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        ABSTRACT 

 

The aim of this thesis work was to fabricate a hybrid LED using organic-inorganic ZnO 

materials. The goal of the project was to get an efficient white light emission from zinc 

oxide (ZnO) nanorods active layer. Since most of the organic material is good for hole 

mobility and most of the inorganic material is good for electron mobility, it is possible to 

fabricate a high performance heterostructure electroluminescence device from organic-

inorganic materials. This thesis work was an attempt towards fabricating such a high 

electroluminescence LED from hybrid materials in which polymer acts as a p-type 

material and ZnO acts as a n-type material. The growth mechanism of ZnO nanorods 

using low-temperature aqueous solution method has been studied and nanorods (NRs) 

growth was examined with scanning electron microscope (SEM). Optimum hole injection 

polymers have been studied. Finally, the fabricated device was characterized using 

parameter analyzer. The fabricated device worked as a diode i.e. it rectified current as 

expected and the desirable light emission has almost been achieved. 
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Terminology 

I have used some abbreviations/notations in some parts of this report. The expansion for those 

abbreviations can be found on this page and it is advised to readers to know them before you 

start to read the report. 

LED-------------------------- Light Emitting Diode 
ZnO-------------------------- Zinc Oxide 
NRs-------------------------- Nanorods 
VB--------------------------- Valence band 
CB--------------------------- Conduction band 
HOMO---------------------- Highest occupied molecular orbital 
LUMO---------------------- Lowest unoccupied molecular orbital   
IP---------------------------- Ionization potential 
EA--------------------------- Electron affinity 
EL--------------------------- Electroluminescence 
PL--------------------------- Photoluminescence 
PEDOT:PSS-------------- Poly (3, 4-ethylenedioxythiophene) poly (styrenesulfonate) 
PVK------------------------ Poly Vinyl Carbozale 
CBP------------------------ [4, 4’-Bis (N-carbazole)-1, 1’-biphenyl] 
PFO------------------------ Poly (9, 9-dioctylfluorene) 
TFB------------------------ (poly~9,9-dioctylfluorene-co-N-~4-butylphenyl)diphenylamine) 
SEM----------------------- Scanning Electron Microscopy 
PR-------------------------- Photo resist 
HMT----------------------- Hexa methylene tetramine 
Zn (NO3)2----------------- Zinc nitrate 
GaN------------------------ Gallium nitride 
PET------------------------ Polyethylene tetra phthalate 
VLS------------------------ Vapor Liquid Solid 
ACG----------------------- Aqueous chemical growth 
PA------------------------- Parameter analyzer 
RT------------------------- Room Temperature 
EMS----------------------- Electromagnetic spectrum 
EBL/HBL----------------------- Electron/Hole blocking layer 
HIL/EIL----------------------- Hole/Electron injecting layer   
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OUTLINE 

 
This report has been written in such a way that the reader who has a basic knowledge 

on physics and semiconductor will be able to understand it. The report has therefore been 

divided into five chapters in order for the reader to be able to follow clearly. 

 

Chapter 1 provides you the basics of LED and semiconductor theory. 

 

Chapter 2 covers the in-organic part, which describes the various aspects of nanotechnology 

and growth mechanism of nanorods. 

 

Chapter 3 provides the basics of organic electronics and the properties and applications of 

various polymers used in this work. 

 

Chapter 4 describes a brief introduction about LED physics. 

 

Chapter 5 explains about the experimental part and the results of this work. 
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        Goal 

 
The goal of this master thesis work was to fabricate a hybrid LED from p-type 

polymer and n-type ZnO nanorods to get robust white light emission. ZnO is a promising 

potential material since it has a wide bandgap of about 3.37 eV and has a high exciton binding 

energy of 60 meV that make it useful in diverse applications such as opto-electronics, 

photovoltaic, sensors and lasing application. Polymers have been showing high hole 

conductivity in recent days upon doping and also some of its physical and chemical properties 

can be chemically tailor-made for some electronics applications. It is still to achieve p-type 

doping of ZnO and n-type doping of polymer is not very stable in air. Moreover most of the 

organic materials are good for hole mobility and most of the inorganic materials are good for 

electron mobility, it is possible to fabricate a high performance heterostructure 

electroluminescence device from organic-inorganic ZnO materials. In this work ZnO 

nanorods act as an active layer as well as an EIL and p-type polymer act as a hole injecting 

layer as well as an EBL. ZnO nanorods are synthesized by low-temperature aqueous solution 

method in which zinc nitrate and HMT are used as precursors and zinc acetate dehydrate 

solution serves as a seeding layer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 3



 

Chapter 1 

 

  Introduction 
1.1. About LED  

Light Emitting Diode is a semiconductor device that emits light when it is connected 

to forward bias of the p-n junction. It consists of an n-type (electron majority) and p-type 

(hole majority) semiconductor materials, which form the p-n junction, see Figure 1.1. Upon 

applying voltage to the p-n junction through respective electrodes, a positive charge (Hole) 

from anode recombines with a negative charge (Electron) from cathode in the junction and 

falls into the lower energy state and emits light in the form of photon. This process is called 

electroluminescence, see Figure 1.1.1. There is another way of exciting a chemical compound 

or a substance into a higher electronic energy level by photoluminescence, see Figure 1.1.2 in 

which light is absorbed by the substance, which excites an electron into the higher electronic 

energy state and then radiates light when it falls back to the lower energy state.The 

wavelength of light comes out from the LED depends on the material being used and their 

band gap energy. And material used for LED should have direct band gap with energies 

corresponding to near infrared, visible and near ultraviolet [42]. 

 

 

 

 

 

 

 

 

 

 

                      Figure 1.1: Schematic of a LED. 
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Figure 1.1.1: Electroluminescence [1] .                                  Figure 1.1.2: Photoluminescence. 

1.2. History of LED [2] [3] [4]        

 LED has been mainly used for display and indicator functions on electronic devices 

such as video recorder, microwave oven, TV, computer etc., in early days. LED has now 

become a key component in many digital applications such as big video screen at outdoors, 

displays, solid-state lighting, traffic signal etc. It is very compact in size, robust, and efficient 

and it lasts for 100,000 hours in use, or about 100 times longer than incandescent bulbs. In 

near future LED will replace incandescent bulbs which consume more power and last for less 

time, so that LED will be mainly used to light our home, offices and street lights. Such a 

tremendous properties and niche applications in the digital field of LED was first invented in 

the early 1900s. Since then many researchers from different countries produced different 

LEDs. But the first ‘modern’ LED was invented in the early 1960s by British researchers. The 

first visible (red) LEDs were available in the late 1960s using Gallium arsenide phosphide on 

a GaAs substrate. The first generation of bright LED (red, yellow and green) was produced in 

the mid 1980s. A major breakthrough in LED’s history was the fabrication of blue LEDs 

using Gallium nitride (GaN) in the early 1990s which paved the way to create virtually any 

color of light. Although any color of visible light can be produced from LED, it is still 

difficult to produce white light from a single chip. That could be one of the major challenges 

in LED research field to produce white light from a single chip. To date, white light is 

produced by mounting red, green blue LEDs on single chip or by coating blue LED chip with 

fluorescent phosphors which absorbs blue light from chip and then re-emit it as white light.  
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1.3 Hybrid LED 

Material science, a division/branch of physics divides the solid/material into three 

categories; conductor, semi-conductor, and insulator. The energy band diagram of those 

materials is shown in the Figure 1.3. In this figure one energy band, which is completely, 

filled by electrons, named valence band (VB) and the next empty one, which is not filled by 

electrons, named conduction band (CB). As valence electrons are far away from nucleus, it 

experiences less nuclear force as compared to inner orbital electrons, hence it is very easy to 

take off electrons from it and this process is called ionization potential (IP). As we go further 

and further to remove an electron, the IP value gets increased. These valence band electrons 

are participating in many things such as chemical reaction, bonding etc. In between VB and 

CB, there is a small forbidden energy gap called as band gap (Eg). Electrical conduction is the 

transportation of charge carriers (electron, hole) from one electrode to its counter electrode in 

response to electric field. As seen from Figure 1.3, conductor’s VB and CB overlap to each 

other or in other words it has no forbidden energy gap. So it is obviously good for electrical 

conduction and not for producing light. Semi-conductor is a substance that conducts electrical 

current in the range between conductor and insulator. Insulator does not conduct electrical 

current at all and is used for insulating the conductors. 

Valence band(VB) 

Conduction band(CB) 

Band gap 

Band gap 

Conductor 
CB and VB 
overlap and no 
energy gap 
 

Semi-conductor 
CB and VB 
separated by small 
forbidden energy 
gap 

Insulator 
CB and VB 
separated by large 
energy gap 

 Energy 

                 Figure 1.3: Energy band diagram of conductor, semi-conductor, and insulator. 
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As it has been mentioned earlier, to get light emission from material or substance 

electron has to be excited into higher energy states to make an electron-hole pair (exciton) 

either by photon of light or by voltage. In conductor, there is no possibility of creating exciton 

since it has no energy gap in between conduction band and valence band. So they are used as 

metallic contacts to the devices and as an interconnect in electronic circuits. On the other 

hand, both semiconductor and insulator have certain energy gap; can be used for making 

opto-electronic devices. But insulator has been in use for insulating or non-conducting 

material for different applications due to its large bandgap until 1970s. A major breakthrough 

in polymer field was the discovery of the increase of electrical conductivity of the polymer 

polyacetelyne over some orders of magnitude upon chemical doping by iodine ion by 

MacDiarmid, Shirakawa, and Heeger. This tremendous work done got them Nobel Prize in 

chemistry in 2000 in chemistry, ever since polymer has been a promising material in 

electronics industry in making electronic devices such as LED, transistor, and solar cell on 

glass, sapphire as well as on flexible PET plastic substrates. The unique properties of 

polymers made devices are with lightweight, thin, flexible, and low cost and easy processing 

of materials (solution processing) over in-organic materials. 

 

On the contrary to in-organic materials, all organic materials pi electrons system are 

loosely bonded with Van der valls force, which is relatively very weak force as compared 

with co-valent and ionic bond. This pi electrons system is responsible for electrical 

conduction in polymers. Hence, n-type organic materials are usually not stable in air even 

though there are very few n-type polymers. Whereas it is very difficult to make p-type doping 

of ZnO as it has a wide band gap and no material is known to provide a shallow acceptor. 

Furthermore all in-organic materials almost show high electron mobility over its hole mobility 

and most organic materials show high hole mobility over its electron mobility. Because of the 

above-mentioned problems in both organic and in-organic ZnO material, this thesis topic was 

born of mixing in-organic n-type ZnO nanorods and p-type polymer to get robust light 

emission. Thus this topic is also called as hybrid LED. 
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Chapter 2 
 

                                     In-organic ZnO 
 

2.1. ZnO properties 

ZnO is a binary chemical compound from group II-VI semiconductor in the periodic 

table [7]. It is not completely soluble in water but it can be dissolved in alkalis and acids. It is 

commonly available in white powder and is called zinc white. Zinc white is used as a pigment 

in paints; less opaque than lithopone, it remains white when exposed to hydrogen sulfide or 

ultraviolet light. It is also used as filler for rubber goods and in coatings for paper. ZnO is a 

multifunctional material that is used as polycrystalline material industrially as transparent 

conductive oxide (TCO). Also, the piezoelectric properties of crystalline material are 

employed in surface acoustic wave devices. For the past one-decade wide band gap 

semiconductors (WBG) have been substantially receiving more attention due to the need of 

producing short wave length opto-electronic devices and lasing devices [5]. Examples of WBG 

semiconductors are gallium nitride (GaN, EG = 3.4 eV), aluminum nitride (AlN, EG = 6.2 eV), 

and silicon carbide (SiC, EG between 2.2 to 3.25 eV depending on polytype) and Zinc Oxide 

(ZnO, EG = 3.37eV). Of which GaN is widely used for the production of green, blue-ultra 

violet and white light-emitting devices. Although the GaN is a good candidate for opto-

electronics applications, it has some drawbacks over ZnO. Zinc oxide has emerged as a 

promising candidate for potentially making low cost opto-electronic devices and also it has a 

exciton binding energy of 60 meV and then the availability of fairly high-quality ZnO bulk 

crystals and has much simpler crystal-growth technology. These above properties make ZnO 

superior for opto-electronics applications over GaN [7]. 

 

Zinc oxide has a wide band gap of about 3.37 eV and exciton binding energy of 60 

meV, which is higher than the presently used semiconductor Gallium Nitride (21 meV). As it 

has wide band gap and high exciton binding energy; it is widely used for making opto-

electronic devices such as LED, solar cell and for lasing action. Crystalline zinc oxide 

exhibits the piezoelectric effect, is luminescent, and is light sensitive. Zinc oxide occurs in 

nature as the mineral zincite. Zinc peroxide, ZnO2· 1/2H2O, is a white to yellow powder used 

in antiseptic ointments [6]. 
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2.2. ZnO crystal structure [7] 

The crystal structures formed by ZnO are wurtzite, zinc blende, and rocksalt. Among 

others, wurtzite structure, see Figure 2.2, where each anion (O ) is surrounded by four 

cations (Zn ) at the corners of tetrahedron, and vice versa, is thermodynamically more stable 

phase at ambient conditions. This tetrahedral coordination is typical of sp

−
2

+
2

3 covalent bonding. 

But these materials also have a substantial ionic character, which falls at the border line 

between covalent and ionic semiconductor. 

 

 
 

 

 

                       

    

 

 

 

 

 

Figure 2.2: Wurtzite crystal structure of ZnO [8].  

 

2.3. Doping of ZnO  

Since ZnO has wideband gap and has a very high exciton binding energy, it could 

therefore be used for various short-wave length applications [7]. In order to make such 

devices, both n-type and p-type doping of ZnO are required. But it is very difficult to produce 

bipolar doping as seen in the other wideband gap semiconductors such as GaN, ZnS, and 

ZnSe. Having p-doped ZnO is still difficult to achieve as it has a wide band gap and no 

material is known to provide a shallow acceptor, refer Appendix 2 for more details. Making n-

doped ZnO is very easy since there are lot of oxygen vacancies and also Zn interstitials in the 

ZnO material that make ZnO naturally an n-type semiconductor. Undoped ZnO shows 

intrinsic n-type conductivity with very high electron densities of 1021 cm-3. 
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2.4. Crystal defects in ZnO and the Origin of white light 

Each material has naturally some flaws or defects in crystal structure. Defects are very 

common in all materials. Because crystal structure is an important parameter for a substance 

determines electrical parameter such as conductivity and mobility. Basically a crystal 

structure is defined as how the atoms are stacked in regular and repeated manner in lattice 

points. Based on how the atoms are arranged within crystal, crystal structure could be divided 

into many types. Wurtizile structure that ZnO possesses is one type among others that has 

been explained before. Defects are formed by missing of atoms from their original lattice 

position. In fact; no material is perfect in nature and therefore exists intrinsically as an 

imperfect material. Defects can be point defects, line defects, area defects and volume defects. 

ZnO falls into point or one-dimensional defect which includes interstitial (if an atom is 

located in non-lattice sites within the crystal) and vacancy defects (if an atom is missing from 

one of these lattice positions) [43]. In ZnO, the most common defects are likely to be oxygen 

vacancies and zinc interstitials. When a device is made by having such point defects, it will 

affect/alter the electrical and optical properties of ZnO. 

The goal of this work was to get white light emission from ZnO material. The bandgap 

of ZnO is about 3.37 eV that is equal to ultraviolet wavelength (~400nm) in electromagnetic 

spectrum. But Photoluminescence (PL) on ZnO shows; a broad low intensity spectrum 

centred at green colour wavelength from 400nm-700nm approximately besides the high 

intensity peak at the UV wave length (>400nm). So what made ZnO to produce that broad 

visible spectrum in visible range? It is obviously the defects in ZnO. These defects and its 

associated green spectrum might be the origin of white light. The goal of the work was 

exploiting those futures of ZnO for producing white light. Kröger et al, paper adopted from 

reference [9] [10] [11], has explained the defect chemistry on ZnO which is as follows; despite 

its simple chemical formula, ZnO has very rich defect chemistry. Defects in ZnO noticeably 

alter the grain boundary properties, which further alter I-V characteristics. The defects that I 

have mentioned in the above paragraph could be the source of producing white light. So ZnO 

defects could be exploited for different applications. But it is still a matter of controversy for 

researchers which defects dominate in ZnO or what is the concentration of different defects. 

The electronic energy levels of native imperfections in ZnO are illustrated in Figure 2.4. 

There are a number of intrinsic defects with different ionization energies. The Kröger Vink 

notation uses: i = interstitial site, Zn = zinc, O = oxygen and V = vacancy. The terms indicate 

the atomic sites, and superscripted terms indicate charges, where a dot indicates positive 
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charge, a prime indicates negative charge, and a cross indicates zero charge, with the charges 

in proportion to the number of symbols. Figure 2.4 shows that there are a number of defect 

states within the bandgap of ZnO. The donor defects are: Zni
..
, Zni

.
 Zni

x, VO
..
, VO

.
, VO and 

the acceptor defects are V Zn'', V Zn’. The defect ionization energies vary from ~0.05-2.8 eV. Zn 

interstitials and oxygen vacancies are known to be the predominant ionic defect types [12]. 

Because of different ionization energies, the relative concentration of the various defects 

strongly depends on temperature [13].   

Figure 2.4: Energy levels of native defects in ZnO [11].         

The crystal defects of ZnO strongly depend on temperature, normally more than 

500°C. It is still a matter of controversy for those who work on low-temperature ACG method 

which defects dominate and what is the source of light emission from the defects! For more 

information about defects chemistry and the origin of white light, see Appendix 2.  
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2.5. Classification of nanostructures [14] 

Nanotechnology is the branch of science that deals with particle size at subatomic 

level and the device made out of this particle/substance will have at least characteristic 

dimension measured in nanometre (10 m). Such a device or material exhibits novel and 

improved physical, chemical, electrical and optical properties as compared with its bulk atom 

or molecule

9−

 [16]. It can generally lead to new technological challenges in electronics. As the 

material size goes smaller and smaller, the function will be faster and faster. The small size 

results in new quantum phenomena that yield some extraordinary bonuses [15]. Material 

properties change dramatically because quantum effects arise from the confinement of 

electrons and "holes" in the material. Quantum confinement is actually keeping trapped 

electrons in small area [43]. The size of the confinement is less than 30 nm. When we do so, it 

is very easy to control the movement of electrons in any direction. Size changes other material 

properties such as the electrical and nonlinear optical properties of a material, making them 

very different from those of the material's bulk form. Hence, these very small, semi-

conducting nanostructures are the gateway to many innovative technologies and applications. 

 

Nanostructures can be classified into three categories depending upon the confinement 

of particles in a particular crystallographic direction within a structure. Besides, it depends on 

the number of dimensions, which lie within the nanometer range. The three categories are:- 

 

2.5.1. System confined in three dimensions [14]-In semiconductor terminology such systems 

are often called quasi-zero dimensional, as the structure does not permit free particle motion 

in any direction. Some examples are semiconductor quantum dots, nanoparticles and 

nanopores, colloidal particles etc. 

  

2.5.2. System confined in two dimensions [14]-In semiconductor terminologies such systems 

are often called quasi one-dimensional system, as the structure does not permit free particle 

motion in two dimensions. Nanorods (NRs), nanowires, nanotubes and nanofilaments are few 

examples to include to this confinement. 
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2.5.3. System confined in one dimension [14]-In semiconductor terminology such systems 

are often called quasi two-dimensional system, as the structure does not permit free particle 

motion in one dimension. Nano discs or platelets, ultra thin film on a surface and multilayered 

material fall under this confinement. 

 

2.6. Growth method of ZnO nanorods 

ZnO is probably the richest family of nanostructures among all materials both in 

structures and properties. Moreover it is an environmentally friendly material. ZnO can be 

synthesized, depending on applications, as nanorods, nanowires, nano-belts, nano-particles 

etc. Such nanostructures of ZnO exhibit novel and significantly improved physical and 

chemical properties [15]. ZnO nanorods can be synthesized by employing any one of vapor 

liquid solid method (VLS), metal organic chemical vapor deposition (MOCVD), Aqueous 

chemical growth (ACG) method etc. VLS method is a catalyzing driven method, which is 

highly suitable for large-scale application, and it requires relatively high temperature. In this 

hybrid LED thesis work, low temperature is intentionally needed to grow nanorods on to the 

spin coated polymer film since the polymer can’t withstand such high temperature. Due to 

this reason and also to make growth of nanorods in very simple and cost-effective, low 

temperature method has deliberately been chosen to synthesis ZnO nanorods [17]. 

 

2.6.1. Low-temperature aqueous chemical growth (ACG) method [18] [20]  

In this thesis work, ZnO was grown chemically as nano-rods with low-temperature 

aqueous solution method. 

 

In this method Zinc nitrate hydrate [Zn (NO3)2 H2O] and hexamethylene tetramine, 

HMT [C6H12N4] are used as precursors to synthesize nanorods. To grow well-aligned 

nanorods, first the substrate is covered with a uniform thin film of seed layer, zinc acetate 

dehydrate solution as seeding layer, which is used for subsequent growth of nanorods. 

Seeding layer serves as base for the well-aligned nanorods growth. Although well-aligned 

ZnO NRs could be obtained through the above seed layer growth process, the variation in 

diameter of ZnO NRs is different when they are grown on different base substrates, e.g., Si 

vs. PET. To understand the reason behind this, we should note that the nature of the ZnO film 

surface affects the nature of NRs that are grown on it [19]. For example, size distribution of 
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NRs could be affected by the uniformity of surface roughness because this roughness acts as 

nucleation sites for the NRs.  

 

The substrate coated with seeding layer is submerged into solution of equi-molar 

concentration of precursors and is kept in the oven at 96˚deg for 5 hours. Finally, the substrate 

is rinsed with de-ionized water and is left to dry in ambient atmosphere to examine under 

Scanning Electron Microscope (SEM). The following reactions are likely to take place in the 

formation of nanorods. 

        

(CH2)6N4 + 6H2O = 6HCHO + 4NH3 --------------------- 1 

 

                               NH3 + H2O = NH4
+ + OH- ---------------------------2 

  

       2OH- + Zn+2 = ZnO(s) + H2O-------------------------3 

 

 

HMT reacts with water results in ammonia, which further reacts with water and disassociates 

into ammonium ion and hydroxide ion and this hydroxide ion reacts with zinc ion to form 

zinc oxide as solid on the substrate. The formation of NRs could be understood by the 

following facts; ZnO seed film, which has intrinsically either positive ion if there are more 

Zn+2 ions or negative ions if there are more O2
- ions in it, will attract either positive charge or 

negative charge from the solution depending on the concentration of ions in the seed film. 

Next time it will attract the opposite charge to the pervious one and it continues as long as the 

process is going on. Thus the NRs are formed on the substrate. The diameter and length of the 

NRs depend on the operating temperature, time and the base concentration in the solution as 

well. It has been proven in some experiments that the diameter of the NRs increased from 

100-300 nm to 500-700 nm as the solution temperature was decreased from 98 to 92 °C. It has 

been found when the temperature increased from 92 to 98 °C, the pH value of the solution 

decreased from 5.60 to 5.35. Since high temperatures may cause more evaporation of 

ammonia, they thus decrease the base concentration. Therefore, after some time there might 

not be enough base left in the solution to react with zinc nitrate. This would restrict the 

growth of NRs’ diameter and length. When the beaker is tightly covered with caps, which 

would limit the evaporation or loss of ammonia, and thus the high concentration of the base 

would result in the formation of micro rods of ZnO. Lowering the concentration of reactants 
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can reduce the diameters of the rods. The average diameter of NRs increases with the 

concentration of zinc nitrate and HMT in the solution. As the process time gets increased, the 

length of the rod will get increased. For more about NRs growth, refer to Appendix 1 for some 

more details. 
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 Chapter 3 

 

          About organic and conjugated polymers 

 

3.1. Introduction about conjugated polymers/molecules [21]

As I have mentioned earlier, hybrid LED contains organic or polymer layer as a p-type 

material. In this thesis work, I chose some p-type polymers which HOMO level supposed to 

be aligned with ZnO valence band in order to effectively inject holes from the polymer to 

ZnO nanorods. Polymer, a name derived from Greek word (poly-many and mer-part) is a 

substance that is composed of repeating small molecules or monomers. Such monomers or 

small molecules are chemically bonded with other monomers to form a polymer. Polymers 

were considered as an insulator in many applications until 1976. They are not good for 

electrical conductivity since they have very wide band gap. The noble prizewinners in 2000, 

MacDiarmid, Shirakawa, and Heeger brought the conducting properties of polymer by 

discovering the chemical doping of conjugated polymer resulted in increases of electrical 

conductivity over several orders. Figure 3.1 depicts the chemical doping of polyacetylene by 

iodine ion to make polyacetylene conductive by the noble prize winners. 

 

 

 

+
n

3  I2
n

+ 2  I3
-

2+ 

 

 

 

                                         Figure 3.1: Chemical doping of polyacetylene.  

  

After this major breakthrough, polymers or organic molecules have become a centre 

of attraction in the research field of electronics, bioelectronics etc. All polymers or organic 

molecules are soluble in water or in organic solvents. This feature of polymer leads their use 

in tremendous applications. One can, for instance, print the electronic devices on flexible 

substrate. It is therefore very easy to make active layers/films by spin coating, bar coating, 

moulding, rubberstamp etc.  
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3.2. Hybridization [22] [14] 

Conducting polymers or small molecules have the carbon backbones, in which 

extensively conjugated double bonds facilitate electron conduction along the polymer chain. 

Carbon has 6 electrons and its electronic configuration is 1S2 2S2 2Px1 2Py1 2Pz0 of which last 

2 electrons in the p-orbital are valence electrons. They participate in bonding and chemical 

reactions etc. As per valence band theory, carbon should have maximum 2 bonds. But this is 

not true in nature as there are tetravalent carbon atoms in methane, ethane etc. This is due to 

the fact of promotion and hybridization. Hybridization is the mixing of S-orbital with P-

orbital. During hybridization, carbon promotes one 2S electron into the empty Pz orbital. 

Then carbon combines the remaining 2S electron with 2P orbital to form a hybrid orbital. 

 

SP3 hybrids--------Mixing of one 2S electron and three 2P orbitals 

SP2 hybrids--------Mixing of one 2S electron and two 2P orbitals 

SP hybrid----------Mixing of one 2S electron and one 2P orbital 

 

 

3.2.1. SP3 hybridization 

Methane (CH4), ethane (H3C-CH3) is typical examples of this hybridization. Carbon 

can form four bonds by sharing electrons with four hydrogen 1S shells. The C-C bond in 

ethane is called a σ bond. All bonds have same length. This bond is very rigid and makes the 

shape of the orbital. 

 

3.2.2. SP2 hybridization 

SP2 orbital lie in a plane at angles of 120° to each other. Pz orbital is not participated 

in bonding and is perpendicular to the plane, see Figure 3.2.2. For example ethene 

(H2C═CH2) in which C forms two bonds with hydrogen and third bond with another carbon. 

The remaining Pz orbitals of either carbon overlap orthogonally to the plane to form the so-

called π (pi) bond. So there is a σ bond and a π bond in the double bond. The π bond is a 

weaker bond and is delocalized over the entire molecule that facilitates electronic conduction. 
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a)       b) 

 
Figure 3.2.2(a): Schematic diagram of SP2 hybridization orbital and (b) energy band     

diagram of SP2 hybridization [23]. 
 

3.2.3. SP hybridization 

SP hybrid orbital lie in a plane along one axis at an angle of 180° to each other and the 

remaining two p-orbitals (say along the y and axes) overlap perpendicularly to each other. For 

example ethyne (HC≡CH) in which C forms one bond with hydrogen and second bond with 

another carbon called a σ bond. The remaining two p-orbitals of either carbon overlap to form 

two π bonds. So triple bond constitutes a σ bond and two π bonds. 

 

So a conjugated polymer or a molecule is therefore a molecule or a polymer with 

alternating single and double bonds (sometimes carbon–nitrogen) in which σ bond is localized 

and π bond is delocalized to the entire molecule [14]. Since then, electronically conducting 

materials based on conjugated polymers have been applied in diverse items such as sensors, 

biomaterials, light-emitting diodes, polymer actuators, and corrosion protection agents.  

 

Although the chemical structure of these materials is represented by alternating single 

and double bonds, in reality, the electrons that constitute the -bonds are delocalized over the 

entire molecule. For this reason, polyaniline (PAn) and poly (N-vinylcarbazole) (PVK) are 

considered to be conjugated polymers, with the nitrogen pz orbital assisting the delocalization 

of the -electrons [24]. In some conjugated polymers such as polyacetylene (PA) and PAn, 

delocalization results in a single (degenerate) ground state, whereas in other polymers the 

alternating single and double bonds lead to electronic structure of varying energy levels [24]. 
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3.3. Doping of polymer         

  The properties of conjugated polymers are dramatically altered with chemical doping 

or electro chemical doping, see Figure 3.3. Generally, polymers are partially oxidized (loss of 

electrons) to produce p-doped materials and n-doped polymers are produced by reduction 

(gain of electrons).  

 +PSS-PEDOT+PSS- ++ M  + e-      PEDOT0 + M 
      Conducting Semi-conducting                   
      Transparent                  Deep blue colored 

reduction

oxidization 

 

                                Figure 3.3: Example of doping of polymer [24].                                 

N-doped polymers are generally not stable since oxygen, in the atmosphere, oxidizes 

the polymer when it is exposed to air. P-doped polymers have wide range applications—for 

example, electro chromic devices, rechargeable batteries, capacitors, membranes, charge 

dissipation, and electromagnetic shielding. Less effort has gone into synthesizing and 

characterizing n-doped materials. 

3.4. Why  is called organic semiconductor? [24]                         

 The reason why it is called organic semiconductor is the quantum mechanical overlap 

of Pz orbitals. σ bond is localized and it makes the shape of the orbital and it is very strong and 

rigid. While, -bonds are delocalized over the entire molecule. Moreover, it is loosely bound 

by overlapping over the molecule. This quantum mechanical overlap of Pz orbital produces a 

lower energy bonding orbital ( ), HOMO, and a higher energy antibonding orbital ( *), 

LUMO, which are similar to those of in-organic valence band and conduction band 

respectively. So the difference in energy between the HOMO and LUMO level produces the 

bandgap that lies in the range 1.5-3 eV. This gap between HOMO and LUMO is responsible 

for optical properties as well as electrical properties of the material.  
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3.5. Charge carriers in polymers [25-26] 

Unlike in-organic, polymers don’t posses crystalline structure. They are lacking in 

crystallinity. Almost all are disordered or amorphous material. They don’t intrinsically have 

charge carriers to conduct electricity. But the charge carriers can be introduced by chemical or 

electrochemical doping. While doing so, defects are introduced which associate with charge 

carriers. These charge carriers along with geometrical distortion are called polaron/bi-polaron 

(2 charge carriers) since it polarizes the surrounding molecules in the material. As it is known 

that polymers are long-chain molecule, the effect of these charge carriers will not be on the 

whole chain but it will be lasting for about 10-15 chains i.e. it will change the geometrics of 

those 10-15 chains. Polaron or bi-polaron is created in non-degenerate polymers since it 

changes the energy level of the polymer. Degeneracy is the term that means two or more 

energy states are at same energy level i.e. when you alter the bonding of the orbital by doping, 

the molecule structure retains its original. For instance, when you alter the bonding of Poly 

acetylene by doping, it will end with same energy level and you get mirror image of the 

structure. Soliton, the charge carrier is created in degenerated polymers and it occupies in the 

middle of gap with single energy level. In non-degeneracy, polymers can’t retain its original 

structure when you alter the bonding by doping. For example, when you alter the bonding of 

benzene by doping, it will end with high-energy quinoid structure. Polaronic energy and 

geometrical structure reveals how it occupies the energy level in Figure.3.5 

 

 

 

 

 

 Polaron   

 1 charge, 1/2 spin 

 Bi-polaron 

                       2 charges, 0 spin 

 

 ‘ 

 

Figure 3.5: Geometric and electronic structure of polaron/bi-polaron [26]. 
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3.6. Selection of p-type polymer         

      In this work, some good hole conducting polymers have been chosen in such a way 

that its HOMO level needs to be more or less close to the valence band edge of ZnO for 

optimizing hole injection into ZnO and at the same time LUMO level of polymer has to have 

higher barrier for blocking electrons from ZnO to polymer. Further more it has to withstand 

temperature at least about 150°C when it is subjected into ZnO nanorods synthesis. 

Besides band alignment, some other parameters include hole mobility, stability are 

also for consideration. The selected polymers are PVK, CBP, PFO, and TFB. In this work 

PEDOT:PSS has been selected as an anode. However, all these polymers has many 

advantages, I have explained some properties of them, which are important to understand. 

There are not much more details about polymer and its properties which are not available 

since some of them are newly discovered polymers. The details of the polymers are following.  

3.6.1. PEDOT:PSS [28]          
     In this thesis work, PEDOT:PSS, Poly (3, 4-ethylenedioxythiophene) poly 

(styrenesulfonate) polymer has been chosen as anode. PEDOT is a conjugated polymer; see 

Figure 3.6.1 (a), it is a derivative of poly thiopine group. PEDOT is neither soluble nor 

conducting. It can be chemically or electrochemically doped to make conducting polymer. In 

order to make it soluble, a side chain poly (styrenesulfonate) is added through polymerization 

of EDOT monomers in a polyelectrolyte solution of PSS. It is positively doped, a highly 

conducting and has good optical transparency in which PSS act as counter ions, see Figure 

3.6.1(b), to make charge balance as well as makes it soluble in water. It is an emulsion i.e. not 

completely dissolved in water. It is currently used in many applications from circuit made 

from printers to electrode among others. 

3.6.1 (a)                  3.6.1 (b) 

 

 

 

                                                                                               

Figure 3.6.1(a):  Chemical structure of PEDOT & (b) PEDOT:PSS [27]. 
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3.6.2. Poly Vinyl Carbozale (PVK) [29]      

Morphologically, PVK is an amorphous hole-conducting polymer, constituted by 

linear chains of repeated molecular groups (H2C–CH)n, with pendant carbazole side groups 

[(C6H4)2NH], arranged randomly around the same chain (see Figure 3.6.2). Such groups act 

both as chromophores and hole conducting centers, so that they are mainly responsible for the 

electrical and electroluminescent properties of PVK. Poly (N-vinylcarbazole) (PVK) and its 

derivatives is actually not a conjugated polymer because its polymer backbone is fully 

"saturated”. The main chain of PVK is electrically neutral, all activity depending on the side 

carbazole groups which has a conjugation structure [30-31].  

PVK = Poly vinyl Carbozale (Good for Hole conduction) 
 
Melting point    = >300 °C 
 
Solvent =Toluene (Best solvent), Chloroform 
 

 

 

 

 

                                            Figure 3.6.2: Molecular structure of PVK. 

 

3.6.3. Poly (9, 9-dioctylfluorene) (PFO) [32] 

PFO is another conducting polymer from fluorine group, which exhibits good 

potential properties such as high luminescence and brightness among others, and hence it is 

widely used in research. It is an emissive polymer at blue region in electromagnetic spectrum 

(EMS). The reason why I have chosen this polymer is that most fluorine-based polymers are 

showing good mobility and it has a high ionization potential. The measurements on PFO 

revealed that hole transport is nondispersive, and the room temperature mobility is equal to 

4.10−4 cm2 V−1 s−1, a high value for a conjugated polymer [33-35]. 

PFO = Poly [(9, 9-dioctylfluoren-2, 7-diyl)-Good hole conducting and blue emissive 
polymers. 

 
Melting point = >330°C. 
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Solvent = Toluene. 

 

 

 

 

 

                                  Figure 3.6.3: Molecular structure of PFO. 

        

3.6.4. TFB (poly~9, 9-dioctylfluorene-co-N-~4-butylphenyl) diphenylamine) [34] 

TFB is a fluorine-based copolymer. Fluorine based polymers show high mobility and 

it has been shown that room temperature hole mobility of TFB is of the order of 10−3 cm2 V−1 

s−1. TFB shows the highest mobility; consistent with the small energetic and positional 

disorder parameters. It has been shown that copolymerization of fluorine oligomers with 

aromatic amines is indeed a very promising route to achieve high mobility hole transporting 

polymers. This polymer has been used as hole injecting layer in this work. It could make 

ohmic contact with anode, as it has low ionization potential (5.3 eV). 
 

 

 

 

 

                                               

Figure 3.6.4: Molecular structure of PVK. 
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3.6.5. CBP [4, 4’-Bis (N-carbazole)-1, 1’-biphenyl]     

 CBP is another low ionization organic molecule used as hole injecting layer as well as 

to make ohmic contact with PEDOT:PSS.                    

Application = Hole transporting material.                                    

Melting point = 281-285 °C.                                       

Solvent = Chloroform.        

Figure 3.6.5: Molecular structure of CBP. 
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3.7. About instruments used in the work       

 Two devices that were mostly used throughout this work are spin coaters and SEM. 

Their working procedures are briefly explained in the following paragraphs.     

3.7.1. Spin coater         

 Spin coater is a device that is used to make a uniform thin film on generally flat 

substrates at a constant spin speed for a given time. Figure 3.7.1 is an example of spin coater 

in which dark-color indicates polymer solution. The working procedure is as follows; first the 

substrate is held fixed via vacuum. Then the solution that is to be spin coated is spread over 

the substrate and then spin speed is set, for example, to 2000 rpm for 20 seconds. Then the 

substrate is accelerated at a higher speed to make a thin film. The film thickness mainly 

depends on spin speed and solution’s viscosity besides spinning time, wettabilty, and solvent 

evaporation. One of the main drawbacks is that excessive solution is wasted.  

            

          Figure 3.7.1: Spin coater. 
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3.7.2. Scanning Electron Microscope (SEM) [37] 

SEM is a tool to image or scan surfaces and microstructures. In this work, SEM was 

broadly used to examine ZnO nanorods. It gives us a three dimensional image and its working 

procedure is given very briefly. The basic block diagram of SEM is shown in the below 

Figure 3.7.2.  

   

 

 

 

 

 

 

 

 

 

 

             Figure 3.7.2: Schematic diagram of SEM. 

  

It has an electron gun, which accelerates electrons at high speed upon applying 

voltage. The electron passes through different lenses and coils to target that is normally an 

anode. Each lens has its own functions as its name implies or suggests and the scan coil will 

deflect the electrons accordingly what you need, so that the target will be scanned entirely. 

Once the electrons hit the surface, it scatters the electrons, named secondary electrons, on the 

surface that is being collected by detector and then it is fed to the computer to get image on 

screen. The quality of image depends on number of electrons being collected and other factors 

such as alignment and cleanliness of lens. 
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 Chapter 4 

  LED physics 

 
This chapter will describe physics involved in LED mainly interface problems and 

charge injection. 

 4.1. Schematic of Hybrid LED 

There are two ways of fabricating LED possible. One with having p-type as a base 

substrate for which PEDOT:PSS is used and another one with having n-type as a base 

substrate for which silicon, GaN could be used. The schematic diagrams of both are shown in 

the below figures (4.1&4.2). Both glass and flexible plastic substrate could be used for p-type 

as a base substrate. PEDOT:PSS serves as an anode in this work. PEDOT:PSS coated flexible 

plastic substrate is readily available in chemical company and was purchased from it. It is 

enough to spin-coating hole conducting P-type polymer. But for glass substrates we need to 

spin coat anode separately. 

 
  Figure 4.1(a): Schematic of LED with P-type substrate 

 

The above Figure 4.1(a) is the schematic of LED in which p-type PEDOT:PSS coated 

on plastic/glass substrate has been used. In this approach, first the selected polymer is spin 

coated onto the previously spin coated PEDOT:PSS glass substrate, followed by chemical 

growth of ZnO nanorods on to the polymer. Before metallization of cathode, the space 

between the individual ZnO nanorods are filled with a thin layer of photo resist, to electrically 

isolating them, by spin coating, followed by selective etching of resist to expose nanorods tips 

for metallization.  And then finally aluminium cathode is made by thermal vacuum 
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evaporation technique. Where as in the Figure 4.1(b), n-type material is used as a substrate 

on to which ZnO nanorods is chemically grown, followed by spin coating of photo resist 

between the nanorods and then selective etching of resist which is then followed by spin 

coating of the selected polymers. Finally anode is placed on top of the polymer layer to have a 

complete device.  

 
                 Figure 4.1(b): Schematic of LED with n-type substrate 

 

As seen from above two schematic pictures of hybrid LED, one can deduce some facts 

that it could give robust light emission. Each individual nano-rod makes heterojunction where 

it meets with polymer. There could be more than 1000 such NRs in one micrometer. So there 

are more P-N junctions in small area, which could therefore produce strong light emission. 

This is one of the main advantages of this LED. The quantum confinement of electrons in 

nanostructures could also be one of the reasons for good light emission. ZnO has very strong 

exciton binding energy of 60meV, it is possible to make a LED in RT or above RT.It is very 

easy to process since it employs low-temperature ACG which does not require any vacuum 

procedure and it requires low cost to fabricate in large scale. Moreover ZnO is very stable 

material. Another advantage is that devices could be fabricated on flexible PET substrate as 

well.  

4.2. Metal and organic/inorganic interfaces [38] 

While fabricating LED, three factors have to be carefully engineered since they play a 

significant role in controlling the device efficiency. They are charge injection, charge 
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transport, and recombination of charge carriers [39]. These three factors are of paramount 

importance to make a good LED. Below we discuss one by one and how it is interconnected 

to one another.   

4.2.1. Charge injection 

To get an efficient LED, charge carriers should be injected into active materials from 

both the electrodes with barrier-free interface. Metal-organic/inorganic interface is of interest 

to investigate charge carrier injection since it plays a vital role in governing charge carriers 

injection. In order to have a low turn-on voltage, long lifetime, and high device efficiency, the 

interface should have low resistivity and contacts should be chemically stable. Metal-

semiconductor contacts are an obvious component of any semiconductor device. At the same 

time, such contacts cannot be assumed to have a resistance as low as that of two connected 

metals. In particular, a large mismatch between the Fermi energy of the metal and 

semiconductor can result a high-resistance rectifying contact. A proper choice of materials 

can provide a low resistance Ohmic contact [38]. However for a lot of semiconductors there is 

no appropriate metal available. Instead one then creates a tunnel contact. Such contact 

consists of a thin barrier – obtained by heavily-doping the semiconductor – through which 

carriers can readily tunnel. Thin interfacial layers also affect contact formation. Most metal-

semiconductor contacts are annealed or alloyed after the initial deposition of the metal in an 

effort to further improve the contact resistivity.  

4.2.1.1. Ohmic contact [38]                 

 A metal-semiconductor junction results in an Ohmic contact (i.e. a contact with 

voltage independent resistance) if the Schottky barrier height, φB, is zero or negative. In such 

case, the carriers are free to flow in or out of the semiconductor so that there is a minimal 

resistance across the contact. For an n-type semiconductor, this means that the work function 

of the metal must be close to or smaller than the electron affinity of the semiconductor. For a 

P-type semiconductor, it requires that the workfunction of the metal must be close to or larger 

than the sum of the electron affinity and the bandgap energy. Since the workfunction of most 

metals is less than 5 eV and a typical electron affinity is about 4 eV, it can be problematic to 

find a metal that provides an Ohmic contact to p-type semiconductors with a large bandgap 

such as GaN, ZnO or SiC 
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4.2.1.2. Tunnel contact [38]

An alternate and more practical contact is a tunnel contact. Such contacts do have a 

positive barrier at the metal-semiconductor interface, but also have a high enough doping in 

the semiconductor that there is only a thin barrier separating the metal from the 

semiconductor. If the width of the depletion region at the metal-semiconductor interface is 

very thin, on the order of 3 nm or less, carriers can readily tunnel across such barrier. The 

required doping density for such contact is 1019 cm-3 or higher. 

At metal/organic semiconductor interfaces, the hole and electron barriers depend on 

the position of the highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) respectively [41], as illustrated in Figure 4.2 with respect to the 

metal Fermi level position (EF). There are two distinct alignments at hybrid organic/in-organic 

metal interface: Fermi level pinning, see Figure 4.2(a) and vacuum level alignment, see 

Figure 4.2(b). Fermi level pinning is expected when the position of metal Fermi level is close 

to the ionization energy (or electron affinity, EA) of a polymer. If the above condition is not 

fulfilled, then the vacuum level (schottky barrier or dipole barrier) takes place [40].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Schematic diagram of metal-organic interface (a) without (b) with interface 

dipole (adopted from reference 41). 

In the above figure, φ Bh, energy barrier for hole, is the difference between the 

ionization energy IE of the organic/polymer film and metal work function φM, whereas φ , Be
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energy barrier for electrons, is the difference between the electron affinity EA of the organic 

film and metal work function φM. These above situations happen if vacuum level alignment 

takes place [41]. 

4.2.2. Charge transport 

Charge carriers such as electron and holes in in-organic materials and polaron and 

solitons in organic materials are transported from one electrode to its counter electrode by 

applying external electric field. 

4.2.2.1. In-organic charge transport mechanism [14] 

The charge carriers are delocalized and hence it is very easy to transport them under 

electric field as compared to organic molecule where charge carriers are localized. The 

transport mechanism is band-like transport. An electric field is produced, upon applying 

voltage, which creates electrostatic force that acts on charge carriers. This electrostatic force 

accelerates the charge carriers along the field direction and moved or transported the charge 

carriers. The motion of charge carriers could be affected by phonon scattering (thermal 

vibration of lattice), and scattering by impurity atoms especially at low temperature. Let V  

be the drift velocity and E be the applied electric field, and then the mobility µ can be defined 

as 

d

                                              µ = │v │/E d

4.2.2.2. Charge transport mechanism in polymer [25] 

The charge carriers in organic materials are localized. So band like transport is not 

possible. Thermally assisted variable range phonon hopping controls the charge carrier 

motion in organic materials. Hopping means jumping (see fig 4.2.2.2), phonon assisted 

tunneling between localized states i.e. charge carriers will hop/jump from one site to other site 

when temperature is increased. It is called variable range hopping because the length of the 

hopping site changes with temperature. 

 
                             Figure 4.2.2.2: Variable range hopping  

 

Let R be the distance between the localized states. Then according to Mott’s theory 
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                                               R = (1/T) 1/4,    T= temperature. 

Only a brief introduction about transport has been given in the above text. It is really a very 

big topic when considering charge transport mechanism in organic materials. 

 

4.2.3. Current through organic material 

Current through organic material could be either space charge limited current (SCLC) 

or injection or contact limited current.  

 

4.2.3.1. Space charge limited current (SCLC) 

At metal-organic interfaces, current through materials would be space charge limited 

current and Schottky-Mott limited current or Fowler-Nordheim tunneling current. When 

metal-organic semiconductors formed by ohmic contacts, current can freely flow through the 

interface into the organic materials. But inside the organic materials, the mobility of charge 

carriers is very less and the results in reducing the movement of charge carriers despite high 

injection of charge carriers from metal contacts. As a consequence, accumulations of charge 

carriers at the interface, results in limiting the injection of carriers. So the resulted current 

flow through the material is called space charge limited current mode. The current density (J) 

is directly proportional to the square of the voltage and inversely proportional to the cubic 

length. 

                                  J ≈ 3

2

8
9

L
V ε  ε  µ  0 r 0

Where, ε 0ε - permittivity of polymer r

µ - mobility of polymer, L-thickness of device 0

4.2.3.2. Injection limited current 

Sometimes it is very difficult to match the metal Fermi level with the ionization 

energy of p-type organic film or with the electron affinity of n-type organic films. Due to this, 

barriers are formed which hinder the injection of charge carriers. However, the charge carriers 

have the ability to cross the junction by quantum tunneling effects. But tunneling strongly 

depends on the doping of the thin interface layer. This type of charge injection and therefore 

current we get from it is called  injection limited current or Fowler-Nordheim tunneling 

current and the tunneling current density is given by 
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                           J = e Ne µ E(0) exp [-eφb/ kBT]     
 Where, e-electron charge        

  N e -density of charge        

  E (0)-Electric field at the injecting contact     

  φ

B

b-barrier height        

  kBB-Boltzmann constant       

                       

4.2.4. Charge recombination and light emission      

 The last thing in LED device physics is that the injected carriers from both electrodes 

should meet at the junction or at the active layer to form electron-hole pairs, named exciton. 

Both positive charge from anode and negative charge from the cathode should meet and form 

an exciton, to emit light, either in a junction or in an active layer depending on the material 

being selected. There is a possibility of leakage current which results in excessive charge 

carriers from one electrode i.e. unbalance of holes and electrons. When you have excessive 

holes or electrons, it leads to leakage current. 
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Chapter 5 

Experimental part and results 

This final chapter will describe about experimental parts and the final result of the 

work carried out in the laboratory. 

 
5.1. Substrate cleaning          

The first step, before we start making any devices is to clean the substrate. Both glass 

and plastic substrates were cleaned with acetone in ultrasonic bath for 15 minutes and then 

with isopropyl alcohol in the same bath for 15 minutes. Before/after acetone cleaning and 

after isopropyl alcohol cleaning, the substrate was cleaned with de-ionized water. Finally it 

was dried with nitrogen gas to make a perfectly clean substrate.     

              

5.2. Preparation of polymer solution 

As I have mentioned earlier, PEDOT:PSS was used as an anode in this work. But the 

conductivity was not good as we expected. It has been shown in some papers [45] that the 

conductivity of PEDOT:PSS could in fact be increased over some orders of magnitude by 

adding di-ethylene glycol (DEG) to them. Before DEG is added, 0.2 Wt% of silane or silqust 

and one or two drop of Zonyl FS 300 were added to PEDOT:PSS in order to improve 

wettability and adhesion on to the surface to be coated. Finally 5wt % of DEG was added to 

improve the conductivity. In the next step, PEDOT:PSS mixture was spin coated on glass 

substrate at 2500rpm for 25 seconds, followed by baking at 100°C for 20 minutes to evaporate 

solvents. It was noted down, by using multimeter that the coated surface showed low 

resistivity compared to PEDOT:PSS without DEG. So the conductivity has moderately been 

improved. 

Both PVK and CBP were purchased from Sigma Aldrich, Sweden and both PFO and 

TFB were purchased from American Dye, Canada. These polymers were used without any 

further purification. All the above polymers are soluble in toluene and chloroform made three 

polymer blends as PVK+CBP, PVK+TFB and PFO+TFB. The first reason to make a blend 

was to make ohmic contacts with the anode to inject more charge carriers. When two 

polymers get blended, they have their properties between the two unblended polymers [46]. 

One more thing to remember that a polymer blend is; when you vary the amount of 2 

polymers, the properties of those will vary accordingly. In this work, polymers with low 

ionization potential (IP) and polymers with high IP have been blended in a 1:2 ratio.  That is 
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why I have chosen low ionization energy polymers such as CBP and TFB and they serve as 

hole injecting layer. The second polymer (PVK or PFO), which has high ionization potential 

for optimizing hole injection across the junction into ZnO and it serves as electron blocking 

layer as well. The thickness of the film will solely depend on the quantity of polymers and the 

amount of solvent (mL). As the quantity of polymer gets increased, the viscosity of the 

solution gets therefore increased and hence it increases the thickness of the film. The table 

below shows the polymer mixture, its solvent and the concentration that I used for this work. 

  

        Polymer name 

 

Solvent 

  

Concentration 

(mg/ml) 

Solubility 

 

1 

 

         PVK+CBP 

 

Toluene 

 

6mg+3mg/1ml 

 

Good 

 

2 

  

         PVK+TFB 

 

Toluene 

 

6mg+3mg/1ml 

 

Good 

 

3 

 

        PFO+TFB 

 

Toluene 

 

4mg+2mg/1ml 

 

Good at 70-

100°C for 1-

3minutes 

 

Below it is explained, in details, about fabrication of one complete device after 

polymer solution preparation gets done. For all devices the n-type is the same, but p-type 

would be different which could be any one/two of these four chosen polymers. Then the same 

procedure has been followed for other devices except concentration and spin speed. First we 

will see the device, which is made up of polymer PVK+CBP as p-type and ZnO as n-type on 

glass substrate. 

5.3. Fabrication of device made up of PVK+CBP on glass 

As seen in table 1, PVK+CBP polymers (4mg/2mg) were dissolved in toluene (1ml). 

The solution was spin coated on to the PEDOT:PSS coated glass at 2500 rpm for 20 sec. Then 

the substrate was baked on hot plate at 100°C for 15 min to completely evaporating solvent to 

leave polymer alone on the substrate. Next step was ZnO nanorods (NRs) growth on to the 

polymer layer. In ZnO nanorods synthesis process, Zinc acetate dehydrate solution has been 

used as seeding layer for the subsequent growth of nanorods. We spin-coated this seeding 

layer onto the polymer coated glass substrate, followed by baking at 100°C for 10 minutes in 
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ambient atmosphere. This seeding process was repeated 3 times in order to get a uniform 

layer overall the substrate. Then equi-molar (0.07 Mole) concentration of Zinc nitrate and 

Hexa methylene tetramine were prepared in deionized water. Then the substrate was placed 

inside the tightly closed 100 ml beaker horizontally using Teflon holder and then the beaker 

was kept in the oven at 96°C for 5 hours. The substrate was then taken from the oven and was 

rinsed in de-ionized water to remove unwanted ZnO. The substrate was dried at RT until it 

gets completely dry.  Finally synthesized NRs were examined using SEM. 

The band diagram of this complete device is shown in Figure 4.5. The bandgap value 

of ZnO was taken from the reference [47]. All the values given here are in eV with reference 

to the vacuum level (0 eV)  

 

 

 

 

 

 

 

 

                         Figure 5.3: Energy band diagram of an LED with CBP+PVK/ZnO. 

 

The SEM pictures of nanorods are shown in the figure below. As I have mentioned 

earlier, SEM will give a 3-dimensional pictures of the NRs. In this work JEOL- JSM-6335F 

SEM was used to analyze our NRs.  

 

 

 

 

 

 

 

 
 

 

Figure 5.3.1 a): Top view SEM image of ZnO nanorods on PVK+CBP coated glass substrate. 
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       Figure 5.3.1 c): Tilted SEM image of ZnO nanorods on PVK+CBP coated glass 

substrate. 

From the above NRs figure, one could obviously find that NRs are aligned almost 

vertically on the surface. The length and diameter of the NRs are around 400-600 nm and 50-

100 nm respectively. The length and diameter of the NRs depend on some growth parameters 

such as temperature, concentration of precursors, time, and pH value of the solution, see 

chapter 2. 
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5. 4. Photoresist filling and etching 

Before making a complete device by making top contacts, each individual nanorod 

was electrically isolated by spin coating photoresist and then etching of photoresist manually 

by oxygen plasma in order to make nanorods tip for top contact. Photoresist S-1805 was used 

in this work. It has been understood that by using the ACG method that synthesized nanorods 

almost have its length and diameter of 400-600 nm and 60-200 nm respectively. The length 

and diameter of our NRs could vary as it depends on the influence of different parameters, 

which has already been discussed in chapter 2. 

To do spin coating PR, I followed the step, illustrated clearly in Figure 4.5.1. One 

should know that spin speed is directly proportional to the thickness of the film. As spin speed 

gets increased, you would get a very thin film. A spin speed of about 5000 rpm for 30 sec was 

selected to spin-coat PR which was followed by baking for 1-2 minutes at 100°C.The above 

mentioned spin speed will give a thickness of approximately 1um. To do etching, reactive ion 

etching (RIE)/plasma etching method was chosen. This is a dry etching method. Oxygen 

plasma was used to selectively etch the PR. After etching; only NRs tip would be exposed, 

which could be used for making top contacts. The diagram below would clearly depict the 

steps involved in PR filling and etching  

 

 

a)          b)      c) 

 

 

 

 

The diagram below show the image, taken by optical microscope in 100x 

magnification, of the device with PVK+TFB and it reveals how the sample would look like 

before PR filling, after PR filling and after etching of PR. 
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d)             e)                                                   f) 

 

             Figure 5.4: (a&d) Before PR filling (b&e) After PR and(c&f) After PR etching. 

 

5.4.1. I-V characterization of PVK+CBP/ZnO LED on glass 

The fabricated device should meet the requirements of a diode. It should be able to 

work as a diode i.e. it should rectify current upon applying a voltage. In forward bias, current 

should increase exponentially whereas there shouldn’t be current flow in reverse bias except 

very minimum negligible current due to barrier potential. This device was tested using a 

parameter analyzer in order to check whether it works as a diode and the obtained results are 

given here as shown in Figure 5.4.1. 
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Figure 5.4.1: I-V characteristics of PVK+CBP blend/ZnO on PEDOT:PSS coated glass 

substrate without silver paste. 
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The problem with the PEDOT:PSS as an anode is that it gives high contact resistance, 

despite it rectifies current, with probe as it has been proven or explained by scientists. To 

overcome this problem, anode was painted with silver paste. Again the same device was 

tested and the result is given in figure 5.4.2. It was clearly noticed that the current of the 

device got increased. 

5.4.2 a)                                                                 5.4.2. b) 
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Figure 5.4.2 (a): I-V characteristics of PVK+CBP blend on PEDOT:PSS coated glass 

substrate with silver paste and (b) Log scale of (figure 5.4.3a). 

5.4.3. Electroluminescence test on PVK+CBP/ZnO LED on glass 

The final step was the electroluminescences test; passing current to the device to get 

light emission. Unfortunately there was no light emission from the device with PVK+CBP 

polymer mixture. The reason could be either wrong polymer selection or barrier problem at 

the interface between polymer and ZnO.  
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5.5. Fabrication of device made up of PVK+CBP/ZnO on plastic substrate  

The next device, which I have fabricated, was on flexible PEDOT:PSS coated plastic 

substrate. The procedure is the same for all devices as I have mentioned earlier. PVK+CBP 

polymers were dissolved in toluene and spin coated onto the PEDOT:PSS coated plastic 

substrate, followed by baking at 75°C for 15 min to evaporate solvent and then ZnO nanorods 

were grown using low temperature aqueous solution method. The synthesized NRs were 

examined under SEM and the SEM images of the NRs are shown in the figure below. 

a) 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 a): Top view SEM image of ZnO nanorods on PVK+CBP coated plastic substrate.  

 

b) 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 b): Tilted SEM image of ZnO nanorods on PVK+CBP coated plastic substrate. 
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5.5.1. I-V characterization of PVK+CBP/ZnO on plastic substrate    

 I-V characteristic of PVK+CBP/ZnO on plastic substrate was tested using parameter 

analyzer to check if it works as a diode. The obtained figures are given in linear scale as well 

as its log scale. This flexible LED has rectified current better than previous one.  

  a)        b) 

 

      

Figure 5.5.1(a): I-V characteristics of PVK+CBP blend on PEDOT:PSS coated plastic 

substrate and (b) Log scale of (figure5.5.1.a). 
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5.6. Fabrication of device made up of PFO+TFB/ZnO on glass  

The next device that has been fabricated was from polymers PFO+TFB/ZnO on 

PEDOT:PSS coated glass substrate. In this device TFB works as a hole transporting layer and 

PFO acts as a hole-conducting layer. Both polymers are soluble in toluene. So it was easy for 

processing them. Because when you make multiple layers, it is sometimes possible to dissolve 

polymer 1 layer with layer 2 solvents. So polymer selection and solvent are very important 

while working on multiple layer devices. As mentioned earlier, both polymers were spin 

coated at 2500 rpm for 25 seconds each and then substrate was baked at 100°C for 20 

minutes. Then ZnO NRs were synthesized and characterized using SEM. The figure below 

shows the energy diagram of this device and fig 4.7 (b) is the SEM image of NRs growth. 

 

 

 

 

 

 

 

 

 

                    Figure5.6 (a): Energy band diagram of PFO+TFB/ZnO LED on glass substrate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 (b): Tilted SEM image of ZnO nanorods on PFO+TFB coated on glass substrate. 
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5.6.1. I-V characterization of PFO+TFB/ZnO on glass 

            The electrical characterization was done for this device, which has been given in fig 

4.7.1.As seen from fig; the device reasonably works or rectifies the current as a diode. 

 

5.6.1 a)               5.6.1.b) 
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Figure5.6.1.a) I-V characteristics of PFO+TFB blend on PEDOT:PSS coated glass substrate 

and (b) Log scale of (figure 5.6.1.a). 

5.6.2. Electroluminescence test on PFO+TFB/ZnO LED on glass 

Electroluminescence test was performed on this diode and this diode emitted white-

bluish light. The voltage and current at which light started to emit was approximately 19-22 V 

and 44 µA respectively. Actually the test was performed on single nanorod tip. So there is a 

single dot in the left side of fig 5.6.2 but right side shows very high intensity light emission. 

                                 Figure 5.6.2: EL test and light emission from PFO+TFB on glass. 
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5.7. Fabrication device from PFO/ZnO on PEDOT:PSS coated plastic substrate  

In this device, only one polymer namely PFO was used as a hole conducting layer. 

PFO solution (5mg) was prepared by dissolving it in toluene (5mg/ml). The prepared solution 

was spin coated on PEDOT:PSS coated plastic substrate at 2000 rpm for 20 seconds. And 

then substrate was baked on hot plate, at 75°C for 10 minutes, to remove solvent and just 

leaving the polymer on the substrate. The next step was the growth of ZnO that was done at 

96°C for 4 hours and 30 minutes in the oven. 

The energy band diagram of this device is shown in the Figure 5.7 

 

 

 

 

 

 

 Figure 5.7: Energy band diagram of PFO/ ZnO device 

After the nanorods growth, the substrate was analyzed using SEM. Those analyzed 

images of SEM are shown in the Figure 5.7(a).   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7(a): SEM image of ZnO nanorods of PFO polymer on PEDOT:PSS coated plastic 

substrate. 
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5.7.1. I-V characterization of PFO/ZnO device on plastic substrate 
After the device fabrication, it was subjected to electrical characterization. Using 

parameter analyzer, the device was tested and the diagram below is the I-V characterization 

curves. 

a)       b) 
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Figure 5.7.1: I-V characteristics curve of PFO/ZnO on PEDOT:PSS coated plastic substrate 

and (b) Log scale of (figure 5.7.1.a). 

5.7.2. Electroluminescence test on PFO/ZnO LED on plastic substrate 
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Electroluminescence was done on this diode and the voltage and current at which the 

device emits blue light were 18V and 0.44 mA respectively. Due to high contact resistance 

and there was no top metal contact, I could get the light emission at high voltage. 

 
 

 

 
 
 
 
 
 
 
 
 

Figure 5.7.2: EL test and light emission from PFO/ZnO on plastic. 
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5.8. Fabrication of device from PVK+TFB/ZnO on glass 

In this device, Both PVK+TFB polymers were mixed with toluene to make a blend, as 

both polymers are soluble in toluene. Then as mentioned in table, concentration and spin 

speed were chosen and the solution was spin coated on to PEDOT:PSS coated glass substrate. 

NRs were synthesized on to these polymers blend and were examined using SEM. The reason 

why I have mixed these two polymers is to make ohmic contact with anode and reasonable 

hole injection into ZnO across junction which can be understood from the energy band 

diagram of this structure, see figure 4.8. 

 

 

 

 

 

 

 
            

              Figure 5.8: Energy band diagram of PVK+TFB/ZnO LED on glass substrate. 

ZnO nanorods were analyzed using SEM and the picture of those is shown in the 

figure below. 

 

 

 

 

 

 

 

 

 

 

 
             Figure 5.8 (a): SEM image of ZnO nanorods on PVK+TFB on glass substrate. 
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5.8.1. I-V characterization of PVK+TFB on glass substrate 

The completed device was tested to check whether it works and/or rectifies current as 

a diode. This device has rectified current, see Figure 4.8.1, and the device fabrication was 

really done in a good manner. 
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Figure 5.8.1(a): I-V characteristics curve of PVK+TFB/ZnO on PEDOT:PSS coated glass 

substrate and (b) Log scale of (figure 5.8.1a). 

 

5.8.2. Electroluminescence test on PVK+TFB LED on glass substrate 

EL test was done on this diode and it also emitted white-bluish light with high 

intensity at 16 V and 0.98 mA.  

 

 

 

 

 

 

 

 

                   Figure 5.8.2: EL test and light emission from diode PVK+TFB/ZnO on glass. 
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Conclusion 
The goal of this thesis work was ‘Hybrid white light LED using p-type organic 

semiconductors and n-type ZnO nanorods using low-temperature aqueous solution method’. 

Good well-aligned nanorods have been achieved on glass substrate as well as on flexible 

plastic substrate. Polymer selection and its theory have been studied and the selected 

polymers optimally injected holes across the junction into the active n-type ZnO. Hybrid LED 

structure has successfully been fabricated on glass as well as on plastic substrate. The 

fabricated devices were working well as a diode and rectified current was observed. Finally I 

could manage to get light output white-bluish that is close to the expected results. So I could 

conclude my work as follows; white-light output strongly depends on defects, which would be 

introduced normally at very high temperature. Since ZnO was grown at a low-temperature 

(<100C) method, I guess that there would have been very less defects which could be the 

reason for this light emission.  
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Future Work 

 
I encountered a few problems that I could not solve. In hindsight, some problems 

could have been improved. Those problems could be the future work as far as I am concerned. 

So future work would be the following; 

• High resistivity of polymers makes the light emission at high voltage. So one could 

choose low-resistivity material or could try to add dopants to the polymer to make low-

resistivity.  

• One could play with the anode using different material. 

• Selection of high mobility and high ionization polymers. 

• Instead of using p-type base substrate, one could use n-type as a base substrate such as 

GaN, SiC which would ease the bottom contact problem. 

• Examine and analyze the light output; whether it is from the interface or from polymer or 

from ZnO. 
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Appendix 1 

 

About ZnO nanorods growth mechanism 

 

Problems in nanorods growth 

As it has been mentioned in chapter 2, section 2.6.1, ZnO nanorods is synthesized using low-

temperature ACG method. Only nanorods growth and various parameters that affect nanorod 

growth and the chemical reactions involved in growth have been explained very shortly in 

section 2.6.1. Here you can find more about nanorod growth from top to bottom. All the 

procedures mentioned here are strictly related to this work. Because, I faced many problems 

in the first month when I started my work. At the beginning, I synthesized nanorods without 

any seeding layer. I tried to grow NRs on glass as well as on plastic substrate. The amount of 

precursors’ concentration was 0.1Mole/100ml. I prepared equi-molar concentration of HMT 

and Zinc nitride in de-ionized water. The growth temperature and time were about 93°C and 3 

hours respectively. Moreover, I didn’t cover the solution beaker with a lid or a cap. The 

Figure.1 below reveals the result of this growth   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

          Figure 1: SEM image nanorods without seed layer. 

 

I could get very few nanorods horizontally somewhere on the substrate but not vertically 

aligned. So the seed layer is important in synthesizing NRs. It serves as a catalyst for 
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subsequent growth of nanorods. Zinc acetate dehydrate solution in methanol was used as seed 

layer in this work. This time, I drop-cast the seed layer onto polymer coated substrate. I did 

two to three times like that and I let them to dry at RT. I followed the same concentration as 

above. When you do drop-casting, you are not able to obtain a uniform layer rather you would 

get the layer which is very thick at the outer/edge and somehow uniform in the middle. If you 

read the physics behind this drop-casting, you would understand clearly. Figure 2 was as-

obtained SEM image of NRs with seed layer. 

  

 

 

 

 

 

 

 

 

 

 

 

 

     Figure 2: SEM image of NRs with seed layer as drop-casting. 

 

It is clearly seen that the NRs look like flowers on some places of the substrate. I guess it is 

because of a non-uniform layer of seed solution. Seed layer would be thicker where you have 

flower shape/very dense NRs. But there are more rods this time distributed all over the 

substrate. Another reason could be the morphology of the polymer layer. I had been trying to 

get aligned nanorods by keep on changing various parameters such as temperature, 

concentration and time for more than a month. Finally I could get some good aligned NRs. I 

tried to change the concentration of precursors from 0.01M to 0.07M in 100mL water. These 

above concentrations almost worked well. And then seed layer, this time, was spin-coated two 

to three times or until i get completely uniform layer and then I dried it at RT for a while. 

Then the substrates were placed in Teflon holder to hold them horizontally in the solution. 

The beaker was tightly covered with cap; here I used Aluminum foil as a cap. I kept the 

solution inside the oven at or around 96°C for 4-5 hours. When the process was over, I took 
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the substrate from the oven and rinsed/shake in de-ionized water to remove excess of ZnO 

and I let them dry at RT. The Figure 3 is the SEM image of NRs with 0.07M precursor 

concentration at 96°C for 4 hours and 30 minutes.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          
             Figure 3: SEM image of NRS with 0.07M precursors concentration at 96C on glass. 
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ABSTRACT 

 After our recent successful demonstration of high brightness white light emitting diodes (HB-LEDs) 
based on high temperature grown n-ZnO nanowires on different p-type semiconductors, we present 
here LEDs fabricated on n-ZnO nano-wires and p-type organic semiconductors. By employing a low 
temperature chemical growth (≤ 90 0C) approach for ZnO synthesis combined together with organic 
p-type semiconductors, we demonstrate high quality LEDs fabricated on a variety of different 
substrates. The substrates include transparent glass, plastic, and conventional Si. Different multi-
layers of p-type organic semiconductors with or without electron blocking layers have been 
demonstrated and characterized. The investigated p-type organic semiconductors include 
PEDOT:PSS, which was used as a anode in combination with other p-type polymers. Some of the 
heterojunction diodes also contain an electron blocking polymer sandwiched between the p-type 
polymer and the n-ZnO nano-wire. The insertion of electron blocking layer is necessary to engineer 
the device for the desired emission. Structural and electrical results will be presented. The 
preliminary I-V characteristics of the organic-inorganic hybrid heterojunction diodes show good 
rectifying properties. Finally we also present our findings on the origin of the green luminescence 
band which is responsible of the white light emission in ZnO is discussed. 
 

 
Keywords: ZnO nano-wires, LEDs, organic semiconductors. 
* e.m.: magwi@itn.liu.se , mwi@fy.chalmers.se and magnus.willander@physics.gu.se 
 

 
I. Introduction 

 
ZnO with its large band gap of 3.4 eV at room temperature and high exciton binding energy of 

60 meV is attracting large interest for the potential in optoelectronic devices [1]. In addition, nano-
structures of this material have intensified the interest due to the relatively easy procedures to grow them 
and due to the many different nano-structures which are possible to obtain.  Adding to that the possibility to 
obtain crystalline ZnO nano-structures on almost all usual substrates, from being crystalline semiconductor 
to glass and even flexible substrates like plastic, has increased the interest and expectations.  

ZnO is characterized by two main emission bands in its spectrum. These are a sharp ultra violet 
band centered at around 380nm, and another broad band called the green emission band. The green 
luminescence band or deep band emission (DBE), literally the emission band between 420 and 700 nm, in 
ZnO have been well studied [2-28]. The white light emission origin is associated with this peak and hence 
it is of interest. Many different models were proposed to explain the nature of the DBE. For example, 
Dingle [2] and also Garces et al [3] correlated the DBE with extrinsic impurities such as Cu. Among other 
candidates assigned to explain the DBE are oxygen vacancy (VO) [4-18], interstitial Zn and O (Zni & Oi) 
[12, 18-20], Zn-vacancy (VZn) [21-27] and the O-antisite (OZn) [28].  Özgür et al suggested in their review 
paper that the DBE could consist of several PL bands having different origin placed at rather similar 



 

 

positions [29].  Nevertheless, the origin of this important band is under discussion also today. Hence it is of 
interest to shed more light on the origin by carefully designed experiments. 

One main problem of utilizing ZnO in photonic devices is the lack of stable and reliable p-type 
dopants for this material. Despite intensive research to develop a reliable stable p-type impurity scenario, 
no real success is reported till today. On the other hand organic semiconducting polymers have, since the 
first electroluminescence was reported, been investigated as a candidate for light emitting devices [30]. The 
electroluminescence efficiency of organic light emitting devices depends on the carrier injection and 
recombination efficiencies and the balance between the electron and hole current densities. In general the 
mobility of holes is much larger than electron mobility in most of the semiconducting polymer and this 
causes misbalance in the current densities and hence the electroluminescence efficiency. On other hand, in-
organic semiconductors have high carrier concentration with high mobility. This implies that a hybrid of 
organic-inorganic heterojunction can in principle, if well engineered provide an efficient 
electroluminescence device. In this connection, ZnO nano-wires with n-type conductivity might be a good 
candidate to combine with p-type organic polymer semiconductor to build a luminescent heterojunction 
diode. Such a device would remove the constrain imposed by the lack of stable p-type doping impurity for 
ZnO and speed up the emergence of commercial ZnO light emitting devices. Nevertheless, such a structure 
needs a careful engineering of the band-alignment in order to obtain efficient device.  
  In this paper we will first discuss our new findings regarding the origin of white light 
emission band from intensive optical characterization. In addition and in order to get some idea why the 
optical efficiency is not identical from different samples grown by different growth approaches, we have 
also performed low temperature time resolved measurements. Finally the growth of high quality ZnO 
nanowires on underling multi-layer polymer structure is demonstrated. Heterojunction light emitting diodes 
fabricated from these n-ZnO/p-polymer inorganic-organic hybrid structures were demonstrated. The used 
hybrid structures contain different p-type polymers with or without a sandwiched electron blocking layers. 
 

 
II. Growth procedure 

 
The samples presented in this paper were grown by two different techniques. In addition to this, 

bulk ZnO samples were used for the optical characterization post growth experiments for the investigation 
of the origin of the white light emission. The first was vapour liquid solid catalytic growth procedure 
developed during the 60s [31]. The other is the aqueous chemical growth (ACG). The first technique is a 
high temperature (~ 900 oC) while the second is a low temperature (~ 90 oC) approach. Here we briefly 
describe the ACG. In this ZnO nanowire synthesis process, zinc acetate dehydrate solution has been used as 
seeding layer for subsequent growth of the nanowires. First we spin coated this seeding layer on to the top 
of polymer layer or Si (substrates for the present study) at a spin speed of 1800 rpm. The polymer multi 
layer structures were prepared on glass or plastic substrates to be used for the fabrication of the light 
emitting diodes (LEDs).  
 

   
 

 
Figure 1: (a) typical SEM of ZnO nanowires grown on multi layered polymer structures prepared on (a) glass and (b) 
on plastic substrates. 



 

 

 
This was followed by baking at 110o C for 3 min. Equimolar concentration of zinc nitrate and hexamethane 
tetramine were dissolved in de-ionized water (0.05 M for glass substrate and 0.07 M for plastic substrate)  
prepared for growth solution. Then the substrates have been placed inside a beaker standing horizontally 
using a sample holder and then the beaker is tightly covered and was kept in an oven at 96o C for 5 hours. 
Using this ACG technique, very high density, high quality ZnO nanowires were possible to grow on top of 
all substrates employed, e.g. polymers on glass, Si etc.. Figure 1a and b shows typical scanning electron 
microscope (SEM) pictures indicating a high quality growth of ZnO nano-wires.          
 

Due to the central dominating role of Si in microelectronics we have devoted a considerable effort to 
grow high quality well aligned ZnO nanowires on Si substrates to later integrate with the ZnO polymer 
hybrid structures. The main problem when using Si as a substrate for the growth of ZnO nanowires is that 
bad vertical alignment and the control of the diameter of the wires. We have varied different parameters 
when using the ACG approach to achieve well aligned ZnO nanowires with controllable diameter. Indeed 
by applying repeated seed coating of the Si substrates we could achieve a better control of these 
parameters. Figure 2 below shows a typical SEM of vertically aligned ZnO nano-wires grown on Si 
substrate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: ZnO nanowires grown on Si substrates with pre-coating (a) two layers coating, (b) four layers coating. 

  
III. Optical properties 

 
 To further shed more light on the origin of the DBE, this is responsible for the white light 
emission, a systematic annealing study of hydrothermally grown single crystal ZnO wafers was performed. 
A systematic application of different annealing atmospheres may indicate if an increase/decrease in the 
concentration of a certain kind of intrinsic defect correlates with the DBE position. The samples were 
characterized with photoluminescence (PL) in their as-grown state on the polished O face. The PL 
measurements were performed between 27 K and RT using a 350 nm laser line from an Ar+ laser as an 
excitation source. In order to disperse and detect the ZnO emission a double grating monochromator and 
photomultiplier detector were used. The laser was operating at 150 mW.  It is also assumed that the 
concentration of optically active defects is homogenous through out the layer of optical interaction.  
 
 Figure 3(a) below shows a comparison of the DBE peaks positions at RT after annealing in 
different atmospheres. Firstly, anneals in the range of 500-700 oC, result in a DBE peak position around 
2.17 eV independently on the annealing atmosphere. For temperatures above 800 oC the results strongly 
depend on the annealing ambient. For clarity, further in the present paper we focus our discussion only on 
anneals at T≥800 oC. There are three distinct levels appearing for the DBE maxima, for O-rich atmosphere 
around 2.35 eV, for Zn-rich atmosphere around 2.53 eV and for ZnO powder around 2.17 eV. The samples 
annealed in air (not shown) exhibit similar DBE behavior as the samples annealed in O2. Annealing in Zn-

(a) (b) 



 

 

clean conditions, e.g. in O2, should increase the concentration of VZn, Oi and OZn, decreasing the 
concentration of VO, Zni and ZnO accordingly. However some of these defects give rise to shallow levels, 
such as Zni [32] and Oi [33], whereas others have high formation energy, such as ZnO and OZn [24]. Hence, 
it is unlikely that these defects make a significant contribution to the DBE signal, leaving VZn-related 
defects to be responsible for the DBE peak at 2.35 eV in Fig. 3(a).  In a similar manner the 2.53 eV DBE 
peak is attributed to emission from VO-related defects. The defect level at 2.17 eV, giving rise to the yellow 

emission is attributed to Li [34]. 
 

 
Figure 3: Peak positions for the DBE signals in samples annealed in different atmospheres, as measured at (a) room 
temperature and (b) 27 K. Symbols label corresponding annealing ambient: (triangulates) metallic Zn, (dots) ZnO 
powder and (squares) O2. 
 
 Further, a characteristic trend is observed when measuring VO- and VZn-related DBE signatures 
at 27 K from the samples annealed in Zn- and O-rich conditions, Fig. 3(b). As it is seen from Fig. 3(b) the 
VO-related band is shifted from 2.53 eV to around 2.47 eV and the VZn-related band is shifted from 2.35 eV 
to around 2.44 eV when switching measurement temperature from RT to 27 K. Thus, the different nature of 
the dominating contributions to the DBE signals after annealing in Zn- or O-rich ambient is confirmed not 
only by the difference in the peak energy but also by the different direction of the energy shift when 

changing measurement temperature.  
 
 

Figure 4: Typical examples of the PL spectra as measured at 27 K on the sample annealed at 870 oC in O2 (a and b) 
and the sample annealed at 900 oC in the presence of metallic Zn (c and d). UV and DBE parts of the spectra are shown 
in a/c and b/d panels, respectively. 
 



 

 

 
 Figures 4(a) and 4(c) shows typical examples of UV parts of the PL spectra as measured at 27 
K for samples annealed at around 900 oC. Both the VZn (Fig. 4 (a and b)) and VO (Fig. 4 (c & d)) enriched 
samples exhibit an exciton emission peak located at 370 nm, together with some phonon replicas. However, 
in the VZn-enriched sample, Fig. 4(a), there is an additional peak centered at 3.26 eV. The corresponding 
DBE emission spectra for the same samples are shown in Figs. 4(b) and 4(d). The VZn-enriched sample 
shows well-developed phonon replicas in the DBE part of the spectrum in contrast to the VO-enriched 
sample. The phonon replicas in the spectra emerge into one broad at sample temperatures above 110 K. 
 

 

 
 

 
Figure 5: The position of the DBE maxima as a function of sample temperature during the PL measurement. The data 
are for the samples annealed at around 900o C. 
 
 Figure 5 displays the position of the DBE maxima as a function of sample temperature during 
the PL measurements. As indicated in Fig. 3, the VO-related maxima decreases when sample temperature is 
decreased whereas the VZn-related signal increases with decreased sample temperature. The different 
energy shift are -0.018 eV for the VO-related emission and +0.078 eV for the VZn-related band. An increase 
in the DBE maxima position with decreased temperature is consistent with the temperature modification of 
the band gap, while a energy decrease of the DBE position with decreased measurement temperature is 
opposite of the natural band gap evolution. This indicates that the VZn-related emission probably is related 
to a donor-acceptor transition or to a free to bound type transition, whereas the VO-related emission band is 
similar to the internal energy transition. 

The room temperature PL spectra of different ZnO nanowire samples grown by the VLS and 
ACG are showing slightly different characteristics. The samples grown by the ACG show relatively lower 
emission efficiency. Otherwise the PL spectrum at room temperature is very similar for all structures. In 
order to get some idea why the optical efficiency is different for the VLS and ACG grown samples, we 
have also performed low temperature time resolved measurements. Time resolved photoluminescence (PL) 
was obtained using an excitation laser line from a frequency tripled sapphire:Ti laser emitting at 266 nm 
with a about 200 fs pulse width and a 80 MHz repetition rate. The luminescence signal is dispersed by a 
monochromator and time resolved by a streak camera. The spectral resolution is about 1 meV and the time 
resolution is 7 ps. The measurements were done under a weak excitation condition (0.5 W/cm2). Two 
samples were selected for this purpose. One was grown by the VLS, and other was grown by the ACG. 
Figure 6 shows the time integrated PL spectra from those two samples. As shown in Fig. 6, the optical 
efficiency and sample quality are much better in sample grown by the VLS than by the ACG. The donor 



 

 

bound excitons (DoX) are narrower in the VLS grown sample. The decay time of this donor bound exciton 
was displayed in  
 
 
 

 
 
Figure 6: Time integrated PL, measured at 1.8 K with excitation wavelength of 266 nm. The solid curve was from ZnO 
nanowires grown by the VLS approach and the dotted line was from the sample grown by the ACG approach. 
 
Fig. 7. The life time in the ACG grown sample is shorter and shows a non-exponential decay. While the life 
time in the VLS grown sample is relatively long and shows a fair exponential decay characteristic. The 
non-exponential decay in the ACG grown samples are due to the surface recombination effect. The strong 
surface recombination effect is not surprised, since the ACG grown ZnO nanorods are expected to have 
various chemicals attached on the surface due to the relative low growth temperature (93oC) and the nature 
of the ACG method. The VLS grown samples show less surface recombination effect due to the high 
growth temperature and annealing effects during the growth. 

 

 
 
Figure 7: Decay time, measured at 1.8K. The solid curve was from ZnO nanowires grown by the VLS approach and 
the dotted line was from the sample grown by the ACG approach. 



 

 

 

 
Figure 8: Band alignment diagram of two different p-polymer/n-ZnO hybrid structures used for fabricating the light emitting 
heterojunction diodes, with in (a) a single polymer and (b) blended polymer electron blocking layer.   
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VI. Light emitting heterojunction diodes 
 

                     As mentioned above different samples of ZnO nano-wires were grown on Si as well as on polymer 
multi-layered structures which were prepared on either glass or plastic substrates. The samples which were grown 
on top of polymer multi-layered structures were grown by the ACG at low temperatures (100 oC at most). Typical 
ZnO nanowires grown on top of the multi-layered polymer structures is shown in Fig. 1, as clearly seen dense rather 
vertical, ZnO nanowires were possible to grown on these substrates. After optical characterization, these samples 
were further processed as described in [35] to fabricate heterojunction light emitting diodes. The hybrid organic-
inorganic structures have to be engineered very carefully in order to obtain the desired light emission. The layered 
structure is composed of p-polymer/n-ZnO the recombination is desired to occur at the ZnO layer in order to obtain 
white light emission. This implies that much more holes are needed to cross the junction from the polymer to the 
ZnO compared to electrons crossing the junction from the ZnO to the p-polymer. For this to occur, the design of the 
band alignment has to be carefully engineered.  We have used many different polymers in an attempt to reach the 
most optimum structures. This task is not easy as other factors, like e.g. mobility value, easiness of polymer 
processing, compatibility, cost etc.. also influence and limit the choice of the polymer. In our first set of experiments 
we have used many different polymers, among which, N, N-Di-(1-Naphthalenyl)-N, N-Diphenyl-1-Diamine 
denoted as (NPD), 2,9-Dimethyl-4,7—Dimethyl-1,10-Phenanthroline denoted as (BCP), Poly9-Vinylcarbozole 
(PVK, 3, 4,9,10-Perylene Tetra Carboxylic Dianhydride, denoted as (PTCDA), and Poly (9, 9-Di-n-octyl-9H-
fluorene) denoted as (PFO). All of these different polymers were used on glass or plastic substrates first coated with 
Poly (3, 4-ethylenedioxythiophene) poly (styrenesulfonate) denoted as PEDOT:PSS. The PEDOT:PSS is used as 
anode to inject holes to the p-type and then another p-type is spun coated on top and used as hole transport layer. 
Then in some structures, ZnO was directly grown on top or another electron blocking layer was first sandwiched 
between the hole transport polymer layer and the n-ZnO nanowires. The polymer compromising the electron 
blocking layer was not easy to choose. This was due to the fact that a large offset at the ZnO conduction band and at 
the same time low offset at the valence band should both be satisfied to only block electrons and allow holes to 
diffuse to the ZnO. We have in most of the structures used a blended polymer compound to adjust the offset 
requirement at both the conduction and valence bands. Figure 8a and 8b displays the band diagram alignment of two 
of the different hybrid p-polymer/n-ZnO heterojunctions. 
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Figure 9: A typical I-V characteristics observed from p-polymer/n-ZnO nanowire hybrid heterojunction diodes, in (a) for the 
structure shown in Fig. 8a and in (b) for the structure shown in Fig. 8b.  
 
 

We have performed preliminary electrical characterizing to test the rectifying properties of the 
heterojunction diodes. Figure 9a and 9b below show a typical electrical behavior. As seen the hybrid organic-
inorganic heterojunction diodes shows rectifying electrical behavior with good breakdown characteristics. 



 

 

Electroluminescence investigation to measure the emission intensity and the LED of the first attempt is ongoing 
research and is not concluded yet to be included in the present paper.   
    
 

V. Conclusion 
 

  We have presented our new findings on the origin of white light emission from ZnO nano-
wires grown. Intensive optical characterization has revealed that the band responsible for the emission of 
the white light is in fact composed of two closely separated bands as discussed above. In addition, time 
decay photoluminescence was used to investigate the different optical efficiency of ZnO nano-wires grown 
by different growth techniques. Finally hybrid multi-layered p-type polymer structures combined with top 
n-ZnO nano-wires of high quality grown by the low temperature aqueous chemical growth were achieved. 
Heterojunction diodes of p-polymer/n-ZnO nanowires were fabricated and preliminary rectifying electrical 
characteristics were presented.  
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