a Andor-Newton DU-970N CCD camera. 
The excitation wavelengths and the detector angle are varied to examine the change 
in the spectrum intensity or/and position. The variation in the excitation 
wavelengths is in the range between 330nm and 450nm, while the detector angle 
increased with 15°-step from the normal of the surface.   
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6. Conclusions 

This thesis is entirely focused on the fabrication and characterizations of 
organic/ZnO heterojunctions for light emitting diodes. Preferentially oriented ZnO 
nanostructures have been fabricated using low cost and simple solution process for 
both ZnO and organic materials. The optimum growth parameters of the ZnO 
nanostructures have been investigated. ZnO nanorods/nanowires were grown on 
different substrates such as silicon, plastic, metals, glass and organic films. The 
influence of changing the ZnO growth parameters like precursor concentrations, pH 
and growth temperatures in the resulted nanostructures is presented. The 
alignment of ZnO nanorods/nanowires was achieved thanks to a zinc acetate seed 
layer. Note that the resulted ZnO nanorods/nanowires grown with or without the 
seed layer exhibit the same crystal structure and growth direction (along the c-axis).  

The growth mechanism, surface morphology, electrical and optical properties 
of the organic/ZnO nanorods light emitting diodes have been demonstrated, 
analyzed and discussed. A white emission is observed from polyfluorene/ZnO 
heterojunctions with contribution from polyfluorene in the blue region and ZnO for 
the green emission. Also, the relevant energy levels of the different layers were 
measured using photoelectron spectroscopy (paper III). Hole and electron charge 
transporting layers are added to the emitting layer in order to the balance of charge 
carrier. The results show an improvment in the device performance with an 
emission that covers a wide range of wavelength in the visible between ∼400nm and 
∼800nm and low turn on voltage (3V) (paper I). Hence, the ZnO nanostructured 
layer in contact with a high workfunction electrode constitutes an air stable electron 
injecting contact.  

A layer of calcium-acetylacetonateof controlled thickness is added in the 
hybrid structure as electron blocking layer; this results in a clear enhancement in the 
device luminescence and a shift in the breakdown voltage from 13V to 30V (paper 
II).  L ast, one of the major problems that hinder the organic/ZnO nanostrcutures 
device performance is addressed (paper IV).  
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Both the growth of ZnO on the semiconducting polymer thin film or the deposition 
of the polymer semiconductor on the ZnO nanostructure (even stabilized by an 
insulating polymer film) lead to large leakage currents, which limits the efficiency of 
the light emitting diode. In paper IV, we thus investigate this issue with a simpler 
device: an electron only diode. The large leakage current is identified to the poor 
coverage of the ZnO surface with polymer film. Indeed, the ZnO nanorods grown via 
chemical routes possess relatively high electrical conductivity. Hence, thick organic 
films of good wetting properties with ZnO seem to be a prerequisite to increase 
systematically the efficiency of the hybrid LEDs. 

These results open the way for low cost, large area, white light emitting 
diodes. The current work focused on addressing the optimum preparation process 
for the organic/ZnO nanostructures light emitting diodes. The sources of the 
observed white light emission are discussed and suggestions for better device 
performance have been given. This organic/ZnO nanorods white light emitting 
diodes hold promise for potential applications of next-generation light sources. In 
addition, our results concern the ZnO nanostructures growth on variety substrates 
can be useful for device fabrications. Furthermore, the solution growth method of 
the ZnO nanostructures can be easy incorporating into the exits organic technology. 

However, a few barriers to overcome before that goal can be achieved. More 
research efforts are required in order to fully understand and control (i) the source 
of the ZnO green emission especially for the nanostructures that prepared though 
solution low temperature method; and (ii) the electrical conductivity of the ZnO 
nanostructures. Also, systematic and deep investigations are needed for the quality 
and quantity of the device luminescence.    
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