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Abstract 

Hybrid organic on inorganic semiconductor heterojunctions with a sandwich 

structure have been fabricated and studied using conjugated polymers. The inorganic 

semiconductor was n-type silicon substrate. The conjugated polymers used in this work 

include poly(2-methoxy-5-(2-ethylhexyloxy )-1 ,4-phenylenevinylene) containing 

polyhedral oligomeric silsesquioxanes (MEH-PPV POSS), regioregular 

poly(3-hexylthiophene) (RR-P3HT) and poly(3,4-ethylenedioxythiophene) (PEDOT). 

Current-voltage (1-V) and capacitance-voltage (C-V) measurements were 

performed to characterize the devices. Ail the devices displayed a rectifying 

characteristic. Among these devices, the first ever reported PEDOT doped with BF3 on 

n-Si heterojunction devices showed the best performance with a rectification ratio 

around 5. 7xl 05 at ± 2 V and an ideality factor of 2.3. It is speculated that performance 

of the devices is inversely proportional to the potential barrier height at the 

organic-inorganic interface. Other results from this work also suggested that smaller 

energy level offset between the HOMO of the conjugated polymer and the 

work-function of anode metal will improve device performance. Contact resistance 

between the anode and polymer is large (~M [2 range) and should be further 

investigated in the future. 



Résumé 

Des hétérojonctions ont été fabriquées par le dépôt des couches de matériaux organiques 

et hybrides sur des semi-conducteurs inorganiques et ces structures ont été étudiées par des 

polymères conjugués. Le semi-conducteur inorganique était du silicium de type n. Les 

polymères conjugués utilisés dans ce rapport sont poly(2-méthoxy-5-

(2-ethylhexyloxy)-1 ,4-phenylenevinylene) qui contiennent des silsesquioxanes oligomères 

polyhedral (MEH-PPV PÛSS), poly(3-hexylthiophene) regioregular (RR-P3HT) et 

poly(3,4-ethylenedioxythiophene) (PEDûT). 

Des mesures de courant-tension (I-V) et de la capacité-tension (C-V) ont été effectuées 

pour caractériser les dispositifs. Tous les dispositifs ont montré une caractéristique 1 -V non 

symétrique où les rectifications pouvaient être observées. Parmi ces dispositifs, le PEDûT 

dopé de BF3 a été déposé sur du n-Silicium et cette hétérojonction a démontré la meilleure 

performance avec un rapport de rectification autour de 5.7xl05 au ± 2 V et un facteur 

d'idéalité de 2.3. La spéculation suggére que la performance des dispositifs est inversement 

proportionnelle à la taille de la barrière de potentiel à l'interface organique-inorganique. 

D'autres résultats de ce travail démontrent aussi qu'avec un plus petit niveau d'énergie entre 

le HOMO du polymère conjugué et la travail de sortie du métal utilisé comme anode 

améliorerait la performance des hétérojonctions. La résistance de contact entre l'anode et le 

polymère est grande (-M.U) et devrait être plus étudiée à l'avenir. 
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1. Introduction 

Robert Noyce and Jack Kilby co-invented the integrated circuit in 1959. Since 

then, inorganic silicon semiconductors, silicon dioxide insulators, and metal such as 

aluminium and copper have been the backbone of the semiconductor industry. 

However in the last two decades, there has been a growing interest in organic 

electronics. Research efforts have been made to improve the optical and electrical 

properties of these organics materials and their associated devices such as organic 

light-emitting devices (OLED), organic field-effect transistors (OF ET) and organic 

photovoltaic in an attempt to replace their inorganic counterparts. 

Organic materials have the key advantages of simple and low-temperature thin 

film processing through inexpensive techniques such as spin coating. In addition, the 

flexibility of organic chemistry enables the formation of organic molecules with 

useful luminescent and conducting properties. However, the electrical properties of 

organic semiconductor devices often degrade when exposed to unfavourable 

environments. Moreover, organic semiconductors are often attacked by many of the 

chemicals that are used in conventional device processing. These two factors have 

limited the practical use of organic semiconductors despite their demonstrated 

application to optoelectronic devices. 



Nevertheless, considerable progress has been made in realizing practical 

active electronic and optoelectronic devices where an organic material forms an 

integral part of the device structure. One promising approach employs a thin organic 

film that is layered onto the surface of a conventional inorganic semiconductor 

substrate to form a hybrid organic on inorganic semiconductor heterojunction device. 

The main advantage of such hybrid devices is the possibility that the composition of 

the organic film can be altered only slightly to effect large changes in its optical and 

electronic properties. Furthermore, different combinations of organic and inorganic 

semiconductor can be utilized ta obtain different desirable properties or applications. 

Therefore, the purpose of this project is to investigate the characteristics of the 

hybrid organic on inorganic semiconductor heterojunction devices through techniques 

such as cUITent-voltage and capacitance-voltage measurements. Organic polymers 

chosen for the fabrication of these organic on inorganic semiconductor 

heterojunctions include MEH-PPV POSS, RR-P3HT and PEDOT, while the inorganic 

counterpart is n-type silicon substrate. Metals used for the contact in this work include 

gold, aluminium and magnesium-silver alloy. Different metal work functions will 

have different effects on the characteristics of the devices due to the metal-organic 

interfaces at the contact. Results from the se hybrid heterojunctions hopefully will help 

in understanding the operation of organic on inorganic semiconductor heterojunction 
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devices. 

The next chapter will give a summary for some of the research literature related 

to the organic on inorganic semiconductor devices over the last two decades. Chapter 

3 will de scribe the theory of organic materials with emphasis on conjugated organic 

polymers. Possible transport mechanisms at the interface between organic and 

inorganic heterojunctions will be explained as weIl. Chapter 4 provides the detailed 

fabrication procedure for the hybrid organic on inorganic semiconductor 

heterojunction devices. Measurement setup and device characteristics for 3 different 

sets ofheterojunctions are presented in Chapter 5. The concluding chapter, Chapter 6, 

summarizes this work including recommendations for future development. 
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2. Literature Survey 

2.1 Overview 
During the past de cade s, intensive research on semiconductor heterostructures 

has led to the discoveries of many new physical phenomena and device concepts such 

as semiconductor lasers and photodetectors. A new class of heterostructures [2.1] 

consisting of contacts between organic and inorganic semiconductors has been 

reported. In particular, heterojunctions consisting of a thin layer of a molecular 

semiconductor deposited onto the surface of an inorganic semiconductor substrate 

such as Si, GaAs, or InP have been found to form rectifiers with characteristics 

similar to ideal p-n junctions [2.1]. The high index of refraction, high transmittance 

over broad spectral regions and the unique electronic properties of many organic 

semiconductors suggest uses for such hybrid structure in many optoelectronic device 

applications such as organic-on-inorganic semiconductor field-effect transistors [2.2]. 

Organic materials have the key advantages of simple and low-temperature thin 

film processing through inexpensive techniques such as spin coating, ink-jet printing, 

or stamping. In addition, the flexibility of organic chemistry enables the formation of 

organic molecules with useful luminescent and conducting properties. Over the last 

few years, the carrier mobilities of organic channel layers in organic field-effect 

transistors (OFETs) have increased dramatically from 10-4 to 1 cm2N-s (comparable 
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to those of amorphous silicon) [2.3]. Many applications of these organic 

heterojunctions devices have been reported including photovoltaic [2.4] and 

electroluminescent [2.5, 2.6] devices. Ultra-thin layers of the se organic materials and 

multiple quantum-weIl structures [2.7] have also been fabricated by depositing the 

organic semiconductors under ultra high vacuum conditions. 

However, the electrical properties of organic-inorganic semiconductor 

heterojunctions can degrade when exposed to unfavourable environments. In addition, 

organic semiconductors are often attacked by many of the chemicals that are used in 

conventional device processing. These two factors have limited the practical use of 

organic semiconductor despite their demonstrated application to optoelectronic 

devices. Furthermore, organic compounds generally have a number of disadvantages, 

including poor thermal and mechanical stability. In addition, while electrical transport 

in organic materials has been improved, the room-temperature mobility is 

fundamentally limited by the weak van der Waals interactions between organic 

molecules (as opposed to the stronger covalent and ionic forces found in inorganic 

systems). The stability and electrical transport characteristics of organic materials lead 

to a reduced device lifetime. Other drawbacks of the organic materials include the 

difficulty to dope sorne of the organic semiconductors with trace impurities in order to 

alter their majority carrier type and also the difficulty in achieving good crystallinity, 
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or long-range crystalline order in the organic material. 

In spite of these difficulties, considerable progress has been made in realizing 

practical, active electronic and optoelectronic devices where an organic material 

forms an integral part of the device structure. One promising approach, as mentioned 

before, employs an organic film that is layered onto the surface of a conventional 

inorganic semiconductor substrate to form an insulating or conducting layer that 

controls the distribution of electric fields and hence the transport of charges within the 

device. An attractive feature of such devices is that the composition of the organic 

film can be altered only slightly to effect large change in its optical and electronic 

properties. Furthermore, the cohesive forces that bind molecules are due to relatively 

weak van der Waals dipolar attractions [2.8]. Hence, the materials are somewhat soft 

(as compared to Si, for example), and can thus be layered without inducing strain onto 

a variety of semiconductor substrates if the organic material is grown in vacuum of 

sm aIl molecules. Thus, organic/inorganic semiconductor growth process need not be 

limited by the constraints of lattice-matching. UsuaIly, the lattice-matching restriction 

limits the selection on the particular inorganic semÎConductors that can be combined 

without inducing large strains, and hence lattice defects. However, no such constraints 

exist for organic-on-inorganic semiconductor material combinations. The organic on 

inorganic semiconductor heterojunctions appear to be an advantageous combination 
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ofmany of the properties ofboth organic and inorganic materials. 

ln the past twenty years, many research groups have been working on the active 

organic on inorganic (01) devices, while most of the investigations were on the 

characterization of different hybrid organic on inorganic devices such as photovoltaic, 

light-emitting devices or field-effect transistors. Sorne of the organic materials that 

have been studied include perylenetertracarboxylic dianhydride (PTCDA), poly 

(3-methylithiophene) (PMeT), polyethylene dioxythiophene (PEDOT), polypyrrole, 

pyronine-B, polyacetylene and so on. Corn mon methods of preparation for the organic 

materials are electrodeposition, galvanostatic oxidation, thermal evaporation 

(sublimation) or spin-coating. On the other hand, sorne of the inorganic 

semiconductor materials that have been used include Si, CdSe, CdS, GaAs, InP and 

Ge. In the next following sections, a brief summary of the work performed by 

different research groups related to organic on inorganic semiconductor 

heterojunctions will be given with emphasis on the organic materials used, device 

performances and their potential applications. 
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2.2 PTCDA 
One of the earliest organic on inorganic semiconductor heterostructures reported 

was the one with large rectifying barrier proposed by S. F. Forrest, M.L. Kaplan and P. 

H. Schmidt in 1984. These rectifying barriers are formed between polycyclic aromatic 

molecular compound 3,4,9,1 O-peryleneteracarboxylic dianhydride (PTCDA) and Si 

substrates [2.1, 2.9]. Refer to Figure 2.1 for a unit cell of PTCDA. It has been found 

that the reverse-biased current-voltage characteristics of the organic on inorganic 

diodes are similar to diffused inorganic p-n junctions. Furthermore, they have shown 

that the I-V characteristics can be understood under both forward and reverse bias by 

assuming that the current is limited by thermionic emission of charges over the 01 

contact barrier at low applied voltages, and by space-charge injection into the organic 

thin film at high current densities [2.9]. In the following year, they also reported that 

01 contact barriers can also be formed by deposition of PTCDA or its derivative 

compound, N, N' dimethyl 3,4,9,10-perylenetetracarboxylic dimmide (DIME_PTCDI) 

on InP-based alloys [2.10] as weil as on GaAs [2.11]. In the case of InP and related 

compound s, the barrier heights are considerably smaller than those attained with Si. 
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Figure 2.1: Chemical structure of a unit cell of PTCDA. [2.8] 
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2.3 PMeT 
Around the same period of time, G Horowitz and F. Garnier have reported 

polythiophene-GaAs p-n heterojunctions solar cells [2.12, 2.13]. Thin layers of poly 

(3-methylthiophene) (PMeT) polymer have been grown on n-type GaAs substrates to 

form a p-n junction. An electrochemical polymerization technique was used, which 

allowed the deposition ofthin (25 nm) films. A gold overlayer was then evaporated to 

give an ohmic contact to the polymer. The reported heterojunctions differed from the 

already described organic-on-inorganic structures in that most of the incident light 

was absorbed within the GaAs substrate and not in the polymer front layer. 

Photocurrent spectra later on confirmed that the light was principally absorbed in the 

n-GaAs [2.14]. Figure 2.2 shows suggested energy band diagram of PMeT/GaAs 

device. In the literature, comparison of PMeT/GaAS heterojunctions and Au/GaAs 

junction showed that the slight decrease of short-circuit current, due to the absorption 

of light by the polymer, was overcompensated by a 57% increase of the open-circuit 

voltage. The improvement of Voc was attributed to the creation of a high built-in 

potential of 0.93 eV, together with the reduction of the dark direct current. The power 

characteristics of these cells showed an increase of energy conversion efficiency on 

passing from Schottky cell (14%) to the hybrid cell (17.5%) [2.14]. 
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qVbi = 0.93 eV 
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1 AEc=O.7 eV 
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p-PMT n - GaAs 

Figure 2.2: Energy band diagram of the hybrid n-GaAs/p-PMeT cell [2.14]. 

In 1 990s, more publications of organic on inorganic semiconductor devices 

utilizing PMeT as the organic material were reported. One of the groups that have 

been working on PMeT was led by P. Chartier. Polycrystalline cadmium selenide 

(Cd Se) layers were tirst deposited onto indium tin oxide (ITO) glass by chemical bath 

deposition. Electrodeposition of PMeT was then carried out on the CdSe surface. The 

hybrid organic-inorganic PMeT/CdSe non-optimized junction exhibited a 

photovoltaic behaviour with energy conversion efficiency, under 56 mWcm-2 white 

light from xenon lamp, of 1.3%, uncorrected for the light los ses by absorption when 

shined through Pyrex glass/ITO bulk materials [2.15]. Later on, hybrid 
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organic-inorganic thin film photovoltaic junctions PMeT(Y)/CdS(X) were 

investigated, where PMeT was doped with various anions Y = CF3S03-, CI04-, BF4-, 

PF6- and cadmium sulphide (CdS) doped with various elements such as X = Cu, Ni, 

Al, As and Sb. It was shown that the best quality of contact between the organic and 

inorganic materials was obtained with the PMeT(PF6)/CdS(Sb) junction [2.16]. Other 

researches incIuded deposition of CdSe on PMeT in the presence of silicotungstic acid 

in the chemical bath to form a p-n type junction, where localized energy levels were 

created in the forbidden gap of Cd Se, which improved the optical properties of the 

thin films, and hence, the energy conversion efficiency, which increased up to 2.7% 

for the Schottky-type photovoltaic organic-organic PMeT/CdSe(STA) photovoltaic 

junction [2.17]. 
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2.4 PPV 
More recently, due to the rapid advances in organic polymer chemistry, many 

new polymers with much improved optical and electrical properties have been 

discovered. One of them is poly (2-methoxy, 5-(2'ethyl-hexyloxy)-p­

phenylenevinylene) (MEH-PPV). Although MEH-PPV is not the most efficient 

photovoltaic material, it is weIl characterized and highly reproducible with a low 

intrinsic trap density [2.18]. 

In 1996, Halls et al. [2.19] made a very thorough study on PPV / fullerene 

molecule C60 heterojunction. The cell had a fill-factor of 0.48 and an external 

monochromatic quantum efficiency of 9%. Halls found that the photocurrent 

spectrum was inversely proportional with the PPV absorption spectrum, indicating 

that light has to reach the PPV /C60 interface in order to generate a photocurrent. From 

the models, an average exciton diffusion length of 6-8 nm could be derived. 

In 2000, Carter et al. [2.20] studied the effect of polymer thickness, 

hole-mobility and morphology on the device properties of AuIMEH-PPV lTi02/1TO 

cell. Flat band energy-level diagrams of the cell are shown in Figure 2.3. They 

demonstrated that the conversion efficiency in these polymer based photovoltaics was 

primary limited by the short exciton diffusion length combined with a low carrier 

mobility. They concluded by presenting a model that describes charge transport in 
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solid-state polymer/Ti02 based photovoltaics and suggested methods for improving 

energy conversion efficiencies in this type of photovoltaic devices. 

ITO TiOZ ~1EH-PPV Au rra PEDOT :MER-PP V Al 

/' 
photon / 

J 

~ 

3.0 ev 
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e"_N"'~ 
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Figure 2.3: (a) Flat band energy-Ievel diagram for ITO/Ti02/MEH-PPV/Au devices. 

(b) Flat band energy-Ievel diagram for ITOIPEDOT/MEH-PPV/AI devices [2.20]. 

In all-solid-state multilayer devices, high performance requires good interfacial 

contact between the layers. Kim et al., in 2005, studied the effect of inserting a 

PEDOT interlayer between MEH-PPV layer and the Au electrode of a 

Ti02/MEH-PPV heterojunctions device on the photovoltaic characteristics of the 

device [2.21]. The modified device showed improved photocurrent density-voltage 

characteristics and an increase in the fill factor. They concluded that the 

improvements were due to the reduction of junction resistance across of 

MEH-PPV/Au interface in the presence of PEDOT interlayer, which resulted in 

improved hole injection. 
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2.5 PEDOT: PSS 
Another popular conducting polymer is the polyethylene dioxythiophene 

(PEDOT): polysterene sulfonic acid (PSS). Sol id solutions of PEDOT:PSS form 

conductive polymer layers which are p doped in their pristine state. Therefore, 

PEDOT:PSS presents an organic alternative for p-type contacts (such as high work 

function electrodes: ITO, Pt, Au). PEDOT:PSS has a work function of ~ 5 eV, and is 

known for relatively high transparency, electrical conductance, and easy processing. 

Charge redistribution in organic/inorganic heterojunctions between PEDOT:PSS and 

Si was observed by infrared spectroscopie ellipsometry in [2.22]. 

Yamaura, in 2003 [2.23], also reported a device using an organic-inorganic 

heterojunctions whose response is highly and selectively sensitive to a UV light. It 

consists of a p-type semiconducting polymer such as PEDOT:PSS with Eg = 1.6 eV 

and a wide band-gap n-type semiconductor such as a Nb-doped titanium oxide, 

Ti02:Mb or SrTi03:Nb. For the PEDOT:PSS/SrTi03:Nb heterostructure, the 

photosensitivity at zero bias for the UV light is estimated to be 0.05 A/W, 

corresponding to a quantum yield of 16% electron/photon. This device was observed 

to exhibit a large response to the UV-B light (290-320 nm) [2.23]. 

In 2004, S. Forrest presented a simple non-volatile, write-once-read-many times 

memory device utilizing an organic on inorganic heterojunctions diode with a 
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conductive polymer fuse consisting of PEDOT:PSS. The device switches at 2 and 4V 

for 50 nm thick PEDOT:PSS on p-type and n-type Si (AuIPEDOT:PSS/Si) 

respectively, which is significantly lower than the switching voltage used in 

PEDOT:PSS/p-i-n Si memory elements [2.24]. This was made possible by the 

ability of PEDOT:PSS to switch under high CUITent densities from a high conducting, 

stable, p-doped state to a second, non-conducting, or neutral state. 
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2.6 Conclusions 
A brief literature survey on organic on inorganic semiconductor heterojunctions 

has been conducted. Several combinations of organic materials and inorganic 

semiconductor materials were described. Refer to Table 2.1. Applications of these 

organic on inorganic heterostructures incIude rectifiers, photovoltaic, 

electroluminescent devices, photodetectors and so on. This chapter will provide a 

better understanding in the selection of organic and inorganic materials for the 

organic-on-inorganic semiconductor heterojunction devices to be fabricated. 

Table 2.1: Summary of different combinations of organic-on-inorganic 

heterojunctions with their potential applications 

Some Possible 

Organic Materials Inorganic Materials Applications References 

PTCDA Si, GaAs, InP, Rectifier [2.1,2.9 - 11] 

PMeT GaAs, CdSe, CdS, Si Photovoltaic [2.12 - 17] 

MEHPPV C6Q, Ti02 Photovoltaic [2.19 - 21] 

PEDOT:PSS Si, SrTi03:Nb 
UV-detector, WORM 

[2.22 - 24] 
Memory element 
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3. Organic on Inorganic 

Semiconductor Heterojunction 

Theory 

3.1 Overview 

Progress in organic on inorganic semiconductor heterojunction devices requires 

the development of a clear understanding of the peculiar electronic physics of the 

organic material, the inorganic semiconductor and most importantly the junction 

created between the two materials. 

This chapter will first review the organic materials that are commonly found in 

the fabrication of organic electronic devices, with emphasis given to conjugated 

polymers. Electronic energy structure and carrier transport in the conjugated polymer 

will be briefly discussed. The basic principle for inorganic semiconductor will not be 

mentioned here, as the theory is widely available in any semiconductor physics and 

devices text. Definition and properties of a heterojunction will be given. Lastly, the 

possible transport at the interface between the organic on inorganic heterojunction 

will be explained. 
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3.2 Organic Semiconductor 
Most organic materials are insulators and only those that possess small, finite 

energy band gaps and moderate amount of carrier concentrations are considered as 

organic semiconductors. The discovery of doping of polyacetylene to achieve 

relatively high conductivity reported In 1977 [3.1] lead to a new era of organic 

electronics. Organic semiconductors are, in general, materials made up of many 

carbon atoms. The Sp2 hybridization in carbon atoms leads to pz -orbitaIs, which form 

7t-bonds. The weak van der Waals forces among the delocalised 7t-bonds are the key to 

the semiconducting properties in sorne organic materials [3.2]. Since organic 

semiconductors have a wide range of chemical structures (size, shape, etc.), 

functionality, crystallinity, morphology, disorder, impurities and etc., the physical 

properties show a wide variety of behaviour, and often not as simple as in the case of 

inorganic semiconductor. Usually, organic materials can be c1assified into 3 main 

groups: small molecule, oligomers and polymers [3.3]. The main difference between 

them is their molecular weights, which is reflected by the length of molecular chains. 

Carbon atoms can form larger molecules or monomers, typically with benzene rings 

as the basic unit, these are called small molecule organic semiconductors. Small 

fragments of polymers attached linearly and with a well-defined length (2 to 12) are 

called oligomers [3.4]. On the other hand, polymers are made up of a large number 
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(l0-103
) of identical repeating units, ail linked together by covalent bonds in a linear 

fashion. They can be soluble in various solvents, or insoluble wh en prepared from a 

precursor route [3.5]. 

Semiconducting polymers itself can be further categorized into 4 major groups, 

namely filled polymers, ionically conducting polymers, charge transfer polymers, and 

conjugated polymers [3.6]. Among these 4 classes of polymers, conjugated polymers 

are of greatest interest as they have been dominant in the development of plastic 

electronics since electroluminescence in poly(para-phenlene vinylene) (PPV) was 

discovered in 1990. Conjugated polymers can act as active semiconducting materials 

for many semiconductor devices, such as light-emitting diodes, photovoltaic, and 

transistors. An example of polymers can be simply polyethylene molecule where the 

repeating monomer unit is CH2 and the end unit is CH3. 

3.2.1 Conjugated polymer 

Polymers are constructed from repeating monomers. The monomers couple with 

each other to from a polymer chain. These monomers of most polymers are made up 

of 2 basic elements: carbon and hydrogen atoms. Non-conjugated polymers and 

conjugated polymers have the same mechanical properties, however due to the 

different structures of chemical bonds, they have different electronic properties. 
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As shown in Figure 3.I(a), the chemical bonds of non-conjugated polymers are 

formed by Sp3 hybrids in the carbon atoms and 1 s functions in the hydrogen atoms. It 

requires a large amount of energy to transfer an electron from one bonding orbital to 

the equivalent antibonding orbital, which means a large energy gap exists between the 

occupied and unoccupied bands. This large energy gap of the non-conjugated polymer 

results in the non-conducting electrical properties of most insulators. 
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" ", , ... ' 
C 

~/~/ 
/

c C'II \ J' "',·······H 
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H H 

(a) (b) 

Figure 3.1: Schematic diagrams ofchemical bond structures of(a) non-conjugated 

polymer and (b) conjugated polymer [3.6] 

In contrast, the chemical bond structures of conjugated polymer are different 

from those of non-conjugated polymers. The distinguishing feature of ail conjugated 

polymers is the unsaturated carbon-based altemating single and double bond structure 

of the polymer backbone, or the so-called conjugated carbon chain. As shown in 

Figure 3.1 (b), parts of chemical bonds are formed by Sp2 hybrids in the carbon atoms 

and 1 s function in the hydrogen atoms. Only three of the four valence electrons of a 
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carbon participate in this a-backbone. This leaves one remaining electron per carbon 

atom, which is located perpendicular to the trigonal plane in a pz orbital. AlI the se 

leftover pz orbital electrons from adjacent carbons overlap to form a 1t-system. This 

can be described as a delocalized 1t-electron cloud with a periodic aIternating density. 

It requires less energy for an electron to be transferred from a 1t bonding to an 

equivalent antibonding orbital. Thus, the energy gap between occupied and 

unoccupied bands in conjugated polymer is relatively smaller than that of 

non-conjugated polymer. The typical gaps are in the range of 1~3 eV. Figure 3.2 

shows several examples of conjugated polymers with alternating single and double 

bonds in the chain. 

poly(acetylene) PA poly(thiophene) PT 

poly(para-phenylene) PPP poly(para-phenylene-vinylene) PPV 

Figure 3.2: Several examples of conjugated polymers (shown by the sequence of 

alternating single and double bonds in the polymer). [3.6] 
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3.2.2 Electronic energy structure of conjugated 

polymer 

As mentioned ab ove, a conjugated system is one featuring an altemation between 

single and double bonds. The essential property which cornes from conjugation is that 

the 1t electrons are much more mobile than the cr electrons. This means that the 1t 

electrons can jump from site to site between carbon atoms with a low potential energy 

barrier as compared to the ionization potential. The 1t electron system shows aIl the 

essential electronic features of organic materials, such as light absorption and 

emission, charge generation and transport. 

Each carbon atom in a conjugated system has 3 nearest neighbours with which it 

forms 3 equivalent cr bonds made from the trigonal Sp2 hybridization of 3 valence 

atomic orbitaIs of the carbon atoms: 2s, 2px and 2py for example. For such a 

hybridization state, the fourth orbital 2pz lies perpendicular to the cr bond plane. It is 

this lateral overlap of these out-of-plane 2pz atomic orbitaIs which gives the 1t bonds. 

A schematic diagram of the orbitaIs for two Sp2 hybridized carbon atoms is shown in 

Figure 3.3. It is the mutual overlap of the 1t-orbitals on neighbouring atoms in the 

polymer chain that causes the wave functions to delocalise over the conjugated 

polymer and form the delocalised 1t-system. 
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Pz orbital 7t - bond Pz orbital 

7t - bond 

Figure 3.3: 3D Schematic diagram of the orbitais for two sp2-hybridized carbon atoms 

The electronic properties of polymers can be described in terms of 

semiconductor physics. Polymers are bonded by strong covalent bonds. Peierls' 

distortion predictions explain the development of two molecular bands, namely the 

n-band originating from the Highest Occupied Molecular Orbital (HOMO) and 

n*-band originating from the Lowest Unoccupied Molecular Orbital (LUMO), with 

an energy gap in-between. The 1 D-band that results has considerable band-width (on 

the sc ale of an eV). As the n-orbital overlap is weaker th an the cr-orbital overlap, the 

energy band-gap between the bonding and antibonding molecular orbitais is smaller 

for the n-n* case than for the cr-cr* one. Thus, one can limit the band study to the n-n* 

molecular orbitais. The cr-bonds then only contribute to the stability of the molecular 

structure [3.7]. The gaps between occupied and empty states in these delocalized 

n-systems become smaller with increasing delocalization along the polymer chain. 
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The presence of the alternating single and double bonds is responsible for the 

unique properties of conjugated polymers. Take for example polyacetylene, «C2H2)n), 

the simplest conjugated polymer chain, each carbon atom in the chain has one 

unpaired electron (electron configuration Sp2pzl). The energy levels of polyacetylene 

depend on the value of n. As n increases, the polymer chain is longer and thus the 

n-system becomes more delocalised. Therefore, with increasing n, the gap between 

occupied n and unoccupied n* states becomes smaller. For example, when n is 

infinite and every orbital is occupied by one electron due to the uniform bond order, 

the polymer should have a similar energy structure as an intrinsic metal. When the 

band is half-filled, bond dimerization occurs as the result of Peierls' distortion and the 

system becomes a semiconductor with a small band gap [3.1]. The energy structure of 

polyacetylene is shown in Fig. 3.4. The valence effective Hamiltonian (VEH) method 

can be used to calculate the electronic energy structure for conjugated polymers. The 

basic parameters include the band-gap energy, the bandwidth, ionization potential, and 

electron affinity. U sing the dimensionless characteristic parameter À = 2a 2 / nt 0 K and 

bandwidth W = 4to' the band gap (Eg = 2Llo) is given by 

Llo =2wexP[-(I+ 2~)l (3-1) 

where 10 is the inter carbon transfer integral for n-electron, K is the effective spring 

constant, and a is the lattice constant [3.1]. 
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conduction band (1t*) 

+ 
n * 2 x Pz 

+ 
n * 6 x Sp2 

Figure 3.4: Schematic diagram of the energy structure for poly(acetylene) [3.2] 

3.2.3 Electron transport in conjugated polymer 

Transport and mobility in organic materials require knowledge of the charged 

species. In conjugated polymers, due to the intrinsic low dimensionality of the system, 

charge carriers tend to have a strong coupling to the lattice. This factor together with 

electron-electron correlation effects and other molecular structural details can lead to 

the formation of various types of excitation in conjugated polymers [3.8]. For 

example, solitons (in degenerate ground state structures Iike polyacetylene), polarons 

and bipolarons (in nondegenerate ground state structures Iike polypyrrole, etc.), bound 

excitons (in strongly correlated systems Iike polydiacetylene, etc.), electrons and 

holes (injected carriers in semiconducting polymer devices) and free carriers (in fully 

doped metallic conjugated polymers) [3.9]. The charge transport mechanism in 
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conducting polymer is quite complex compared with conventional systems due to the 

various morphological factors (e.g. crystallinity, amorphous nature, intermolecular 

interactions, etc.), degree of disorder (both intra- and inter-chain) and the wide range 

of charge carrier species. In general, the conjugated length (extent of the delocalized 

n-electrons in the polymer backbone), interchain interactions, carrier density and the 

degree of disorder are the most significant parameters [3.9], playing major roles in the 

charge transport mechanism in conducting polymers. 

Polarons may be regarded as defects in conjugated polymer chain or charged 

quasi-particles which induce a lattice deformation. Such a defect stabilizes the charge, 

which is thus self-trapped as a consequence of lattice deformation. 

Excitation of the polymer creates one electron and a hole on the chain. This 

effect is particularly important when the electron-ho le interactions are strong. 

Coulomb attraction keeps them together and the two opposite charges are considered 

as a bound electron-hole pair. An exciton is named according to its delocalization. If it 

is localized on one molecular unit, it is called a Frenkel exciton. If the exciton extends 

over many molecular units, it is a Mott-Wannier type of exciton. [3.9] 

Bipolarons are double charged carriers where a strong interaction with the lattice 

(electron-phonon interaction) can lead to a stabilization of two charges despite the 

Coulomb repulsion. 
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The bulk conductivity of conducting polymers should consist of 

contributions, at least, from the intrachain and interchain electron transportations. 

White the intrachain diffusion of the charge carriers along the conjugated backbone 

plays a dominant role in the charge transporting process, the interchain transport (via 

hopping, tunnelIing, etc) between adjacent polymer chains also has a significant 

influence on the bulk conductivity since a single chain does not extend throughout the 

entire length of a sample in most practical applications. The former, which is specific 

to conjugated polymers, is the most efficient. As the extent of disorder increases, 

hopping transport dominates. Therefore, improving interchain/molecular transport and 

reducing the extent of disorder holds the key for enhancing charge transport properties 

Iike mobility, mean free path, etc, in organic semiconductors. [3.9] 
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3.3 Heterojunction 
A heterojunction is a junction formed between two dissimilar semiconducting 

materials often with une quai bandgaps. Both materials contribute to the charge 

transport and carrier concentration. On the other hand, if the semiconductor material 

is the same throughout the entire structure, this type of junction is referred to as a 

homojunction. Usually, the energy bandgap of an organic material (defined by the 

difference between HOMO and LUMO) and that of an inorganic semiconductor 

material (defined by the difference between conduction and valence bands) are 

unequal and non-matching. Therefore, the junction formed by a p-type organic 

polymer and an n-type inorganic semiconductor is a heterojunction. 

Since the two materials used to form a heterojunction have different energy 

bandgaps, the energy band will have a discontinuity at the junction interface. We may 

have an abrupt junction in which the semiconductor changes abruptly from a 

narrow-bandgap material to a wide-bandgap material. For inorganic semiconductors, 

in order to have a useful heterojunction, the lattice constants of the two materials must 

be weil matched. Any lattice mismatch can introduce dislocations resulting in 

interface states [3.10]. However, the organic-inorganic semiconductor interface is still 

un der extensive studies. Usually the semiconductor will serve as substrate for the 

organic film. The first mono layer of the conjugated organic material will have certain 
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interaction with the substrate material, defining the alignment between the observable 

substrate valence band (semiconductor) and the molecular orbitaIs of the absorbed 

organic material [3.11]. This is true only if the interaction between substrate and 

conjugated organic material is relatively weak and does not lead to a chemical 

decomposition of the organic molecule. There are already sorne publications on the 

organic-metal interfaces measured using photoemission spectroscopy techniques. 

[3.11] 

Formation of heterojunction instead of homojunction is very corn mon in organic 

semiconducting devices due to two main reasons. Firstly, the relatively low carrier 

concentration in organic semiconductors makes homojunction organic devices 

practically inefficient in term of device performance. Secondly, the vast variety of 

organic semiconducting materials allows a large degree of material matching which 

may lead to momentous improvements in overall device performance or for specifie 

applications. 
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3.4 Organic - Inorganic 

Semiconductor Interface 
Electronic devices invariably rely on the properties of interfaces between 

electrical conductors. The successful application of conjugated polymers to electronic 

devices such as light-emitting diodes, solar cells or transistors requires an 

understanding of charge transport at their interfaces. Transport at electroactive 

interfaces is fundamentally different from transport in bulk media. One primary 

reason is that the bulk of a uniform conductor cannot contain excess charges at 

equilibrium or steady-state. Interfaces, however, are a seat for excess charges, and this 

can have a strong influence on the transport. The transition in electronic structure at 

interfaces also adds complexity, providing a source of asymmetry that is not 

observable with transport through uniform bulk materials. The author in [3.12] gave a 

detailed theoretical interpretation of the charge transport at conjugated 

polymer-inorganic semiconductor and conjugated polymer-metal interfaces, which 

will be briefly described below. 

The most comprehensive picture of the electronic structure of a material is its 

density of states diagram. For conjugated polymers, the two key energies are the 

LUMO and HOMO energies in a molecular mode!. In the energy level diagrams, the 

electronic structure of the polymer is simply indicated by the two characteristic 
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energies: ionization energy (lp) and electron affinity (X). For conjugated polymer, the 

ionization energy is defined as the energy difference between the vacuum level (VL) 

and the leading edge of the HOMO peak, while energy separation between LUMO 

and VL corresponds to electron affinity. The energy gap of the conjugated polymer 

(Egp) is defined as the energy difference between LUMO and HOMO. Conjugated 

polymer work function (<I>p) corresponds to the energy difference between the Fermi 

level and the VL. Furthermore, these energy levels are drawn spatially extended, 

suggesting band-like structure. These bands, however, can be easily replaced with a 

string of localized electronic states. For inorganic semiconductor, the bang-gap energy 

(EgIS) is defined as the energy difference between the energies at conduction band (Ee) 

and valence band (Ev). The parameter <l>IS is the semiconductor work function. 

To have a better theoretical understanding of the inorganic semiconductor 

and conjugated polymer interfaces, the representative band-ben ding diagram must be 

studied [3.12]. Figure 3.5 and 3.6 show the diagrams expected for an ideal interface 

between p-type conjugated polymer and an n-type inorganic semiconductor in 

equilibrium before and after contact. For a long time, a naive mode] had often been 

applied to estimate the interfacial electronic structure of organic devices. This 

traditional model is in analogy to the Mott-Schottky model, which is a widely known 

textbook model for inorganic semiconductor/metal interfaces. For an ideal interface, 
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given by the famous Mott-Schottky relation originally proposed for inorganic-metal 

interfaces [3.13,3.14], the barrier height for ho le (or electron) injection, rjJ&(rjJ;)can 

be expressed as 

erjJ; = Ev - erjJp (3-2) 

erjJ; =erjJp -Ec =erjJp -(Ev -Eg/s) = Eg/s -rjJ; 

VL - -

Inorganic 
Semiconductor 

VL 

EFP 
HOMO 

Organic Polymer 

Figure 3.5: Energy band diagram for an inorganic semiconductor and conjugated 

polymer before contact [3.12]. 
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EgP 

VL 

EFP 
HOMO 

Inorganic Organic Polymer 
Semiconductor 

Figure 3.6: Energy band diagram for an inorganic semiconductor and conjugated 

polymer after contact using Mott-Schottky model [3.12]. 

However, the authors in [3.15] have proven the invalidity of the assumption of a 

common vacuum level during the energy level alignment of organic 

semiconductor/metal interface. The breakdown of the assumption of a common 

vacuum level means that the vacuum level does not align but shifts at the 

organic/metal interfaces. Thus, the assumption of a common vacuum level should not 

be valid in the case of inorganic semiconductor/conjugated polymer energy level 

alignment as weIl. The deviation of the vacuum levels for the organic and inorganic 

semiconductor is called vacuum level shift, ~. This "shift" is hypothetical: the concept 

of vacuum level does not make sense at the interface because there is no vacuum 

space where a VL is defined [3.16]. When ~ is taken into account, the key equilibrium 
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parameter barrier height for hole (or electron) injection, rjJ% (rjJ;) as shown in Figure 

3.7 can be expressed as 

erjJ% = Ev -(erjJp +~) 

erjJ; = erjJp + ~ - Ec = erjJp + ~ - (Ev - E gIS) = E gIS - rjJ% 

VL 

EFP 
HOMO 

Inorganic Organic Polymer 
Semiconductor 

(3-3) 

Figure 3.7: Energy band diagram for an inorganic semiconductor and conjugated 

polymer after contact using vacuum level shift model [3.12]. 

Many research groups have carried out systematic studies of ~ for various 

combinations of organics/metals and organic/inorganic semiconductor interfaces. 

Generally, the slope parameter defined as 

(3-4) 

is used for characterizing the relationship between the barrier height and Fermi energy. 
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It is known that S depends on the type of the semiconductor [3.l6]. Since e<l>~ can 

be expressed as e<J>~ = e<J> p + ~ - (Ev - Egls ) , therefore, 

(3-5) 

indicating that the slope of VL shift against <J> p corresponds to S-l. 

When Mott-Schottky mie holds, Le., there is no interface state at the interface 

(Schottky limit), ~=o and the value of S should be unity. On the other hand, when 

there is interface state with sufficient density to pin the Fermi level of the 

semiconductor, S should be zero (Bardeen limit) [3.11]. The authors in [3.17] have 

shown that S = 0.4 for InP-PPy:PMoI2 interface. Many other research groups have 

observed results similar to the ones described ab ove although much less than the 

Schottky-Mott limit, S is much greater than the value of 0.1 for Si/metal interface. 

Many prominent theories of Fermi-Ievel pinning consider the presence of sorne 

form of interface states [3.18, 3.l9]. As in Bardeen's original model [3.20], the se 

interface states provide a source of charges that participates in charge transfer 

equilibrium. As these states reside at the immediate interface, their charging will 

result in a rigid band shift, thereby altering the effective barrier height. The 

explanation of Fermi-Ievel pinning using interface states requires that the states 

depend only on the inorganic semiconductor. In other words, most interface state 

models of Fermi-Ievel pinning should hold regardless of the nature of contact, 
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whether metal or polymer [3.12]. 

In regard to transport at inorganic semiconductor - conjugated polymer 

interfaces, nearly free-electron thermionic emission theory has been generally 

assumed. Thermionic emission considers the thermal activation of free electrons over 

a barrier height <PB much larger than kT, so that Maxwell-Boltzmann approximation 

applies [3.21]. The incident electrons are assumed to cross with unit probability if 

they have sufficient energy to surmount the potential barrier and with zero probability 

otherwise. 

The characteristic feature of inorganic semiconductor interfaces that makes them 

useful in microelectronic is the current rectification, or diode behaviour. The J-V 

relation for many inorganic semiconductor interfaces qualitatively follows the 

phenomenological diode equation: 

(3-6) 

where Js is voltage-independent constants; Va is the applied voltage; te 8 is the 

Boltzmann's constant; and T is the temperature. This is also known as the ideal-diode 

equation, gives a good description of the current-voltage characteristics of the 

junction. 

An important parameter for characterizing any diode is the rectification ratio: 

RR(V) = IJ(V)/ J(-V)I (3-7) 
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The ideality or quality factor, 11, used to de scribe the strength of the exponential 

increase in current with applied forward bias is given as: 

17 = KT (d InJ]-1 
e dV 

(3-8) 

Under reverse bias, the saturation current in the organic layer (Jos) is given by 

[3.22]: 

(3-9) 

4 • 2 

where A* = nemnK is the Richardson constant, ~,j.. is the image force barrier 
h3 't' 

lowering given by ~rjJ = ~qEm /47l"K1 ' KI is the permittivity of the inorganic substrate, 

and Em is the electric field in the substrate. Requiring continuity of both hole and 

electron currents leads to the familiar expression for thermionic emission across the 

organic-inorganic semiconductor barrier: 

(3-10) 

where n is the diode ideality factor, Va is the applied voltage such that 

(3-11) 

In Equation 3-11, VD is the voltage drop across the inorganic semiconductor, Vp 

is the voltage drop across the conjugated polymer and VR is the total voltage across 

the device series resistance R. 

It is questionable whether a free-electron approach will be valid at interfaces 

between inorganic semiconductor and conjugated polymer, given their disparate 
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electronic structures and the possibility for strong localization in the polymer [3.23]. 

Many of the barrier heights reported at the inorganic semiconductor/polymer 

interfaces are simply effective barrier heights related to the magnitude of the current 

but not necessarily the true barrier height at the interface. 
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3.5 Conclusions 

In this chapter, the organic semiconductor materials have been introduced 

including their classifications: small molecules, oligomers and polymers. Conjugated 

polymers present electrical properties similar to the inorganic semiconductor due to 

the Sp2 hybridization of the carbon atoms. The alternating single and double carbon 

bondings give rise to their semiconducting properties. The delocalised 1t-system in the 

conjugated polymer was used to explain its electronic energy structure formed by the 

HOMO and LUMO with an energy band-gap in between. The charge transport 

mechanism in conducting polymer was later described. A brief description on the 

formation of a heterojunction was also given. Lastly, the transport across the 

organic-inorganic semiconductor interface was discussed where the thermionic 

emission theory has been generally assumed to be val id for this interface. 
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4. Fabrication of Organic on 

Inorganic Semiconductor 

Heterojunction 

4.1 Overview 
The two most common techniques for organic thin film deposition are vacuum 

deposition and solution coating which are dependent on the choice of organic 

materials. Materials with good thermal stab il it y are required for vacuum evaporation 

white materials for solution processing need to be soluble. Small molecular organic 

materials may be thermally more stable but less soluble than polymers, where good 

solubility often is achieved by side-chain solubilization [4.1]. Polymers will 

decompose at high temperatures and have a too large molecular mass for evaporation. 

Hence for small molecules, evaporation is the best choice, whereas solution 

processing is often used for the semiconducting polymers. 

4.1.1 Evaporation 

The vacuum deposition is often used to prepare very thin organic films (a few 

hundred A or less) [4.2] at a pressure of <10-5 Torr. Thus the mean free path of the 

evaporated molecule (> 450 cm) is usually longer than the distance between the 
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evaporation source and the target (~ 15 cm). In addition, contaminants like oxygen 

and water are reduced therefore resulting in better film quality and higher device 

performance. However, evaporation is a time-consuming and expensive process. 

4.1.2 Wet processing 

Common to aIl wet processing techniques is the solubility of organic materials in 

an appropriate solvent like water or any other polar or non-polar organic solvent. A 

special case is the solution processing of a soluble monomer coupled with a 

polymerization reaction during (e.g. electrochemical polymerization) or after heat 

treatment [4.1]. This has the advantage that after preparation, the resulting polymers 

are insoluble and another film can be deposited from another solution on top of them. 

If polymer blends are directly processed from a solution, several common techniques 

can be applied and spin-coating is the most popular method. Spin-coating is fast and 

economical. However, it requires a very clean environment to ensure acceptable level 

of device yield and performance. The relevant parameters for this technique include 

the choice of substrate, the solvent, concentration of the organic polymers in the 

solvent, the substrate temperature and most importantly the spin coating speed. 

4.1.3 Different configurations 

Over the decade, several research groups mentioned in Chapter 2 have been 

working on the organic on inorganic semiconductor heterojunctions and a number of 
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device structures have been proposed. They include: a) structures with two backside 

electrodes and b) sandwich devices. 

For the two backside electrodes structure, inorganic semiconductor and organic 

polymer are both deposited one after another onto a separate substrate such as glass or 

plastic plate. Electrodes are then deposited onto the two materials respectively with 

the help of photolithography. Advantage of this structure is that the device can be 

fabricated on any substrate. Sandwich structure on the other hand is the most common 

device configuration that has been used in studying the organic/inorganic 

semiconductor junction. In this case, the inorganic semiconductor will act as the 

substrate with a metal contact deposited on the back side of the substrate. The organic 

material can then be evaporated or spin-coated onto the front side of the inorganic 

substrate. A front electrode deposited on top of the organic polymer will complete this 

diode fabrication. The front electrode may or may not coyer the whole organic 

polymer. Advantage ofthis configuration is that the process only consists ofa few fast 

and simple steps. 
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Substrate 

(a) 

Substrate 

(b) 

Al or Au/Cr 

Organic polymer 

Inorganic semiconductor 

Al or Au/Cr 

Organic polymer 

Inorganic semiconductor 

Al or Au/Cr 

Figure 4.1: Possible device geometries for hybrid devices: (a) structure with two 

backside electrodes and (b) sandwich device. [4.3] 
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4.2 Experimental Setup 
In the present experiments, the fabrication of organic on inorganic semiconductor 

heterojunction devices involves a number of facilities that are commonly found in any 

semiconductor fabrication lab. A brief description of sorne of the facilities will be 

given in the following sections. These facilities include an evaporation system, a spin 

coat processor and a mask-aligner. An understanding of the operational principle of 

the equipment will provide the readers with a better picture of the whole fabrication 

procedure. 

4.2.1 Thermal Evaporation System 

Resistive thermal evaporation is one of the most commonly used metal 

deposition techniques. It consists of vaporising a solid material (pure metal or 

compound) by heating it to sufficiently high temperatures and recondensing it onto a 

cooler substrate to form a thin film. As the name implies, the heating is carried out by 

passing a large current through a filament container (usually in the shape of a boat or 

crucible) which has a finite electrical resistance. The choice of filament is dictated by 

the evaporation temperature and its inertness to alloying/chemical reaction with the 

evaporant [4.4]. This technique is also known as indirect thermal evaporation since a 

supporting material is used to hold the evaporant. 

Once the metal is evaporated, its atoms undergo collisions with the surrounding 
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gas molecules inside the cham ber. As a resuIt, a fraction is scattered within a given 

distance during their transfer through the ambient gas. The mean free path in air at 

25°C is approximately 45 and 4500 cm at pressure of 10-4 and 10-6 Torr respectively. 

Therefore, pressure lower than 10-5 Torr is necessary to ensure a straight line path for 

most of the evaporated metal species and for the substrate-to-source distance of 

approximately lOto 50 cm in a vacuum cham ber. Hence, good vacuum is a 

prerequisite for producing contamination free deposits [4.5]. 

In this work, the thermal evaporation of gold as the top electrode for the device is 

performed using an Edwards model E306A Coating System. The vacuum system is 

equipped with one high-current source for thermal evaporation. The pressure of the 

vacuum cham ber is able to reach less than 1 xl 0-6 Torr, which is sufficient for uniform 

metal film deposition. 

Figure 4.2: Edwards model E306A Coating System. 
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4.2.2 Spin-coat Processor 

Spin coating has been used for several decades for the application of 

solvent-based thin films. A typical process involves depositing a small amount of fluid 

(resin, organic polymer, etc) onto the center of a substrate and then spinning the 

substrate at high speed (typically around 1000 - 6000 rpm). Centripetal acceleration 

will cause the fluid to spread to and eventually off the edge of the substrate leaving a 

thin film of the fluid on the surface. Final film thickness and other properties will 

depend on the nature of the resin (viscosity, drying rate, percent solids, surface tension, 

etc) and the parameters chosen for the spin process [4.6]. Factors such as final 

rotational speed, acceleration and spin time contribute to the properties of coated 

films. The final film thickness is generally determined by the combination of spin 

speed and time. 

One of the most important factors in spin coating is repeatability. Subtle 

variations in the parameters of the spin process can result in drastic variations in the 

coated film. 

In general, higher spin speeds and longer spin times create thinner films. The 

spin coating process involves a large number of variables that tend to cancel and 

average out during the spin process and it is best to allow sufficient time for this to 

occur. 
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The Laurell model WS-400-6NPP-LITE single wafer spin coater is used in the 

present experiments. It is equipped with a digital process controller which allows 

programmable time, speed and acceleration up to 25 steps. Its rotational speed can 

reach up to 5000 rpm. The Laurel1 spin coater is suitable for rinsing or drying as weIl. 

Figure 4.3: Laurell model WS-400-6NPP-Lite single wafer spin coater 

4.2.3 Photolithography 

Photolithography is the process of transferring patterns on a mask to the surface 

of a silicon wafer. The steps involved in this process are wafer c1eaning, barrier layer 

formation, photoresist application, soft backing, mask alignment, exposure and 

development, and hard baking [4.7]. ln this section, only the more important steps 

will be described. 

There are two types of photoresist: positive and negative. For positive resists, the 
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resist layer is exposed to UV light wherever the underlying material is to be removed. 

In these resists, exposure to the UV light changes the chemical structure of the resist 

so that it becomes more soluble in the developer. The exposed resist is then washed 

away by the developer solution, leaving windows of the bare underlying material. 

Negative resists behave in just the opposite manner. Exposure to the UV light causes 

the negative resist to become polymerized and more difficult to dissolve. Therefore, 

the negative resist remains on the surface wherever it is exposed, and the developer 

solution rem oves only the unexposed portions [4.7]. 

One of the most important steps in photolithography process is mask alignment. 

A mask is a square glass plate with a patterned emulsion or metal film on one side. 

The mask is aligned with the wafer, so that the pattern can be transferred onto the 

wafer surface. Except for the tirst one, each of the masks must be aligned to the 

previous pattern to ensure registration. Once the mask has been accurately aligned 

with the patterns on the wafer's surface, the photoresist is exposed through the 

patterns on the mask with a high intensity ultraviolet light. The most common 

exposure method is the contact printing which allows very high resolution. 

In this work, the ORIEL Corp. Model 87100 Mask Aligner coupled with UV 

exposure system and Model 68810 Arc Lamp Power Supply are used in this 

experiment for the photolithography process. 

53 



Figure 4.4: ORIEL Corp. Model 87100 Mask Aligner 
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4.3 Fabrication procedure 
As a brief description of the equipment has been given in the previous section, a 

detailed fabrication procedure for organic on inorganic semiconductor heterojunctions 

device will be described now. It will start off with a flow chart summarizing the key 

steps for fabricating the device. A more detailed description of different fabrication 

steps will then follow. 

4.3.1 Process flow chart 

Figure 4.5 shows a flow chart summarizing key steps in the fabrication of a 

hybrid organic on inorganic semiconductor heterojunction device used in this work. 

The 2" n-type silicon wafer is tirst cut into smaller substrates of rectangular 

shape. The Si substrates are then cleaned using Acetone (ACE), Trichloroethylene 

(TCE) and de-ionized water in an ultrasonic bath. A wet oxidation is performed to 

grow a thick silicon dioxide layer on top of the substrate. Photolithography process 

with Mask # 1 is carried out to open the active region window on the substrate. The 

Si02 is then etched away with buffered HF. Immediately after the substrate has been 

rinsed and dried; the organic polymer is spin-coated onto the substrate ta create a 

uniform layer. The samples are then mounted onto the substrate holder of the vacuum 

system. Mask #2 is aligned carefully with each substrate sa as to create the top metal 

electrode with thermal evaporation of gold and chromium. After evaporation, the 
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samples are removed from the vacuum chamber. Wood's alloy is applied to the 

backside of the silicon substrate to create the bottom electrode of the device. The 

fabricated device is now ready for measurements. 

START 

D 
Si wafer 

c1eaning 

Wet Oxidation 

(4hrs) 

Si02 etching 

Spin-coating of '--___ ., 

organic polymer.---------,/ 

FINISH 

D 
IV and CV 

Measurements 

Creation of 

back electrode 

Thermal 

evaporation of 

Au electrode 

Figure 4.5: A flow chart for the fabrication of organic on inorganic semiconductor 

heterojunction devices. 
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Cross-sectional view 

silicon substrate MASK#l 

(a) 

silicon substrate 

(b) 

organic polymer 

silicon substrate MASK#2 

(c) 

Au/Cr 

lOmm 

silicon substrate Wood's alloy 

(d) 

Figure 4.6: Cross-sectional views of the fabrication of organic on inorganic 

semiconductor heterojunction device. (a) Si substrate after oxidation; (b) active region 

window opening defined by Mask # 1;( c) spin-coating of polymer; and (d) Thermal 

evaporation oftop electrode defined by Mask #2 
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4.3.2 Description of different fabrication steps 

4.3.2.1 Substrate preparation 

The 2" n-type (111) silicon wafer with resistivity around 3 Q -cm is 

manufactured by Wacker. Figure 4.7 shows a photograph of the n-type silicon 

substrate used. Since the silicon wafer is being used as the inorganic substrate, 

cleanliness of wafer will affect the performance and yield of the devices. The wafer is 

tirst c1eaned in ultrasonic bath using Acetone (ACE) for 3 minutes to remove any 

traces of organic materials. It is then c1eaned in ultrasonic bath again but with 

de-ionized (DI) water for 3 minutes to wash away the ACE solvent and any other 

residues. The wafer is further rinsed repeatedly with DI water to remove any 

remaining ACE solvent and containments. Afterwards, the wafer is spin-dried and 

baked in air at 90 oC for 10 minutes. 

Figure 4.7: Photograph of2" n-type (111) silicon wafer from Wacker. 
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After the wafer has been cleaned, wet oxidation is performed to create a layer of 

silicon dioxide (Si02) on top of the substrate. The wet oxidation process is carried out 

in high temperature fumace at 1100 oC for 4 hours to grow an oxide of thickness ~ 0.5 

f1 m. The purpose of this oxide layer is to reduce the probability of probe needle 

punching through the top metal contact and the organic polymer during measurement. 

The wafer is cut into smaller pieces of rectangular shape for easier handIing in 

the later steps. 

4.3.2.2 Photolithography using Mask #1 

Mask # 1 is a rectangu1ar opaque plate with circular opening of diameter 3 mm to 

define the active region of the device as shown in Figure 4.6(b). The following 

photo1ithography process is carried out to open the active region window. 

1) Spin Shipley AZ 1827 photoresist onto the samples at 3000 rpm for 20 seconds. 

2) Pre-bake in air at 90 oC for 10 minutes. 

3) Align Mask #1 with the sample and expose the photoresist under UV light at 300 

Watts for 300 seconds. 

4) Develop the samples using diluted Shipley Microposit Developer. 

5) Post-bake the samples at 110 oC for 10 minutes. 

6) Cool the samples to room temperature. 
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4.3.2.3 Silicon dioxide etching 

After the photolithography process, the following silicon dioxide etching is 

performed. 

1) The sample is immersed into the buffered HF solution to etch away the thick Si02 

to open the active region window. The etching process may take more than 15 

minutes. 

2) Rinse in DI water to rem ove any etched residue. 

3) Remove photoresist with acetone. 

4) Clean the sample thoroughly with DI water. 

5) Bake-dry the sample in air at 90 oC for 5 minutes. 

4.3.2.4 Organic polymer Spin-coating 

A few different organic polymers (MEH-PPV, P3HT and PEDOT) are used in 

this work. Figure 4.8 displays the various polymers in their bottles while Figure 4.9 

shows photographs of MEH-PPV POSS and P3HT polymers in their solid form. 

Detail of the polymers characteristics in this work will be given in the next chapter. 

The following procedure de scribes the general spin-coating of the polymers onto the 

substrate immediately after the active region window has been opened. 

1) Apply a few drops of the organic polymer solution to the sample. 
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2) Spin the sample at 2000 rpm for 20 seconds. 

A cross-sectional view of the sample now is shown in Figure 4.6(c). The samples 

have to be loaded into vacuum chamber as soon as possible to reduce any interaction 

of the organic polymer with the air as this may cause device performance degradation. 

Figure 4.8: Photograph ofthe various polymers in their bottle. 

(a) (b) 

Figure 4.9: Photographs of(a) MEH-PPV POSS and (b) P3HT 
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4.3.2.5 Thermal evaporation of gold using Mask #2 

The next step in the fabrication is to evaporate a layer of gold and chromium 

(Au/Cr) as the top electrode of the device. The following describes the thermal 

evaporation process being carried out. 

1) Mount the sample facing downward on the substrate holder. 

2) Align the metal Mask #2 with the sample and fix its position with a clip. 

3) Load the substrate holder back into the chamber. 

4) Cut a sm ail piece of high purity gold and place it into the filament boat of thermal 

evaporation system. 

5) When the vacuum system reaches a pressure less than 10-5 Torr, make sure the 

shutter is in closed position and tum on the evaporation power supply. 

6) Slowly increase the voltage until gold piece starting to melt. 

7) Open the shutter to allow deposition, close the shutter and reduce the voltage 

slowly after desired thickness has been achieved. 

8) Wait for 10 minutes before removing the sample from the vacuum system. 

9) Apply sorne Wood's alloy to the backside of the substrate using a soldering iron tip 

to serve as the bottom electrode ofthe device. 

The whole fabrication process is complete and the fabricated organic on 

inorganic semiconductor heterojunction device is ready for measurement. 
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4.4 Conclusions 
In this chapter, the fabrication processes of hybrid organic on inorganic 

semiconductor heterojunction devices have been described. Two methods are 

available for depositing the organic layer: vacuum deposition and spin-coating. 

Spin-coating method was used in the present work as it is fast and economical. 

However, devices with the spin-coated organic layer may have a slightly lower 

performance compared to one with vacuum deposited organic layer as the spin-coated 

organic layer is usually less uniform and possibly has more defects. 

Experimental setup used to fabricate the organic on inorganic semiconductor 

heterojunction devices was given. Principles of thermal vacuum evaporation system, 

spin-coat processor and the photolithography process were briefly explained. 

The fabrication procedure for the devices was summarized in a process flow 

chart with reference to the cross-sectional views of the devices after each step. 

Detailed descriptions of each step such as substrate preparation, photolithography, 

organic polymer spin-coating and thermal evaporation of metal contact were given. 

In conclusion, a detailed fabrication process of hybrid organic on inorganic 

semiconductor heterojunction devices was covered in this chapter. 
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5. Measurement Setup and 

Experimental Results 

5.1 Overview 
In this work, the research effort is primary directed towards enhancing the 

understanding of goveming principles in these semiconducting organic materials to 

provide information necessary for improving the performance of hybrid organic on 

inorganic semiconductor heterojunction devices. In order to study their electrical 

characteristics, the organic on inorganic semiconductor heterojunction devices have 

been fabricated using the experimental setup described in Chapter 4. Several 

semiconducting polymers have been selected and were studied in this work. 

Various means of measurement, such as cUITent-voltage and capacitance-voltage 

measurements, have been performed to characterize the electrical properties of the 

devices. Measurement setup of the equipment for the characterizations will be 

described tirst in this chapter followed by a presentation of the experimental results 

obtained for the various organic on inorganic semiconductor heterojunction devices. 
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5.2 Measurement Setup 
The two most basic techniques for electrical characterization of semiconductor 

devices are the current-voltage (I-V) and capacitance-voltage (C-V) measurement 

respectively. I-V measurement determines electrical output performance of devices, 

such as threshold voltage, junction ideality factor and series resistance. Several 

parameters of semiconductor materials and structures can be determined by measuring 

C-V characteristics. These parameters include doping profile, interface traps, volume 

traps or mobile ionic charges. Sorne fundamental knowledge of measurement theory 

on traditional semiconductor devices will be covered in this section. Description of 

the measurement setup will be included as weil. 

5.2.1 Current-Voltage Measurements 

The 1-V characteristics of the fabricated organic on inorganic semiconductor 

heterojunction devices were measured to determine the device performance using a 

Hewlett-Packard HP4145A semiconductor parameter analyzer. A personal computer 

with a GPIB interface card is connected to the parameter analyzer through an 

IEEE-488 standard cable with 24-pin plug and receptacle connectors at each end to 

control the device measurements and data acquisition. The devices to be tested were 

mounted onto a holder stage with two probing needles connected to the top and 

bottom contacts of the devices respectively. Ali the devices were characterized in 
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atmospheric ambient at room temperature under dark condition unless specified 

otherwise. A schematic diagram of the measurement setup for the 1-V measurements 

is shown in Figure 5.1. 

= 

GPIB 

HP4145A 

Semiconductor 

Parameter 

Analyzer 

Figure 5.1: A schematic diagram of device 1-V measurement setup 

ln Chapter 3, it has been explained that in regard to transport at inorganic 

semiconductor - conjugated polymer interfaces, nearly free-electron thennionic 

emission theory is generally assumed. For a typical inorganic semiconductor diode, 

the I-V relation qualitatively follows the phenomenological diode equation: 

(5-1) 

where 10 is saturation cUITent; Va is the applied voltage; k is the Boltzmann's constant 

(8.62xl0·S eVrK); and T is the temperature. This is also known as the ideal-diode 

equation, gives a good description of the cUITent-voltage characteristics of the 
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junction. The ideality factor, n, which is a measure of how close the forward CUITent 

mechanism is to ideal, is obtained by fitting the experimental In(l) versus Va 

characteristic by a straight line given by the following equation: 

n= KT(dlnI)-1 
e dVa 

(5-2) 

or in a form similar to y = Ax + B when plotted on the semilog axis 

eV 
In(1) = _A + In(1o ) 

nKT 
(5-3) 

The slope of the line and the v=o intercept yield the value of n and 10 

respectively. Usually, the 1-V relationship for a non-ideal p-n junction exhibits three 

regions of different behavior as iIIustrated in Figure 5.2. 

In(I) 

In(lo) .' 

Region Region 

2 

Region 

3 High Injection 

----n-41 

"~--+-- n~2 

Figure 5.2: Forward biased deviations from an ideal p-njunction 

68 



For an ideal diode, it is assumed that electrons and holes injected across the 

depletion region barrier are not able to recombine with each other. Only when they 

enter the neutral regions, they are able to recombine with the majority carriers. 

However, in a real diode, a number of sources may lead to bandgap states, for 

example defects such as vacancies, interstitials or chemical impurities. As electrons 

and holes enter the depletion region, one possible way they can cross the region 

without overcoming the potential barrier is to recombine with each other. This leads to 

an additional flow of charged particle. This current is called generation-recombination 

current, and must be added to the total current [5.1]. At very low levels of current, the 

recombination current component dominates in the depletion region and usually n 

approaches 2 in many silicon devices. However, as the applied bias increases, the 

diffusion current starts to dominate and thus ideality factor n approaches 1. As the 

forward bias is increased even more, the injection level increases and eventually the 

injected minority carrier density becomes comparable to the majority carrier density. 

When this happens, an increasingly large fraction of external bias drops across the 

undepleted region. The diode current will then stop increasing exponentially with the 

applied voltage, but still tend to saturate as shown in region 3 of Figure 5.2. The 

ideality factor n tends to deviate from 1 in this region as weIl. 

In the derivation of the ideal diode equation, it was assumed that the electric field 
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in the bulk n and p-regions was approximately zero for the minority carriers and that 

the no voltage drop existed across the ohmic contacts [5.2]. At high current injection, 

the bulk resistance can produce a significant voltage drop and the applied voltage is 

larger than the voltage drop across the depletion region. The ohmic contacts can 

behave as a small resistor, adding to the voltage drop. Usually, these two effects are 

combined into a resistor Rs, series resistance. One method used to measure Rs is to 

plot the voltage drop from ideal (6. Y) versus current on a linear scale and Rs can be 

determined from the slope of the best-fit line. 

In(1) 

•• t:..v 
Ideal •• 

• 
• • • 

Deviation from ideal 

(a) 

LlV 

To determine Rs 
1 

(b) 

Figure 5.3: Two steps to determine Rs: (a) obtain deviation of Y at l, and 

(b) plotL~Y vs. 1[5.2] 

Another important parameter in the I-Y measurement of the organic on 

inorganic semiconductor heterojunction is the reverse leakage current density. The 
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value of the reverse leakage current density is calculated by measuring the current 

density at a fixed reverse bias voltage such as -1 V or -2 V. 

5.2.2 Capacitance-Voltage Measurements 

The measurement setup for determining the eapaeitanee-voltage (C-V) 

eharaeteristie is very similar to that of the I-V measurements. The C-V measurements 

were earried out using a Hewlett-Packard multi-frequency HP 4274A LCR meter, 

which is controlled by a personal computer as shown in Figure 5.4. The de bias 

voltage is monitored using an HP 3478A multimeter. In the C-V measurements, the 

bias voltage was varied from -2.5 to 0 V at room temperature with a frequency of 100 

kHz. 

= 

HP 3478 A 

Multimeter 

HP 4274 A 

LCR meter 

Voltage 

Controller 

Figure 5.4: Schematie diagram ofthe C-V measurement setup. 
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Sometimes, the electrical behavior of a p-n heterojunction may be related to the 

trapping levels in the bulk semiconductors or to states at the interface. Such levels 

may result from crystal imperfections such as lattice defects, impurities, 

non-stoichiometry, and microcrystalline grain boundaries [5.3]. DifferentiaI C-V 

measurements may be used to obtain qualitative information on these imperfections. 

The method of measuring free carrier (or doping) concentration profiles in 

semiconductors by C-V relies on modulating the depletion region in a diode or p-n 

junction by an applied voltage [5.4]. It requires a junction in which a reverse-biased 

space-charge region can be created. Superposition of a small ac voltage onto the dc 

bias allows the measurement of a capacitance of a thin region of doped material 

undemeath a contact with weIl-defined geometry (i.e., in which the area is precisely 

known). Scanning the reverse dc bias of the doped material provides a measure of the 

free carrier concentration versus depth. In simple structures such as Schottky barri ers 

or p-n junctions the extraction of the doping profile is relatively simple. If aIl the 

dopant atoms are electrically active, then this information is obtained by analyzing the 

C-V characteristics, where the depletion depth is proportional to the area divided by 

the capacitance. 

The capacitance of a one-sided junction (p + n) can be given by the foIlowing 

equation: 
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(5-4) 

where VA is applied bias voltages and Es, ND are perrnittivity and doping 

concentration for the lightly doped region (n-Si region in this case) respectively. The 

Vbi can be deterrnined by extrapolating the curve to the point where lIC2 = 0 and the 

slope of the curve is inversely proportional to the doping concentration of the lightly 

doped region in the junction. 

_1 

C 2 

Figure 5.5: (lIC2) versus VA for a p+njunction. 

A junction can be reversed biased only before the breakdown. This condition 

imposes a profile depth limit on the sample. For heavily doped junction, as are 

generally encountered for diffused or ion-implanted layers, the depth at breakdown is 

very small. For heterojunction cells, the C-V plot usually has two separate regions: 

one from low reverse bias to forward bias (shallow region, near the depletion region), 

and the other from low reverse bias to large reverse bias (deep region). This is 

because the charging of interface states, which alters the junction barrier, is affected 
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by the applied voltage. This charging effect does not occur in a homojunction in 

which usually less interface states exist. Thus, in order to obtain V hi without the 

interference from the interface states charging effect, the large reverse bias region is 

considered. The same is applied to the calculation of the slope. 
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5.3 Experimental Results 
As stated in Chapter l, the objective of this work is to study the hybrid organic 

on inorganic semiconductor heterojunction devices. Several devices with different 

organic polymer on silicon substrate were fabricated using the procedure outlined in 

the pervious chapter. I-V and C-V measurements were performed on the devices in 

order to study their performances. In the following sub-sections, the experimental 

results obtained for selected working devices will be presented according to the 

organic polymer used. 

5.3.1 MEH-PPV POSS 

Poly(para-phenylene vinylene) or PPV is the simplest polymer comprising 

of altemating benzene and vinylene units. The material is highly fluorescent and is 

bright yellow in color. It is one of the most widely studied semiconducting organic 

materials used mainly in light emitting applications. However, conjugated polymers in 

general have tendencies to aggregate or stack as a consequence of their extensive 

1t-delocalization so that they are usually insoluble in most solvents [5.5]. Therefore, 

they are often coated 10 soluble unconjugated precursors form with subsequent 

thermal conversion to form soluble polymers. The poly(2-methoxy-5-

(2-ethylhexyloxy) -1,4-phenylenevinylene) (MEH-PPV), structure as shown in Figure 

5.6, was first introduced by the group at the University ofCalifomia at Santa Barbara 
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[5.6]. Its enhanced solubility can be attributed to the branched nature of its side-chain. 

It is known that hybrid organic-inorganic polymers containing segments of 

polyhedral oligomeric silsesquioxanes (POSS) exhibit a number of potentially useful 

properties, including high thermal stability in air and good adhesion to a number of 

substrates [5.7]. MEH-PPV POSS used in this work was prepared by dissolving 20 

mg of the organic polymer in 8 g of chloroform. The inorganic semiconductor 

counterpart is n-type silicon substrate. 

(a) 

Wh9re R=(J 
(b) 

Figure 5.6: Molecular structure ofa) MEH-PPV and b) MEH-PPV POSS [5.7] 
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5.3.1.1 Current-Voltage Characteristics 

ln the beginning of this work, several MEH-PPV POSS on n-Si heterojunction 

devices were fabricated using a procedure similar to that described in Chapter 4. 

However, their structures and size of active regions were slightly different. Figure 5.7 

shows a picture of the devices fabricated. 1-V measurements were carried out on the 

devices and a summary of sorne of the key parameters are presented in Table 5.1 and 

5.2 below. 

Figure 5.7: A photograph ofMEH-PPV POSS on n-Si heterojunction devices. 

77 



~ 
E 

~ 
~ 
ln 
c 
Q) 

0 
"E 
~ 
:::J 
Ü 

Forward Current vs Voltage Characteristics for 3 MEH-PPV POSS on n-Si 
Heterojunctions (with AI contact) 

5.E-02 

4.E-02 

3.E-02 

2.E-02 

1.E-02 

O.E+OO 

-1.E-02 

0 0.5 1.5 2 

Forward Bias (V) 

Figure 5.8: J-V characteristics for MEH-PPV POSS on n-Si heterojunctions with Al 

contact in forward bias 
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Figure 5.9: ln(l)-V characteristics for MEH-PPV POSS on n-Si heterojunctions with 

Al contact in forward bias 
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Table 5.1: Summary of the J-V characteristics for MEH-PPV POSS on n-Si 

heterojunctions with AI contact 

Organic polymer MEH-PPV POSS 

Inorganic 
n-type silicon 

semiconductor 

Anode Contact aluminium 

DeviceArea 7.9*10-3 cm2 

Sample # SC 01 SC 03 SC 06 Average 

Rectification Ratio 
1.5xl02 

(1 IV!) 
1.1xl0 3.0xl0 6.4x10 

Rectification Ratio 
1.3xl03 1.1x102 4.7x102 

(12VI) 
1.4x10 

Saturation Current 
Density Jo (nAfcm2 ) 

22 29 18 23 

Leakage Current 
1.9 8.9 81 31 

Density (flAfcm2 ) 

Series Resistance 
1.4x107 5.6x106 1.5x106 7.0x106 

(0) 
Ideality factor (n) 1.6 1.8 1.6 1.7 

Forward J-V characteristics of the devices fabricated are shown in Figure 5.8. 

These characteristics showed a rectifying behaviour of the heterojunctions indicating 

the presence of a potential baITier. In Table 5.1, the rectification ratio RR was 

evaluated at applied voltages of 1 V and 2 V respectively. It was observed that the 

average value of RR for MEH-PPV POSS on n-Si heterojunctions with aluminium 

anode, are 64 (at 1 V) and 4. 7x 1 02 (at 2V) respectively. The average magnitude for the 

saturation CUITent density Jo and reverse leakage CUITent density were determined to 

be 23 nA/cm2 and 31 fl A/cm2
• The reverse leakage CUITent density is relatively small 

except for device SC _ 06 which has a leakage CUITent density almost 10 times larger 
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than the other two similar devices. The average series resistance Rs was calculated to 

be around 7.0 M (2 as weIl. Figure 5.9 showed the CUITent log plot of the 

heterojunctions in forward bias. It is apparent that the log plot resembles closely to 

that of a non-ideal inorganic diode. The n factors listed in Table 5.1 are calculated 

using the CUITent measured from region 2 of the heterojunction. The fabricated 

heterojunctions have n greater than 2 in region l, indicating that recombination 

CUITent is dominant at sm aIl forward-bias voltage. For region 2, n factor is around 1.7, 

indicating a recombination CUITent component still exists. At high injection voltage, n 

factor becomes extremely large due to the series resistance effect. Next, the J-V 

characteristics for MEH-PPV POSS on n-Si heterojunctions with Mg-Ag contact 

instead of Al will be presented. 
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Forward Current vs Voltage Characteristics for 3 MEH-PPV POSS on n-Si 
Heterojunctions (with MG-Ag contact) 
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Figure 5.10: J-V characteristics for MEH-PPV POSS on n-Si heterojunctions with 

Mg-Ag contact in forward bias 
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Figure 5.11: In(1)-V characteristics for MEH-PPV POSS on n-Si heterojunctions with 

Mg-Ag contact in forward bias 

Table 5.2: Summary of the J-V characteristics for MEH-PPV POSS on n-Si 

heterojunctions with Mg-Ag contact 

Organic polymer MEH-PPV POSS 

Inorganic 
n-type silicon 

semiconductor 

Anode Contact Mg-Ag 

DeviceArea 7.9*10-3 m2 

Sample # SC 07 SC 08 SC 09 Average 

Rectification Ratio 

(11V!) 
8.IxIO 3.lxlO 2.4xIO 4.5x10 

Rectification Ratio 
2.0x102 1.6xI02 1.5x102 

(12V!) 
8.0xIO 

Saturation Current 

Density Jo (nA/cm2 ) 
97 36 32 55 

Leakage Current 
1.9xI02 1.3xI02 1.2xI02 1.5xl02 

Density (/.1A/cm2 ) 

Series Resistance 
1.5xI07 2.lxI07 4.0xI07 2.5x107 

(0) 
Ideality factor (n) 1.6 2.0 2.0 1.9 
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Investigation of the effect of the contact metal on the organic on inorganic 

semiconductor heterojunction properties was caITied out. The aluminium (Al) anode 

contact was replaced by lower work function magnesium - silver (Mg-Ag) alloy. The 

J-V characteristic of the MEH-PPV POSS on n-Si heterojunctions with 

magnesium-silver (Mg-Ag) anode was measured and presented in Figures 5.10 and 

5.11 with most of the key parameters summarised in Table 5.2. Basically, the 

heterojunctions with Mg-Ag or Al contact display a similar rectifying characteristic. 

In Table 5.2, the average rectification ratio RR evaluated at applied voltage of 1 V and 

2V are 45 and 1.5 * 1 02 respectively. Both values are smaller than when Al contact was 

used. The average magnitude for the saturation CUITent density Jo and reverse leakage 

CUITent density were determined to be 55 nA/cm2 and 1.5xl02 Il A/cm2
• The average 

series resistance Rs was calculated to be around 25 MO. The heterojunctions have an 

average n factor of 1.9 in region 2 of the semilog J-V plot, indicating that 

recombination CUITent is dominant. Comparing the two tables, it is evident that 

MEH-PPV POSS on n-Si heterojunction devices seem to perform slightly better as a 

rectifying junction when Al anode was used. In Figure 5.12, the energy band diagrams 

for the MEH-PPV POSS on n-Si heterojunction devices with different anode before 

and after the Fermi level alignment have been constructed. As shown in the figure, 

there exists a potential baITier at the interface between the n-Si and MEH-PPV POSS 
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polymer. The electrons in forward bias will have to overcome this barrier in order to 

flow to the opposite terminal. On the other hand, holes injected from the anode will 

encounter a smaller energy barrier as shown in Figure 5.12 and therefore become the 

dominate transport carriers for these heterojunction devices. As the Al anode contact 

has a reported work function of around 4.28 eV and on the other hand, Mg-Ag has a 

work function of around 3.7 eV [5.8]. The use of the low work function metal 

contributes a high energy offset between the Fermi energy at the anode and the 

HOMO level in the MEH-PPV POSS (which is 5.3 eV [5.9]) to result in an increased 

series resistance as evidenced from Table 5.2. This effectively reduces the number of 

injected holes at the anode and thus the performance of the devices was affected. A 

more suitable metal for the anode contact could be Gold (Au) since it has a work 

function of5.1 eV, which will match closely with the HOMO of the organic polymer 

MEH-PPV POSS. 
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Figure 5.12: (Top) Energy-band diagram for MEH-PPV POSS on n-Si heterojunction 

devices before Fermi level alignment. (Bottom) Energy-band diagram for MEH-PPV 

POSS on n-Si heterojunction devices after Fermi level alignment. 

5.3.1.2 Optical Sensitivity 

Another interesting property of the heterojunction devices that has been 

investigated was the sensitivity of the devices to optical illumination. Optical 

sensitivity measurements on Sample SC_06 was carried out and the respective I-V 

characteristic in forward and reverse bias shown in Figure 5.13 and 5.14. 
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Figure 5.13: Forward In(1)-V characteristics for MEH-PPV POSS on n-Si 

heterojunctions with Al contact in dark and under illumination. 
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Figure 5.14: Reverse In(1)-V characteristics for MEH-PPV POSS on n-Si 

heterojunctions with Al contact in dark and under illumination. 
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Table 5.3: Comparison of J-V characteristics for MEH-PPV POSS on n-Si 

heterojunctions with AI contact in dark and under illumination 

Organic polymer MEH-PPV POSS 

Inorganic 
n-type silicon 

semiconductor 

Anode Contact Aluminium 

DeviceArea 7.9*10-3 cm2 

Sample # SC 06 

Device # 3-2 3-5 

Condition Dark lliuminated Dark IIIuminated 

Rectification Ratio 

(1 IV!) 
4.5xl0 4.1xl0 7.9xl02 1.3xl02 

Rectification Ratio 
1.6xl02 1.3xl02 1.6x103 2.0xl03 

(12V!) 

Saturation Current 
48 59 65 53 

DensityJo (nA/cm2 ) 

Leakage Current 
26 29 22 12 

Density ( f.l AI cm2 ) 

Series Resistance 
3.1xl06 3.0xl06 1.0xl06 1.1x 106 

(0) 

Ideality factor (n) 2.2 2.3 1.4 1.4 

The iIluminated J-V characteristics were taken at room temperature un der Oriel 

high power tungsten lamp with an optica1 power density of 100 m W Icm2
• As shown in 

Figure 5.13, there is no significant change in the magnitude of the current in dark and 

under illumination. In Table 5.3, which provides a comparison for devices (3-2) and 

(3-5) of sample SC _ 06 under dark and ilIuminated conditions, the respective 

parameters for each device are approximately the same. The small differences are 

within the experimental error range. It seems that the devices are insensitive to optical 

illumination. However, according to many organic photovoltaic publications, 
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photocurrent should be generated at the organic and inorganic heterojunction when 

the devices are illuminated. Due to the high series resistance speculated to exist 

between the organic polymer and the anode; the photocurrent might be too sm ail to be 

measured by the equipment utilized. Futhermore, the opaque contact on the polymer 

might have limited the amount of light received. This could be why the performance 

ofthe MEH-PPV POSS on n-Si heterojunctions appeared to be unaffected by light. 

5.3.2 Regioregular poly(3-hexylthiophene) 

Polythiophenes constitute a particularly important class of conjugated polymers, 

which has been extensively studied for its optical and electronic properties. 

Poly(3-alkythiophene)s (P3AT)s including poly(3-hexylthiophene) (P3HT) ho Id a 

greater promise in thin film transistor processing, because the alkyl side chain offer 

improved solubility in many common organic solvent. Furthermore, P3HT has a low 

bandgap (1.9 eV) compared to other conjugated polymers and a high degree of 

intermolecular order leading to high charge carrier mobilities ( ,iL hole - 0.1 cm2 N s 

measured in field effect transistors) [5.10]. The 3-hexyl groups of the repeated 

thiophene rings in a P3HT chain can be incorporated into two different 

regioregularities: head-to-tail (HT) and head-to-head (HH), resulting in four triad 

regioisomers in the polymer chain (HT-HT, TT-HT, HT-HH and TT-HH triad). These 

are shown in Figure 5.15 (a - d). 

87 



R 
(a) HT-HT 

R 
(c) HT-RH 

R 

R 
(b) TT-HT 

R 

R 
(d) TT-RH 

R 

Figure 5.15: Regioisomers in P3HT polymer chain: (a) HT-HT coupling; (b) TT-HT 

coupling; (c) HT-HH coupling; (d) TT-HH coupling. [5.11] 

As HH linkages have pronounced steric hindrance between opposing hexyl 

groups, they offer "defects" in molecular ordering of conjugated P3HT chains. 

Therefore, if P3HT consists of both HH and HT 3-alkylthiophene functional groups, it 

is called regio-random P3HT, which can only form amorphous films with low field 

effect mobility (l 0-5 ~ 10-4 cm2/V-s) due to charge transport limitation in disordered 

matrix [5.11]. Figure 5.16(a) shows a regio-random P3HT with HT and HH coupling. 

,HT-HH;I,TI-HT;j 

(a) 
R=CH,(CH,),CH, 

Figure 5.16: (a) Regio-random P3HT with both HT and HH coupling; (b) 

regio-regular P3HT with only HT coupling. [5.11] 
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On the other hand, P3HT polymers mediated by Rieke zinc [5.12] can be 

controlled to maintain high HT regioregularity (>98.5 % HT linkages) in polymer 

chain. Furthermore, these regioregular-P3HT (RR-P3HT) can self-orient into a 

well-ordered lamellar structure, with molecular chains parallel to the substrate, and 

thiophene rings perpendicular to the substrate, resulting in high field-effect mobility 

(10-2 cm21V-s) [5.13]. The high mobility is due to the high degree of crystallinity and 

strong interchain interactions. Regioregular P3HT with only HT coupling is shown in 

Figure 5.16(b). RR-P3HT solution in this work was prepared by dissolving 56 mg of 

the organic polymer in 8 g of chloroform to obtain a concentration of 0.7 wt %. 

5.3.2.1 Current-Voltage Characteristics 

RR-P3HT on n-Si heterojunction devices with AI contact were fabricated using 

the procedure described in Chapter 4 but with a small variation in the structure of the 

device. Figure 5.17 shows the schematic diagram of the actual heterojunction devices 

fabricated and the energy-band diagrams have been constructed in Figure 5.18. The 

corresponding I-V characteristics in forward and reverse bias are shown in Figure 

5.19 & 5.20 while sorne of the key parameters summarised in Table 5.4. 
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Figure 5.17: Photograph ofRR-P3HT on n-Si heterojunction devices. 
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Figure 5.18: (Top) Energy-band diagram for RR-P3HT on n-Si heterojunction devices 

before Fermi level alignment. (Bortom) Energy-band diagram for RR-P3HT on n-Si 

heterojunction devices after Fermi level alignment. 
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Figure 5.19: ln(l)-V characteristics for RR-P3HT on n-Si heterojunctions with Al 

contact in forward bias 
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Figure 5.20: ln(l)-V characteristics for RR-P3HT on n-Si heterojunctions with Al 

contact in reverse bias 
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Table 5.4: Summary of J-V characteristic for RR-P3HT on n-Si 

Heterojunction devices with Al contact 

Organic polymer P3HT 

Inorganic 
n-type silicon 

semiconductor 

Cathode Contact Aluminium 

DeviceArea 7.9xl0-3 cm2 

Device # SC_02 SC 04 Average 

Rectification Ratio 
1.8xl03 4.6x102 l.lxl03 

(IIVI) 

Rectification Ratio 
1.9xl03 8.9xl02 1.4xl03 

(12VI) 

Saturation Current 

Density Jo (nA/cm2 ) 
7.9 36 22 

Leakage Current 
1.6 3.9 2.8 

Density (f-lA/cm2 ) 

Series Resistance 
2.7xl06 4.9xl06 3.8xl06 

(0) 
Ideality factor (n) 2.0 1.9 2.0 

From Figure 5.19, the RR-P3HT on n-Si heterojunction devices showed a similar 

rectifying behaviour indicating the presence of a potential barrier. In Table 5.4, the 

rectification ratio RR was evaluated at applied voltage of 1 V and 2V respectively. The 

average value ofRR for RR-P3HT on n-Si heterojunctions with aluminium anode, are 

l.lxl03 (at IV) and 1.4x103 (at 2V) respectively. These values are almost 1 to 2 

orders of magnitude larger than the MEH-PPV POSS on n-Si heterojunctions. This 

could be due to slightly lower energy barrier height encountered by the electrons in 

forward bias operation of the P3HT on n-Si heterojunction devices as shown in Figure 

5.18. The average values for the saturation current density Jo and reverse leakage 
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CUITent density were determined to be 22 nA/cm2 and 2.8 /1 A/cm2 respectively. 

Moreover, the average series resistance Rs was calculated to be around 3.8 M (2. The 

n factors listed in Table 5.4 are calculated using the CUITent measured from region 2 of 

the heterojunction. The fabricated heterojunctions have n greater than 2 in the small 

forward bias region, indicating that recombination CUITent is dominant. For region 2, n 

factor is around 2, indicating a recombination CUITent component is still dominant. At 

high voltages, n factor becomes extremely large due to the series resistance effect. 

Similar to MEH-PPV polymer, RR-P3HT has a reported HOMO of 5.2 eV while 

work function of the Al anode is 4.28 eV. Therefore, there exists an energy-Ievel 

offset at the contact and polymer interface which will affect the hole-injection 

efficiency and thus performance of the devices. Furthermore, known disadvantage of 

the P3HT polymers such as sensitivity to oxygen and moisture [5.14] could lead to the 

degradation phenomenon observed from sorne of the devices as the measurement 

were caITied out in air at room temperature over a period of time. Further 

investigation also indicated that the RR-P3HT on n-Si heterojunction devices 

appeared to be insensitive to illumination. 

5.3.3 PEDOT 

In recent years, poly(3,4-ethylenedioxythiophene) (PEDOT) has been of 

considerable interest because of the possibility of producing a material with linear 

93 



chains [5.15]. PEDûT is a conducting polymer based on a heterocyclic thiophene ring 

bridged by a diether. This means it has the same conjugated backbone as 

polythiophene. PEDûT has excellent transparency in the visible region, good 

electrical conductivity, and environmental stability. Unfortunately PEDûT, like most 

conducting polymers, is infusible and insoluble and therefore difficult to process in a 

thin-film form or in other shapes. However, if PEDûT is electrochemically 

polymerized from aqueous solutions doped with poly(styrene sulfonate) (PSS), [5.16] 

it will become more easily processibile. A conductive layer of PEDûT:PSS is 

obtained by spreading a layer of the dispersion on the surface usually by spin-coating 

and drying out the water by heat. It can be spin-coated onto a huge variety of 

conducting and non-conductive substrates including glass, silicon, chromium, gold, 

etc. Chemical structure of PEDûT:PSS is shown in Figure 5.21. 

n 

Figure 5.21: Chemical structure of conducting polymer PEDûT:PSS from Aldrich. 

This polymer was first used for the antistatic equipment of photographic 

materials [5.17]. Nowadays PEDûT:PSS serves as a buffer layer in ûLED to improve 
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ho le injection. These buffer layers have a high morphological and redox stability and 

very good film forming properties [5.18], by which the rough surface of optical 

transparent electrodes is smoothed out. The PEDûT in this work was purchased from 

Sigma Aldrich (product # 483095). 

5.3.3.1 Current-Voltage Characteristics 

PEDûT on n-Si heterojunction devices were fabricated using the procedure 

described in Chapter 4. Each device has a circular active area of roughly 1 x 10.2 cm2
• 

The first set of heterojunctions was fabricated with ordinary PEDûT while the 

PEDûT of the second set of devices was doped (30%) with a p-type dopant boron 

trifluoride (BF3). Figure 5.22 shows a picture of the actual heterojunction devices 

fabricated and the associated energy-band diagrams have been constructed in Figure 

5.23. I-V characteristics of the corresponding devices and a summary of their key 

parameters will be presented in the following figures and tables below. 

Figure 5.22: A photograph showing heterojunction devices of the PEDûT on n-Si. 
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Figure 5.23: (Top) Energy-band diagram for PEDOT on n-Si heterojunction devices 

before Fermi level alignment. (Bottom) Energy-band diagram for PEDOT on n-Si 

heterojunction devices after Fermi level alignment. 
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Figure 5.24: In(J)-V characteristics for PEDûT on n-Si heterojunctions with Au 

contact in forward bias 

Table 5.5: Summary of the J-V characteristic for PEDOT on n-Si heterojunctions 

with Au contact 

Organic polymer PEDOT 

Inorganic 
n-type silicon 

semiconductor 

Anode Contact Gold 

DeviceArea lxl0-2 cm2 

Sample # SC 10 SC 11 SC 12 Average 

Rectification Ratio 
1.6x104 1.2xl04 9.3xl03 1.2x104 

(llVI) 

Rectification Ratio 
2.7x104 1.9xl04 1.4xl04 2.0x104 

(12VI) 

Saturation Current 
DensityJo (flA/cm2 ) 

8.3 14 23 15 

Leakage Current 
0.33 0.45 0.55 0.44 

Density (flA/cm2 ) 

Series Resistance 
9.2xl05 9.6xl05 1.0x105 9.6x105 

(0) 
Ideality factor (n) 3.2 2.7 2.9 2.9 
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From the J-V data collected in Figures 5.24, the PEDûT on n-Si heterojunction 

devices c\early display a rectifYing characteristic. The rectification ratio is larger than 

that of the MEH-PPV PÛSS or RR-P3HT heterojunction devices. From Table 5.5, the 

average rectification ratio at 1 V and 2V for the se PEDûT heterojunctions are 1.2x 104 

and 2.0xl04 respectively, which are a few orders of magnitude larger than the 

previous 2 sets of samples. The large RR could be due to the sm ail energy barrier 

height encountered by the electrons of the PEDûT on n-Si heterojunction devices 

during forward bias operation. Referring to Figure 5.23, both the electrons and holes 

only have to overcome a smaller energy barrier when compared with the other two 

heterojunctions, therefore, both electrons and holes will contribute to the charge 

transport. The corresponding average leakage current density in reverse bias is 0.44 f1 

Alcm2
• Average saturation current density, determined from the y-intercept of a tine 

drawn according to the slope of the J-V curves of the PEDûT on n-Si heterojunction 

devices, is found to be 15 f1 A/cm2
• The average series resistance calculated is around 

0.96 MO. ûne interesting observation from the J-V characteristics of the PEDûT on 

n-Si heterojunction devices is that at very small forward bias (0 - 0.05 V), the devices 

have an average n-factor of 0.4. This phenomenon did not occur in the previous two 

sets of devices with different organic polymers. Usually, for non-ideal p-n junctions 

under small forward bias, they have an ideality factor of 2 or greater, indicating the 
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recombination cUITent component is dominant. However, it is totally the opposite in 

this case. The explanation for this observation is still unc1ear. As the forward voltage 

bias was increased, the n factor increased slowly as weIl. The average n factor 

calculated in region 2 is 2.9. This means that the recombination CUITent component in 

the total CUITent is dominant. At high CUITent injection, the n factor grows extremely 

large due to the series resistance effect. 

Boron atom is a common p-type dopant used in the semiconductor industry. 

PEDûT on the other hand has been the most widely used hole-injecting material in 

ûLED research and development. In the next section, effect of boron doping on the 

properties of PEDûT-Si heterojunction will be investigated. Figure 5.25 shows the 

J-V characteristics of the PEDûT:BF3 on n-Si heterojunction devices. 

Forward In(l) vs Voltage Characteristics for PEDOT:BF3 on n-Si Heterojunctions 
(with Au contact) 
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Figure 5.25: In(l)-V characteristics for PEDûT:BF3 on n-Si heterojunctions with Au 

contact in forward bias 
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Table 5.6: Summary of the J-V characteristics for PEDOT:BF3 on n-Si 

heterojunctions with Au contact 

Organic polymer PEDOT:BF3 

Inorganic 
n-type silicon 

serniconductor 

Anode Contact Gold 

DeviceArea lxl0-2 cm2 

SaOlple # SC 13 SC 14 SC 15 Average 

Rectification Ratio 
5.3xl04 6.1xl04 3.9xl04 5.lxl04 

(11VI) 

Rectification Ratio 
5.9xl04 6.6xl04 4.7xl04 5.7xl04 

(12VI) 

Saturation Current 
DensityJo (f1AjcOl2 ) 

5 14 10 9.7 

Leakage Current 
0.27 0.22 0.37 0.29 

Density ( f1 Aj cOl2 ) 

Series Resistance 
9.9xl05 1.0xl06 9.9xl05 9.9xl05 

(0) 
Ideality factor (n) 2.6 2.1 2.2 2.3 

From Figure 5.25, the J-V characteristics obtained for the PEDûT:BF3 on n-Si 

heterojunction devices were similar to that of just PEDûT on n-Si. They both have 

three distinctive regions of slopes or n factor. The PEDûT:BF3 devices displayed a 

better rectifying characteristic with RR of 5.1xl04 (@ Il VI) and 5.7xl04 (@ 12 VI ) 

shown in Table 5.6 respectively. The rectification ratios are a few times larger than the 

corresponding values obtained for PEDûT on n-Si heterojunctions. This could be due 

to the smaller leakage current in reverse bias when PEDûT was doped with BF3, it 

has an average leakage current density of 0.29 f1 A/cm2
• The corresponding saturation 

current density 10 is 9.7 f1 A/cm2 while the average series resistance is 0.99 MO. The 
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average n factor calculated for region 2 of the J-V characteristics is around 2.3, which 

is slightly smaller than 2.9 obtained from the previous set of devices. Once again, at 

extremely small forward bias (0 - 0.05 V), the J-V characteristic displayed a very 

steep slope thus an n-factor of 0.48, which is consistent with the result obtained for 

the set without BF3 doping. One interesting observation is that the total output current 

density for the PEDOT:BF3 on n-Si heterojunction devices is almost 2-3 times larger 

than that of the PEDOT on n-Si heterojunction devices as shown in Figure 5.26. 

Comparion of Current vs Voltage Characteristics for 
PEDOT on n-Si heterojunctions and PEDOT:BF3 on n-Si heterojunctions 
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il =:~=~~ 
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1.0E-03 , -SC_15 
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Figure 5.26: Comparison of the I-V characteristics for PEDOT on n-Si 

heterojunctions and PEDOT:BF3 on n-Si heterojunctions. 
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5.3.3.2 Capacitance-Voltage Characteristics 

For organic polymer on inorganic semiconductor heterojunctions, measurements 

of the differential capacitance - voltage can provide knowledge about the carrier 

concentration and built-in voltage. As explained in section 5.2.2, any variation of the 

charge within a p-n diode with an applied voltage variation yields a capacitance which 

must be added to the circuit model of a p-n diode. The capacitance associated with the 

charge variation in the depletion layer is called the junction capacitance, white the 

capacitance associated with the excess carriers in the quasi-neutral region is called 

diffusion capacitance. The junction capacitance dominates for the reversed-biased 

diodes, while the diffusion capacitance dominates in strongly forward-biased diodes. 

Figure 5.27 illustrates the variation of the differential junction capacitance with the 

bias voltage at a frequency of 100 kHz for two sets of 3 PEDûT on n-Si 

heterojunction (SC_10 ~ 12) and 3 PEDûT:BF3 on n-Si heterojunction (SC_13 ~ 15) 

devices respectively. 
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Figure 5.27: I/C2 vs. voltage ofPEDOT and PEDOT:BF3 on n-Si heterojunction 

devices. 

From Figure 5.27, the built-in voltage, Vbi can be determined by extrapolating 

the curve to the point where IIC2 
= O. Assume that it is a one-sided junction, thus the 

IIC2 vs V relationship can be simplified to Equation (5-4) where the slope of the 

curve is inversely proportional to the doping concentration of the lightly doped region 

in the junction. The large reverse bias region or the so called deep region is 

considered for the calculation of these parameters as the curves are more linear due to 

the less pronounced effect of the interface states in the deep region. A summary of the 

Vbi and doping concentration for the various devices is presented in Table 5.7. 
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Table 5.7: Summary of the C-V characteristics for PEDOT and PEDOT:BF3 on 

n-Si heterojunctions with Au contact 

Inorganic Organic Sample 
Vbi (V) ND (cm-3) 

Semiconductor Polymer # 

SC 10 1.4 4.9 x 1015 

SC 11 1.4 6.6x 1015 
PEDOT 

SC 12 1.5 6.8 x 1015 

Average 1.4 6.1 x 1015 

n-type silicon 
SC 13 1.7 4.5 x 1015 

SC 14 1.7 4.2 x 1015 
PEDOT:BF3 

SC 15 1.7 4.1xI015 

Average 1.7 4.3 x 1015 

From Table 5.7, for PEDOT on n-Si heterojunction devices, the average built-in 

voltage, Vbi is approximately 1.4 V while the doping concentration, ND, of the lightly 

doped n-type silicon is roughly 6.1 x 1015 cm-3
• On the other hand, the average Vbi for 

PEDOT:BF3 on n-Si heterojunction devices is slightly higher, 1.7 V while the doping 

concentration is 4.3 x 1015 cm-3
• If the lightly doped n-region becomes depleted at a 

high applied reverse-bias, it is possible to obtain the width of the n-region, W (cm), 

from its capacitance, C (F/cm2
), using the following equation: 

w = 6 s ·A 
C 

(5-5) 

where Ais area of the active region (cm-2
) and é s is the substrate permittivity. With 

the doping concentration and the depletion layer width, it is possible to obtain the 
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doping profile of the lightly doped region in the n-type silicon. Figure 5.28 shows the 

approximate doping profile for a PEDûT on n-Si heterojunction device (SC_11) as an 

example. 

Doping profile for PEDOT on n-Si heterojunction (SC_11) 
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Figure 5.28: Doping profile for a PEDûT on n-Si heterojunction (SC_11) 
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5.4 Conclusions 
In this chapter, electrical characterization of organic on inorganic 

semiconductor heterojunctions has been performed. The inorganic semiconductor 

used is n-type silicon substrate while various organic polymers such as MEH-PPV 

PÛSS, RR-P3HT and PEDûT were incorporated as the organic counter-part. The 

experimental setups such as I-V and C-V measurements were briefly described 

followed by the results obtained for the different organic on inorganic semiconductor 

heterojunctions. A comparison of the parameters obtained from the I-V characteristics 

for different sets of heterojunctions were summarised in Table 5.7. Based on the 

experimental results, the following conclusions have been reached. 

Table 5.7: Summary of the J-V characteristics for the organic on inorganic 

semiconductor heterojunctions 

Organic Polymer MEHPPV RRP3HT PEDOT PEDOT:BFJ 

POSS 

Anode Contact Al Al Au Au 

Rectification Ratio 

(ltVI) 
6.4xl0 1.1 xl 03 1.2x104 5.1xl04 

Rectification Ratio 
4.7xI02 1.4xI03 2.0xI04 5.7xl04 

(12VI) 

Saturation Current 

DensityJo (nAfcm2 ) 

23 22 15 9.7 

Leakage Current 
31 2.8 0.44 0.29 

Density (flAfcm2 ) 

Series Resistance 
7.0xl06 3.8x106 9.6xl05 9.9x105 

(0) 
Ideality factor (n) 1.7 2.0 2.9 2.3 

106 



In general, almost ail the organic on inorganic semiconductor heterojunctions 

regardless of the organic polymer or anode contact displayed a rectifying 

characteristic. From the various energy-band diagrams (Figure 5.12, 5.18 and 5.23) 

that have been constructed for the three sets of heterojunction devices in this work, it 

c1early shows that a potential barrier existed between the organic and inorganic 

semiconductor interface. During forward bias operation, electrons injected from the 

cathode into the n-Si will encounter a potential barrier between the inorganic 

semiconductor and the organic polymer. Thus, the height of this potential barrier will 

affect the performance of the devices. Among the various heterojunctions, the 

PEDOT:BF3 on n-Si heterojunctions with Au contact seem to have the best 

performance with high rectification ratio, small saturation current density and leakage 

current density. This cou Id he accounted hy the lowest potential barrier among the 

three heterojunctions and almost little or no energy level offset between the organic 

polymer and gold anode. However the ideality factor calculated was slightly larger 

compared to the MEH-PPV POSS or RR-P3HT on n-Si heterojunction devices. Ali 

the devices have fairly large series resistances in range of M r2 . 

Device characteristics obtained with sorne of the polymer spin coated 

heterojunctions in this work appeared to be slightly inferior to those obtained by 

evaporation of PTCDA in Ref. 2.1 and 2.9. The PTCDA harrier diodes with In 
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contacts have an ideality factor of 1.75 and extremely sm ail series resistance. The 

differences could be accounted by the mobility of the material or quality of organic 

film and interfaces. Evaporation of the organic material usually produce a film with 

sm aller grain size compared to that of polymer spin coated devices in this work. Thus, 

the interface quality might be better for evaporated PTCDA devices. The choice of 

contact materials might have an effect on the performance of the devices as weIl. 

Investigation of the effect of anode contact metal on the heterojunction has 

revealed that if the energy level offset between the anode and the HOMO of the 

organic polymer is smaller, better performance will be achieved as concluded from 

the comparison between MEH-PPV POSS on n-Si heterojunctions with Al and 

Mg-Ag contact respectively. The work-function of Al is slightly higher than Mg-Ag 

alloy and therefore a smaller energy level offset with MEH-PPV at their interface. In 

addition, as this energy barrier existed between the metal and organic polymer 

interface, the charge particles have a probability to tunnel through it. 

Optical sensitivity measurements were performed with sorne the MEH-PPV 

POSS on n-Si heterojunctions and the 1-V characteristics for the devices carried out in 

dark or under illuminated source showed little or no difference. It is not conclusive 

whether the organic on inorganic semiconductor heterojunctions are insensitive to 

light or there exists a high series resistance at the interface between the organic 
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polymer and the anode which prevents the small photocuITent produced to be 

measured accurately. Therefore, it cannot be concluded whether the organic on 

inorganic semiconductor heterojunctions in this work are sensitive to illumination or 

not. 

When the organic polymer PEDûT was doped with BF3, the heterojunctions 

displayed a better performance than those with undoped PEDûT. It is believed this is 

the tirst time that PEDûT:BF3 on n-Si heterojunctions characteristics have been 

reported. An increase in the magnitude of the output CUITent density for PEDûT:BF3 

on n-Si heterojunctions by a few times was observed. Furthermore, the built-in 

voltage, doping concentration of the lightly doped n-Si region or its doping profile 

have been derived from the capacitance - voltage characteristics. 

In conclusion, the experimental results obtained provide a better understanding 

of the organic on inorganic semiconductor heterojunctions and possible enhancements 

that can be made to the heterojunctions to improve the overall efficiency. 
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6. Conclusions and future work 

In the last decades, the growing interest in organic electronics has been a great 

force in promoting the research efforts made to improve the electrical and optical 

properties of the organic materials and their applications. Organic materials are 

known to have the key advantages of simple and low-temperature thin film processing 

through inexpensive techniques such as spin coating. In addition, the flexibility of 

organic chemistry enables the formation of organic molecules with useful luminescent 

and conducting properties. On the other hand, inorganic semiconductors offer the 

potential of a wide range of electrical properties, substantial mechanical hardness and 

thermal stability. Therefore, it is interesting to find out how these two materials can be 

incorporated together to form a functional electronic device. The objective of the 

thesis was thus to fabricate hybrid organic on inorganic semiconductor heterojunction 

devices and study their characteristics through simple electrical measurements as to 

have a better understanding of the operational principles behind the se hybrid devices. 

Organic on inorganic semiconductor heterojunction devices were fabricated 

using a sandwich structure on n-type silicon wafers. Electrical characterizations (I-V 

and C-V) of three sets of organic on inorganic semiconductor heterojunctions devices 

were carried out. The heterojunction devices inc1ude MEH-PPV POSS on n-Si, 

RR-P3HT on n-Si and PEDOT on n-Si. Ail the three organic on inorganic 
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semiconductor heterojunctions regardless of the conjugated polymer or anode contact 

displayed a rectifying characteristic. From the energy-band diagrams constructed for 

the three heterojunctions, there is a potential barrier existed at the organic and 

inorganic semiconductor interface. The potential barrier for the electrons during 

forward bias is determined by the energy difference between the LUMO of the 

conjugated polymer and the electron affinity of the n-Si. The performance of the 

devices appeared to be inversely proportional to the height of the barrier. MEH-PPV 

POSS on n-Si has the highest potential barrier followed by RR-P3HT on n-Si and 

lastly PEDOT on n-Si. From the experimental results, the rectification ratio at Il VI 

and 12VI varies from 64 to 5.1xl04 and 470 to 5.7x104 respectively, with PEDOT:BF3 

on n-Si having the highest rectification ratio. This is also the first time that PEDOT 

doped with BF3 on n-Si heterojunction devices have been reported. The corresponding 

saturation current density and leakage current are 9.7 nA/cm2 and 0.29 f1 A/cm2 

while the ideality factor is around 2.3. The series resistance is fairly large for aIl the 

devices in the range of M Q . 

Further investigation of the effect on anode contact metal on the heterojunction 

has shown that the sm aller the energy level offset between the work-function ofthe 

metal and the HOMO of the conjugated polymer, the better performance the device 

will obtain. This is demonstrated by replacing the AI contact for MEH-PPV POSS on 
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n-Si heterojunction devices with a slightly lower work-function Mg-Ag contact and 

comparing the difference in their 1-V characteristics. The devices with Mg-Ag contact 

appeared to have a slightly inferior performance. The same set of heterojunctions was 

also tested for optical sensitivity but the results showed little or no difference in dark 

or illuminated condition. It was not conclusive if the large series resistance existed 

across the conjugated polymer and the metal contact has hindered the measurement of 

the supposedly small photocuITent that should be observed. One of the major 

discoveries in this work is that doping PEDOT polymer with BF 3 p-type dopant has 

improved the performance of the cOITesponding heterojunctions and an increase in the 

cUITent magnitude by 2 ~ 3 times was observed. 

From the present work, the organic on inorganic semiconductor heterojunction 

device with the best performance was obtained by PEDOT:BF3 on n-Si with gold 

anode. These hybrid organic on inorganic heterojunctions still have not been studied 

extensively in this work; there are still many factors that can be explored in detail in 

the future. For example, annealing the devices at different temperatures may lead to a 

better formation at the organic-inorganic interface, resulting in an improvement to the 

device electrical characteristics. Secondly, it is evident that the series resistance 

greatly affects the device performance. Therefore, it is important to study the contact 

resistance between different metal anodes and the conjugated polymers and hopefully 
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reduce this contact resistance so that it does not limit the performance of the devices. 

Thirdly, the inorganic semiconductor used in this work concentrated only on n-type 

silicon substrate. Thus it will be interesting to observe the effect when n-Si is replaced 

by other inorganic materials such as p-Si, CdS or GaAs while the p-type organic 

polymers may remain the same or be replaced by other potential n-type organics such 

as C60• Lastly, understanding the material characterisation of the organic polymers 

such as their film thickness, interface composition, geometrical characterisation and 

mobility in thin film will greatly improve the performance of the organic on inorganic 

semiconductor heterojunction devices. 
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