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PREFACE  
 

 Organic – inorganic hybrid semiconductor heterostructures exhibit interesting 

combination of properties originating from the two distinct families of semiconductors. The 

hybrid structures are formed from conventional doped-inorganic semiconductor layer and layer 

of organic/polymer thin film which can have either a donor or acceptor type characteristics. The 

polymer semiconductor offer an advantage of solution processability on the wafers of inorganic 

material and is a less-elaborate method compared to controlled sublimation procedures for 

depositing low molecular weight organic molecules. The first few studies carried out by Forrest 

et.al using n-type and p-type silicon and small (organic) molecules showed that these structures 

are not very similar to normal p-n junctions. The initial picture of charge transport was sketched 

in terms of thermionic emission in low current regime and space charge limited current under 

high current regime. Later new and exciting materials including inorganic materials like GaAs, 

InP, Ge etc and organic materials like MEHPPV, P3HT, CuPC etc, where studied for hybrid 

device applications. Since then the properties observed for organic-inorganic hybrid systems 

have shown a continuous development with remarkable 10% power conversion efficiencies from 

n-type Si/P3HT cells and field effect mobilities ~ 1cm2/V.s for perovskite based hybrid 

materials. Concept of hybrid exciton at the organic inorganic interface containing the property of 

Frenkel and Wannier Mott excitons was proposed by V. M. Arganovich et.al. The nature of the 

heterostructure between the organic and inorganic semiconductors has remained debatable as the 

predictions in the general trend in the properties have not been accurate. The interface has a key 

role to play in the electrical charge transport and optical properties of the hybrid structures. 

Formation of new states, traps and recombination centers have much to decide the fate of an 

organic – inorganic hybrid device. In this respect we try to explore both the role of bulk and the 

interfacial contributions in organic – inorganic hybrid structures. The effects on the charge 

transport in the bulk and at the interface and the associated transport parameters have been 

studied for a variety of n-GaN/Polymer hybrid structures. 

 The choice of this system is motivated from the idea that, p –type donor semiconducting 

polymers are available in large number and with large variety of band gaps, compared to n – type 

acceptor polymers. Similarly the n- doped inorganic semiconductors are readily available. The 
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second advantage, as in the case of n- doped gallium nitride, is that the layer provides a 

transparent window for visible and near infrared region while blocking/absorbing the UV 

component. This visible-IR pass filter helps in direct excitation of polymer without much 

reflection losses, and protects from UV exposure of the polymer layer. These interesting model 

systems also demonstrate the possibility for applications as UV – Visible – IR detectors band 

selective detector.  Hence, the spectral responses of the photoelectric properties of these 

structures form an integral part in these studies both from the understanding and application 

perspectives. 

 The chapter 1 of this thesis gives a brief introduction about the bulk organic and 

inorganic semiconductors properties and related electronic and optical mechanisms. The 

structure of hybrid devices, difference from a normal p-n homojunction, current-voltage 

characteristics models, and interface states for hybrid systems are discussed in details. Chapter 2 

presents a detail characterization of organic and inorganic materials used in current work. The 

fabrication steps for an n-GaN/polymer device have been summarized. The device fabrication 

requires solutions to many basic problems related to electrode shorting and work function 

selections, a detailed description on this regard has been presented. An introduction to the charge 

transport characterization techniques used in this study has been presented along with 

experimental setup, calibration and measurement details, and relevant models to explain the 

experimental results have been presented.   

 In chapter 3, results of steady state measurements have been presented, the current – 

voltage characteristics for three different energy structures has been shown, which shows a 

characteristic difference. An attempt has been made to calculate the barrier height and diode 

ideality factor, which shows a dependence on the type of energy structure and top electrode used. 

The light response of these hybrid structures is strongly dependent on the type of energy 

structure and top electrode used. Small signal impedance measurement has been performed to 

evaluate the built in field present inside the device. The values obtained are not reasonable as 

they are much higher than expected, which suggests the requirement of modification of the 

model applied to this structure. Admittance spectroscopy gives a picture of the trap state 

response which is different for different donor polymers. A clear peak in conductance versus 

frequency curve of n-GaN/pBTTT hybrid structure is observed which also corresponds to a step 
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in the capacitance measured as a function of frequency. This peak is a signature of shift from 

bulk to interface depletion capacitance. An approximate interface state density has been 

calculated, which is found to be of the same order of magnitude as the expected surface state 

density of n-GaN. The Intensity modulated photocurrent spectroscopy was performed to track 

the interface and bulk trapping and recombination events. A characteristic peak at 10 kHz has 

been observed which is characteristic to the donor polymer pBTTT. The wavelength dependent 

response is interesting; such a response has not been understood completely, it is speculated that 

the three different responses originate from three distinct regions of inorganic bulk, organic bulk 

and inorganic – organic interface.  

   Chapter 4 contains the results for spectral photocurrent measurement; this experiment has 

been used to study the effect of basic physical process like generation, transport, trapping, and 

recombination on the photoconductivity of the hybrid devices. In present work this study has 

been used to understand the transport and photoconductivity in the bulk as well as interface. A 

characteristic symbatic and antibatic response has been observed for forward and reverse biased 

devices. Effect of various external control parameters has been studied on the photoconductivity 

of the hybrid structures. In our studies, a completely different response for type I and type II 

structure was seen under zero external bias condition. 

 In chapter 5, the existing methods to model the spectral photocurrent response of organic 

and inorganic semiconductors has been presented. Many models have been predicted for 

modeling the spectral response of inorganic as well as organic small molecules. The extensions 

to polymer semiconductors are limited by many assumptions which are made while applications. 

A total current density expression has been derived by combining the spectral response from 

different layers of the n-GaN/polymer hybrids. To improve the agreement between the 

experimental and modeled response, possible areas of modifications required in the existing 

models have been mentioned. Chapter 6 summarizes the results of the thesis and gives an over 

view of future works required to be done to understand the transport properties and interface 

effects in n-GaN/Polymer hybrid heterostructures.  
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CHAPTER 1 

 

 

GENERAL INTRODUCTION 
 

1.1 Introduction 

  

  Semiconductors were discovered in early 19th century, when a decrease in resistance with 

increasing temperature was observed in certain materials [1]. Metal-semiconductor diodes and 

junction diodes were studied in 1870’s [2] and used widely in radio frequency receivers during 

Second World War [3]. The first solid state transistors made of germanium was demonstrated by 

Bell labs in 1947 [4]. These solid state devices were capable of replacing bulky vacuum tubes 

with even better electrical characteristics. The potential of transistors in data storage and 

processor applications attracted a large focus from scientific and industrial community. The 

advances in semiconductor device technology, thus made over a period of time have brought a 

major breakthrough in modern day technology and development. With the development of light 

emitting diodes and photodetectors the possibility of optical data communication was realized [5], 

which brought about revolution in the world of modern communication and paved the path for 

further path breaking discoveries in the field.  

 

 Photodetectors essentially convert optical signals into electrical signals, primarily by 

absorbing optical photon and generating charge pairs which give rise to electrical signals. The 

process of converting received optical signal into electrical signal must involve minimal loss of 

the information. Figure 1.1 shows a basic role of photodetectors in optical communication 

systems, the LED or laser are transmitters, optical fibers are the wave guiding medium and the 

photodetectors are receivers, where the transmitted optical signal is converted back to electrical 
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signals. Owing to these properties, the photodetectors are used as integral part of remote control 

systems, circuit isolators, intruder alarms, and many other consumer electronics. 

 

  

Figure 1.1: Schematic of photodetector application in data communication. 

 A normal p-n junction can be used as a photodetector, when a photon with energy 

sufficient to excite an electron, strikes the diode, it create a free electron – hole pair. If the 

photon is absorbed in the p-region or n-region within unit carrier diffusion length, or the 

depletion zone, the carriers are swept away from the junction under the built in field of the 

depletion region. The hole moves towards anode and electron moves towards cathode giving rise 

to photocurrent. The schematic of photodetector working has been shown in Figure 1.2. The 

photocurrent is a sum of dark and light current. Photodetector with higher sensitivity should have 

low dark saturation current density. 

 

Figure 1.2 : Visualization of light absorption, electron hole creation and light induced current in 
p-n junction diode. 
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Mode of operation 

A photodetector can work in two different modes, 

Photovoltaic mode 

 When a photodetector is used in zero bias or photovoltaic mode, the current flowing out 

of the device is restricted, which gives rise to voltage build up. Using in this mode exploits the 

photovoltaic effect of semiconductor, which is also the basis for solar cell. 

Photoconductive mode 

In the photoconductive mode, the detector is held at the reverse bias. The reverse biased 

detectors have increased responsivity and reduced response time, but at the cost of increased 

level of electrical noise.  

The junction depletion region can be viewed as a capacitor with capacitance value given by [6], 

 
௝௨௡௖௧௜௢௡ܥ ൌ

ܣௌߝ

ܹ

(1.1)

In equation 1.1, Cjunction is junction capacitance, εs is the permittivity of semiconductor material, 

A is the area of the photodetector (photo diode), and W is the width of the depletion region. 

Applying reverse bias increases the width (W) of the junction causing decrease in junction 

capacitance, which results in faster response time, but also increases the electrical noise. 

 

Performance of any photodetector depends on three critical parameters, 

Responsivity 

 Responsivity is defined as the ratio of generated photocurrent to incident light power, and 

is typically expressed in units of A/W (Ampere per Watt) when operating in photoconductive 

mode. It can also be expressed as Quantum Efficiency, or probability of an electron-hole pair 

generation for each incident photon. For a good photodetector, the responsivity should be high (~ 

0.1A/W) [7]. 
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Dark Current 

 It is defined as the current flowing through the photodetector in the absence of light, 

when operated in photoconductive mode. It includes photogeneration by background radiation 

and the saturation current of semiconductor junction. For a good photodetector, the dark current 

must be very low (~ nA) [8]. 

Noise Equivalent Power (NEP) 

 It is the minimum input optical power required to generate photocurrent, equal to root 

mean square (rms) noise current in the 1Hz band width. The related characteristic detectivity (D) 

is defined as 1/NEP. Specific detectivity (D*) is the detectivity normalized to the area (A) of the 

photodetector. 

 

∗ܦ  ൌ ܣ√ܦ (1.2)

 Sensing wavelengths from UV to infrared is vital for applications in various fields like 

industrial, scientific, environmental, communication, remote control etc. To detect wavelengths 

starting from UV to near infrared, different materials are being used as sensors, GaN (spectral 

range 0.2 µm to 0.35 µm) [9], Si (spectral range 0.40 µm to 1.1 µm) [10] and InGaAS (spectral 

range 0.9 µm to 1.7 µm) [11] are used for detection in UV, visible and infrared bands respectively. 

Availability of polymer semiconductor with advantages of high optical absorption coefficient (α 

~ 105 cm-1) [12], large and ultrafast nonlinear responses [13], colour tunability [14], large active area 

and low processing cost over inorganic semiconductors [15], gives another possibility for 

fabrication of cheaper and wide spectral coverage photodetector. Polymer semiconductor based 

photo diodes have been reported with high detectivity and spectral range [16,17,18].  

 Yet another area of interest exists, in the field of organic – inorganic (OI) hybrid 

semiconductor systems, where the idea is to make use of the best properties of both the materials. 

The advantages offered by OI systems includes, I) wider, and wavelength selective absorption 

range and operation, II) wider and selective range of transparency, III) an integrated combination 
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of LED and photodetectors in sub-micron dimensions, and may more. OI hybrid semiconductor 

photodetectors have been reported with quantum efficiency ~ 85% and optical response time of 

5ns [19]. OI semiconductor photodetectors have been fabricated with various small molecule and 

polymer organic semiconductors to give a wide range of spectral coverage [20,21].In the next 

sections the bulk properties of transport and photo-excitation in polymer semiconductors will be 

explained. 

1.2 Polymer Semiconductor  

 

 Polymer semiconductors have brought a revolution in the field of plastic electronics. 

Though organic semiconductors are not new, first studies of dark and photoconductivity in 

anthracene crystals date back to the early 20th century [22,23]. Discovery of electroluminescence [24] 

in polymer diode structure triggered intense research, these investigations could establish the 

basics of the processes involved in charge carrier transport and photo-excitation. Systematic 

studies of conducting polymers started with the discovery of very high conductivity and 

controlled doping of conjugated polymers [25,26]. Demonstration of efficient photovoltaic cells 

made of organic heterojunction [27] and thin film transistor from conjugated polymers [28,29] 

opened up tremendous possibility in the field of organic electronics. With large academic and 

industrial efforts during the last two decades, organic light – emitting devices (OLEDs) [30,31], 

organic photovoltaic (OPVs) [32,33], and organic field effect transistors (OFETs) [34,35] have 

progressed rapidly and are entering in consumer market.  

Organic semiconductors are conjugated systems where carbon atoms are linked together with 

alternating single and double bonds along the main chain providing path for carrier transport. A 

Carbon atom in its ground state has 1s22s22p2electronic configuration, in conjugated system 2s, 

2px and 2py orbital hybridize to form three sp2 hybridized orbitals which forms strong sigma 

bonds with hybridized or unhybridized orbitals of other atoms. The unhybridized 2pz orbital stays 

perpendicular to the plane of sp2 hybridized orbital and carries one unpaired electron. 

Neighboring 2pz orbitals overlap to form delocalized π-electron cloud in the plane perpendicular 

to the plane of sigma bonds giving rise to electron delocalization along the conjugated backbone. 
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Due to the Peierls instability* [36] in symmetric 1-D electron distribution, these delocalized 

electron clouds form alternating single and double bond structure. Rearrangement of electron 

cloud along the polymer backbone gives rise to the formation of delocalized energy bands, 

known as bonding (π) and anti-bonding (π*) orbital. The bonding orbital is lower in energy and is 

termed as Highest Occupied Molecular Orbital (HOMO), while the anti-bonding orbital is higher 

in energy and is known as Lowest Unoccupied Molecular Orbital (LUMO) in long conjugated 

chains [37,38], as shown in Figure 1.3. The energy gap, between π and π* as a result of electron 

rearrangement, has a value between 1 – 3 eV for long conjugated segments. Such segments are, 

by definition, semiconducting in nature. 

 

Figure 1.3 : a) σ- and π- bonds in ethene, example of simplest conjugated system. b) energy 

levels of π conjugated system and electronic excitation between bonding π and anti bonding π* 

orbital, (Adopted from [39]). 

 Molecules in organic semiconductor bulk are bonded through weak van der Waals forces, 

which give rise to different mechanical, electrical and thermal properties like softness, lower 

                                                            
* Peierls Instability: Any symmetric 1-D electronic structure is unstable towards doubling of unit 

cell, which gives rise to alternate single and double bond. Such doubling of unit cell causes 

opening of energy gap at the Fermi level [36], as shown in figure 1.5. 
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melting point and lesser delocalization of electronic wave functions. Organic semiconductors are 

different in comparison to inorganic semiconductors in various aspects, 

1. Organic semiconductors have charge carrier mobility (μ ~ 10-2 to 10-5 cm2/V.s) [40] which 

is 104 – 106 times lesser than inorganic semiconductors (μ ~ 102 to 104 cm2/V.s) [41]. 

2. Diffusion lengths of primary photoexcitations (exciton) in disordered organic materials 

(LD (exciton) ~ 5-10 nm) [42] is very less compared to diffusion length for charge transport 

in inorganic semiconductors (LD (Si) ~ 700 nm, LD (GaAs) ~ 10 μm). 

3. A key process in photon to current conversion in polymer semiconductors is exciton 

dissociation, which usually requires strong field owing to large binding energies (ΔE ~ 

0.1 – 1.0 eV) [43]. 

4. Organic semiconducting materials have higher absorption coefficient (α ≥ 105 cm-1) [44] 

compared to inorganic semiconductors (α ≥ 104 cm-1) [45], which partly compensates for 

other less efficient processes. 

5. One of the biggest advantages of organic semiconductors over any other family of 

semiconductors is the easily tunable band – gap and low cost, large scale processing. 

Band gap tuning is also possible for InAlGaN family [46], but it comes at a much higher 

cost. 

One of the origins of defects in polymer semiconductors can be traced to, bending and twisting 

of polymer chain backbone and variations of radius of curvature. Another important feature of 

these materials is the interchain interaction which strongly depends on the local order. Structural 

studies of polymers show development of inhomogeneously placed disorder, crystalline regions 

along with relatively well packed chains present with regions of very short range interchain 

correlation. Local morphology of polymer films is very sensitive to their preparation methods, 

materials of same chemical structure can have different electronic properties, which would 

greatly depend on the processing conditions of films and devices. 

  A prime focus of the field have been on understanding the energy band structure, 

charge carrier transport, charge generation and photo-physics, and the loss mechanisms for 

charge carriers. In the next section a brief introduction of electronic structures in organic 

semiconductors will be given. 
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1.2.1 Electronic Structure 
 Conjugation is a basic requirement for an organic molecule to be semiconductor. As 

defined previously, conjugation is an arrangement of single and double bonded carbon atoms in a 

chain, which causes splitting of energy levels and delocalization of charges in these levels. 

Carbon atoms in conjugated molecules are in sp2 hybridization, hybridized orbitals form strong σ 

bonds with other carbon atoms along the chain and side groups. Unhybridized pz orbitals of 

neighboring carbon atoms overlap to form delocalized π and π* molecular orbital’s, splitting 

between π and π*, as shown in Figure 1.4, is in the range of 1 – 3 eV which is typical for 

semiconductors. Molecules like polyethylene, which have only σ bonds, the gap is much larger 

and hence they are not semiconducting. In principle, a polymer is a chain of alternately single 

and double bonded carbon atoms of infinite length, effect of polymer chain lengths on their 

HOMO – LUMO splitting has been shown[47]. When polymer molecules are packed in solid 

films form, the average energy gap is further reduced as a result of van der Waals interaction 

between neighboring molecular orbitals. When the splitting between HOMO – LUMO is 

relatively small and a large electron delocalization occurs, the terms HOMO and LUMO are be 

replaced with valance band (VB) and conduction band (CB) respectively. 

 

Figure 1.4 : a) Energy diagram of two interacting carbon atoms, b) band structure emerging with 

increase in the conjugation length (Adopted from [48]). 
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Using a very simple model of semi-classical particle in a 1-D box problem, it can be easily seen 

that the gap between the energy levels decreases with increasing length of polymer chain. We 

can assume delocalized π electrons along the conjugated chain as particles in a 1 – D box. For a 

box of length L, the energy levels and difference in the energy levels are given by, 
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Considering the polymer of length L as a chain of 2N recurring units each of length a. If each 

monomer contributes mπ electrons, than total number of states occupied is Nm/2. 
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Thus, the gap between the two consecutive levels is inversely proportional to the length of 

polymer chain, energy E as the function π/a is a continuous curve. This type of material has no 

gap at the Fermi energy. Looking at the π electrons, one can consider this material as a quasi – 

one – dimensional system with mπ electron per repeated unit. As such this is a metal with exactly 

half filled band. As pointed out by Peierls [36] such materials are unstable and go through doubling 

of unit cell, which leads to formation of alternate single and double bonds and opening of a gap 

at the Fermi level. Figure 1.5 shows the effect of doubling of unit cell on the band structure of 

trans-polyacetylene. 

 

 

Figure 1.5 : Trans-polyacetylene a) before distortion b) after distortion. c) E versus k before 

distortion d) E versus k after distortion, (with kind permissions from Springer science + business 
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media: Organic Electronic materials conjugated polymers and low molecular weight organic 

solids, Theoretical studies of electronic properties of conjugated polymers, Vol. 41, 2001, 42, M. 

Springbore, K. Schmidt, H. Meider and L. De Maria, Fig. 2.4a-b, R. Farchioni, G. Grosso, 

Springer , (2001)  [49]). 

  For a detailed description of energy band calculation in polymer semiconductors other 

references [49] can be consulted. 

Energy band structure in amorphous organic materials 

 Organic materials are useful for applications when cost is a major factor. Single and poly 

– crystals are expensive and mostly amorphous materials satisfy the needs for cheaper materials. 

Amorphous materials are full of traps and the edge of conduction and valance band can be 

approximated as a distribution for conduction band state [50]. This distribution can be 

approximated by two exponential decaying functions one for conduction state and one for trap 

state, where conductive state are also called tail states [51]. It has also been argued by Tessler and 

Roichman that exponential distribution of states is not compatible with Gaussian distribution of 

states [52]. As an example of above argument, for positive charge state we can use [48] 

 ln(NV (E)) = ln(NV0) - E/kT1    (Conduction band tail states)  

           ln(NT (E)) = ln(NT0) - E/kT2         (Trap states)                       

(1.5)

 

In equation 1.5, NV0 and NT0 are density at reference energy (here E = 0) and –E/kT1 and –E/kT2 

are slope of distribution when plotted in a logarithmic scale. 

 

Effect of traps on electrical characteristics of devices can be summarized as [48] 

 Low conductivity, which can also be possible because of low mobility. 

 Thermal activation of current. 

 Long lived transient effects.  For exponentially distributed density of states (DOS), 

power law transients are expected in constant bias. 
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 In admittance, a non-constant Mott – Schottky plot is otherwise used to profile the 

acceptor concentration. 

 Thin film transistors (TFT’s) have nonlinear output and transfer curves and thermal 

activation energy depending on bias (Meyer – Neldel Rule). 

 Anomalous Time of Flight (ToF) transients. 

1.2.2 Charge Transport in Disordered Polymer Semiconductor 
 

  A basic understanding of charge carrier transport is essential for optimizing and 

improving the performance of devices based on polymer semiconductors. Transport in these 

disordered materials is governed by local structural and energetic disorder [53]. As far as basic 

conduction mechanism is concerned, free carriers and polarons [54] or bipolarons [55] are the two 

possible candidates for transport. Conduction can occur either via band transport or hopping 

transport model, where in band transport charges are delocalized and can travel freely. These 

charges may spend most of their times on localized deep state, not contributing to current and 

reducing average mobility. Poole – Frenkel conduction is an example of such mechanism, this 

mechanism includes field dependence of mobility. Multi – trap – and – release is another such 

example which is same as Poole – Frenkel but field dependence is removed. In hopping transport 

model only the localized sites exists or are important, as the delocalized levels are too far or 

temperature is too low to excite trapped carriers thermally [56]. Charges spend all their time on 

such localized states except during instantaneous hop between these states. As shown by the 

simulations of Bӓssler [57] such transport can also cause field and temperature dependence of 

mobility. Ambegaokar et al. [58] extended the work of Mott on hopping/percolation theory which 

predicts temperature dependence of conductivity as ߪ ∝ exp ሾെሺ ଴ܶ/ܶሻ
ଵ/ସሿ. Other mechanism of 

transport contains two band formalism, a conduction band and a defect band [59]. When defect 

band is dense enough, hopping can occur from defect to defect giving enough current [60]. This 

method can be nearest range hopping or variable range hopping (VRH) [61,62]. According to VRH 

charge carriers can hop up or down between two energetic states either by emitting or absorbing 

a phonon respectively. Carriers can hop over large distance with low activation energy or low 

distance with high activation energy.   
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 Mobility of charge carriers is one of the important parameters in semiconductor physics, 

as the switching and other transport properties of devices depends on mobility of carriers. 

Mobility of the carriers strongly depend on the amount of disorder present in the system, there 

are several models which try to explain the disorder in the system. Scher and Montroll model 

(SM) describes the positional disorder in the system. Most commonly used model is Gaussian 

Disorder Model (GDM) which considers energetic disorders as well. 

Scher and Montroll (SM) Model 

 In 1975, H. Scher and E. W. Montroll proposed a model [63] for transport in a-As2Se3 as 

well as trinitrofluorenone-polyvinylcarbazoles to explain the featureless current transient 

observed in Time of Flight (ToF) mobility measurement. Polymer semiconductors have many 

properties similar to amorphous inorganic semiconductors, thus when SM model is applied to 

polymer systems it can explain many of transient photocurrent features observed.  

It is assumed that a Gaussian charge packet maintains its form [߰ሺݐሻ ∽ exp ሺെݐ/߬ሻ] in non – 

dispersive transport till it reaches an electrode. While for dispersive transport they move non – 

uniformly, in SM model this property of Gaussian packet is described as time dependent random 

walk under electric field. The dispersion of hopping time is proposed to follow inverse power 

law as given by the equation 1.6. 
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(1.6)

In equation 1.6, 0 < α < 1 and ttr is the carrier transit time across the device. In SM model, the 

assumption made is that due to the positional disorder there is a large distribution of hopping 

sites, which causes large waiting time between successive hopping. Thus the mean carrier 

velocity decreases and gets separated from the peak in time.  

 It is the inherent disorder in material which causes dispersive transport. SM model does 

not consider the energetic disorder and cannot explain temperature dependence of current 

transient. To explain the temperature dependence of transport in disordered materials other 

models were developed, like the GDM which considers the energetic disorder of the system. 
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Gaussian Disorder Model (GDM) 

 Fluctuations in local conjugation length, structural disorder and DOS in organic 

semiconductors are well represented by a Gaussian like distribution of molecular orbitals 
[50,64,65,66]. The transport between the localized sites is described by variable range hopping. The 

main assumptions that are made for this model are:- 

1) A charge carrier can hop between localized states, which are distributed randomly in space 

and energetically according to some DOS function. In many calculations, the density of 

states is assumed to be Gaussian in nature [48]. Thus this model is also known as Gaussian 

disorder model. A schematic diagram for Gaussian distribution has been shown in Figure 1.6 

2) The carrier has no information about previous hop, thus the “continuous band” like transport 

is excluded 

3) The hopping rate between the sites is given by Miller – Abrahams rate or polaronic rate 

4) The energies of adjacent sites are uncorrelated. This assumption was excluded by Novikov[67] 

and Gartstein – Conwell [68] 

 

Figure 1.6 : Schematic representation of Gaussian distribution of state in energy and position 

space.  
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Field and temperature dependence of mobility as calculated from the GDM is given by 
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 It has been seen that the model shows large increase in mobility in a typical electric field 

 ܧ ൎ ݇ܶ/ܴ (where R can be localization radii) when the energy correlation is not considered, 

thus the Poole – Frenkel like behavior ݌ݔ݁ ~ ߤሺെߙሺܶሻܧ଴.ହሻ cannot be explained. In materials 

with narrow DOS the mobility shows a negative slope when the temperature crosses T0 
[69]. Thus 

the polaronic effect on the hopping rate has to be taken into account [70,71], by including Marcus 

rate into GDM or by inserting Holstein theory with [72] or without [73] considering charge dipole 

interaction. 

1.2.3 Photophysics of polymer semiconductors 
 

  Conjugated polymers can be described as quasi – one – dimensional semiconductors, 

with energy gaps typically such that in undoped material the absorption edge is in visible or near 

infrared regions of the spectrum. Second important characteristic of conjugates polymer is 

disorder, the chain length may be quite long, but the conjugation can be intruded by defects, 

which can be curves or bends, foreign atoms, cross links etc. For example, an average 

conjugation length in Poly(p-phenylenevinylene) (PPV), as deduced from many different 

evidences is 6 – 8 monomers. The optical properties of polymers, with degenerate ground state, 

like trans-polyacetylene are different from those with non-degenerate ground state (NDGS). 

Illumination of polymer sample with light, past the absorption edge, results in excitations of 

varity of entities or particles. It is not always clear if a given entity is primary or secondary 

excitation. Upon absorption of photon past the absorption edge, an electron is raised to the 

conduction band of LUMO and a hole is left in valance band or HOMO. There are many 

possibilities for the state of resulting electron hole pairs, which are summarized below, 

Polarons  

 A primary requirement for the formation of polaron is that the electron and the hole 

should be separated far enough, such that they do not interact, which may result in formation of 

an exciton. This can happen if the electron and hole separate onto different chain, within femto 
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seconds of creation. Another possibility can be that, an electron or hole gets captured, within 

femtosecond time scale, by an impurity that provides lower energy level. Presence of an isolated 

electron or hole on a chain causes the deformation or relaxation of the chain, the relaxation time 

for polyacetylene chain has been calculated to be ~ 100 fs [74] . A polaron is a complex of charge 

and the resulting deformation, which is represented by P+ or P- depending upon the charge of the 

carrier. Generation of polaron by light is well known for PPV [75]. 

 

Singlet Exciton 

 An electron-hole pair can stay on the same chain bound by their coulomb force of 

attraction and chain deformation or relaxation; occurrence of such an event causes the formation 

of an exciton. They are singlet since the electron and hole created have opposite spin. Because of 

the existence of multiple levels in valance band and conduction band, in general more than one 

type of exciton can be created. The lowest energy exciton created between top most level of 

valance band and lower most level of conduction band is quite extended; for PPV the extent is of 

the order of 6 monomers( ~ 4 nm) [76].  

 

Biexciton 

 The biexciton can be seen as an excitonic molecule; it results from the excitation of a 

second exciton close to first on a given conjugated polymer segment. Biexciton in π – conjugated 

polymers have been predicted to be a stable excitation [77]. Biexcitons observed in PPV oligomer 

films are found to be unstable and decay to form interchain species in sub – picoseconds time 

scale [78].  

Triplet exciton 

 Exposure of above band gap light creates singlet excitons, but can be converted to triplet 

by intersystem crossing [79,80]. The bound electron-hole pairs in triplet excitons have parallel 

spins. They are more strongly bound than singlet and have longer lifetimes.  

Biploaron 
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 Two like charges having opposite spins when bound together within the same length of 

conjugated polymer, gives rise to bipolaron. They occupy two levels in the energy gap. Existence 

of bipolaron in doped NDGS polymer has been accepted, orders of magnitude increase in 

conductivity, while only a slight change in magnetic susceptibility is an evidence for the 

existence of bipolaron in doped NDGS polymers. Calculations have shown that stability of 

biploaron in the absence of oppositely charged ion is questionable [81]. 

Excimers 

 An excimer is a complex formed between the excited and non excited state of the same 

molecular species, i.e. excited state of the molecule and its ground state. Stability of excimer 

arises from the overlap between π orbitals of two molecules. Molecules must be close enough in 

the range of 0.3 to 0.4 nm for sufficient interaction [82]. For a good π interaction, chains must be 

parallel over a distance of few monomers. An important feature of excimer is a lower frequency 

emission compared to molecule excited in isolation because of lower energy in the excimer state. 

Emission from excimers is long lived because of symmetry forbidden radiative transition to 

ground state.  

Aggregates 

 Aggregates have their electronic wave function delocalized over two or more chains in 

excited as well as ground state. Thus aggregates provide an additional absorption as well as 

additional emission compared to dissolved polymer [82].  

Polaron pairs 

 Portions of a polymer chain with insufficient length can give rise to an interchain 

excitation which is not as symmetric as excimers. An electron and hole on non-parallel nearest 

neighbor chains can give rise to characteristic chain deformation respectively. This type of 

excitation is called a polaron pair. It is bound by coulomb attraction of the pair, which is 

considerable when the chain is few tenths of nanometer apart. This excitation may also be called 

as charge transfer exciton or an indirect exciton [82]. 

Soliton 
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 Ground state structure of trans–polyacetylene is degenerate [26], which gives rise to 

another type of defect or excitation called soliton S or anti–soliton ܵ. A soliton oe an anti-soliton 

is a portion of chain or a domain wall which separates two region of different bond alteration. 

These solitons are delocalized over 7-8 atomic sites. From a symmetric Hamiltonian like SSH 

Hamiltonian, it is found that the localized electronic state associated with the soliton lie at the 

midgap. Solitons can be neutral with spin half or charged positive or negative with spin zero [26].  

 

 The generated electron hole pair can move via drift or diffusion and give rise to 

photoconductivity. It has been seen that the singlet exciton binding energy in NGDS polymers is 

~ 0.4 eV. The possible carriers of photocurrent in NGDS polymers are polarons and bipolarons 

rather than free electrons. The fast current transient photoconductivity, in conjugated polymers 

could be explained by displacement current generated by electric fields induced polarization of 

bound excitons instead of free charge carriers [83]. This proposal has been countered by number 

of arguments, like required exciton polarizability are far too large in comparison with measured 

value in single crystal polydiacetylene, which also represents well for PPV [84].  

 

Singlet exciton, properties and dissociation 

 Singlet exciton binding energy Eb is defines as Eb = Eg– Ea. Where Eg is energy gap and 

Ea is absorption edge, value of Eg and Ea varies with conjugation length of the polymer. Since 

dissociation of excitons in polymers causes creation of polarons, the exciton binding energy may 

be defined as the energy required for dissociating an exciton into a pair of separated polarons. An 

exciton may decay radiatively or nonradiatively at room temperature with a typical life time ~ 

100 ps. Singlet exciton life time in PPV is ~300 ps. Exciton decay profile may not be 

exponential, showing involvement of more than one process. It is expected that electronic 

excitations of the lattice leading to vibronic structures in emission and absorption. Effects are 

visible in emission at lower temperature as exciton tends to migrate to  lower energy site, 

specifically to segments with longer conjugation length [85] before emitting. This idea is 

supported by the fact that photoluminescence is over a narrow range of frequencies than the 
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associated absorption. Along with the fact that emission observed after few ps of excitation is red 

shifted. These processes have been studied in site selective fluorescence spectroscopy, where 

emission spectrum is measured as a function of excitation energy. Occurrence of threshold in 

excitation energy, known as localization energy is a proof for exciton migration. It is determined 

by relative rates of exciton migration and decay [86,87].   

 Exciton decay can be caused by introduction of carbonyls [88,89] which can be introduced 

through photo-oxidation. The decay occurs with capturing of electron from exciton by the 

electronegative carbonyl oxygen, causing dissociation of exciton. Exciton dissociation, causing 

quenching of photoluminescence, can occur under high electric field. It has been demonstrated 

for MEH PPV that under a field of 2 ൈ 10଺V/cm, 40% quenching occurs which increases with 

higher field [90]. Quenching evolves on a ps time scale, for excitation close to the absorption edge 

quenching has been modeled by Monte Carlo simulation. Fit to experimental data estimates the 

exciton binding energy at ~  0.4 eV [91] or 0.3  േ 0.1 eV [92]. 

1.2.4 Charge Carrier loss mechanism 
 

  Loss of charge carriers is an important factor responsible for low efficiency of organic 

semiconductor based devices. In organic semiconductors, the recombination mechanisms can be 

dependent on the concentration of carriers, which decides how often two carriers see each other 

it can also be field driven. The carriers injected into the material can be captured at the trap 

centers for some time or can be lost through recombination. Any material contains impurity 

which forms localized states, which can be distributed or confined in the forbidden band gap 

region. Such states form traps or recombination centers. Recombination centers are qualitatively 

different from trap centers. A trap centre can specifically act as an electron trap or hole trap, 

while a recombination centre can first capture an electron (hole) and then the probability of 

annihilation of that charge by recombining with hole (electron) is higher as compared to being 

re-excited back to transport levels. A localized state can function as either trap center or 

recombination center depending upon various parameters like its position in the forbidden energy 

gap, concentration of charge carriers (free electrons and holes) and the capture cross section for 

electrons and holes. 
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 The process of free carrier recombination can be classified in two major classes 

depending upon the process is radiative or nonradiative [93]. 

A) Radiative recombination 

I) Band – to – band recombination by collision between free electron and hole. 

II) Recombination through a recombination centre. 

III) Two localized centers can recombine with each other. 

IV) Exciton annihilation. 

B) Non – Radiative recombination 

I) Free electron and free hole recombine and energy is dissipated as phonon 

energy 

II) Auger or impact recombination, which can involve electron-electron or hole -

hole collision or electron – impurity collision. 

III) Recombination through surface states. 

 Recombination which involves one free carrier at a time, like recombination through 

recombination centers is generally referred to as monomolecular recombination. The 

recombination involving two carriers in bimolecular mechanism, like in band – band 

recombination are called as bimolecular recombination. Recombination like Auger intrinsic 

recombination, which involves three bodies at a time are called as tri molecular or three body 

recombination.  

For the recombination process which occurs through band – to – band transport and generally at 

high carrier densities the recombination rate can be defined by equation 1.8 [93]. 

 ݀݊

ݐ݀
ൌ
݌݀

ݐ݀
ൌ െܴ ൌ െܥ௥݊݌

(1.8)

In equation 1.8, Cr is given by [93] , 

௥ܥ ൌ 〈आߪ௥〉 
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Here, आ is microscopic relative velocity and ߪ௥ is the recombination cross section. The indirect 

recombination can occur through recombination centers where free carriers of one type are 

captured first and then recombine with carriers of other type. For this type of recombination, the 

rate is given by [93], 

ܴ௔ ൌ 〈आߪ௡〉݊ሺ ௥ܰ௔ െ ݊௥௔ሻ 

 ܴ௔ ൌ 〈आߪ௣〉݊݌௥௔ (1.9)

 

 For acceptor type recombination center, Nra is the density of all the acceptor 

recombination centre and nra is the density of captured electrons. For donor type recombination 

center, the recombination rate is given by [93], 

ܴ஽ ൌ 〈आߪ௣〉݊݊௥ௗ 

 ܴ஽ ൌ 〈आߪ௣〉݌ሺ ௥ܰௗ െ ݊௥ௗሻ (1.10)

In equation 1.10, Nrd and nrd are the density of donor type recombination center and density of 

captured holes respectively. A monomolecular recombination rate can be approximated by n/τ. 

Non-geminate or bimolecular recombination rate can be given by Langavin theory where 

ܴ ∝ ݌ሺ݊ߛ െ ݊௜
ଶሻ [94,95], where γ is Langavin recombination factor which for pristine material is 

given by ߛ ൌ ݁൫ߤ௘ െ  where ε is the dielectric constant of the material and n and p is free ,ߝ/௣൯ߤ

electron and hole concentration.  

 The organic semiconductors make one half of OI devices, while the other half is 

inorganic semiconductor. In present study we have used n- doped gallium nitride (n-GaN) as 

inorganic material. n-GaN is a member of nitride family of semiconductor. In the next section a 

brief introduction about the bulk properties of nitride semiconductors and GaN in particular will 

be presented. 

1.3 Nitride Semiconductors 

Inorganic semiconductors includes the elemental (Si, Ge) and compound (II-VI, III-V, IV-IV) 

semiconductor families. Among these semiconductors the current semiconductor industry mainly 
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runs on Si as the raw material, with more than 95% of fabrication carried out using Si wafers [96]. 

While II-VI family of compound semiconductors showed an alternative path for high speed and 

high power semiconductor electronics, it’s the III-V family of semiconductor which drew more 

attention by showing applications in high power blue and UV LED. Among the III-V family, the 

family of nitrides has holds special importance, as the three members InN, GaN, and AlN cover 

the whole visible spectrum. The special interest in GaN arose from the fact that this 

semiconductor made the blue LEDs and UV lasers possible [96]. Among the vast family of 

nitrides, consisting of binary, ternary, and quaternary alloys, the GaN has been studied the most. 

Nitrides are partly ionic in nature and their band gap varies over a large range. AlN in wurtzitic 

form has a band gap of 6.2 eV, Wurtzite GaN has a band gap of 3.4 eV and the band gap of InN 

is 1.9 eV [97]. Nitride semiconductors and mostly GaN crystals are grown using epitaxy, bulk 

growth by dissolving nitrogen into melt gallium at 10 Kbar and 1600 0 C is still not a viable 

method. Metal organic vapor phase epitaxy (MOVPE) techniques have been utilized for growth 

of GaN and its alloys. An efficient p – type doping of MOVPE grown GaN films [98] enables the 

step towards commercialization of GaN based LEDs.  

 GaN is different from another famous member of III – V family, GaAs. It is transparent 

with large band gap but still can conduct, the ionization energies of donor and acceptor, binding 

energy of exciton and phonon energies are much larger in GaN compared to GaAs. GaN based 

wide band gap semiconductors have several advantages over other wide gap semiconductors like 

SiC, they can be doped by both p- and n- type impurities, they are direct band gaps 

semiconductors and can form heterostructure favorable for device applications.  

1.3.1 Crystal structure and Band diagram 
 

 Group III – nitrides crystallize in three common structures the wurtzitic (WR), 

zincblende, and the rock salt. At ambient conditions the WR structure is most stable for GaN, 

AlN, and InN [99]. The stable thin films of zincblende structure of GaN and InN has been grown 

on (001) crystal planes of cubic substrates, where the tendency to form WR polytype is 

overcome by topological compatibility. The rocksalt structure of GaN, AlN, and InN are stable at 

high pressures. The WR polytypic has a hexagonal unit cell, where the two lattice constants for 

GaN crystal are c = 5.185 Å and a = 3.189 Å. The structure contains six atoms of each type per 
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unit cell. The structure consists of two interpenetrating networks of hexagonal closed pack 

sublattices; each made of only one type of atoms and placed along the c axis with an offset of 

5c/8. Space group of GaN in WR structure is P63mc (ܥ଺௩
ସ ) [100].  The unit cell of zincblende 

structure is cubic with four atoms of group III and four of nitrogen. The space group is 

F4ത3m ሺTୢଶሻ. The cohesive energy per bond is 2.88 eV, 2.2 eV and 1.93 eV for AlN, GaN, and 

InN respectively [101]. Growth conditions, impurity concentrations, and film stoichiometry has 

significant effect on the lattice constant of III-N compounds. The Lattice constant for GaN 

grown with higher growth rates were found to be larger.  

 Theoretically several band structures have been presented for AlN and GaN with some 

crystal structures [102,103,104]. Most of them present charge density calculations, density of state 

calculation and other structural properties. The electronic band calculation for WR structure was 

performed using full potential linearized augmented plane wave (FLAPW) method by Masakatsu 

Suzuki et.al. [105]. Figure 1.7 (a) shows the first Brillouin zone for WR crystal structure and 

Figure 1.7 (b) the E versus k diagram for WR GaN without spin – orbit interaction.  

 

Figure 1.7 : a) First Brillouin zone for WR crystal structure and b) Schematic E versus k 

diagram for WR GaN. (E versus K adopted from [105]) 
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 The effective density of state in conduction band and valance band at 300 K is calculated 

to be ~ 1018 cm-3 [106]. The electronic band diagram shows that GaN is a direct band gap 

semiconductor, where the conduction band minimum is located at the Γ point (k=0). 

1.3.2 Photo – excitation and charge transport 
   

    Nitride semiconductors are crystalline materials with optical band gap varying 

between 1.9 eV to 6.4 eV. The optical excitation of AlN is not possible in visible range of 

excitation. While GaN has been the most studied nitride among others, and is the inorganic part 

of our OI hybrid structure, we will look at the optical, photo conductivity and electrical transport 

of GaN in this section. GaN in its thermally stable form stays in WR crystal structure. The 

dielectric constant of this material is around 8.9 [107] and refractive index of 2.29 [108] at 300 K. 

Refractive index changes with temperature and photon energy and increases with increasing 

photon energy [106].  

Photo – excitation 

 The intrinsic free excitations are the lowest energy excitation in GaN; the free excitation 

can be described by the Wannier – Mott type approximation. The electron and hole are treated to 

be independent, interacting via coulomb fields. This interaction causes lowering of bound state 

energy by an amount equal to exciton binding energy. The total energy of bound electron hole 

pair is given by the expression [109], 

௄ܧ  ൌ ௔ܧ ൅ ℏଶܭሬሬԦଶ/2ሺ݉௘
∗ ൅ ݉ℎ

∗ ሻ (1.11)

In equation 1.11, ݉௘
∗  and ݉௛

∗  are effective masses of electron and hole and Ea is given by [109] 

௔ܧ  ൌ ݁ଶ2/ߤሺ4ߨℏ݁ሻଶ݊ଶ (1.12)

Here, ߤ ൌ   ൬1 ݉௘
∗ൗ ൅ 1

݉௛
∗ൗ ൰ is the reduced mass. Bound exciton is a complex formed between 

exciton and impurity. This can happen when an impurity captures a free exciton or it captures an 

electron or hole and then carrier of other charge. Exciton can get bound to neutral or ionized 

donor or acceptor. An important recombination process is annihilation of bound exciton [109]. 

Photoconductivity 
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 Conductivity of a semiconductor material is a sum of free electron and hole conductivity, 

and is given by, 

ߪ  ൌ ௘݊௘ߤሺݍ ൅ ℎ݊ℎሻߤ (1.13)

In equation 1.13, τe and τh are free electron and hole life times. When exposed to excitation 

wavelength, extra electron-hole pairs are created giving rise to photoconductivity Δσ. The 

corresponding photo induced current is proportional to flux of incident photon, the generation 

efficiency of electron-hole pair, area of the semiconductor, and charge of carriers. 

௣ℎܫ  ൌ ݃߶ܣߟݍ (1.14)

In equation 1.14, η is quantum efficiency of the material, ϕ is the input photon flux and g is the 

photoconductive gain. Photocurrent measurements using thermally simulated current and 

photoconductivity experiment can give information about the activation energy and energy level 

of deep traps respectively [110].  

 In many studies of photoconductivity, it is possible to make two simplified assumptions 
[111] 

1) Conductivity is dominated by one of the carrier (majority carrier) so that the 

contribution of the other can be effectively neglected. 

2) The crystal stays neutral during the photoconductivity process without any build up of 

appreciable space charge in the crystal; i.e. Δp = Δn. 

 A key parameter to understand photoconductivity is carrier life time. If f number of 

charge pairs are generated after photo excitation then Δn = fτn and Δp = fτp. Where τn and τp are 

the free electron and hole life time. The photoconductivity is given by, 

 Δߪ ൌ ݂݁൫߬௡ߤ௡ ൅ ߬௣ߤ௣൯ (1.15)

 

 This makes the role of lifetime important in photoconductivity. Free carrier life time, 

excited state lifetime, pair life time, minority and majority carrier life times are important in the 

studies of photoconductivity of nitride semiconductors. 

Charge transport in Nitrides 

 For epitaxially grown GaN films, the carrier transport is assumed to be in plane 

perpendicular to growth direction. The GaN films grown on c-plane sapphire are polarized; they 

can be either N – polar or Ga – polar depending upon which face is on top. The carrier transport 
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is generally described through band transport. The carrier transport can be either a vertical 

junction transport or a lateral transport depending upon which way the carrier moves. Vertical 

transport controls the transport in devices like diodes and other two terminal structures, lateral 

transport controls the motion in channel, between source and drain in field effect transistors. 

 The vertical junction transport can be modeled using one dimensional drift diffusion 

charge control model. In this model the semiconductor interface is treated as an abrupt interface, 

and the boundary condition for heterojunction interface is given by [112], 

 ߳ଵܧଵ ൅ ଵܲ ൌ ߳ଶܧଶ (1.16)

In equation 1.16, ߳ଵand ߳ଶ are the dielectric constants of two sides, E1 and E2 are the electric 

field at the two sides of the interface and P1 the polarization. Under this boundary condition, 

Poisson’s equation can be written as [112], 

 
௖ܧଶ׏ ൌ െ

ߩ

ߝ

(1.17)

The variation in charge and polarization is only along z axis, thus the Poisson’s equation can be 

converted to one dimensional form along z axis [112], 

 ݀ଶ

ଶݖ݀
ሻݖ௖ሺܧ ൌ െ

ሻݖሺߩ

ߝ

(1.18)

The charge density ρ(z) is given by [112], 

ሻݖሺߩ  ൌ ሺݍ ௗܰ
∗ሺݖሻ െ ௔ܰ

∗ሺݖሻሻ െ ݊ ௙݂௥௘௘ሺݖሻ ൅ ሻݖ௙௥௘௘ሺ݌

െ෍݊௜߰௜
∗ሺݖሻ߰௜ሺݖሻ

௜

 

(1.19)

In equation 1.19, ௗܰ
∗and ௔ܰ

∗ are effective doping concentration and nfree and pfree are free carrier 

concentration. The occupation ni is given by [112], 

 
݊௜ ൌ

݉௜݇஻ܶ

ℏଶߨ
݈݊ ൤1 ൅ ݌ݔ݁ ൬

௜ܧ െ ிܧ
݇஻ܶ

൰൨
(1.20)

Sub-band envelop function, ߰௜, is obtained by solving time independent Schrödinger equation. 

The drift-diffusion equation is solved for injected current in the device. While the current is 

flowing in the device the Fermi level splits in two quasi levels, which can be obtained by solving 

drift – diffusion equation given by [112], 
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(1.21)
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(1.22)

Now, using continuity equation, this is given by [112], 

 ௗ௃೙

ௗ௭
ൌ  and ܴݍ

݌ܬ݀
ݖ݀
ൌ െܴݍ

(1.23)

R is the Shockley – Read – Hill rate. Calculated quasi Fermi level can be used with Poisson 

equation to model charge transport along vertical direction. Effect of trap centers can be included 

by including terms for electron and hole traps in the charge density ρ(z) expression. The 

tunneling current in 3D can be given by using WKB approximation [112].  

 
ଷ஽ܬ ൌ නݍ න ,௟ܧ൫ߥ ௧ሻܧଶ஽ሺܧ௟ሻܧ௜஽ሺܦ௙൯ܧ ቀ݂൫ܧ௧௢௧, ,௙௦ܧ ܶ൯

ஶ

଴

ஶ
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െ ݂൫ܧ௧௢௧, ,௙௠ܧ ܶ൯ቁ ൈ ܶሺܧ௟, ௧ܧ௟݀ܧ௧ሻ݀ܧ

(1.24)

Thermionic emission in the material can be accounted by increasing the range of energies above 

the height of classically forbidden barrier. 

 For lateral movement of carriers, the transport is simulated using Monte Carlo method. 

Fermi – Golden Rule is used to describe the scattering of carriers caused by the surface 

roughness, dislocations and other factors. 

 Some experimentally measured charge transport parameters for GaN in WR crystal 

structure are, 

 

1) Drift Velocity ~ 107 cm/s at 102Kv/cm [113] 

2) Dark Conductivity σ ~ 0.5 Ω-1cm-1 at 300 K [114] 

3) Electron mobility μn ≤ 440 cm2/Vs at 300 K [114] 

4) Hole mobility μp ≤ 200 cm2/Vs at 300 K [115] 

5) Diffusion Coefficient of electron, Dn 25 cm2/s, at 300 K[115] 

6) Diffusion Coefficient of hole, Dp 5 cm2/s at 300 K [115] 

  

 These basic transport parameters depend on material quality and defect concentration. 

The value changes with temperature and carrier concentration.  
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1.4 Organic – Inorganic Hybrid Systems 

 

  The hybrid organic – inorganic (OI) device structures have been studied extensively for 

applications in solar cells [116,117], hybrid LED’s [118] photodetectors [19,119,120] and hybrid 

transistors [121]. Hybrid semiconducting materials and device structures give a versatile class of 

new semiconductors that can offer completely new optoelectronic properties. The search of new 

hybrid semiconducting materials and device structures were motivated by the fact that these 

hybrid structures do not require any lattice matching for growth. For epitaxially grown OI 

epilayer the lattice mismatch constraints can be relaxed greatly, this type of structures also give 

an access to a completely new type of properties [122]. A great deal of effort has been given for 

chemical route of synthesis of OI hybrid structures [123,124,125].  

 Along with chemical route for synthesizing functionally hybrid materials, the studies on 

hybrid structures fabricated using thin film deposition techniques have also shown tremendous 

potential in tailoring the electronic and optical properties [126,127]. Thermally deposited organic 

thin films on Si and GaN have been studied extensively for their novel optoelectronic properties 
[128,129]. Solution processable polymer thin film methods can provide a still lower cost device 

fabrication alternative for hybrid structures [130,131]. Solution based methods provide low 

temperature fabrication method for OI hybrid device structures which can be easily employed for 

large scale fabrication.  

                   A better understanding of devices operation requires better understanding of 

the basic charge transport mechanisms, and efficiency limiting processes like trapping and 

recombination. In the following sections a basic charge transport mechanism in OI hybrid 

structures will be presented. A basic idea about the structural defects and related trapping and 

recombination mechanisms will be discussed. A glimpse of possible directions for applications 
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of OI hybrid heterojunction devices will be given. The Motivation for this work is to explore the 

basic mechanisms underlying the complex processes in OI devices. 

 

1.4.1 p-n junction versus OI junction 

 An OI HJ is very different from a traditional p-n junction, more specifically p-n 

homojunction. A p-n junction (homojunction) is made up of same semiconducting material with 

different doping atoms and levels, which gives rise to p- or n- doped regions. The doping 

concentration may vary from p- to n- side. The key features of a p-n homojunction can be 

summarized as: 

1) Formation of space charge region across the metallurgical junction 

2)  Zero mobile carrier space charge in the depletion region 

3)  A continuous band bending across the interface, with almost zero trap states. 

4)  Electric field varies linearly in the space charge region. The strength of electric field is 

largest at the metallurgical junction, and twice the average value in magnitude. 

5)  Under thermal and electrical equilibrium, the field is present only across the space charge 

region, for comparable doping concentration on either side. 

6)  Electric potential variation parabolic in the space charge region. 

7)  In a p+/n type junction the space charge layer is mainly on the lower doped side of the p+/n 

boundary. 

8)  The current voltage characteristics is given by Shockley diode equation [132], 

 
ܬ ൌ ௦௔௧ܬ ൥݁݌ݔ ൭
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݇஻ܶ
ൗ ൱ െ 1൩

(1.25)

In equation 1.25, ܬ௦௔௧ is the saturation current density given by [132], 
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(1.26)

In equation 1.26, q is the electrical charge, Dp is the minority hole diffusion coefficient on n-side, 

P-n is the minority hole concentration and Lp is the minority hole diffusion length on the n-side. 
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Similarly Dn, Np and Ln are the diffusion coefficient, electron concentration and electron 

diffusion length of minority electron on p-side respectively. Figure 1.8 shows equilibrium energy 

band diagram for a p-n homojunction. Standard notations have been used for energy levels. qVbi 

represents the built in filed and χ is the electron affinity of the semiconducting material. 

 

 

Figure 1.8 : Energy band diagram for p-n homojunction diode. 

  The terminal current in case of p-n homojunction is limited by carrier recombination – 

generation in the space charge region under reverse bias or below the forward injection voltage 

VTh. For low forward current and above VTh, the minority carrier diffusion recombination in the 

two quasi neutral layers determines the terminal current.  

 The junction between the organic and inorganic layer in OI HJ devices are closer to 

crystalline semiconductor–disordered semiconductor (s-s) heterojunction, which are made of two 

dissimilar semiconductor materials. Figure 1.9 (a) shows the flat band diagram and Figure 1.9 (b) 

equilibrium band structure for crystalline s-s heterostructure. The interface properties in a true s-s 

heterostructure are dominated by the traps which originate from dangling bonds, lattice 

mismatch and presence of foreign impurity atoms. If charged the traps can alter the amount of 
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energy band bending at the two semiconductor surfaces. This will give barrier height for electron 

which will differ from work function difference ∆ܧ஼ଶଵ Figure 1.10 shows a band structure for 

trap filled interface.  

  

 

 

Figure 1.9 : a) Flat band Energy diagram and b) equilibrium energy diagram for inorganic s-s 

heterostructure [132]. 
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Figure 1.10 : Energy band diagram for trap dominated s-s heterostructure interface. 

 The current voltage characteristics of s-s heterostructure can be derived from the 

Shockley and SNS diode equations with apparent discontinuity at the heterointerface boundary. 

In case of OI HJ systems one active layer is donor or acceptor polymer semiconductor which do 

not have any doping carriers. The energy structure for OI structures can be different compared to 

actual s-s heterostructure. Unlike the case of doped semiconductor junction, in polymer 

semiconductor the electric field may not be confined only to depletion region but can be 

distributed over entire bulk of the polymer. Thus the bulk energy band structure, for organic 

semiconductors, will deviate from the flat band consideration. Figure 1.11 shows a schematic 

band structure for OI HJ, effect of field on the bulk of semiconductor has been shown, along 

with band discontinuity and interface band bending. 

 

Figure 1.11 : Energy band diagram for OI hybrid structure with n-doped inorganic layer and 

donor polymer semiconductor. 

1.4.2 I-V models 

  The charge transport or current – voltage characteristic of metal-organic-inorganic device 

can be understood by assuming that transport within the organic material is determined by carrier 

injection from the contacts, and ultimately by the space charge in organic semiconductor. To 
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have a basic understanding of carrier transport mechanisms in these OI devices, we can take an 

example of insulator with one ohmic and one blocking contact. A band diagram for n-type 

inorganic and p-type organic semiconductor OI HJ has been shown in Figure 1.12, where t is the 

organic layer thickness and W is the width of depletion layer. Barrier energy of qϕB exists at the 

OI semiconductor interface. VF is the externally applied forward bias and VR is the externally 

applied reverse bias. Dashed line represents the energy band structure under forward bias and 

solid line represents energy band structure under reverse bias. 

 

Figure 1.12 : Schematic representation of forward biased and reverse biased OI heterojunction 

band diagram (Adopted from [133]).  

The current density for electron and hole transport can be given by, 

௡ܬ  ൌ ܧ௡݊ߤݍ (1.27)

௣ܬ  ൌ ܧ݌௣ߤݍ (1.28)

Total current density Jtot is given by,  ܬ௧௢௧ ൌ ௡ܬ ൅  ௣ܬ

(n,p) are the total carrier density given by [133] 

݌  ൌ ଴݌ ൅ ௜௡௝݌ ൌ ௩ܰexp ൣ൫ܧ௩ െ ௣൯/݇ܶ൧ܨ (1.29)

 

Nv is the density of states at the valance band edge (Ev). Fp is the quasi Fermi energy for hole.  
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From continuity equation,  

௧௢௧ܬ݀ 
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ൌ 0

(1.30)

In the absence of recombination, this argument is valid for all x, using equation 1.27, 1.28 and 

1.30 along with Poisson’s equation; the electric field distribution in the space charge layer [133] 

can be given by, 
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(1.31)

Where ߦ ൌ ݊
ൗ݌ ൌ  ݐ݊ܽݐݏ݊݋ܿ

Electric field ESC = 0, at the ohmic injection electrode. Using ܧ ൌ െܸ݀ ൗݔ݀  and setting x = d, 

current density in the film of thickness t can be given by [133], 
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(1.32)

In equation 1.32, VSc is the drop across the space charge region. At a very small applied voltage, 

the density of electron at the blocking interface is given by [133], 

 
݊ௗ ൌ ஼ܰ݁݌ݔ ቆ

െݍ߶஻
݇ܶ
ൗ ቇ

(1.33)

In equation 1.33, ϕB is the barrier for electron at the interface. For ݍ߶஻ ൎ 1 eV, nd will be 

vanishingly small and the space charge current density equation gives rise to Mott – Gurney [134] 

equation. 
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At low current density, injection limited processes dominate and continuity of electron and hole 

current leads to the expression for thermionic emission in OI HJ [133]. 
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The saturation current density Jsat is given by [133], 
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In equation 1.36, Δϕ is the image force barrier lowering, and n is the diode ideality factor.  

 The analogy of MS Schottky barrier may not be completely correct for OI HJ. As the 

inorganic side at low voltages does not have the same boundary conditions as that for the metal 

layer. A bias dependent barrier height can be expected at higher voltages. In order to have a 

detailed picture of charge transport in OI HJ two quantities are essential [135], 

a) Position of the non equilibrium or quasi Fermi level. 

b) Charge carrier velocity throughout the heterojunction region. 

                  Using these quantities, the surface states of inorganic material can be 

quantified using a technique called organic – on – inorganic surface analysis spectroscopy.  

When organic layer is deposited over inorganic material, a rectifying heterojunction is formed 

which determines the I-V characteristics. An assumption is made that the current density in the 

low current limit is controlled by the thermionic emission across the OI HJ interface and in the 

high current limit is dominated by the trap-free space-charge effects. The potential and field 

distribution inside the device can be determined using Gauss’s law assuming single carrier hole 

injection [135].  
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ߝ

(1.37)

In equation 1.37, ρ0 is the equilibrium hole concentration and ρ (x) is the sum of equilibrium and 

injection carriers. Under an assumption of constant carrier mobility under small field, the current 

density within the film can be given by [135], 

ܬ  ൌ ሻݔሺܧ௖௔௥௥௜௘௥ߤሻݔሺߩݍ (1.38)
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This equation is independent of position, and is a result of charge conservation (with the 

assumption of no trapping). The solution to these equations for a voltage drop V0 across the 

organic film of thickness t is given by [135] 

଴ߩଷݍ 
ଷߤ௖௔௥௥௜௘௥

ଶ
଴ܸ

ଶܬߝ
ൌ ௧ݑ

ଶ െ ௧ݑ െ ݈݊ሺ1 ൅ ௧ሻݑ
(1.39)

The current J is given by [135], 

ܬ  ൌ ଴ߩଶݍ
ଶߤ௖௔௥௥௜௘௥ݐ/ሼሾ1 െ ௧ݑ െ ݈݊ሺ1 െ  ሽߝ௧ሻሿݑ (1.40)

In equation 1.40, ݑ௧ ൌ
଴ߩ

ሻൗݐሺߩ  , at x = t, 

 Voltage across the thin film can be calculated by solving the above equations for a given 

J. When V < V0, ܬ ∝ ܸ and when V > V0,  ܬ ∝ ଴ܸ
ଶ, where V0 is the transition field. For small 

forward voltage and even for leaky OI HJ, the quasi Fermi level is determined by the injected 

carrier concentration. To calculate the potential distribution across the film the V0 is replaced by 

V(x) and solved for u(x) < u(t), where x is calculated using [135], 

଴ߩଶݍ 
ଶߤ௖௔௥௥௜௘௥ݔ

ܬߝ
ൌ െݑሺݔሻ െ ݈݊ሺ1 ൅ ሻሻݔሺݑ

(1.41)

Charge distribution as a function of x can be calculated using u(x) and V(x). The current on the 

organic side of the heterojunction can be expressed as [135] 

ሻݐሺܬ  ൌ ܬ ൌ ௦ሺߩሾݍ ஽ܸሻ െ 〈௖ݒ〉௦ሺ0ሻሿߩ (1.42)

In equation 1.42, ߩ௦ሺ ஽ܸሻ is the hole density at the OI interface corresponding to the lowest point 

in the VB maxima at the inorganic semiconductor interface, VD is the voltage drop across the 

inorganic substrate. This equation suggests that the injected current from the OI interface into 

organic thin film is limited by the rate at which carrier moves to the other electrode. The average 

carrier velocity 〈ݒ௖〉 is calculated using x dependence of mobility and electric field. This 

formalism considers only drift current, but the diffusion component becomes important at  ଴ܸ ≅

 ,When diffusion component is significant, the drift velocity is replaced by [135] .ݍ/ܶ݇
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The current on the inorganic side of the HJ is given by [135] 
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Here, Dsc is the diffusion constant for holes in the inorganic semiconductor. This equation can be 

solved for spatial dependence of charge density and current on the organic side of the 

heterojunction to give a total current density given by [135], 

ܬ  ൌ ሾݍ ௩ܰ௦〈ݒ௖〉/ሺ1 ൅ ௗሻሿݒ/〈௖ݒ〉
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െqϕ

୆
kT
ൗ ൰ ቈexp ቆ
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ൗ ቇ െ 1቉ 

(1.45)

In equation 1.45, ϕ
୆

 is the barrier height and ݒௗ is the carrier diffusion velocity in inorganic 

material. This expression for current density is similar to one obtained for thermionic emission in 

Schottky barrier [136], with the exception that the ϕ
୆

 can be voltage dependent under the strong 

forward biased current injection for OI diodes. The conduction mechanism approaches an ideal 

Schottky barrier under strong forward injection. From the voltage consideration, it can be said 

that at lower applied voltages current is exponentially dependent on applied field and at higher 

forward voltage, the current density dependence on applied field is given by ܬ ∝ ~ܸଶ. Band 

bending parameter and quasi Fermi level on either side of the OI HJ can be calculated using 

valance band effective density of states and spatial distribution of charge density.  

 

1.4.3 Interface states 

 Structural and electronic properties of the interface between organic and inorganic 

component of OI HJ devices is an important issue in device performance, as it determines the 

charge injection and charge flow in the device. Along with the knowledge of barrier height at the 

interface, type of interaction, physisorption or chemisorption can also significantly affect the 
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device performance. For many cases, charge transfer or chemical reaction has been observed 

between organic molecule and potential electrodes [137,138]. Such a situation can result in localized 

electronic states, which can act as charge carrier trap [139,140]. It has been seen that the device 

characteristics are dependent on the anisotropy of the transport properties in the organic thin 

films [141]. 

 Interfacial electronic properties can depend on the crystal perfection and surface 

roughness of inorganic material [142], the way an organic semiconductor is adsorbed to the 

surface. Various growth modes observed on various substrates can be explained in terms of 

substrate molecule interaction. When the molecule – molecule interaction is greater than 

molecule – substrate interaction, molecules will be adsorbed standing on the substrate (i.e. 

molecular plane will be perpendicular to the substrate plane), as shown in figure 1.13. (a), while 

in other case, they will be adsorbed in lying geometry (i.e. molecular plane will be parallel to the 

substrate plane), as shown in Figure 1.13 (b). This effect has been observed for many metal, 

semiconductor and alkali halide substrates [143,144]. For a polycrystalline substrate, there is no 

well defined adsorption site for a large organic molecule because of the roughness of the surface 

on a molecular scale. Thus, a standing geometry is favored for a significant part of first 

monolayer, which is the determining process for the growth mode [145].  

 

Figure 1.13 : Schematic representation of a) perpendicular b) parallel alignment between 

substrate and molecule. 

 A contact between organic and inorganic layer allows thermal equilibrium by equalizing 

the chemical potential. This may also results in formation of interface dipoles or bending of 

bands near the interface [146], as shown in Figure 1.14. Studies show a huge variation of the 

energy level of the organic semiconductor within few nm from the interface and rather small 

variation at larger distance. This observation has been interpreted as the formation of local 
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interface dipoles [147]. A number of mechanisms have been proposed for the formation of 

interface dipoles including chemical reaction, ion formation, mirror forces on the surface 

electronic rearrangement as well as the presence of permanent dipole at the interface in case of 

some organic molecules [147,148]. 

 

Figure 1.14 : A schematic diagram for band bending and dipoles present at the interface. 

 Localized interface states can act as the trap states for the charge carriers. If the rate of 

release from such a trap is less than the recombination rate then the trap centers can also act as 

recombination centers. The same state may act like a trap or a recombination center depending 

upon the conditions like temperature, majority to minority carrier ratio. Traps affect strongly the 

charge transport properties; their coulombic charge will influence the electric field distribution in 

the device and the transport. If the release rate from a trap is sufficiently low, than the time 

required to reach quasi thermal equilibrium conditions will be large. This can cause delay and 

hysteresis effect in electrical characteristics. Several effects of trapping have been observed in 

terms of the mobility parameter, few are listed below, 

1) Dependence of space charge mobility on contact metal electrode. 

2) Thermal activation of carrier mobility. 

3) Dependence of carrier mobility on crystallinity of thin film. 
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4) Thermal activation of conductivity. 

 The effect of trap states on space charge current is seen as an introduction of effective 

mobility in place of free electron mobility in Mott-Gurney expression for space charge [133]. 
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In equation 1.47, pT is the number of trapped carriers. Under the trap dominated transport, the 

space charge equation leads to Child – Langmuir law ܬ௧ ൌ ,൫݀ܤ ,௣ߤ ܶ൯ ௦ܸ௖
ଶ. The activation energy 

of space charge current can give the energy level of trap.  

 The presence of interface states will have an effect of screening the space charge layer 

in the bulk, giving rise to change in the slope of  lnሺܫሻ versus ܸ plot, which will be prominent in 

case of  high surface states density [149]. 

1.4.4 Examples of Organic – Inorganic Hybrid systems 

 Hybrid semiconductor heterojunction systems are not very new, the first reports on 

such systems dates back to early 80’s [150, 120,151]. Since then a continuous development in the 

studies on various OI HJ hybrid systems have been observed [152,153,154]. A complete description 

of dark charge transport properties and interface band structure for silicon – PTCDA (3,4,9,IO-

perylenetetracarboxylic dianhydride) OI HJ has been presented by Forrest et.al. [19,133,135,]. An 

important point while exploring the properties of OI hybrid heterostructure lies in the 

understanding of interface states and charge transport across the OI HJ interface. 

 

1) Organic/Silicon OI HJ hybrid – Hybrid structures using n-Si or p-Si are very well studied. 

Small molecules like PTCDA [19], CuPc [155], P3HT [156], MEH PPV [157] etc, have been used 

along with silicon to make hybrid diodes and solar cells. These devices show large 

rectification ratios and in some cases good power conversion efficiency (~ 10%) [116]. Fast 

detectors with large band widths have been made using Si/Organic hybrid materials [19,158]. 
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These structures form an efficient model system for understanding the transport in OI HJ 

hybrids.  

2) Organic/GaAs OI HJ hybrid – Hybrid structures using GaAs as inorganic material has also 

been studies widely [159,160]. With high rectification ratios and applications in organic – 

inorganic amplifier this structure promises a potential application. A nonradiative energy 

transfer from GaAs quantum well to organic over layer has been shown [153], which provides 

a nonradiative, noncontact method for carrier injection into the polymer. 

3) Organic/GaN OI HJ hybrid – This system has been given a considerable importance 

because of the UV absorbing and emitting properties of GaN which is not available in other 

inorganic material. Blue LED and its market has seen a large progress with the introduction 

of GaN based LED’s. As the detector technology evolves, the GaN based detectors are 

showing potential applications. Using organic donor layer with n-doped GaN provides an 

alternative for p-doped GaN, which is difficult to grow because of the background n- 

concentration present in the epitaxially grown films. Variety of organic – GaN based hybrid 

structures have been studied by various groups which show considerable effects of organic 

layer on the interface band bending.  

   

 Thus it can be inferred that the organic – inorganic hybrid systems show a considerable 

amount of potential for various semiconductor device applications. Combining the novel 

properties of organic and inorganic materials to give new optoelectronic properties and better 

device structures require a great deal of effort in understanding the basic dark and 

photoconductivity mechanisms. The introduction of oxide based layers in OPV’s [161,162,163] also 

requires a better understanding of charge transport mechanism and efficiency limiting steps 

between the organic and inorganic semiconductor materials. 

1.4.5 Problems with OI hybrids 

 Though the OI hybrid materials have shown potential for application in the field of 

various semiconductor technologies, many engineering and scientific challenges need to be 

answered. Hybrid systems have the advantage of utilizing the properties of organic and inorganic 

materials simultaneously, which include higher mobility of inorganic materials, large bandwidth 

of absorption of organic materials, significantly higher absorption cross section and ease of 
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fabrication. With these large amounts of benefits, there are many problems with these devices, 

which stem from the fact that the natural structure of these two components is not identical. 

Inorganic semiconductors offer a high degree of crystallinity and high carrier mobility which is 

lacked by the organic polymeric semiconductors. Thus, the junction between the organic and 

inorganic materials in OI hybrid is not only a metallurgical junction, but is a junction of different 

electronic, optical, mechanical and thermal properties. These striking changes in various 

properties give rise to many defects and interface states in the OI devices. As was discussed in 

the previous sections, the interface properties between inorganic and organic semiconductors is a 

function of their workfunction, charge density, bonding mismatch, surface roughness, and many 

other factors. The influence of these defects and disorders can modify the electrical and optical 

properties significantly, giving properties completely different from those expected.  

   In order to have miscellaneous applications of OI HJ devices in the active 

semiconductor technology, definite solutions to structural problems are expected in terms of 

structural engineering and material modification. A better understanding of charge transport in 

the bulk and across the interface along with the influence of interface states and traps is required. 

The photo-physics of OI devices depend largely on the generated photo carrier density and 

respective carrier lifetimes, which have a significant contribution from the interface and bulk 

traps. Modeling the current-voltage characteristics and spectral photocurrent response of OI 

devices are essential to understand the observed characteristics and related physical mechanisms. 

1.5 Overview and Scope of the thesis 

 Organic – inorganic hybrid heterostructures are a relatively new class of electronic 

structures, incorporating the novel features of both the generations of semiconductors into a 

single device structure. Even though the initial studies date back to early 80’s, the studies cannot 

be generalized for all the materials and structures. Recently, the possibilities of exploring wider 

range of materials have created a considerable interest in the area of OI hybrids. A thorough 

understanding of the charge transport, interface states and photoconductivity is essential for 

successful application of these new materials in consumer market. In this regard we have carried 

out studies on the GaN/polymer based hybrid system, to understand the steady state properties 

and photoconductivity as a function of various parameters which are important for determining 

the electronic transport in an OI hybrid system 
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 The model OI HJ system selected for current study consists mainly of p-type donor 

polymer semiconductors, and n-doped GaN. N-type acceptor polymer N2200 has also been 

studied in some cases. The choice of this system is motivated by the fact that donor polymer 

semiconductors are readily available with a wide range of spectral coverage and band gap; a few 

of the commonly used donor polymers have been shown in Figure 1.15. Availability of such a 

large variety of materials gives flexibility of selecting the absorption region and device structure 

for application. The donor polymers selected are pBTTT (Poly(2,5–bis(3–tetradecyllthiophene–

2– yl)thieno[3,2 - b]thiophene)), which is a relatively stable, liquid crystalline polymer which 

shows high hole mobility, and P3HT (Poly–[3– hexylthiophene]) which is a very well studied 

donor polymer system. The choice of n-GaN as the inorganic semiconducting material over other 

inorganic materials is based on three major advantages offered by n-GaN, 1) n-GaN provides a 

UV blocking and visible pass window, which is useful for exciting the polymer and also protects 

it from direct UV exposure, which can severely damage the polymer chains. 2) While absorbing 

in UV it can also give photocurrent, which can be useful for UV-Vis detectors based on n-

GaN/Polymer hybrids 3) n-GaN has high electron mobility (~ 270 cm2/Vs), which is expected to 

be helpful in fast response of the hybrid devices. 

 

Figure 1.15 : Common donor type polymer semiconductors. 
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 A systematic understanding of device architecture and measurement details has been 

presented in chapter 2. Basic problems faced while OI device fabrication and importance of 

various layer in improving the device efficiency has been shown. In chapter 3 

photoluminescence (PL) emission from the n-GaN/pBTTT hybrid structure has been shown.  PL 

emission at 632 nm is observed from the OI device which is not present for any of the pristine 

materials, the peak wavelength (632 nm) is higher in comparison to n-GaN PL peak (550 nm) 

but lower compared to pBTTT PL peak (720 nm), the actual origin of such PL shift is not 

understood, it is speculated that the emission is from interface states. Steady state measurements 

have been used to probe the device performance under direct current (DC) bias and small ac 

signal. The effect of interface states and bulk transport are reflected in the transport parameters 

calculated for n-GaN/polymer diode. An attempt has been made to calculate the barrier height 

and built in voltages. Intensity modulated photocurrent spectroscopy (IMPS) measurements 

show a characteristic peak in the modulated photocurrent response around 10 KHz. Additional 

features at lower frequencies and for n-GaN excitations have been observed, suggesting the 

involvement of other parameters in determining the response. 

 Followed by the steady state measurement, photoconductivity measurements have been 

performed; details are presented in chapter 4. It is seen that the energy level alignment is not just 

a function of workfunction offset but other interface parameters also play a significant role. The 

bulk transport through the organic thin film layer depends largely on the energetic band 

arrangement. Effect of energy levels, applied field, thickness and background illumination has 

been studied to probe the effect of various parameters on the transport of the charge carriers in 

the organic layer.  A completely different response, from that expected, was observed for donor 

polymer semiconductors. 

   Theoretical models used for modeling the photocurrent response from the 

polymer semiconductors have been described in chapter 5. The models were developed 

originally for inorganic materials. The application of such models for organic semiconductor 

photocurrent action spectrum is subject to many approximations one has to make. Such 

approximations assumed during the modeling are also described. Further, an attempt has been 

made to extend the model for organic – inorganic hybrid materials. Possible modifications 

required to improve the model for better fitting to the experimental curves has been highlighted. 
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CHAPTER 2 

 

 

MATERIALS AND METHODS 

 

2.1 Introduction 
 

 Materials are the prerequisite for device fabrication. The choice of correct material is 

essential for framing appropriate questions and verifying models. Energy level matching, 

material purity, processability as thin film or electrode, stability in different testing condition are 

required for efficient devices. While working with semiconductors, the materials need to have 

less defect or impurity to avoid charge carriers trapping which decreases the average mobility of 

carriers. For high efficiency solar cell, single or polycrystalline materials with good match with 

solar spectrum and high absorption coefficients are best suited. A wide coverage of visible 

spectrum with higher absorption coefficients are available in organic semiconductors, but they 

are generally more disordered and have low carrier mobilities (~ 10-1 – 10-5 cm2/V.s). Some of 

advantages of organic semiconductors are band gap tuning, solution processing of thin films, 

flexibility, and a wide class of materials available. These properties are hard to find in inorganic 

semiconductors, with have high carrier mobility (~ 101 – 103 cm2/V.s) and thermal stability of 

inorganic materials. The synergy of the two components and processes in a hybrid device can 

open up a completely different set of optoelectronic properties. 

 



                       In this chapter we will look at the material properties of organic and inorganic 

semiconducting materials used in studies of hybrid systems. Buffer layers and electrode 

materials and their requirements will be discussed in details. We will look into the device 

architecture and various steps related to device fabrication. In the last section we will discuss 

about the characterization techniques used for studies of charge transport and limiting factors in 

organic – inorganic (OI) hybrid heterostructure systems. 

2.2 Semiconducting Polymers 
 Organic materials are the active component of OI devices, thus it is required to 

understand the basic material properties like optical band gap, carrier mobility, stacking natures 

and energy levels. Organic semiconductors can be small molecule or polymer semiconductor. 

Polymer semiconductors have larger conjugation length compared to small molecule, which 

gives better charge transport properties. For present study of OI diode the properties required 

from polymer semiconductors are, solution processability, less impurity concentration, 

absorption in visible and near IR wavelengths, and a type I and type II energy level alignment 

with Inorganic semiconducting material (n-GaN). The polymers used in this study satisfy above 

requirements to large extent. Here we will look at the material properties of pBTTT-C14, P3HT 

and N2200 polymers used in current study, Figure 2.1 shows the chemical structures of these 

polymers. 

 

Figure 2.1 : Chemical structure of pBTTT-C14, P3HT and N2200 Polymers 



 

 
76 

 

2.2.1 pBTTT – C14  
  Poly(2,5–bis(3–tetradecyllthiophene–2– yl)thieno[3,2 - b]thiophene), commonly known 

as pBTTT. This is a p – type liquid crystalline semiconducting polymer with measured field 

effect hole mobility ~ 0.6 cm2/V.s [164], and thermally stable up to temperatures ~ 200 0C. The 

monomer is a thiophene based compound with optical band gap ~ 2.0 eV, and bulk hole mobility 

as measured through dark space charge limited current is ~ 3.8 ൈ 10ିସ cm2/V.s [165]. Degree of 

crystallinity depends largely on the molecular weight and conjugation length. pBTTT used in the 

studies of OI hybrid structure were of molecular weight ranging from 40 kDa to 80 kDa. The 

optical band gap as measured in UV–vis spectrometer (Perkin Elmer) is 1.94 eV, corresponding 

to an absorption edge of 640 nm. Peak absorption is at 520 nm and PL emission peak at 720 nm. 

Figure 2.2 shows the measured absorption and PL for pBTTT films (50nm) spin coated on quartz 

substrate. The absorption coefficient (α) has a maximum value of 1.5 ൈ 10ହ cmିଵ at 520 nm, as 

shown in Figure 2.3. The ionization potential measured from cyclic voltammeter (CV) is found 

to be at ~ -5.40 eV as shown in Figure 2.4. LUMO, as calculated from UV–vis data and 

ionization energy from cyclic voltammeter, is at ~ -3.46 eV. pBTTT-C14 is soluble in 1,2 – 

orthodichlorobenzene at an elevated temperature ~ 80 0C. The pBTTT-C14 used in present study 

where procured from luminescence corporation, Taiwan [166]  

 

Figure 2.2 : Normalized absorption and PL emission for pBTTT. Absorption peak is at 520 nm 

and PL peak is at 720 nm. 
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Figure 2.3 : Plot of absorption coefficient (α) of pBTTT as a function of wavelength (λ). 

 

Figure 2.4 : Cyclic voltammeter plot for pBTTT. 
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2.2.2 P3HT 
  It is one of the most common semiconducting polymers in organic electronics. Poly–[3– 

hexylthiophene] (P3HT) is an alkyl substituted thiophene based compound with Tg > 150 0C. 

The optical band gap is found to be ~ 1.9 eV [167]. Thiophene ring can be connected in head – 

head (HH), tail – tail (TT) and head – tail (HT) arrangement. P3HT can be classified in two 

categories, regioregular and regiorandom they vary in their electrical responses. P3HT films 

aggregate in a stacked interlock comb like structure [168]. P3HT used in current study has an 

optical band gap of 1.9 eV as measured from UV–vis spectroscopy; Figure 2.5 shows the 

absorption spectra and absorption coefficient α as a function of wavelength. The ionization 

energy (HOMO) measured through CV was -5.04 eV. The LUMO calculated using these data is 

-3.14 eV. P3HT films are known to show shows 3 types of stacking [169]. P3HT films coated on 

n-GaN shows a – type stacking with an inter chain spacing of 1.6 nm and 2θ value of 5.320. The 

a – type of stacking corresponds to thiophene rings parallel to each other and perpendicular to the 

substrate, the side chains are perpendicular to the substrate Figure 2.6 shows a schematics of a – 

type stacking in P3HT and corresponding XRD peak observed when coated on n-GaN films, it 

has been plotted after subtracting bare n-GaN XRD spectra. P3HT polymers used in this study 

were procured from luminscence incarporation, Taiwan [166]  

 

Figure 2.5 : a) Absorption spectra and b) absorption coefficient for P3HT films.   
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Figure 2.6 : a) Schematic representation of ‘a’ type stacking in P3HT films and b) corresponding 

XRD peak, (2θ = 5.230) 

2.2.3 N2200 (n type polymer) 
 Poly{[N,N’- bis(2-octyldodecyl)-napthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’-

(2,2’-bithiophene)} (P(NDI20D-T2) , polyera ActiveInk N2200) is a napthalinediamide (NDI) 

based n-type polymer. High field effect mobility has been observed (~0.45 – 0.85 cm2/V.s) [170] 

for this polymer. The NDI core provides electron depleted electronic structure which is a 

building block for polymer; it also provides a highly π – conjugated and regioregular backbone 

to the polymer. Optical band gap of N2200 is found to be ~1.45 eV [171], which is very less 

compared to naphthalene (~3 eV) or perylene-bis(dicarboximide) (~ 2 eV) [171]. Decrease in band 

gap confirms the presence of extended π – conjugation in the polymer. The LUMO of polymer is 

at -4.0 eV [170] and is stable up to temperatures ~ 300 0C [170]. The XRD scan shows no signature 

of crystallinity or stacking, large electron mobility with such amorphous nature of the film is 

quite unexpected. N2200 used in this study had a molecular weight of 125 kDa. Optical band gap 

as measured from UV–vis is 1.5 eV and corresponding HOMO and LUMO lies as -5.5 eV and -

4.0 eV respectively. Peak in absorption is observed at 400 nm and 700 nm. Figure 2.7 shows the 

absorption as a function of wavelength. N2200 polymers used in present were studies were 

procured from Polyera [172]. 
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Figure 2.7 : Absorption spectra for N2200 polymer film (50nm). 

2.3 Inorganic Semiconducting Material 
 Inorganic semiconductor is the active layer component in OI heterostructure. Inorganic 

semiconductors are generally pure, crystalline and exhibit high carrier mobility. The polarity or 

majority carrier concentration can be defined explicitly by external doping of donor or acceptor 

materials, giving rise to access of electron (n – type) or hole (p – type) respectively. Of the large 

family of elemental and compound inorganic semiconductors available, the nitride 

semiconductors (III-V family) have attracted special interest in terms of their properties and 

applications, especially in LED’s. Epitaxial growth controlled doping, high carrier mobility and 

band gap tunability makes these semiconductors different from other families. In this study of 

the material properties desired from inorganic semiconductor part was wide band – gap 

corresponding to absorption in ultraviolet range, relatively high electron mobility. Material 

selected for this role was n doped gallium nitride which satisfies the requirements. 
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2.3.1 n-Doped Gallium Nitride 
 Among all the members of nitride family, gallium nitride (GaN) has been studied the 

most. The material and electronic property of GaN can be easily related to two basic property of 

nitrogen (N) atom (I) Size and (II) nature of chemical bond. It is the small size of nitrogen 

(covalent radius 0.7 Å) which results in significantly reduced lattice parameter and gives large 

bond energies 2.2 eV (GaN) [173] which implies high melting temperature. Relatively small size 

of N as compared to group III atoms plays important role in determining crystal structure. The 

thermodynamically stable structure of GaN and other nitrides (AlN and InN) is the hexagonal 

wurtzitic (WZ) structure. Though the high melting point gives better stability even at elevated 

temperatures, it poses problem for bulk growth, till date the preferred method of film growth is 

over foreign substrates. This heteroepitaxy causes defects and dislocations in the crystals, 

causing reduced performance. GaN films are grown heteroepitaxially on sapphire (lattice 

mismatch > 10%) [174] substrates which are easily available or on silicon carbide (SiC) (Lattice 

mismatch 3%) [175] substrates, which are much expensive compared to sapphire. Films grown via 

this method are generally n – type, without introducing any doping source [176, 177]. A large n-type 

background concentration (~ 1018 to 1019 cm-3) makes p-type doping very unlikely. With the 

introduction of buffer layer the background concentration could be reduced below 1017 cm-3 and 

controlled further n – type doping could be performed using Si or Se atoms [177].  

 Material properties 

“The two batches of n-GaN films grown on sapphire, used in current study, where grown at 

Albany, and were introduced to our group at JNC by Prof. Suchismita Guha, Department of 

Physics and Astronomy, University of Missouri, Columbia MO. These films were studied at 

JNC” 

  The quality of epitaxially grown film is terms of uniformity of film, background electron 

concentration, mobility of charge carrier and surface defect density depends largely on the 

growth parameters and methods. Thus it is required to look at the basic structural and electronic 

properties of n-GaN films used in current study. The table below summarizes the various 

measurable structural and electronic parameters and respective values for the n-GaN films used 

in current study. 
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Table 2.1 : material properties for n-GaN films grown on sapphire 

n-GaN material parameter Numerical values 

Crystal Structure  Wurtzitic (WR) 

Film thickness ~ 3 μm 

Doping concentration  2.0 ൈ 10ଵ଼ cm-3 

Donor material Si 

Band Gap 3.4 eV 

C.B. and V.B. maxima -3.4 eV and -6.8 eV 

Surface defect state density ~ 109 cm-2

Sheet resistivity 50 Ω cm  

Electron mobility ~ 270 cm2/V.s 

 

  

 

  The n-GaN films, used for present work are grown using MOCVD method at 

1050 0C. The critical layer thickness of GaN is small and surface is relaxed as a large dislocation 

defect density (108 cm-2) is present. Presence of huge amount of defect density is visible in the 

form of huge 550 nm broad PL emission from the films. Figure 2.8 shows absorption spectra and 

PL emission for excitation at 365 nm, the sinusoidal pattern in absorption curve can be because 

of the interference pattern formed by the light reflected from the two ends of n-GaN. The defect 

state PL emission has maxima at 550 nm and an optical width of 100 nm. A broad defect state 

emission is clearly visible at 550 nm. Figure 2.9 plots absorption coefficient (α) as a function of 

wavelength (λ). 
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Figure 2.8 : Absorption and PL emission for n-GaN films grown through MOCVD. 

 

Figure 2.9 : Absorption coefficient for n-GaN films, as calculated for 3μm thick n-GaN films. 
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2.4 Buffer layers and metal electrodes 
 The role of buffer layer in improving film quality or device efficiency cannot be 

neglected.  A few important roles that buffer layer plays when used in organic semiconducting 

devices are working as a gate, such that only one type of charges either electron (TiOx , ZnO ) 
[178, 179] or Hole (PEDOT:PSS, MoOx) 

[180, 181], can pass through and the other type is blocked. 

This improves overall efficiency by reducing the recombination near electrode material. Another 

important role of buffer layer can be to avoid direct contact between polymer and metal 

electrode, which can cause degradation of organic layer by diffusion through [182,183] it or by 

damaging it during thermal evaporation of metal [184]. Another problem with top electrode 

deposition on polymer devices can be of shorting between top and bottom electrode. Buffer layer 

can help smoothing the abrupt change in energy levels [185]; buffer layers can provide 

hydrophobic (HMDS) [186] or hydrophilic ultra-thin (~ 5-10 nm) layers (MoOx) for orthogonal 

film processing. 

 Electrodes are another important part of any semiconducting device. They provide a way 

for delivering photogenerated power to external circuit or a way to applying bias voltage to the 

device through external circuit. An ideal electrode should be highly conductive, chemically and 

electrochemically stable and should not cause the degradation of active material. For the present 

study, the choice of buffer layer and materials used for electrodes were an important part of the 

device fabrication as will be explained in later sections. In this section we will look at the 

problem related with the top electrode and how buffer layers are useful for efficient device 

fabrication.  

2.4.1 Work Function requirements 
 Contact between two materials, either semiconductor-semiconductor or metal-

semiconductor, is ohmic or rectifying depends on many factors like work function offset, surface 

states distribution etc. Contact of metal with semiconductor is ohmic or rectifying depends 

largely on the work function offset between the two sides. For a contact to be ohmic the work 

function of metal should have minimum offset with the chemical potential of semiconductor. 

While a higher offset result in larger barrier for charge transport across the interface, giving rise 

to rectifying I-V. The effect is not always too large but can be significant in particular cases. The 

same is true when using a buffer layer on top of semiconducting active layer. As shown in Figure 



 

 
85 

 

2.10 for n-type and p-type semiconductors, the mismatch between the work functions can cause 

formation of barrier for charge transport. Barrier height for n-type semiconductor – metal contact 

is given by  

 ߶௡௦ ൌ ߶௠ െ ߯ (2.1)  

 In equation 2.1, Em is the thermionic work function of the metal, and χ the electron 

affinity of the n-type semiconductor. Similarly for p-type semiconductor – metal contact the 

barrier height is given by, 

 ߶௣௦ ൌ ߯ ൅ ௚ܧ െ ߶௠ (2.2)  

 In equation 2.2, Eg is the band gap of the semiconductor. Thus it is clear that proper work 

function match is required for a charge transport free of injection barrier.  

 

Figure 2.10 : Work function mismatch in non contact mode for a) n –type and b) p – type 

semiconductor. Barrier formed for c) n- type and d) p –type semiconductor. 
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  A primary requirement, for studies of OI systems, is proper matching of workfunction of 

electrode with the electronic levels of semiconductors, such that an ohmic interface is formed. 

This implies a minimum injection barrier for charge transport between metals and 

semiconductor. The n-type material used in OI diode is n-GaN. An ohmic contact for electron 

transport requires, metal electrode with workfunction close to the Fermi level of n-GaN. 

Aluminum (workfunction -4.08 eV) [187] and indium (workfunction -4.12 eV) [188] are known to 

form ohmic contact with n –GaN [189,190]. Whereas the p-type materials used for OI diode are 

polymer semiconductor. The HOMO of p-type materials used lies below -5.0 eV (-5.04 eV for 

P3HT and -5.40 for pBTTT), these semiconductors are known to form ohmic contact with gold 

(Workfunction -5.1 eV) [191,192], ITO (workfunction – 4.7 eV) [193,194], PEDOT:PSS (HOMO -4.9 

eV)[195,196]. I-V curves in Figure 2.11 and Figure 2.12 for In/n-GaN/In, 

ITO/PEDOT:PSS/pBTTT/PProDOT/Au and ITO/PEDOT:PSS/P3HT/PProDOT/AU shows the 

ohmic nature of contacts of polymers with respective metals and/or buffer layers. Thus the metal 

and buffer layer contacts with semiconductors do not pose any barrier for charge transport across 

the interface in the applied bias range.  

 

Figure 2.11 : I-V plot for In/n-GaN/In structure, showing ohmic nature for In/n-GaN contact 

placed. 
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Figure 2.12 : I-V plots for a) pBTTT and b) P3HT, the I-V shows that the buffer layer 

(PProDOT) contact with pBTTT and P3HT is ohmic. 

2.4.2 Problems with thermal deposition of top metal electrodes  
 When fabricating devices in sandwich structure, like diodes or capacitors, it is always 

required to deposit metal contacts on both ends of the semiconductor layer. Inorganic 

semiconductors also serve as substrates; metal electrode can be deposited easily on both ends 

without any problem as the wafers are thick (~ 2-3 μm) and stable at higher temperature, for 

example gallium nitride are stable up to 800-1000 0C [197]. Case for organic semiconductor 

materials is different, an efficient device made of organic semiconducting material requires a 

very thin layer of active material (80 – 200 nm) [198]. Deposition of top metal electrode (metal 

with higher work function) is not as straight forward as it was in inorganic semiconductors. 

Organic materials are soft and can get damaged easily with high energy particles which are 

evaporated during thermal deposition. During thermal evaporation the metals to be deposited are 

heated till they evaporate, these evaporated high energy metal atoms disseminate away from the 

source. When they collide with any surface they can transfer their energy to the surface atoms 

and can stick there depending upon their sticking coefficient. The polymer surface has weakly 

bounded polymer chains with van – der Waal attraction which can be easily damaged at higher 

energies. The damage caused by the high energy metal atoms is irreversible and cause defects or 

disorders at the metal – semiconductor interface, which give rise to interface trap states for 
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charge transport [199,200]. Effect of this impact can be reduced by decreasing the thermal energy of 

the polymer films i.e. by cooling the films to lower temperature prior to deposition, or decreasing 

the thermal energy of metal atoms by increasing the effective distance between sources and 

substrates. The non-uniformity is less for aluminum compared to gold [201]. There can be still 

other effects, like penetration or diffusion of metal atoms deep inside the organic materials, 

forming percolation path for metal atoms [202]. This effect decreases the shunt resistance between 

top and bottom contacts, which causes the current to pass through the metal channel without 

passing through the semiconducting layer. Few reasons that can cause shorting between the two 

metal electrodes are summarized below, 

 High energy metal atoms:  It can easily diffuse into the polymer. The problem of diffusion is 

more pronounced in thin film (~ 60 – 100 nm) devices where film thickness is not sufficient 

to stop diffusion.  

 Bad thin film quality: presence of particles or pin holes, formed during spin coating, can 

provide and easy route for top electrode metals diffusion to bottom electrode. 

 

               In order to avoid shorting, better quality films with less particle and pin holes or 

cracks would be effective. This can be achieved by selecting solvents with better solubility of 

polymer, stirring at elevated temperature (70 – 80 0C) or filtering the polymer solution using fine 

pore size filters (example 0.2 μm). Molecular weight of the polymer also plays an important role 

in avoiding shorting, as higher molecular weight polymers will give thicker and denser films 

which can stop diffusion of metal atoms at shallow depths inside the polymer [203]. Along with 

these techniques, introduction of a very thin (~ 10 – 30 nm) layer of buffer material between 

polymer and metal electrode can also solve the problem. This can avoid shorting of electrodes 

through polymer or damage of polymer surface with hot atoms. Buffer layers can be deposited 

either by solution based methods [204,205] or via slow thermal deposition [206,207]. A wide variety of 

p – and n – type buffer layer materials are available, for example, the p – type buffer layer 

materials are PEDOT:PSS, MoOx, PProDOT, etc. The n – type buffer layer materials are TiOx, 

ZnO, LiF etc. A detailed description of buffer layers and their benefits in improving device 

efficiency will be presented in next section. 
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2.4.3 Advantage of Buffer layer  
 Buffer layers are known to play important role in organic and polymer semiconductor 

devices [208]. They have been employed to control the injection conditions, converting contacts 

which were blocking into ohmic [209]. Hole conducting buffer layers like PEDOT:PSS and its 

derivatives are known to influence short circuit current density, open circuit voltage, fill factor 

and rectification in case of solar cells. Along with the role of better charge injection and 

collection they can also help in stabilizing the active layer by reducing oxygen diffusion. Oxide 

buffer layers like ZnO, MoOx, TiOx are known to stop oxygen diffusion into the active layer, 

giving stability to the device [210,211,212]. A second most important role can be to provide a 

blocking layer for metal atoms diffusion into the polymer bulk, where a direct contact between 

polymer and metal atom can cause degradation of active material. For the study of OI hybrid 

heterostructure poly(3,4-propylenedioxythiophene) (PProDOT) was used as a hole transporting 

buffer layer between polymer active layer and top gold electrode. Introduction of this buffer 

layer helped in removing any shorting between top gold electrode and n-GaN. Figure 2.13 shows 

the difference in current – voltage characteristics with and without PProDOT. The rectification in 

the I-V without the PProDOT layer can be because of the fact that gold also forms a rectifying 

barrier with n-GaN. 

 

Figure 2.13 : I-V plots for n-GaN/pBTTT OI diode a) without PProDOT buffer layer and b) 

with PProDOT buffer layer. 
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2.4.4 Why not PEDOT:PSS ? Use of PProDOT 

 poly(3,4-ethylenedioxythiophene):Poly (styrene sulfonic acid) (PEDOT:PSS) is a very 

well studied hole conducting water based polymer. Use of PEDOT:PSS buffer layer in OPV’s 

has been well established. The major role of PEDOT:PSS film in organic electronics devices is 

to selectively transport only holes and leave electrons out. Doping of PEDOT is carried out while 

polymerization of EDOT by the use of water based poly (styrene sulfonic acid) [213]. PSS is a 

water soluble polymer which makes PEDOT:PSS a water based dispersion [213], Figure 2.14 

shows the chemical structure for PEDOT:PSS. For coating PEDOT: PSS layer on any surface, 

the surface should be hydrophilic in nature (contact angle << 900). As will be seen in next 

section the device architecture is such that the hole transporting layer needs to be coated on top 

of polymer. This requires an orthogonal solvent based polymer solution which can be coated on 

the hydrophobic surface of polymer. Water based PEDOT: PSS dispersion is orthogonal to 

polymer but cannot be coated on a hydrophobic surface because of the above mentioned reasons. 

For coating the hole conducting polymer layer on top of pBTTT and P3HT, a solvent system is 

required which is does not dissolves the active polymer layer (orthogonal) and is hydrophobic 

(surface wetting) in nature.  

 

Figure 2.14 :  Chemical structure for PEDOT:PSS and PProDOT. 

 “The PProDOT used in present work was obtained from Prof. Anil Kumar, IIT (B)” 

PProDOT is a thiophene based hole conducting polymer, which is doped with bromine, chemical 

structure shown in Figure 2.14. This polymer can easily be dissolved in many chlorine based 
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organic solvents like chloroform (CHCl3), trichloroethylene (TCE), and dichloromethane 

(DCM). These solvents are suitable for coating on hydrophobic surface and also orthogonal to 

pBTTT (Chloroform, TCE) and P3HT (DCM). A very thin layer of ~ 10 – 20 nm PProDOT 

when spin coated on top of polymer active layer, can protect the active polymer layer from 

getting damaged. 

2.5 Device Architecture and Fabrication 
  Till now we discussed about the active semiconducting layer materials, buffer layer 

materials and their importance and metal electrodes. In this section we will try to put them 

together in the form of OI hybrid heterostructure diode. We will look at the device architecture 

and significance of each layer, along with the fabrication details. The n-GaN which is also the n-

type region for OI diode, works as a substrate for device fabrication. The n-GaN films are of 3 

μm thickness and are grown over c-plane sapphire. The transmission of these sapphire substrates 

is on an average 8% as shown in Figure 2.15. To increase transmission sapphire substrates were 

polished using 9 μm polishing cloth, which increased the transmission by 8 times as shown in 

figure 2.15. These polished substrates were used for further device fabrication.  

 

Figure 2.15 : Transmission spectrum form n-GaN before (black) and after (red) polishing. Glass 

transmission (blue) has been shown for reference. 
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 The OI hybrid heterostructure device is a bilayer diode where n-GaN acts an n – type 

region and polymers (pBTTT, P3HT) act as p – type region. Indium (In) contact is placed on the 

same side as the polymer film, which gives rise to a diffusive transport in GaN layer.  Gold (Au) 

is used as a hole collecting top electrode with PProDOT as the hole transporting buffer layer 

between metal electrode and polymer active layer. To isolate top contact region from n-GaN 

while taking contact, an epoxy bridge was used below the contact. Figure 2.16 gives the 

schematics of device structure. 

 

Figure 2.16 : A schematic structure for n-GaN/pBTTT OI hybrid heterostructure device. The 

pBTTT layer is replaced by other polymers. 

 The first step of fabrication is to clean n-GaN substrate for removing any impurity or 

passivation layer. For cleaning the substrates, back polished n-GaN substrates were sonicated in 

1:1:1 (volume ratio) solution of isopropyl alcohol (IPA), acetone, and chloroform for 10 min. 

Substrates were boiled for 3 min in TCE and IPA separately, followed by rinsing in deionized 

water and blow drying. After organic cleaning the insulating epoxy layer was spin coated on the 

patterned region, followed by curing at elevated temperature. Indium contacts were placed on n-

GaN wafer using high temperature doctor’s blade technique. In contact and epoxy layer was 

masked and the active region of n-GaN was plasma cleaned for 6 min, followed by immediate 

coating of polymer active layer. Polymer coating and further processing were carried out inside 

the N2 atmosphere glove box (H2O < 1 ppm; O2 < 10 ppm). Polymer solutions were prepared in 

1,2-orthodichlorobenzene, stirred at 70 – 80 0C for 6 - 8 hours. Polymer active layer thickness 

was ~ 100 -120 nm. Polymer active layers were annealed at 170 0C for pBTTT and 120 0C for  

P3HT and N2200. P3HT and pBTTT Polymers are known to form crystalline phase when 

annealed at elevated temperature [214,215]. The hole transporting PProDOT layer was coated from 

TCE (pBTTT) solution and DCM (P3HT) solution followed by annealing at 110 0C for 2 min. 

N2200 devices were fabricated using similar procedures,  n-type polymer N2200 does not 
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conduct holes, thus no hole transport layer coating was required. Top metal electrode, Au 

(pBTTT and P3HT) and Al (N2200) was deposited on the masked samples at a pressure of 10-6 

mbar. The evaporation rate was slow (~ 5Å per min) for first 10 nm of metal deposition. Two 

different top electrodes thicknesses were deposited one of 100 – 150 nm thick and second 10-15 

nm thin metal electrode.  

 Generally light illumination was carried out from n-GaN side of the OI structure. For top 

illumination measurements thin electrodes of thickness 10-15 nm was used. These thin 

electrodes gave 70 - 75 % transmission for wavelengths in visible spectrum. In the following 

section we will discuss about the charge transport characterization techniques for OI hybrid 

heterostructure diodes used in this work. 

2.6 Charge Transport Characterization Technique 
  This chapter discusses charge transport characterization method, which is the method to 

determine the response of OI devices to various electrical and optical parameters. It is the final 

part of the experiment. However a device is characterized as a whole, thus the interpretation of 

measured signals or data is complex. A lot of processes may give rise to a very simple and 

relatively feature less result, like current – voltage characteristics. Thus the challenge of 

characterizing any device lies not only in measurement of the samples but mostly in data 

interpretation, which depends mostly on device simulation.  

  A variety of characterization techniques can be employed. The current of OI diode can 

be measured as a function of applied bias, illumination intensity, wavelength of monochromatic 

illumination, diode temperature, position of illumination, frequency of illuminating light. The 

impedance of OI diode can be measured as a function of applied alternating voltage or 

frequency. In this section we will discuss all those techniques which were used for studies of 

charge transport and affecting factors, their practical implementation and device modeling to a 

certain extent. The techniques which will be discussed have been listed below, 

 

1) Current – Voltage characterization 

2) Spectral photocurrent response 

3) Capacitance – Voltage and Capacitance – Frequency measurement 

4) Intensity Modulated Photocurrent Spectroscopy 
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2.6.1 Current – Voltage (I-V) curves  
  Dark current-voltage curves are drawn by measuring current from the device as a 

function of applied dc bias voltage. Current is measured using an electrometer and voltage is 
applied using a voltage source like voltmeter. A simple diagram for I-V measurement setup has 

been shown is  

Figure 2.17. The I-V curve for a p-n junction diode looks rectifying in nature, the resistance is 

less when diode is forward biased (positive voltage applied to gold) and corresponding current is 

high (~ μA to mA) through the device. When in reverse biased state (positive voltage is applied 

to Indium) the device resistance is high and current magnitude is low (~ nA to pA). Rectification 

ratio in OI HJ junction diode lies in the range of 103 – 105. Forward I-V curves for OI hybrid 

diodes can be modeled using thermionic emission and space charge injection limited current, as 

mentioned in chapter 1. The basic information which can be extracted from the forward dark I-V 

curve is barrier height (ϕb), and diode ideality factor (n). While the reverse I-V can tell about the 

magnitude of saturation current and breakdown voltage, which are useful when operating diode 

in photoconductive mode.  

 

Figure 2.17 : Schematic diagram for I-V measurement of OI hybrid heterostructure device. 
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  The voltage and current measurements are performed during the voltage sweep with a 

four point probe technique, that is, the current measurement is connected in series with the load 

resistance, while the voltage measurement requires two separate probes. The circuit containing 

the voltage measurement has a high resistance which avoids any resistive voltage drop which can 

affect the measurement. 

  I-V performed under light illumination can add additional information to dark I-V 

characteristics. The same I-V measurement setup can be used with a light source for 

illumination. The light I-V differs from the dark in the sense that apart from charge carriers 

injected in the device through the electrode, using an external source, there is also a constant 

source of charge present inside the device. These are photogenerated charges, which are 

generated inside the devices under constant photo illumination. When a diode is placed under 

light and charge carriers are generated as a result of illumination, the diode functions as solar 

cell. Even though the power conversion efficiency is not important, the Voc and Jsc can give an 

idea about extent of generation and recombination effects playing role in the diode. When 

studying from detector point of view, the information which is of importance is reverse 

saturation current, photocurrent at short circuit and percentage enhancement under reverse biased 

condition.  

2.6.2 Spectral Photocurrent response 
 

 The current voltage measurement alone cannot give information about the origin of loss 

mechanisms that are responsible for the fact that not every photon incident contributes to 

photocurrent. An appropriate method to look at the reason for losses is spectrally resolved 

measurements of short circuit current, which is Jsc(E) or Jsc(λ). Measurement under different bias 

(positive and negative with respect to anode) gives an insight into the transport mechanisms in 

the bulk, which apart from being morphology dependent, also depends largely on the field 

conditions present inside the bulk of semiconductor. When looking from a detector point of 

view, the measure of responsivity is important to determine the wavelength span of detector. A 

wide spectral band coverage and higher responsivity are the essential prerequisites for a good 

photodetector. The responsivity of a photodetector is defined as, 
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(2.3)  

In equation 2.3, SR (spectral responsivity) is expressed in units of A/W (Ampere per watt), E is 

the energy of incident photon of monochromatic wavelength λE, J(E) is the photocurrent density 

as a function of E, Qe is the quantum efficiency, ϕ(E) is the incident photon flux as a function of 

E and P(E) is the input power as a function of E.  

 To measure the responsivity of OI hybrid diode, a monochromator based setup is used. 

The advantage of monochromator based setup is high wavelength resolution and broad spectral 

range coverage. The area of illumination for a monochromator based setup is only a few mm. In 

the setup first white light from a Xe – arc lamp (OREL) is fed into monochromator (SPEX 500). 

The light from monochromator is focused and chopped using optical chopper. Reference of the 

optical chopper is fed to lock – in amplifier. The focused light is further split in two components 

using a 30R/70T beam splitter. The 30% reflected light is focused on the reference solar cell and 

70% transmitted light is focused on the device (OI diode in this case). The setup is calibrated 

using a photodetector in place of device. The reference used of calibration can be a pyroelectric 

radiometer combined with a solar cell, for relative calibration or a photodetector for absolute 

calibration at a particular wavelength. Using a reference cell is useful as long as the reference 

cell has high quantum efficiency for all wavelengths of interest for the devices under test. 

Current signal from reference solar cell and device are converted into voltage by a current – to – 

voltage converter with a typical amplification ratio of 104 – 106 V/A. Voltage output from the 

converter serves as the input for the lock in amplifier (SRS 830), which uses the synchronized 

output of chopper control as reference frequency. The amplified signal of lock in amplifier is 

then recorded using computer. 

 

 The area of illumination of device and reference cell is kept constant to take care of area 

normalization. For bias dependant study, an external dc bias voltage source (Keithley 2400 

source meter) is connected in series with the device. The scan interval and integration time of 

lock in are set such that response measured at each wavelength is generated by that particular 

wavelength illumination and no previous wavelength illumination effect is carried over. For 

background light dependent measurement, a white LED of 1W optical power was used. The 

optical power calibration was carried out using silicon reference cell with no distance between 
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LED and reference cell. Identical condition of distance was maintained during measurement of 

device response. The schematics of setup used for photocurrent measurement is shown in Figure 

2.18; the voltage and light bias are active only when it is required.  

 

Figure 2.18 : Schematic diagram for spectral photocurrent measurement. The bias source and/or 

LED are active only when they are required for the measurement. 

 Information about the charge transport in OI diode requires modeling of device using 

generation and recombination terms along with drift and diffusion components of current. Bias 

dependent measurement gives information about field dependent transport in organic bulk layer. 

Background illumination dependent measurement gives insight into the transport where 

recombination effects are playing bigger role.  

2.6.3 Capacitance Spectroscopy 
  Capacitance or, more generally, admittance measurements, are useful for probing bulk 

and interface properties of a buried layer in a working diode like structure. The small signal 

capacitance is by definition sensitive to carrier capture and emission from trap states, seen from 

the charge response δQ to a small voltage change δV, c = δQ/δV. A number of experimental 

techniques have been developed to make use of this sensitivity to map defect state density. 
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Capacitance – voltage (CV) profiling and admittance spectroscopy (AS). We will look at these 

techniques from the introductory concepts.  

 A small sinusoidal voltage va is taken to be superimposed on the applied bias giving rise 

to an a.c. current (i) flowing through the diode. For a passive device like diode, the a.c. response 

is specified by a small signal admittance, Y = i/va. The junction region response of a diode has 

capacitive and conductive components and in general exhibits an admittance of the form 

 ܻ ൌ ܩ ൅ ܥ݆߱ (2.4)  

In equation 2.4, j2 = -1 and ω is the angular frequency of a.c. signal. In reverse bias condition, the 

p-n junction diode becomes functionally equivalent to a capacitor; the only difference is that 

diode capacitance monotonically decreases with increasing reverse bias. The overall effect of an 

a.c. signal can be viewed as a small signal oscillation of the depletion width about its steady state 

value and associated charge density Δρ oscillation. This a.c. situation is identical to what takes 

place inside a parallel plate capacitor. In the same analogy the diode capacitance can be 

concluded to be, 

 
௝ܥ ൌ

ܣ௦ܭ଴ߝ

ܹ
(2.5)  

In equation 2.5, Cj is junction or depletion layer capacitance, W is the depletion width, A is the 

area of diode and Ks is the dielectric constant of semiconducting material. To achieve oscillation, 

the carriers are assumed to move rapidly in synchronization with the a.c. signal. Under such 

condition the device is said to follow the a.c. signal quasistatically. 

2.6.3.1 Capacitance – Voltage Technique 

 To obtain the precise capacitance versus voltage relationship as expected from diode, the 

W in equation 2.5 must be replaced by the appropriate expression relating W with applied 

voltage. W versus VA relationship was found to vary with doping profile. For two very familiar 

doping profiles, the W versus VA relationship has been given as [6] 
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For linearly graded junction the relationship is given by, 
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In equation 2.7, ‘ࣵ’ is linear grading constant for linearly graded junction. A single generalized 

relationship can also be developed for W versus VA. Considering the lightly doped side described 

by the power law, 

 
஻ܰሺݔሻ ൌ ௠ݔܾ , ݔ ൐ 0 (2.8)  

In equation 2.8, b is greater than zero and m is a constant for a given profile. m = 0 and m = 1 

corresponds to asymmetrical step junction and one sided linearly graded junction, for m > 2, [6] 

 
ܹ ൌ ቈ

ሺ݉ ൅ 2ሻܭௌߝ଴
ܾݍ

ሺ ௕ܸ௜ െ ஺ܸሻ቉

ଵ/ሺ௠ାଶሻ

(2.9)  

The junction capacitance is be given by, 

 
௝ܥ ൌ

ܣ଴ߝ௦ܭ

൤
ሺ݉ ൅ 2ሻܭ௦ߝ଴

ܾݍ
ሺ ௕ܸ௜ െ ஺ܸሻ൨

ଵ/ሺ௠ାଶሻ (2.10)  

Using Cj0, given by, 

 
௝଴ܥ ≡ ௝/௏ಲୀ଴ൌܥ

ܣ଴ߝ௦ܭ

൤
ሺ݉ ൅ 2ሻܭ௦ߝ଴

ܾݍ
൨
ଵ/ሺ௠ାଶሻ

    
(2.11)  

 

The junction capacitance can be written as, 

 
௝ܥ ൌ

௝଴ܥ

ቀ1 െ ஺ܸ

௕ܸ௜
ቁ
ଵ/ሺ௠ାଶሻ (2.12)  

 In general, any diode like device can be studied using the technique described here; the 

diode quality must allow the capacitive response from the space charge region to be clearly 

distinguished. To measure admittance, a small signal a.c. current response is measured as a 

function of applied a.c. voltage. The signal consists of two parts, the amplitude and phase; the 

current can be decomposed into a component in phase and another out of phase by 900. This 
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measurement can be performed using an LCR meter or a parameter analyzer (Keithley 4200 

SCS).  Figure 2.19 shows a schematic of admittance measurement setup. 

 

Figure 2.19 : Schematic diagram for Capacitance – Voltage and Capacitance – Frequency 

measurement [216] 

A small a.c. voltage (~ 30 mv) is applied over a dc bias voltage at a probing signal of 100 

KHz. The current is measured and corresponding admittance Y is calculated which is in complex 

plane. A careful calibration is required at each measurement frequency especially at frequencies 

above 1 MHz, care must be taken for circuit components, connections and calibration [217]. Also 

C-V data from a p-n junction can be used to determine device properties and interface states 

density in the OI heterostructure diode system. Plotting 1
௝ܥ
ଶ൘  versus VA, one should get a straight 

line for symmetrical step junction with a slope inversely proportional to NB. Extrapolating 1
௝ܥ
ଶ൘  

= 0 intercept gives Vbi. 

 1

௝ܥ
ଶ ൌ

2

ݍ ஻ܰܭ௦ߝ଴ܣ
ଶ
ሺ ௕ܸ௜ െ ஺ܸሻ

(2.13)  
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  If the diode area is known, NB can be deduced from the slope of the plot. The doping 

variation with position NB(x) on the highly doped side of a junction can be derived directly from 

the C-V data. 

 
஻ܰሺݔሻ ൌ

2

ܣ଴ߝௌܭݍ
ଶ

ۏ
ێ
ێ
ێ
݀ۍ ቆ

1
௝ܥ
ଶቇ

݀ ஺ܸ

൙

ے
ۑ
ۑ
ۑ
ې
, ݁ݎ݄݁ݓ ݔ ൌ

ܣ଴ߝௌܭ

௝ܥ
  

(2.14)  

The position x, is the distance of depletion layer into the lightly doped side of the diode as 

measured from the metallurgical junction. 

 

2.6.3.2 Capacitance – Frequency measurement 
 

 Also known as admittance spectroscopy is measurement of sample admittance as a 

function of applied small signal a.c. frequency. This technique can yield the thickness of the 

film, the position of the Fermi energy in the bulk, the energetic position of dominant defect 

bands that occur between the Fermi energy and mid gap, and an estimate of the density of trap 

states. In admittance spectroscopy the applied frequency is ramped so as to cross the transition 

frequency above which the trap just start to respond. This method can detect traps between the 

band edge and mid gap [218]. At higher frequency, the carrier in the bulk do not move that fast, in 

and out of the depletion edge in response to the applied voltage, which causes a condition called 

freeze – out. Capacitance response in these case will be of bulk dielectric ܿ ൌ  ࣮ where ,࣮/ܣ଴ߝ௦ܭ

is the distance between top and back contact. With increase in temperature or decrease of applied 

signal frequency the capacitance changes from bulk to junction ܿ ൌ  As temperature .ܹ/ܣ଴ߝ௦ܭ

increases or frequency decreases, the trap state can begin to respond. The demarcation energy Ed 

determines the cutoff energy for trap response at a given temperature and frequency.  

 A step in capacitance corresponds to a peak in G/ω, where G is the conductance. This 

peak arises because of their relation, which can be calculated using the Kramers – Kronig 

transformations, which relate the real and imaginary part of the susceptibility, ߳ᇱand ߳ᇱᇱ, 

respectively [219,220]. While G/ω peak can be a good way to observe the position of the 
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capacitance step, the step can be hidden because of the leakage conductance in some samples. 

An analogous peak can be obtained from the derivative.   

ܥ݀ 

ௗܧ݀
ൌ െ

߱

݇ܶ

ܥ݀

݀߱

(2.15)  

An Arrhenius plot of ݈݊ ቀ߱ ܶଶൗ ቁ as a function of 1000/T can give activation energy Ena 

and capture cross section σna for trap states. 

 

2.6.4 Intensity Modulated Photocurrent Spectroscopy (IMPS) 
 This method involves sinusoidal modulation of the illumination intensity, it has been 

used extensively to investigate variety to understand the microscopic processes in amorphous Si 

solar cells and dye sensitized solar cells [221,222, 223,224]. The light source can be a Light Emitting 

Diode (LED) or a modulated laser beam. LED’s are available with emission wavelengths ranging 

from blue to near IR, their output can be modulated by controlling the current. For linear analysis 

of response, the modulation can be a small fraction of total intensity. Alternatively a second light 

source can be used provide the dc component of the illumination.  

 The illumination intensity consists of a dc and an ac component [225] 

ሻݐሺܫ  ൌ ௗ௖ܫ ൅ ௔௖ܫ sinሺ߱ݐሻ , ݁ݎ݄݁ݓ ߱ ൌ  ݂ߨ2 (2.16)  

Iac is the small fraction of Idc, to ensure linearity in more complex system. The flux of minority 

carrier into the surface can also be resolved into corresponding dc and ac component [225]. 

 ݃ሺݐሻ ൌ ݃ௗ௖ ൅ ݃௔௖ sinሺ߱ݐሻ (2.17)  

The accumulated surface charge Qs(t) oscillates periodically, and the time dependent charging, 

transfer and recombination terms are replaced by the sum of their steady state and periodic 

equivalents [225].  
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݇௧௥ ൅ ݇௥௘௖
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ሺ݇௧௥ ൅ ݇௥௘௖ሻ
ଶ ൅ ߱ଶ
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െ
௔௖߱݃ݍ
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ଶ ൅ ߱ଶ

cosሺ߱ݐሻ

(2.18)  

Thus we can write photocurrent density Jphoto as [225] 
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(2.19)  

This expression can also be expressed in dimensionless complex form [225]. 
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(2.20)  

The corresponding real components of the IMPS response are [225] 
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(2.21)  

The imaginary component is given by equation 2.22 [225] 
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(2.22)  

Where, ktr and krec are the rate of transport and recombination. These equations predict a 

semicircular plot in complex plain. It has been seen that diameter of the IMPS semicircles 

decreases as the potential becomes more negative, and the band bending increases. Intercept at 

higher frequency corresponds to electron current density when the recombination is absent, while 

the lower frequency intercept corresponds to steady state current. Sum of the rate constants (ktr + 

krec) is derived from the frequencies, ωmax at which maxima in the semicircular plot appears. The 

݇௧௥
ሺ݇௧௥ ൅ ݇௥௘௖ሻ
൘  can be obtained from the low and high frequency intercept after normalization. 

 The experimental setup consists of LED’s of different peak wavelengths and fairly 

constant response over all frequency range, as measured in terms of average optical power 

output; they are modulated using a voltage source (frequency generator (Tektronics AFG 320)). 

The sample is illuminated uniformly throughout the electrode, the photocurrent from the device 

is measured at each frequency and frequency is varied over a wide range (1 Hz to 100 KHz). The 

device signal is measured using lock in amplifier (SR 830) which uses function generator TTL as 

reference. The Figure 2.20 gives a schematic diagram of the IMPS setup used. 
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Figure 2.20 : Schematic diagram of IMPS setup using LED and beam expander to have a 

uniform illumination of the sample. 

 By modeling the equation for current, one can find out the rates for transport and 

recombination. The response at lower frequency can give idea about transport, either dominated 

by recombination of charge carriers or independent of recombination.  
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CHAPTER 3 

 

 

STEADY STATE AND TRANSIENT STUDIES 
 

3.1 Introduction 

 To study the OI hybrid heterojunction systems, it is required to understand methods of 

charge generation which can be through injection or photoexcitation, transport of charge carriers 

in presence of fields and trap states and finally the role of recombination. Photo – generation of 

charge carriers in these OI hybrid bilayer type devices are limited to the interface region between 

organic and inorganic semiconductors. The interface provides the potential for dissociation of 

exciton into free charge [226,227]. The charge generation in inorganic semiconductor is 

independent of this field as the exciton binding energy is very less (~ 25-50 meV) [228] and can be 

dissociated easily via thermal energy (kBT =25meV at RT), thus the charges are generated 

equally at interface and bulk. In case of organic semiconductor the exciton binding energies are 

higher (~ 0.2 – 1 eV) [229] compared to room temperature thermal energy thus they require an 

external field to dissociate into free charge carriers. The charges generated at the interface can be 

easily trapped in the defect sites present at the interface of OI diode. The capacitance – 

Frequency measurement can give an estimate to the density of trap states present at the interface 

between organic and inorganic semiconductors. The IMPS measurement, which largely is 

modeled using the generation and recombination effects, can also give an idea of bulk 

recombination processes playing role.  
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  In this chapter we will be dealing with the energy level alignment in the 

polymer/n-GaN hybrid diodes. The barrier height can be roughly estimated from the energy 

diagram figure 3.4. It will be seen that for these systems the built in voltage is not same for 

electron and hole transport. The offset in band alignment plays important role in the responsivity, 

as will be seen in next chapter. We will discuss the results of the steady state measurements 

performed on the OI hybrid heterostructure diodes and their implications. The known models 

have been used to extract various transport parameters, which are essential for further device 

applications.    

 

Organic – Inorganic Hybrid heterostructure diodes 

 

 As mentioned in chapter 2, the inorganic semiconducting material used in OI devices, the 

n-doped Gallium Nitride is a wide band gap semiconductor with an Eg = 3.4 eV. It is almost 

transparent to wavelengths below 450 nm, with absorption coefficient less than 5 ൈ 102 cm-1 [230]. 

The band gap of n-GaN corresponds to absorption at 365 nm. When excited at a wavelength of 

320 nm, PL emission is visible at 375 nm along with a huge defect state emission centered at 550 

nm and a band width span of 100 nm as shown in Figure 3.1 (a). The intensity of PL emission 

measured at 550 nm maximizes for 362 nm excitation as is shown in the plot of excitation energy 

versus emission intensity in Figure 3.1 (b). It can be guessed that the defect state density is large, 

which also corresponds to lower carrier mobility (250 cm2/V.s). pBTTT has a band gap of 1.94 

eV which has a maxima in absorption at 520 nm, the overlap between the emission width of n-

GaN defect states and absorption band of pBTTT is large as shown in Figure 3.2. When pBTTT 

polymer layer is coated over the n-GaN substrates, the defect state emission decreases at 550 nm 

while the PL emission around 632 nm increases. This emission is at lower wavelength compared 

to the PL emission of the polymer, which is around 720 nm as shown in chapter 2 (Figure 2.2). 

For 365 nm excitation the PL emission at 632 nm is highest, as shown in Figure 3.3. This 

suggests the formation of some high energy state compared to polymer PL emission state at the 

interface of n-GaN and pBTTT.  
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Figure 3.1 : a) PL emission from n-GaN for 320 nm excitation. b)  Excitation wavelength versus 

PL emission intensity at 550 nm for n-GaN. 

 

 

Figure 3.2 : Overlap between the absorption of pBTTT (red) and emission of n-GaN defect state 

(black). Overlap area has been shaded. 
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Figure 3.3 : PL emission from n-GaN/pBTTT hybrid interface at different wavelength. PL 

emission intensity versus n-GaN excitation wavelength (inset). 

 

  The conduction band minima for n-GaN lies at -3.4 eV, which is very close to 

LUMO of pBTTT (-3.46 eV) and P3HT (-3.3 eV), and the valance band maxima of n-GaN lie at 

-6.4 eV, which is well below the HOMO of pBTTT (-5.4 eV) and P3HT (-5.02 eV). Thus there is 

an extra offset between the valance band of n-GaN and HOMO of the polymers for hole 

transport as is shown in the Figure 3.4 (a). Figure 3.4 (b) shows a schematic of band alignment 

when the semiconducting layers are brought in contact. 
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Figure 3.4 : Energy levels of inorganic and organic semiconductors under noncontact mode, 

type I (black) and type II (green) energy structures has been shown. b) Possible band bending at 

the OI interface under contact. 

  The case for type I band alignment which arises in case of pBTTT and P3HT are 

completely different from the case of type II band alignment as in N2200. For type I structure 

gold (Au) electrode is used for injecting holes into the HOMO of the polymer semiconductor and 

indium (In) electrode injects electron in conduction band of n-GaN. The offset in the Fermi 

levels for n-type and p-type regions causes the charge flow as soon as they are in contact. This 

charge flow causes the formation of built in field Vbi for p-n junction or a barrier ϕB in case of 

MS junction at the mechanical interface. There is also a formation of depletion region which is 

larger in organic polymeric semiconductor (Wosc) and smaller in inorganic region (WGaN). This 

built in field present at the p-n junction gives rise to rectification in I-V curve. The saturation 

current density is limited largely by the temperature of diode while measurement and built in 

voltage. Using the expression ܬௌ௔௧ ൌ ࣛ∗ܶଶ݁݌ݔ ቀെ
௤థಳ

௞்
ቁ, the barrier height can be calculated, 

where ࣛ∗is the Ridhardson constant which is calculated using effective mass of the free charge 



 

 
111 

 

carrier in the semiconductor. Light illumination on the OI diode gives rise to photogenerated 

charge carriers. These charges give rise to an additional current in the reverse bias, which is due 

to the enhanced collection efficiency when operated in photoconductive mode. These devices 

also give a significant Voc and Jsc when operated in the photovoltaic mode. The generation 

mechanism of these charges in organic semiconductor absorption region can be pictured by using 

the exciton concept.   

 To understand the carrier transport mechanism, understanding of device transport 

parameters are essential. The Carrier trapping and recombination effects play a significant role in 

deciding the mobility of the carriers. The knowledge of trap density present at the interface and 

bulk is useful to quantify the decrease in efficiency. Many complex processes which can give 

rise rather simple characteristics like I-V or C-V, needs to analyzed using models to derive the 

carrier transport parameters.  

3.2 Measurement and Analysis 

 With the discussion on the energy level alignment and band structure diagram, we will 

now look at the experimental results and evaluated parameters. The band structure shown in 

figure 3.4 depicts the case for a perfectly ideal system, which is not the case in real materials 

which are more or less defective. Thus the characteristics expected from these OI diodes will 

also deviate from ideal curves. The effect of structural defects, charge carrier traps, foreign 

impurities and measurements conditions will have a significant effect on the measured electrical 

properties and corresponding related phenomena. In the measurement and analysis section we 

will try to explain the effect of such imperfections qualitatively or quantitatively, their possible 

effects on transport and related parameters. 

3.2.1 Current – Voltage Characteristics (I –V curves) 

 Current – Voltage characteristic has been a very basic characterization technique in 

semiconductor device industry. Apart from giving valuable information about the transport 

process and efficiency, the technique is also used very extensively for optimizing device 

application. In the current work the I – V characteristics has been utilized to look at the transport 

properties in terms of the models used to fit the experimental curve and extract the transport 
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parameters like Vbi and ideality factor for the OI diode. Dark I –V’s have been fitted to two step 

mechanism of charge transport, where the low current part has been modeled using thermionic 

emission curve, which also give the diode ideality factor “n” and the high current part is modeled 

using the space charge limited current which gives the B and m values for the transport. I – V 

under illumination shows a significant light response from the OI hybrid heterostructure diode. 

The light generation and corresponding increase in current has not been modeled to account for 

factors affecting the generation of charge carriers. 

n-GaN/pBTTT hybrid system 

The OI hybrid system consists of n-GaN as n-type layer and pBTTT as p – type layer, the 

PProDOT is used as buffer layer and Au as hole injecting electrode. The dark I-V curve for these 

hybrid system OI diodes is rectifying with a rectification ratio of 103. I-V has been measured by 

applying a voltage sweep from +1 to -1 and measuring current across the device, where n-GaN is 

given a negative bias as compared to gold. The reverse saturation current density is less ~ 500 

nA/cm2 and the forward current density at 1 V is 10mA/cm2. Figure 3.5 shows a representative 

dark I-V for n-GaN/pBTTT hybrid device. The semi log shows that no space charge layer is 

present as the slope of the curve is not changing. 

 

Figure 3.5 : Linear and semi log Plot of dark I –V curve for n-GaN/pBTTT hybrid diode. 
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 As can be noticed from the dark I –V plots that the saturation current density is less than 

a μA for lower reverse biased voltages. The important point to be noticed is the presence of 

additional voltage V0 in dark I – V which is mainly a characteristics of light I –V response. The 

current density at zero applied voltage is not zero but has a significant negative value. The origin 

of such a voltage is not clear as there is no external source present for carrier generation apart 

from injection from the electrodes. Along with this voltage there is a barrier for charge transport 

whose height can be calculated using saturation current density, the height of the barrier can be 

close to 0.70 V as can be speculated from the threshold of linear I-V curve.  

 The semi log I –V has been modeled using thermionic emission for lower current density 

(< 10 μA/cm2) shown in Figure 3.6 . The space charge region was not observed in the range of 

measurement. The model parameters used are the diode ideality factor “n” in thermionic 

emission model. The voltage has been reduced to V – V0 to take care of the extra built in voltage 

V0, where V0 for given n-GaN/pBTTT system is 0.44 V. The value for barrier height as 

calculated from saturation current density of 800 nA/cm2 is ~ 0.60 eV which is a little less than 

what was speculated from I-V and the band diagram for n-GaN/pBTTT. The effective mass (m*) 

of hole, for pBTTT, was taken to be 1.61 me as given in literature [231]. The diode ideality factor 

“n” as calculated from the thermionic emission model fit to semi log dark I-V is n ~ 11.34  േ

0.02 which is much higher as compared to an ideal diode.  

 

Figure 3.6 : Thermionic emission model fit to forward current – voltage characteristics for n-

GaN/pBTTT hybrid devices. 



 

 
114 

 

  A significant light response has been observed in this system, the power output 

for light input is very low (efficiency ~ 10-3), but the short circuit current density is sufficient 

enough to understand the light response of the system. Figure 3.7 (a) shows a dark and light I-V 

for a n-GaN/pBTTT system, where the voltage generated (VOC) is around 0.6 V and short circuit 

current Jsc = 10 μA/cm2. Figure 3.7 (b) shows wavelength dependence of I-V, measured under 

5mW intensity at 370 nm and 522 nm respectively. The difference in JSc and VOC are quite large 

for two different illuminations. 

 

Figure 3.7 : a) The Dark and light I-V for n-GaN/pBTTT system. Inset shows the log – normal 

plot of dark and light I-V. b) Wavelength dependence of I-V. 

 The voltage and current value increases with illumination intensity, the VOC saturates at 

higher voltage. Current response for incident photo flux density remains linear with photon flux 

in log – log plot for over two decades as is shown in figure 3.8. The JSc variation with intensity 

has been modeled using the equation ܬௌ௖ ∝  ఈ where α is a constant for a particular response. Theܫ

variation of VOC with intensity has been modeled using the relation  ைܸ஼ ∝ ݈ܵ݊ ቀܫ ଴ܫ
ൗ ቁ. The values 

for α are 0.734 (370 nm) and 0.852 (522 nm) which shows that the JSc variation with intensity is 

more close to linear for 522 nm illumination, which implies less trapping effects playing role. 

Values for S obtained from the fit are 0.053 V (370 nm) and 0.34 V (522 nm) which is much 

higher compared to kT/q (0.025 V). The nonlinear dependence of JSc on I and higher value of S 

for the VOC versus Intensity plot suggests that the quasi Fermi level is not constant throughout 
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the device. Carrier transport experiences significant influence of trapping of carriers. The loss 

mechanism involved is not only bimolecular recombination but other loss mechanisms are also 

present [232]. Figure 3.7 shows the fitting for the JSc versus Intensity and VOC versus Intensity. 

 

Figure 3.8 : I) ࢉࡿࡶ ∝ ࡯ࡻࢂ (fit to JSc versus I plot. II ࢻࡵ ∝ ࢔࢒ࡿ ቀࡵ ૙ࡵ
ൗ ቁ fit to VOC versus I plot. III) 

JSc versus photon flux showing almost linear behavior. IV) VOC versus photon flux on a log – 

linear plot shows the saturation nature of open circuit voltage. 

  From these measurements it can be seen that the n-GaN/pBTTT hybrid system 

forms a heterostructure diode, with good rectification ratios and low dark saturation current 

density. The current transport under applied field has been mainly modeled using thermionic 

emission model. OI diode also has a significant light response with VOC and fill factor close to all 

polymer BHJ’s. For few measured diodes the break down voltages were found to be higher than 

10 V, while the reverse dark current densities less than 100 nA. It is not clear as why the current 

and voltages generated while illumination is much less than expected from the band gap and 
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absorption coefficients. Charge generation is limited by the interface region for the major 

absorption region and presence of traps at the interface can be one possible reason for lower 

efficiency. 

n-GaN/P3HT system 

 

Figure 3.9 : Energy band diagram for n-GaN/P3HT hybrid system. 

 The n-GaN/P3HT system is another type I heterostructure studied in this work. The 

HOMO and LUMO of P3HT is off by only 0.3 eV from pBTTT. Where the LUMO of pBTTT is 

a little below - 3.4 eV making it a type II heterostructure ideally, P3HT is type I structure with 

LUMO at - 3.3 eV, as shown in Figure 3.9. From the energy band diagram it is expected that the 

transport properties or the measured electrical characteristics should not differ much from that 

measured for pBTTT. This structure can give an idea about the effect of band shifts on electrical 

characteristics, while it can also be used to verify the parameters calculated for pBTTT. For this 

case we will be discussing only the light and dark I – V and corresponding modeling to extract 

the device parameters. The methods and parameters used for I – V measurement remains same as 

pBTTT. Figure 3.10 shows the linear and logarithmic I – V plots for a n-GaN/P3HT hybrid 

heterojunction diode system. 



 

 
117 

 

 

Figure 3.10 : I –V plot for n-GaN/P3HT hybrid devices a) linear and b) semi logarithmic. 

 

  The dark I – V curves for n-GaN/P3HT devices are better in comparison to n-

GaN/pBTTT hybrid devices. The rectification ratio of 104 and dark saturation current density ~ 

100 nA/cm2 are almost comparable, the diode ideality factor calculated using thermionic 

emission fit to the experimental data is n= 2.258  േ 0.001 which is much less compared to that 

of n-GaN/pBTTT showing that an ideal type I energy structure makes better diode. The 

thermionic fit to the experimental measured dark I –V for lower current density (~ 1mA/cm2) is 

shown in Figure 3.11, it can also be notices that the current densities are higher for same applied 

bias as compared to n-GaN/pBTTT devices. An offset in voltage was observed in dark I –V 

when the current changes its polarity the magnitude is not fixed but varies from device to device. 

This offset voltage has been taken care while fitting the curve by using V – V0 , here V0 the 

offset voltage is 0.32 V. Assuming the MS junction between n-GaN and P3HT the barrier height 

has been calculated using effective hole mass (m*) of 1.71 me along the π – π stacking direction 
[231]. The barrier height as calculated using saturation current density is ~ 0.85 eV which is higher 

than that expected from the I-V onset.  
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Figure 3.11 : Thermionic emission model fit for forward I-V of n-GaN/P3HT devices for lower 

current density (~ 1mA/cm2). 

  

 The n-GaN/P3HT hybrid diodes also show photo response when illuminated. The 

measured short circuit current and open circuit voltage is almost similar to n-GaN/pBTTT device 

which is a little surprising as this structure has better energy matching for charge transport. Thus 

this suggests that there can be other reasons along with lower offset for electron transport 

between the polymer and n-GaN layer. Figure 3.12 shows a representative I –V for light 

response of n-GaN/P3HT hybrid diodes. As will be shown in next chapter, these devices show 

photocurrent response over the entire absorption range of the semiconducting material.  



 

 
119 

 

 

Figure 3.12 : Light and dark I –V for n-GaN/P3HT devices. The light response is similar to the 

n-GaN/pBTTT hybrid devices. 

 The hybrid devices with type I heterostructure show good rectification and lesser 

saturation current density, the light response is significant with a sizable current in photovoltaic 

and photoconductive mode. Origin of extra voltage as observed in both the cases of type I energy 

structure is not understood. Effect of shift toward type I energy structure is visible as the 

difference in the response of n-GaN/pBTTT and n-GaN/P3HT devices, where second structure is 

closer to type I structure. In both the cases, decreased photo current response on illumination is 

not clear even though dark conductivity and VOC values are comparable with other photovoltaic 

structures.  

 To look at the effect of shift in energy structure more towards type II heterostructure, n-

GaN/N2200 devices were also measured. In the next section we will see that the shift towards 

better type II heterostructure is more clearly visible in the electrical characteristics of the hybrid 

devices. 

n-GaN/N2200 hybrid heterojunction diodes 

Hybrid devices fabricated using N2200 do not form a p-n junction with n-GaN, as both the 

materials are electron transporting. The structure can be seen as the n-n heterostructure where n-
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GaN side can act as metal while the N2200 acts as semiconductor, figure 3.13 shows the energy 

band structure for n-GaN/N2200. The top electrode used in this case is Au as well as Al. It will 

be shown that the n-GaN/N2200 interface acts as the barrier for charge generation in N2200 

absorption region, the collection efficiency is higher in case of Al than Au, which is also valid 

from the fact hole mobility is very low as compared to electron mobility in N2200, and thus the 

hole current will be negligible.  

 

Figure 3.13 : Energy band structure for n-GaN/N2200 n-n heterostructure. 

 It can be seen that the I-V of type II heterostructure is completely different from that of 

type I energy structure. There is no stray offset voltage in the dark I-V curve for either Al or Au 

electrode. The turn on voltage is higher for Al electrode, while the space charge region is visible 

for Au electrode showing the decreased electron injection efficiency of Au in N2200. While the 

dark saturation current densities are high compared to p type semiconductors, which is not very 

obvious from the band diagram as shown in Figure 3.13. Figure 3.14 shows the dark I –V curve 

for Al and Au top electrode devices.  
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Figure 3.14 : Dark I-V linear and semi logarithmic for n-GaN/N2200/Al and n-GaN/N2200/Au. 

It should be noticed that there is no offset in the dark I –V. The space charge effects are clearly 

visible for gold electrode. 

 The dark I-V curve for n-GaN/N2200/Al has been fitted to thermionic emission 

for lower current (< 1 mA/cm2) and space charge models for higher current (> 1 mA/cm2). The 

diode ideality factor calculated was ݊ ൌ 3.14  േ 0.03 which is lesser than n-GaN/pBTTT 

devices. The expression used for space charge fit was B(Vapp – V0)
m the “B” and “m” values 

found from the fit where ܤ ൌ  0.0087  േ 2 ൈ 10ିସ and ݉ ൌ 1.98  േ 0.08, where m value is 

little less than Mott – Gurney current model, which can be due to influent of trap on transport . 

The diode ideality factor for n-GaN/N2200/Au is  ݊ ൌ 2.40  േ 0.006 and the values for B and m 

are ܤ ൌ 0.012  േ 3 ൈ 10ିଷ and ݉ ൌ  1.28  േ 0.04. Thus the Au top electrode diodes are closer 

to linear regime of charge transport at higher current densities. Figure 3.15 shows the fit for n-

GaN/N2200/Al and n-GaN/N2200/Au devices. 
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Figure 3.15 : Thermionic emission (Green) and space charge (red) fit to n-GaN/N2200/AU and 

nGaN/N2200/Al devices. Where the Au top electrode devices fit better to the space charge 

model. 

 The light response was also measured for these devices to see the photo response of type 

II energy structure. The light response for n-GaN/N2200/Al is significant in photoconductive 

mode, while n-GaN/N2200/Au shows no light response, which can be explained by the reason 

that Au electrode provide very high barrier for electron collection. Figure 3.16 shows the light 

response of n-GaN/N2200/Al devices, where the most important point to notice is the large 

current density in photo conductive mode. 

 

Figure 3.16 : Light and dark I-V for n-GaN/N2200/Al devices.  
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 The open circuit voltage and short circuit current density is almost zero for this device, 

but as the device is reverse biased the photo generated carrier collection efficiency increases. The 

role of type II energy structure in such increased collection efficiency is not understood. The 

important parameters for OI hybrid diode structure have been summarized in Table 3.1, at the 

end of this chapter.  

In present study I-V characteristics were measured to understand the transport 

mechanism and other factors which effect charge transport. The type I energy structure diodes 

show no space charge region in their dark response and light response is similar to other p-n 

junctions, the type II energy structure has a completely different behavior, they show space 

charge regions clearly but the light response is not obvious. More experimental measurements 

are required to derive a definite trend for effect of type I and type II energy structure alignment 

for OI diodes I –V characteristics. 

3.2.2 Capacitance – Voltage measurement 

 Capacitance – Voltage measurement is one of the very well studies techniques for 

depletion layer characterization in case of p-n junction diode. The small signal admittance from 

the p-n junction gives valuable information about the presence of fixed barrier layer or changing 

depletion layer present in p-n junction [233]. This method has also been applied well for studying 

the depletion width and doping profile of the p-n junction [234]. The basics of this method have 

been discussed well in chapter 2, in this section we will be looking at the experimental data for 

n-GaN/polymer hybrid heterostructure diodes. 

n-GaN/pBTTT Hybrid diode 

 As seen through I-V measurement the n-GaN/pBTTT hybrid heterojunction diode forms 

a rectifying junction, the built in potential and doping profile can be derived from the 

capacitance-voltage characteristics. C-V measurement for n-GaN/pBTTT hybrid system shows 

that the depletion width changes with applied bias. While the C-V at different frequency can give 

information about the loss factors involved, the doping profile can be estimated from the 1/C2
j 

versus V plot. Figure 3.17 shows C – V plot for pBTTT/n-GaN and 1
௝ܥ
ଶ൘  versus V. It can be 

seen that the capacitance decreases monotonously with increasing voltage, which shows that the 



 

 
124 

 

depletion layer width is increasing as is clear from the expression used for calculating 

capacitance (C = Ksε0A/W) where W is the depletion layer thickness. While the 1
௝ܥ
ଶ൘  shows that 

the doping profile is not linear or abrupt, the form of this curve is more like third order of V, the 

fit has not been shown. Calculation of built in field gave values much higher than expected. A 

detailed analysis is required for such a curve to understand the nature of doping profile and 

depletion layer width variation with applied bias between n-GaN and pBTTT. 

 

Figure 3.17 : C – V and 1/C2 – V plot for n-GaN/pBTTT hybrid diodes. The Nature of the curve 

is not like an abrupt or linearly graded junction. 

 An approximate plot for doping profile has been sketched in Figure 3.18. It can be 

derived from a simple relation between NB (x) and derivative of Mott –Schottky plot. The 

equation 2.14 can be used for this plot. The plot shows the doping concentration to be saturating 

at the bulk doping concentration of pBTTT, which is reasonable value to an extent.  
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Figure 3.18 : Approx doping profile in n-GaN/pBTTT region where the position is measured 

from the highly doped region into the lightly doped region. 

 

n-GaN/P3HT hybrid structure 

The diodes made of n-GaN/P3HT are better in terms of ideality factor and rectification ratios. 

The C-V analysis for these systems show that the depletion width variation with applied voltage 

is completely different compared to n-GaN/pBTTT diode. Figure 3.19 shows the C versus V and 

1
௝ܥ
ଶ൘  versus V plot for n-GaN/P3HT devices. It can be noticed that the change in capacitance 

with increasing voltage is monotonic and the form of the curve is different compared to n-

GaN/pBTTT devices.  
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Figure 3.19 : Cj versus VA and ૚
࢐࡯
૛൘  versus VA plot with second order polynomial fit for n-

GaN/P3HT hybrid diodes. A monotonic decrease in capacitance with applied voltage is visible in 

Cj versus VA plot. 

 The calculation of Vbi using second order polynomial gives a value of 8.711 V which is 

more than 10 times off from the expected value (Vbi ~ 0.8 V). A multiplicative correction factor 

is required in the Mott – Schottky plot for the organic – inorganic hybrid structure structure. 

 The n-GaN/N2200 devices were also tested for C-V measurement, the data shows a peak 

in the capacitance in reverse biased state, which is unexpected for p-n junction or MS junction. 

Thus there is a requirement for further analysis and more measurements to ascertain the validity 

of results. 

3.2.3 Capacitance – Frequency Measurement  

 Capacitance – Frequency or admittance spectroscopy has been a tool to characterize the 

trap states present in p-n junction or MS junction. The C –F curve can be used to locate the step 

in the capacitance when it changes from bulk capacitance to interface capacitance. This step can 

be reflected as a peak in conductance (GP) versus frequency. Thus the frequency dependent 

capacitance and conductance measurement can be used to probe trap states at the interface of OI 

hybrid diodes. Figure 3.20 shows capacitance and conductance plot with respect to applied 



 

 
127 

 

frequency for n-GaN/pBTTT hybrid diode. The peak in conductance can be seen clearly which 

also corresponds to change in capacitance from bulk to interface.  

 

Figure 3.20 : Conductance and capacitance plot versus frequency for n-GaN/pBTTT device.  

 

 The effective trap density at the organic inorganic interface can be calculated 

approximately using single time constant (STC) model. Where the expression is given as, 

 

ࡼࡳ 
࣓

ൌ
࣓࢚࣎࢏ࡰࢗ

ሺ૚ ൅ ࣓૛࣎૛ሻ
  (3.1)

 

In equation 3.1, Dit is the density of defect states, and (1+ ω2τ2) has been optimized for ωτ = 1, τ 

is carrier relaxation time. The equivalent circuit has been shown in Figure 3.21. 
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Figure 3.21 : Equivalent circuit for single time constant model. 

 Using STC model, an approximate, effective trap density has been calculated for n-

GaN/pBTTT hybrid devices. The trap density calculated, for a device area of 0.06 cm2, is of the 

order of 109 eV-1 cm-2, which is an approximated value; the actual value can be still higher than 

calculated value. The model fit for Gp/ω versus frequency has been shown in Figure 3.22. 

 

Figure 3.22 : Single time constant fit for GP/ω (the loss factor) versus frequency for pBTTT/n-

GaN hybrid diode. 
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 The n-GaN/pBTTT devices show a shift from bulk capacitance to interface capacitance 

with frequency. A step in capacitance versus frequency curve, and a corresponding peak in 

conductivity versus frequency curve verify this shift. The n-GaN/P3HT devices do not show any 

such peak in conductivity. The shift from bulk to interface capacitance is visible but not very 

clear. Figure 3.23 shows capacitance and conductance versus frequency curve for n-GaN/P3HT 

devices. 

 

Figure 3.23 : Capacitance and conductance versus frequency curve for n-GaN/P3HT. As 

compared to n-GaN/pBTTT devices these devices do not show any peak in conductivity. 

The interface trap density could not be calculated for n-GaN/P3HT devices as the model doesn’t 

fits well to the GP/ω versus frequency curve. Similarly the curves for N2200/n-GaN did not show 

any characteristic feature.  

 Thus it can be said that the capacitance – frequency measurement can give valuable 

information on the interface trap density, which is an important factor while looking at the 

transport of charge carriers, as these traps can act as the centers for carrier recombination and 

loss. The measured trap density for n-GaN/pBTTT diodes is not much as expected from the 

capacitance measurements, but a careful measurement with more sets of devices can give a better 

result.   
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3.2.4 Intensity Modulated Photocurrent Spectroscopy 

 This is a non steady state measurement, where modulated light from LED or laser is used 

to study the charge generation, transport and recombination mechanisms semiconductor devices. 

The technique has been widely used in studies of amorphous silicon solar cells [221,235] organic 

photovoltaic cell (OPV) [236,237,238] and dye synthesized solar cell (DSSC) [239,240,241] to understand 

the mechanisms of carrier life times, transit times and recombination dynamics. Modulated 

photocurrent measurement in absence of background illumination has been used to calculate trap 

state density [242,243]. Frequency and amplitude modulation techniques are useful for studying the 

charge transport dynamics. The IMPS technique has been used to understand the effect of 

different rate limiting steps on carrier transport. The experimental details have been mentioned in 

previous chapter. Different wavelength LED’s were used for the modulated illumination 

measurement. To remove any frequency dependent characteristic feature of LED, the light 

sources were tested for average power and shape of waveform at different frequencies. Figure 

3.24 shows average power of different wavelength LED’s as a function of modulation frequency. 

 

Figure 3.24 : Average power of different wavelength LED as a function of modulation 

frequency. 

The photocurrent spectrum was measured only for n-GaN/pBTTT devices. The characteristic 

feature of photocurrent response from OI hybrid devices are listed below. 
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I) A different response for different illumination wavelengths, which can be 

differentiated in three categories.  

1) n-GaN excitation wavelength, where the photocurrent Iph (ω) shows no peak, the 

maxima is reached at very low frequency (ω~50 Hz). Photocurrent decays after 

this frequency and shows a peak at 10 KHz, which is characteristic to all λ. 

2) Polymer excitation wavelength at energies higher as compared to absorption 

maxima of pBTTT. The Iph (ω) an anomalous increase and decrease before 

reaching its peak value at ωmax = 10KHz, after which it decays sharply. 

3) Polymer excitation wavelength at energies lower compared to absorption maxima, 

where the photocurrent is very less at lower frequencies, and increases rapidly at 

higher frequencies. A peak is observed at ωmax ~ 10 KHz and then the signal 

decays exponentially.  

II) Magnitude of Iph (ω) scales with modulated light intensity. 

 The response of the OI diodes for different modulation wavelength has been shown in 

figure 3.25. 

 

Figure 3.25 : IMPS response from two different devices measured at different wavelength at 

room temperature. 
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  The characteristic peak frequency can arise because of the generation and 

recombination dynamics which plays role in device. The Iph (ω) responses for these devices are 

close to pristine polymer sandwich between two electrodes. The dynamics which determine the 

peak position and peak width along with frequency variation of photocurrent can be simulated 

using circuit transfer function and microscopic transfer function. 

3.3 Summary 

Steady state measurements are useful to give basic device parameters which are important 

factors in determining the charge transport across the OI HJ interface. The basic device 

parameters like diode ideality factor, barrier height and defect state density was calculated using 

the I-V and C-V models.  The hybrid device transport parameters have been summarized in the 

table below. 

Table 3.1 : Summarized transport parameters for n-GaN/Polymer hybrid structure 

Diode structure n-GaN/pBTTT n-GaN/P3HT n-GaN/N2200/Al n-GaN/N2200/Au 

Ideality factor 

“n” 

11.34  േ 0.02 2.258 േ 0.001 3.14 േ 0.03 2.40  േ 0.006

Space charge 

constant “B” 

- - 0.0087 േ 2 ൈ 10ିସ 0.012  േ 3 ൈ 10ିଷ

Space charge 

exponent “m” 

- - 1.98 േ 0.08 1.28  േ 0.04

Barrier height 

ΦB(eV) 

0.60 0.85 - 

 

- 

 

Interface trap 

density 

 Dit (eV-1 cm-2) 

4.17 ൈ 10ଽ - - - 
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CHAPTER 4 

 

 

SPECTRAL PHOTOCURRENT RESPONSE OF HYBRID 

PHOTODIODE STRUCTURE 
 

4.1 Introduction 

 

 A spectral photocurrent response is governed by electronic structure, trapping and 

recombination kinetics, mobility and life time of charge carriers and the surface and interface 

state. Influence of these factors can be studies by varying the electrode material, thickness of the 

film and applying electric field [244,245]. The observed variation in responses as a function of 

illumination direction and electrode polarity can be attributed to bulk mobility of charge carriers, 

effect of polymer film thickness, Surface polarity dependent recombination kinetics, and 

excitonic states which are more likely to get differentiated at polymer – electrode interface. 

Spectral photoconductivity measurements have been useful in characterizing the efficiency 

limiting factors in organic BHJ solar cells, studying the trapping effects and measuring 

responsivity of photodetectors. Iph (λ) is useful for identifying relative importance of different 

microscopic factors on the photogeneration. The photogeneration is given by the 

formula ܬ௣௛ሺߣሻ ൌ  ሻ, where α is the absorption coefficient, θ is the quantumݔߙ଴exp ሺെܫߠߙ

efficiency of charge generation, and I0 is the input photon flux. Jph (λ) is normally expected to 
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resemble α (λ), this need not be the case for bilayer structures, where the Jph (λ) depends on the 

direction of illumination and thickness of the sample.  

 In the present work we have studied the spectral photocurrent response of organic – 

inorganic (OI) hybrid heterojunction devices, as a function of different energy level alignments, 

applied field, background illumination, film thicknesses and direction of illumination. Striking 

differences in the measured photocurrent spectrum have been observed for OI diodes as a 

function of different parameters. Sizable spectral photocurrent response has been measured for 

the entire absorption range of the n-GaN/polymer hybrid diodes, where the spectral response of 

the device is much higher for n-GaN excitation wavelength as compared to polymer excitation. 

The overall quantum efficiencies are very low (< 1%) for all hybrid structures measured and an 

increase was observed with applied field.  

 The mechanism through which charges are photogenerated is different in inorganic 

semiconductor as compared to organic semiconductors. In an inorganic semiconductor the photo-

excited electron-hole pairs are bound through coulomb interaction, where the force of interaction 

lowers the energy of electron-hole pair by an amount equal to exciton binding energy in the 

material. The value of this binding energy is very less in inorganic semiconductors (~ 30 meV), 

for GaN the free exciton binding energy is found to be 25.4 േ 0.9 meV [246] which is of the order 

of room temperature energy (25 meV). Thus the photo-excited charge pairs can be easily 

separated into free electrons and holes present in conduction band and valance band respectively. 

Thus, the carriers are generated in the bulk and at the interface of n-GaN without the requirement 

for any driving field for charge separation. In case of polymeric semiconductors the exciton 

binding energies are much higher (~ 0.2 – 1.0 eV) [43]. The energies required to separate an 

exciton into free negative and positive polaron cannot be provided by just the room temperature 

thermal energy. An extra field is required to break them into free negative and positive polaron, 

which is provided by the donor acceptor interface or a barrier layer; where the barrier can be 

created by an offset between donor and acceptor LUMO’s or a workfunction mismatch between 

the semiconductor and metal electrode. In the present case the n-GaN/polymer semiconductor 

provides this barrier for exciton dissociation in the form of built in field or junction barrier. 
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 The exciton generated in the interface and bulk region of polymer semiconductor diffuses 

towards the electrode and barrier layer. The excitons in polymer semiconductors have a diffusion 

length of ~ 5 – 10 nm [247,248]. Thus the excitons generated in the range of 5 -10 nm of barrier 

layer can only get dissociated into free negative and positive polarons;  excitons generated in the 

bulk can either dissociated due to the presence of impurities or can recombine back radiatively or 

non radiatively. Thus it can be said that the n-GaN/polymer interface has a special role to play in 

the spectral photocurrent response of OI hybrid devices, where the density of photogenerated 

carriers is controlled by the interface area and its other properties. The impurities acting as trap 

states and defect states have an important role to play in the net photoconductivity and transport 

of photogenerated carriers. Once the carriers are photogenerated, the transport is governed by the 

band alignment and field conditions present at the interface and in the bulk of the active layer. 

The holes generated in n-GaN are transferred to p-type polymer active layer, while the electrons 

generated in polymer moves into the conduction band of n-GaN. The offset for electron transport 

for n-GaN/pBTTT and n-GaN/P3HT devices are very low (~ 0.1-0.2 eV) and is not enough for 

efficient electron transfer, as the role of back transfer in the transport becomes important with 

low offset energies.  

 In this section we will be looking at the spectral photocurrent response from hybrid n-

GaN/polymer devices and effect of various parameters on the spectral response, which originates 

from various factors affecting the charge transport in the hybrid devices. Changes in spectral 

photocurrent response have been quantified and arguments have been presented in support for 

such observations. Studies have been performed with varying the polymer layer thickness, 

direction of illumination, background illumination and applied DC field. The type I and type II 

energy structures, as defined in chapter 3 (Figure 3.4 (a)), has a significant effect on spectral 

photocurrent response. 

4.2 Measurement and Analysis 

  The spectral photocurrent response measurement of OI hybrid structures (n-GaN/pBTTT, 

n-GaN/P3HT and n-GaN/N2200) has been carried out using the experimental method and the 

calibration procedure described in spectral photocurrent response section of chapter 2. The 

illumination source used was a UV enhanced Xe lamp, coupled with SPEX 500 monochromator 
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(spectral range 0 – 1400 nm, 1 Å spectral resolution). The monochromatic light was focused 

using lens optics and chopped using mechanical chopper. The output of the device and detector 

were converted to voltage using I to V converter and measured using lock in amplifier (SR 830) 

simultaneously. External field (~ 105 V/cm) was applied using source meter; the data was 

collected by a computer using Labview.  

4.2.1 n-Gallium Nitride/Polymer diode 

 

Figure 4.1 : An approximated band diagram showing additional field for hole transport and 

expected direction of hole current under zero bias. 

The steady state and transient measurements for n-GaN/polymer OI diode system shows that 

they form a semiconductor-semiconductor heterojunction, with properties depending upon the 

energy level alignment. The current-voltage and capacitance-voltage measurements were used to 

extract various parameters, which can influence the transport of carriers under applied bias. 

Though these measurements were useful they cannot tell about the microscopic origin of 

efficiency limiting steps in OI devices, which are related to photoconductivity and transport of 
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carriers. The n-GaN/pBTTT hybrid diodes forms a type I energy structure where the holes 

transport from n-GaN to polymer is more favored compared to electrons transport from polymer 

to n-GaN. This is because of an extra driving force for hole current present between the HOMO 

of polymer and valance band maxima of n-GaN as shown in Figure 4.1. This is reflected in the 

increased responsivity of device in the n-GaN absorption region (370-400 nm). This can also be 

attributed to higher generation rate in n-GaN, but the transport in n-GaN is mostly diffusion 

dominated as there is no bulk field present because of the lateral electrode structure as shown in 

chapter 2 (Figure 2.16). This idea of carrier transport may not be completely valid as the lateral 

scan along the top electrode from far to near region of n-GaN/metal contact does not give any 

signature of n-GaN bulk resistance playing role in diffusive flow of carriers.  

4.2.1.1 Illumination from n-GaN side 

 In this structure the photo illumination is carried from n-GaN side, which has 70% 

transmission for wavelengths > 400 nm as shown in chapter 2 (Figure 2.15). The device response 

for this illumination has been shown below for all three hybrid structures. This structure gives an 

advantage of protecting the polymer layer when exposed to wavelengths < 400 nm, i.e. UV 

illumination.  

n-GaN/pBTTT diodes 

 The zero bias spectral photocurrent response (ΔJPh (λ)) for n-GaN/pBTTT hybrid OI 

device for illumination from n-GaN side has been shown in figure 4.2. As can be inferred from 

the plot, the responsivity is 10 times higher for n-GaN absorption region (370 -400nm) as 

compared to polymer absorption region (400-650 nm). This can be a convoluted result of higher 

photo generated carrier density and better hole transport from n-GaN to pBTTT devices. A 

maximum EQE of 0.25% is measured and a responsivity of 0.30mA/cm2 under zero applied bias. 

Photocurrent response from n-GaN shows a peak and decreases rapidly on the higher energy side 

as shown in figure 4.2 (a); this feature arises because of the undetectable emission from Xe lamp 

at wavelengths < 370 nm. The photocurrent edge is red shifted from the absorption edge of n-

GaN, which may arise from the electron – electron interaction, but the exact reason is not 

understood as such a response is observed for disordered transport [249]. Whereas for pBTTT the 

photocurrent edge coincides with the absorption edge, such type of response has been cited as a 
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proof for semiconducting band model [250,251], which has been contradicted for photo excitation in 

many other polymers [252,253]. The spectral response from pBTTT shows a characteristic peak in 

the higher wavelength region, where the polymer absorption is less. Such a response can arise 

from the hole current generated from the electrode far from the illumination electrode. These 

responses where the photocurrent shows a peak at higher wavelength region, where the 

absorption is less, is called as an antibatic response [245], which arises when the direction of 

illumination and direction of field are antiparallel [254] . Figure 4.2 (b) shows intensity 

dependence of dc photocurrent, measured for n-GaN/pBTTT devices, where the average 

intensity at 20 Hz in half of the intensity under continuous illumination. The photocurrent from 

n-GaN/pBTTT hybrid devices scales with the incident power, this increase is almost linear as 

shown in chapter 3 (Figure 3.8). 

 

Figure 4.2 : a) Spectral photocurrent response from n-GaN/pBTTT device, A schematic of 

direction of illumination has been shown. b) The dc photocurrent measurement shows the 

intensity dependence of photocurrent.  

n-GaN/P3HT 

 This device structure forms a perfect type I energy level alignment. The steady state 

current-voltage measurements show that this structure forms a better diode compared to n-

GaN/pBTTT device. The spectral response and quantum efficiency plot measured for n-

GaN/P3HT OI diodes has been shown in figure 4.3. The spectral response in very much similar 
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to n-GaN/pBTTT devices, a broad peak is observed in the lower energy region, which is also 

present in spectral response of pBTTT/n-GaN devices. The origin of such a peak is associated to 

hole current generated by absorption in lower wavelength range. This happens when the energy 

band alignment is such that the absorption maxima doesn’t gives rise to significant hole current 

while the tail state absorption at the electrode far from illumination electrode can give a 

significant hole current (antibatic response) in donor polymer. This effect of decreased hole 

current at peak absorption wavelength is known as the internal filter effect [245] and is caused by 

the absorption of higher energy photon in the bulk and illuminated interface while the hole 

photocurrent is generated when the exciton generated by the higher wavelength photon, 

dissociates at the electrode far from the illumination electrode. Thus the responsivity increases in 

the tail absorption region giving rise to a peak in spectral response before going to zero.  

 

Figure 4.3 : Spectral responsivity and EQE % for n-GaN/P3HT device. Direction of illumination 

has been shown in the figure. 

n-GaN/N2200 diode 
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  The n-GaN/N2200 structure forms a type II energy structure; effect of such structure was 

clearly visible in the steady state dark and lights I-V. The spectral photocurrent response for n-

GaN/N2200/Al structure show significant contribution from N2200. It is in contrast to what was 

measured in I-V, where the short circuit current was very less. In this case the maximum 

responsivity for polymer excitation, i.e. the peak in spectral response for N2200 excitation is 

around the same wavelength where the absorption shows a peak as shown in figure 4.4. The 

photocurrent response is little red shifted because of the interchain interaction which is higher in 

the film compared to in solution. 

 

Figure 4.4 : Spectral response (black) and EQE (red) plot for n-GaN/N2200/Al devices, 

illumination from n-GaN side. Direction of illumination has been indicated. 

 The increased responsivity for n-GaN illumination (370-400 nm) in case of n-

GaN/N2200/Al devices are yet not clear since N2200 cannot transport hole. The Characteristic 

peak observed in the tail states of absorption for p –type polymers are a direct result of energy 

band structure present in the bulk of the polymer semiconductors. Such response is not observed 

for n-GaN/N2200/Al hybrid devices. 

 It has been seen that the spectral response changes when the direction of illumination is 

reversed. The characteristic antibatic response in donor type polymer heterostructure changes to 
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symbatic response, where the spectral photocurrent follows the absorption trend. Spectral 

response for top electrode illumination is presented in next section. 

4.2.1.2 Illumination from top electrode 

 Top electrode illumination gives completely different results as compared to when 

devices are illuminated from n-GaN side. The characteristic peak present in the absorption tail, 

when illuminated from n-GaN side is not present when illuminating from the top electrode. The 

photocurrent spectral response follows the absorption spectrum and is highest at the wavelength 

where absorption curve peaks. Since this top illumination exposes the polymer for UV radiation, 

thus the response from n-GaN was not measured for top electrode illumination. A thin layer (~ 

10 -15 nm) of gold was used as top electrode for this measurement. 

n-GaN/pBTTT diode  

 

Figure 4.5 : a) Normalized Responsivity for illumination from top (Au) electrode (black) and 

bottom n-GaN (red), b) schematics of direction of illumination. 

 When illuminating from the top electrode side, it is observed that the photocurrent 

response follows the absorption trend; such type of response is known as symbatic response [245]. 

This response is observed when the direction of illumination is parallel to the direction of field 

present in the bulk of the semiconductor. The maximum in photocurrent response is observed 

around the same wavelength at which the absorption shows a peak. This nature of photocurrent 
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response can be understood by the fact that the hole current in the device is now because of the 

exciton dissociation near the illumination electrode, i.e. the absorption close to illumination edge 

is giving rise to hole current while the absorption at the interface far from the illumination 

electrode is not giving rise to any photocurrent. This argument is supported by the fact that there 

is no peak in the tail region of absorption. This argument can also be verified by the response, 

when illumination from n-GaN side, where, hole current generated by absorption at higher 

wavelength at far electrode gives peak in photocurrent response, while the photo excitation at 

near electrode doesn’t contribute to photocurrent. Figure 4.5 shows response for illumination 

from top Au electrode. Normalized Responsivity from n-GaN side illumination has also been 

included for comparison if. The responsivity has been normalized to respective maximum values 

for a clear picture of change in spectral photocurrent response with illumination direction.  

 A peak in tail state of absorption (550 – 650 nm), when illuminated from n-GaN side is a 

clear signature of antibatic response, no such peak was observed for illumination from top 

electrode side. The difference in the spectral photocurrent response for illumination from n-GaN 

and Au sides suggests that, the energy band alignment in polymer is such that the hole current 

flows from gold electrode towards n-GaN/polymer interface. This is contrary to the response 

expected from the energy band diagram shown in Figure 4.1, where the hole current should flow 

from n-GaN/pBTTT interface to Au/pBTTT interface. 

 Origin of such spectral photocurrent response under zero external bias is n-GaN/pBTTT 

OI hybrid devices is not clear. The photocurrent spectrum suggests an opposite direction of band 

bending which is not obvious from the basic band bending concept applied for the 

semiconductor-semiconductor heterojunction systems. Further analysis will be required to 

completely understand the reversed nature of photocurrent spectrum and the associated band 

bending which give rise to such response.  

n-GaN/P3HT diode 

 Spectral photocurrent response measured for top electrode illumination in n-GaN/P3HT 

systems show a similar trend in photocurrent response, as measured in the case of n-

GaN/pBTTT. Thus the small shift in energy structure does not affect the bulk band structure 
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much; Figure 4.6 shows spectral photocurrent response from n-GaN/P3HT devices, for top 

illumination. Photocurrent response for bottom n-GaN illumination has also been included for 

comparison. The responses are normalized with respect to their maximum for a better 

comparison. 

 The difference in spectral response with illumination from 2 different sides is much more 

distinct for n-GaN/P3HT as compared to n-GaN/pBTTT. The FWHM of photocurrent peak is 

less for n-GaN/P3HT which is an example of strong internal filter effect present in P3HT donors. 

But the observed spectral response in opposite to what is expected, which is consistent with what 

was observed in spectral response of n-GaN/pBTTT hybrid system.  

 

Figure 4.6 : Normalized Responsivity for illumination from top Au electrode (black) and bottom 

n-GaN/polymer interface (red). 

 

 Detailed analysis is required to understand the reversed nature of spectral photocurrent 

response from the expected response, under zero bias condition, which is consistent for both the 

donor polymer/n-GaN hybrid structures. As will be seen in the next section, with the application 
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of external field the energy band structure changes and corresponding spectral photocurrent 

response is different under different bias conditions.  

4.3 Effect of different control parameters on spectral photocurrent response 

 The spectral photocurrent responses as measured for the zero biased devices with no 

external perturbation to the systems were shown in previous sections. An understanding of the 

role of external control parameters in modulating the energy band diagram, and charge condition, 

is important for understanding the mechanism of physical processes taking place in OI hybrid 

devices. Spectral responses under applied reverse field are generally used for estimating the 

efficiency limiting factors in BHJ and dye sensitized solar cells. Here we have varied the applied 

external field condition, donor polymer film thickness and background light flux to probe the 

effects of such perturbations on the transport of carriers in OI hybrid systems. 

4.3.1 Effect of Electrical Bias 

 The energy band structure present in the bulk of polymer is sensitive to the 

applied external field. The band structure shifts up or down depending upon the direction of the 

applied field. In certain extreme cases it can also cause inversion of the band structure. In case of 

photoconductivity measurements, under applied reverse field, the device works in photo 

conducting mode. Under this condition the spectral response and the quantum efficiency for 

photon to charge conversion increases.  Here we have measured spectral photo current response 

as a function of applied forward and reverse bias. A sizable change in spectral photocurrent 

response has been observed as a function of applied field direction. Figure 4.7 shows the spectral 

photocurrent response from n-GaN/pBTTT OI hybrid devices. The shift from one type of 

response to other is clearly visible under applied reverse bias, which suggests the change in 

energy band structure with applied bias. Figure 4.7 (a) shows the response from n-GaN part, the 

response from n-GaN side is in agreement with the argument that the spectral photocurrent 

response should increase with increase in applied reverse bias. Figure 4.7 (b) shows the spectral 

response from donor pBTTT part. The change in the spectral response of pBTTT occurs with 

gradual increase in bias. This suggests that the shift from one type of response to another type is 

not instantaneous but gradual changes with increasing bias. The response has been decoupled for 

having a clear picture. 
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 While the response under forward bias, as shown in Figure 4.8, is similar in shape to the 

spectral response under zero biased state, except that the spectral responsivity increases with 

increasing field. This observation suggests that the zero biased energy band structure doesn’t 

changes it’s form but gets more enhanced under forward bias. Thus it can be speculated that the 

zero biased and the forward biased energy band structures are similar.  

 

Figure 4.7: Spectral photocurrent response a) n-GaN, b) pBTTT under applied reverse bias, 

direction of illumination is from n-GaN side. 
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Figure 4.8 : The forward biased spectral photocurrent response from n-GaN/pBTTT devices, 

illumination from n-GaN side. 

 A further comparison has been shown in figure 4.9 between the spectral responses 

measured under forward and reverse fields in n-GaN/pBTTT hybrid system, the symbatic and 

antibatic responses are clearly visible for illumination from n-GaN in Figure 4.9 (a), and 

illumination from top electrode in Figure 4.9 (b). 

 

Figure 4.9 : Spectral photocurrent response from n-GaN/pBTTT OI hybrid devices, a)   

illumination from n-GaN and b) illumination from gold electrode, under forward and reverse 

biased conditions. 

  The basic underlying reason for two different spectral responses is same as 

mentioned in case of zero biased symbatic and antibatic response. The change in energy band 

structure from one state to another causes the change in direction of hole current in the hybrid 

diode, giving rise to two different response. This type of variation in response with direction of 

applied field has been reported for many polymer semiconductors diodes [244,245,255,256]. Theoretical 

models explain the origin of such spectral photocurrent response [257,258,259,260] using the different 

boundary conditions and generation, transport and recombination kinetics. The models used for 
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simulating the spectral photocurrent response for inorganic as well as organic polymeric 

semiconductors have been highlighted in chapter 5. 

4.2.2 Thickness dependence of spectral photocurrent 

  The effect of change in the thickness of semiconductor layer can be seen as a change in 

the magnitude of internal filter effect i.e. the peak in the spectral photocurrent response, observed 

in the absorption tail is more distinct. The symbatic response remains undisturbed by the increase 

in thickness, apart from the effects caused by film thickness on charge transport. Thickness 

dependence was measured for n-GaN/P3HT devices, the response for thinner films (~ 90 nm) 

show increased antibatic response, which is because of the enhanced internal filter effect. Similar 

responses are expected from n-GaN/pBTTT devices. Figure 4.10 show thickness dependent 

antibatic response from n-GaN/P3HT devices for two different film thicknesses (90 nm and 130 

nm). 

 

Figure 4.10 : Spectral response from n-GaN/P3HT devices for 130 nm and 90 nm P3HT films. 

4.2.3 Background illumination dependence 

  The effect of illumination on a photodiode is an increased conductivity due to the 

increase in the free carrier density in the bulk. The photogenerated charge density can have a 

significant effect on trapping and recombination kinetics of the carriers. In chapter 3 it has been 

shown that the intensity dependence of Jsc can be a useful tool to look into the recombination 

mechanisms. The background CW illumination can have a significant effect in the 
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photoconductivity measurement. The charges generated by background illumination can fill the 

trap states and allow a trap free path for carriers generated through the modulated light. 

Oppositely, they can also enhance the recombination events causing a net decrease in carrier 

density reaching the collection electrodes. In Figure 4.11 spectral responses in presence of 

background CW illumination of different intensity has been shown. The responsivity in n-GaN 

increases with intensity of CW illumination as shown in Figure 4.11 (a), while the characteristic 

peak present at 580 nm in the spectral response of donor polymer decreases with increasing 

background illumination intensity, as shown in Figure 4.11 (b). 

 

Figure 4.11 : Spectral photocurrent response from n-GaN/pBTTT devices in the presence of 

background illumination a) response from n-GaN, b) response from pBTTT. 

 Increase in n-GaN response can be because of the lateral transport in n-GaN which offers 

less recombination for carriers, while the hole transport in polymer is enhanced because of the 

filling up of trap states in the presence of continuous background illumination. Decrease in the 

characteristic peak in the spectral response of the pBTTT arises from the fact that the hole 

current generated at the electrode far from the illumination electrode can undergo recombination 

near the Au electrode. As this should be visible in both the responses, it is seen only in pBTTT 

response while n-GaN response does not show any such decrease. Hence there have to be other 
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factors involved in deciding the spectral response of the device in presence of background 

illumination apart from the recombination effect.  

4.4 Summary 

 It is clear from the results of spectral photocurrent response that the photoconductivity in 

an OI hybrid system is dependent on many physical factors. The effect of band bending, Type of 

energy structure, application of electrical bias, thickness of the active semiconducting layer and 

the background illumination has significant effect on the spectral photocurrent response. The 

control parameters studied are related with some physical process and show the effect of that 

process on charge transport in bulk and at the interface. Though all the results mentioned here 

are not completely understood, but a basic understanding about photogenerated charge transport 

in the OI system can be developed. Understanding the energy band structure is important for 

explaining the reversed nature of zero biased spectral photocurrent response from the n-

GaN/donor polymer OI hybrid interface. A detailed analysis will be required to sketch a 

complete picture of physical processes controlling the charge transport in the bulk and interface 

of the OI hybrid structures. 
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CHAPTER 5 

 

 

MODELING SPECTRAL PHOTOCURRENT RESPONSE  

 

5.1 Introduction 

 

 Photocurrent action spectrum or spectral photocurrent response is a useful tool for 

studying the bulk and interface of photodiodes and solar cells. The applicability of this 

experiment in quantifying the efficiency limiting processes and external quantum efficiency for 

solar cells and photodetectors is well established [245,261,262]. The photocurrent spectral response 

may depend on many fundamental processes occurring inside the semiconductor, which includes 

generation of charge carriers, transport, trapping, recombination, and collection on the edge 

electrodes. Each step is an efficiency determining process and has a significant effect on the 

spectral response. In a BHJ structure the requirement for an electron and a hole collecting contact 

is an important factor for higher efficiency [263]. In single layer pristine polymer system, like 

ITO/MEH PPV/Top electrode, the nature of top electrode determines the spectral photocurrent 

response; this is derived from the fact that a barrier electrode is required for exciton dissociation 

and electron collection from MEH PPV [245]. 

 In a bilayer type device structure where the exciton dissociation occurs at the interface 

between the active layers, the interface property decides the generation rate of free carriers or the 

charge polarons. The transport through the bulk is subjected to the bulk recombination 

mechanisms and trap density [264]. The charge collection efficiency of an electrode depends on 

the work function of the metal electrode and relative energies of semiconductor [265]. To 

understand the fundamental process giving rise to the spectral photocurrent response in a device 
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structure, modeling of device response in terms of carrier generation, transport and 

recombination losses are essential. Many models have been proposed for simulating the spectral 

photocurrent response for semiconductor devices [257,258,259,260,266] of which the model of DeVore 

is few of the earliest models. The model proposed by Ghosh et.al. [258] assumes a two step energy 

structure namely barrier and bulk region. The photo generation of carriers in the bulk and barrier 

is assumed to be uniform but they differ in their collection efficiency of charges. The model is 

able to generate the characteristic symbatic and antibatic responses observed in the spectral 

photocurrent response. The model developed by DeVore considered the effects of carrier 

diffusion and recombination effects [257], Exciton diffusion has been considered by the model of 

Desormeaux, and Ghosh and Feng [260,266] and dissociation at the barrier electrodes and surface 

recombination’s. These models have been used for simulating the photocurrent spectral response 

in many polymeric semiconductor device structures [244,245,267].  

 The spectral photocurrent response for organic – inorganic heterojunction (OJ HJ) hybrid 

semiconductor heterostructures of n-GaN/Polymer was shown in chapter 4. The spectral 

photocurrent response can be modeled using these basic generation, transport and recombination 

models for semiconductors. Since these models generally consider the basic mechanism of 

carrier transport, the model needs to be modified in the presence of external fields, and interface 

trap states. In this chapter a detailed description of the models will be presented 

5.2 Device Modeling 

 

Figure 5.1 : Schematic representation of OI HJ semiconductor diode with bulk and barrier layer 

band diagram. a) Light illumination from ohmic and b) barrier electrode. 
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 A very simple model can be assumed for simulating the spectral response of photocurrent 

in OI devices. Since the OI devices consist of two layers of semiconductors of completely 

different properties, the model developed will require a consideration of such structure. The 

model will be developed assuming band transport of charge carriers, where in the molecular 

semiconductor properties will be introduced later. The model assumes a bilayer structure of OI 

HJ semiconductor with ohmic electrode on both the ends. Figure 5.1 shows a schematic diagram 

of the model semiconductor diode assumed for the modeling the device response. The structure 

is a combination of organic and inorganic semiconductor, where the organic layer thickness is L. 

Thickness of the barrier layer is lb, the inorganic side of the system can be treated as a barrier 

electrode for organic semiconductor in this derivation. We will consider the spectral response of 

organic semiconductor; the model can be easily extended for spectral response of inorganic 

material.   

 We assume a single organic semiconductor layer between metal electrode Mohm, which 

forms ohmic interface with organic semiconductor and inorganic semiconductor Mbarrier, which 

forms barrier junction with organic semiconductor. Because of the formation of barrier layer in 

vicinity of Mbarrier, the CB and VB bend sharply inside the barrier region of width lb. Effect of 

band bending is less in the bulk region, which is defined as the region between the electrode 

Mohm and barrier layer lb. Let us assume that the total length of the organic semiconductor layer 

is equal to L, where lb is the width of the barrier layer. Either ohmic or barrier electrode can be 

assumed to be at x = 0, depending upon the direction of illumination. When the light of incident, 

a photon flux of density I0 is illuminated on the electrode at x = 0, the charge carrier generated in 

the bulk will be proportional to the intensity of incident light at x. The rate of generation of 

carrier at x is given by [258], 

 ݀݊௣௛௢௧௢ሺݔሻ

ݐ݀
ൌ ሻ (5.1)ݔሺ߳ሻߙሺെ݌ݔሺ߳ሻ݁ߙ଴ܫ߮

In equation 5.1, ߙሺ߳ሻ is the absorption coefficient of the semiconducting layer, as a function of 

photon energy (߳), ߮ represents the quantum efficiency of charge generation by light in the 

semiconductor layer. The photogenerated charge carrier density at a position x is given by 

݊௣௛௢௧௢ሺݔሻ. 
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 The photogenerated carriers can diffuse or drift through the bulk or recombine at the trap 

sites. Thus, the rate of change of charge carrier density at x is determined by the rate of 

generation, rate of carrier transport via drift, under an applied field E, or diffusion, under a 

carrier gradient dnphoto/dx, and the rate of recombination proportional to total charge carrier 

density. In this model the equilibrium carrier density is assumed to be negligible compared to 

photogenerated carrier density. Effect of bulk equilibrium density on transport and 

recombination mechanisms can be added as a correction to the charge density later. The net rate 

change of photogenerated carrier in the bulk is given by, 

 ݀݊௣௛௢௧௢ሺݔሻ

ݐ݀
ൌ ߙ଴ܫ߮ expሺെݔߙሻ െ
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In equation 5.2, nphoto is the carrier density which can be density of either electron or hole, α = 

 is the bulk mobility of the photogenerated carrier and τ is the bulk recombination ߤ ,ሺ߳ሻߙ

lifetime, idiff is the diffusion current, and E is the applied field across the electrode. Under the 

equilibrium condition, the net charge flowing through x in the bulk is zero, giving 
ሻݔሺ݋ݐ݋݄݌݊݀

ݐ݀
ൌ

0. The diffusion current idiff can be given by ݅ௗ௜௙௙ ൌ െܦ௡
݀݊௣௛௢௧௢

ݔ݀
ൗ  where Dn is the carrier 

diffusion constant, expression for idrift is given by ݅ௗ௥௜௙௧ ൌ  Substituting E = V/x and .ܧߤ݊

expression for diffusion and drift current in equation 5.2, and assuming no spatial distribution of 

Dn and μ, gives a time independent differential equation, for steady state distribution of carrier 

density in the bulk, which is given by, 
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(5.3)

 This is a drift-cum-diffusion relation between generation, transport and recombination 

rates. This equation can be applied to only free carriers, under applied external field, present in 

the semiconductor material. The equation changes to diffusion equation in the absence of 

external applied field, this equation can be applied to free charge carriers under the absence of 

field and also to exciton diffusion in the organic semiconductor bulk. The diffusion equation for 

excitons is given by [257,260,266], 
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In equation 5.4, ݊ᇱሺݔሻ represents the exciton density. This equation has been mentioned by 

Ghosh and Feng and Desormeaux, max, and Leblanc. The exciton diffusion length is given 

by ܮ′஽ ൌ  ,A general solution for equation 5.3 can be given as  .′߬′ܦ√
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In equation 5.5, B and C are constants and LD is the carrier diffusion length. For the case of 

exciton the solution of diffusion equation is given by [245], 
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In equation 5.7, ܦ′ is the diffusion coefficient of exciton, this expression can also be used for free 

carriers when no external bias is applied, in that case n’(x) represents free carrier density. From 

the considerations of Devore model [257] which assumed direct generation of free electron and 

holes. The recombination of charge carriers can take place in the bulk after mean life time τ, or at 

any surface at a rate which is represented by a recombination current iR = nsS. Where, nS photo is 



 

 
157 

 

the density of electron hole pair and S is the surface recombination velocity. When film thickness 

is comparable to the reciprocal of the maximum value of absorption coefficient, a high surface 

recombination rate S > Dn/LDn (bulk recombination rate) results in an antibatic response [245], 

while a low recombination rate gives symbatic response. The boundary conditions for surface 

recombination at illuminated surface for zero external bias case can be given by [257], 
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Boundary condition for surface far from the illuminated surface is given by, 
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Under these boundary conditions the coefficients B’ and C’ can be calculated as [245,257], 

′ܤ 

ൌ
଴ܫ߮

ߙ
௡ൗܦ

ሺβଶ െ ଶሻߙ
ቊ
ሺܵ െ ௡βܦሻሺߙ௡ܦ െ ܵሻ݁݌ݔሺെܮߙሻ ൅ ሺܵ ൅ ௡ሻሺܵܦߙ ൅ βܦ௡ሻ݁݌ݔሺβܮሻ

ሺܦ௡β െ ܵሻଶ݁݌ݔሺെβܮሻ െ ሺܦ௡β ൅ ܵሻଶ݁݌ݔሺβܮሻ
ቋ
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(5.11)  

In equation 5.10 and 5.11, β = 1/LD, the inverse of carrier diffusion length. 

The increase in conductivity because of photo excitation is proportional to the total number of 

carrier pairs which for Sandwich cell geometry is given by [245], 

 
௣௛ܬ ∝
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 (5.12)

And corresponding photoconductivity is given by [245] 
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 The equations 5.12 and 5.13 derived above are valid only for free carriers. Considering 

OI system with an organic and inorganic layer, the charge generation in the organic side depends 

on the exciton diffusion to the barrier electrode. Under this case a pure diffusion equation given 

by equation 5.4 is valid. The general solution to such an equation is given by equation 5.7. Under 

the boundary condition of ݊′ = 0 at x = 0 [260], i.e. the exciton density goes to zero at the 

electrode x = 0. The exciton density is given by [245,260], 
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ቇ exp ሺെݔ′ߚሻ
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expሺെߚᇱܮሻ െ expሺߚᇱܮሻ
ቇ exp ሺݔ′ߚሻ ൅ exp ሺെݔߙሻ቉ 

(5.14)

In equation 5.14, ߚ′ ൌ
ଵ

௅ವ
ᇲ , this model of exciton diffusion was introduced by Ghosh and Feng 

[260]. The photocurrent is proportional to the gradient of exciton density at the barrier layer. For 

illumination from the side of barrier layer, the photocurrent gives symbatic response [245,260]. 
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(5.16)

For illumination through ohmic electrode, for sufficient thick film photocurrent response is 

antibatic [245,260]. 
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(5.18)

Including the consideration of exciton density present in barrier layer along with bulk, the 

boundary condition are modified, and are given by [266], 
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(5.20)

This modification in boundary condition was introduced by Desormeaux, Max, and Leblanc [266]. 

Thus the net photocurrent from the organic side is a contribution from bulk as well as barrier. 

The photocurrent for light illumination from barrier electrode is given by [266], 
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(5.22)

For light illuminating from ohmic electrode, the photocurrent due to exciton diffusion is given by 
[266] 
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 These models, when used isolated, might still not be able to generate the spectral 

response of OI devices. There are still few modification required for specific transport models 

like GDM or SM for free carriers in the bulk of organic semiconductors. Spectral response for 

the inorganic side in the OI heterojunction can be reproduced using equation 5.12, the 

consideration of exciton diffusion is not required for n-GaN.  

 Thus the response from all the components of OI devices can be summed to give an 

expression for net spectral photo current through the OI device. Such a combined equation can 

be written as 

ሻܬܪ ܫ௣௛ሺܱܬ  ൌ ௘௫௖௜௧௢௡ܬ ൅ ௙௥௘௘ܬ ௖௔௥௥௜௘௥ሺܿ݅݊ܽ݃ݎ݋ ሻ

൅ ௙௥௘௘ܬ ௖௔௥௥௜௘௥ሺ݅݊ܿ݅݊ܽ݃ݎ݋ ሻ  
(5.25)

 

Total current density given by 5.21 can be used to simulate the spectral photocurrent response of 

the OI hybrid heterostructure devices. 

5.3 Modifications Required 
 The existing models for simulating the spectral photocurrent response have been shown 

to deviate from the experimental curves [267,245]. Such devations can arise from the fact that the 

basic assumptions of the model do not take into consideration many factors related to device 

operation. In such case the modifications of the existing models is essential to have a clear 

picture of basic underlying phenomena giving rise to spectral photo current response. Here we 

will discuss few such areas were the modification is required. 

Reflection from each layer 

 A heterostructure device is composed of many different layers of varying refractive index 

and thicknesses. The loss of incident light via reflection from the each layer has to be taken into 

account in the model trying to explain the photoresponse. Light reflected from the back electrode 
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can have significant effect on the spectral response in the tail absorption region. The higher 

wavelengths may not be able to reach back electrode, since they get absorbed by the intervening 

layer in the organic films, but the lower energy photon can undergo multiple reflections giving 

increased response. The effect of reflection from the thick electrode was seen in the form of 

increased response at lower wavelengths in the n-GaN/Polymer films which was less for thin (~ 

15 nm Au) top electrodes. In the studies [266] of Desormeaux, Max, and Leblanc they have tried 

to include the effect of multiple reflections in the film in their model, which has an effect of 

reducing the contrast between the symbatic and antibatic response.  

Disorder within the polymer semiconductor 

 The models discussed here, were developed mainly for small organic molecules. These 

small molecules have a well defined size and conjugation length, planarity, rigid structure and 

mono dispersity. These models provide good qualitative agreement between the experimental 

curves and model fits for small molecule organic semiconductor materials. Organic polymer 

semiconductor systems represent a much disordered class of semiconductors where the 

conjugation length and molecular weights vary over a wide range. The electronic structure and 

charge transport in these materials are generally disordered, as shown in chapter 1. 

Considerations of such system dependent mechanisms are required to have a better qualitative 

agreement between the experimental and model curves for inorganic – polymer semiconductor 

heterostructures.  

Charge transfer efficiency of the interface 

 It has been shown previously that the interface controls many of the properties of n-

GaN/polymer heterostructures. In case of photoconductivity, there is a requirement of exciton 

dissociation and electron transfer towards n-GaN for a significant photo-response. The interface 

charge transport thus plays a significant role in deciding the spectral response of OI systems. 

Introduction of interface charge transport parameters in the model will be essential for simulating 

the spectral response for OI HJ’s.  

Imperfection in the n-GaN crystal 
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 The n-GaN wafers used are not completely defect free; there are surface terminated states 

and bulk defect states which give rise to decrease in mobility and defect state PL emission. Such 

states cause strains and offer non radiative recombination sites inside the bulk causing loss of 

carriers. Effects are visible in reduced PL from the band gap emission (365-370 nm) and 

increased PL at lower wavelength (550 nm). Thus, it can be said that the imperfections have a 

definitive role to play in the spectral response of the OI devices, and they should be taken into 

consideration in the models.  

 Other perturbations to the system, like temperature, ambient and background carrier 

density effects have not been considered in these models. Even though the perturbation 

introduced by such processes will be less, they may cause deviations from the experimentally 

measured response. 

5.4 Implications 

 The model discussed can be used for simulating the spectral photocurrent response for 

the n-GaN/polymer hybrid heterostructure using generation, transport and recombination rates of 

known process. The model can be utilized to get a basic understanding of the kinetics involved in 

photoconductivity of the n-GaN/polymer hybrid structures. A drift term has been included in the 

general diffusion equation to account for the applied electric bias across the heterostructure. 

Though any comparison has not been presented here between the experimental spectral 

responses and simulated response but it can be guesses that the model is still not complete and 

requires a significant amount of modifications to generate spectral response close to what is 

experimentally observed for OI heterostructures. The opposite response observed, compared to 

what is predicted in case of n-GaN/donor polymer heterostructure can be explained by 

photocurrent modeling with the proper considerations of disorder transport in polymer, barrier 

and ohmic electrode workfunction offsets and surface and interface defect states. 
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CHAPTER 6 

 

SUMMARY AND FUTURE DIRECTIONS 
 

  OI semiconductor heterostructures are a new class of systems which have shown many 

novel properties. These new classes of materials have shown potential for application in the field 

of LED’s, photodetectors, Solar cells and high mobility FET channels. The use of hybrid 

materials and structures in semiconductors in not very new, the initial Si/organic semiconductor 

based devices are very well studied. One of the important aspects in these devices is the 

properties of charge transport across the organic – inorganic heterostructure. It is essential to 

understand the transport properties for efficient hybrid devices. In this study we have tried to 

look at some of the transport properties in the n-GaN/polymer hybrid heterojunction. The steady 

state measurements have been utilized to study the transport parameters like interface trap states 

density, barrier height between organic and inorganic layers etc. The modulated photocurrent 

measurements have been performed for studying the transport properties under illumination.  

 The hybrid structure n-GaN/pBTTT shows a characteristic PL emission which does not 

matches with the PL response of any of the pristine material. The emission energy is 

intermediate of n-GaN and pBTTT emission energy. Such emission can be the signature of 

formation of interface states of energies in between the pBTTT and n-GaN emission states. The 

current – voltage characteristics have been studied as a function of different energy structures 

and top electrode configuration. We see that the energy level alignment has a significant effect 

on the rectification ratios and saturation current density of OI diodes. The light response for type 

I and type II heterostructures are completely different. It was observed that the top electrode 

plays an important role in determining the space charge region. The small signal admittance 

measurement was used to calculate built in voltage (VBi), since, the values are much higher than 
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expected, it suggests that the corrections are required in the existing models for application in n-

GaN/polymer OI diodes. Capacitance-frequency measurements could give valuable information 

on interface state densities and trap response with frequency, which shows a shift from bulk to 

interface capacitance at around 2-3 MHz frequency. The IMPS studies carried out using small 

modulated light source suggests presence of three response regions which corresponds to three 

wavelength ranges (< 400 nm, 400 nm – 550 nm, > 550 nm). The frequency response at higher 

wavelengths (> 600 nm) shows a steady increase in photocurrent, which are generally observed 

for lower efficiency, trap dominated devices. Such response is the characteristics of 

recombination dominated transport.  

 Photoconductivity measurement shows symbatic and antibatic response in the 

photocurrent spectral response when illuminated from Au and n-GaN side respectively. Such 

responses are critical to the energy band structure present in the bulk of the material. Forward 

and reverse biased responses show striking differences, which supports the idea of the role of 

band structure in spectral response. The zero bias response from the n-GaN/p-type polymers is 

opposite with respect to the direction of illumination, i.e. symbatic response is observed for 

illumination form ohmic electrode while antibatic response is observed for illumination from 

barrier interface. Response expected from band structure, as shown in figure 3.4, is opposite to 

what is observed experimentally, such a response is not present for n-GaN/N2200, type II 

heterostructure devices. Observed opposite response can arise because of the effect of interface 

trap or asymmetric bending of Conduction band and valance band on the transport of 

photogenerated carriers, the true origin for these responses have not been understood properly. 

Measurements by varying the external control parameters like applied field, film thickness and 

background illumination gives useful information on parameters that affect the carrier transport 

at the interface and bulk. 

 Methods to model the spectral photocurrent response from the n-GaN/Polymer 

heterostructures have been presented. A systematic consideration of exciton generation, exciton 

diffusion to the barrier electrode and charge generation by exciton dissociation under the barrier 

field has been considered. The total current density from the OI device is speculated to be a 

mutual combination of exciton in organic region reaching the barrier interface, drift and/or 

diffusion dominated transport of generated charge carriers, and drift or diffusion dominated 
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transport in inorganic semiconductor. Any comparison between the theoretical and experimental 

spectral response has not been presented, the assumptions made in the model requires 

consideration of various carrier transport and loss mechanisms. .  

 Further a detailed analysis of the results along with the modification of the models is 

required to extract the transport parameters accurately. Correlation between the derived transport 

parameters and physical process is essential for a better understanding. The model derived for 

spectral photocurrent response has to be compared with experimental curves for n-GaN/Polymer 

devices for validating their applicability. Modeling of IMPS response in terms of generation, 

transport and recombination rates is required to understand the physical origin of the 

characteristic peak at 10 kHz and the wavelength dependent response. Understanding the device 

transport properties will also help understanding the reasons for lower efficiencies, and help 

improving the device performance. 
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Errata 

1) Page 52, equation (1.13), 

The equation of conductivity should be read as, 

ߪ  ൌ ௘݊௘ߤሺݍ ൅ ℎ݊ℎሻߤ (1.1)

2) Page 108, line 3, 

LUMO should be replaced by HOMO. 

3) Page 113, paragraph 2, line 8, 

Value of S for 522 nm illuminations should be replaced by 0.034 

4) Page 127, line 2, 

The calculated trap density, for a device area of 0.06 cm2, is of the order of 4.3X109 eV-1 cm-2 

5) Page 139, figure 4.3, 

The polymer layer, pBTTT should be replaced by P3HT. 

6) Page 140, figure 4.4, 

The polymer layer, pBTTT should be replaced by N2200. 

7) Page 154, the following equations have been redefined,  

In equations (5.2), divergence of drift current has been included in place of drift current itself. 

The modified equation is given as,  

 ݀݊௣௛௢௧௢ሺݔሻ

ݐ݀
ൌ ߙ଴ܫ߮ expሺെݔߙሻ െ

݀݅ௗ௜௙௙
ݔ݀

െ
݀݅ௗ௥௜௙௧
ݔ݀

െ
݊௣௛௢௧௢
߬

 (5.1)

In equation 5.2, nphoto is the electron or hole carrier density, α = ߙሺ߳ሻ, ߤ the bulk mobility of the 

photogenerated carrier, τ the bulk recombination lifetime, idiff  the diffusion current, and E is the 

applied field across the electrode. Under the equilibrium condition, the net charge flowing 

through x in the bulk is zero, giving 
ௗ௡೛೓೚೟೚ሺ௫ሻ

ௗ௧
ൌ 0. The diffusion current idiff , then can be given 
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by ݅ௗ௜௙௙ ൌ െܦ௡
݀݊௣௛௢௧௢

ݔ݀
ൗ  , where Dn is the carrier diffusion constant, idrift is expressed as 

݅ௗ௥௜௙௧ ൌ  Substituting E = V/x with the expression for diffusion and drift current in equation .ܧߤ݊

5.2, and assuming no spatial distribution of Dn and μ, equation (5.2) gives a time independent 

differential equation  for steady state carrier density distribution in the bulk  

Equation (5.3) has been modified for divergence of drift current, 

 ݀ଶ݊௣௛௢௧௢ሺݔሻ

ଶݔ݀
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൅
1
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൰ െ
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௡ܦ
 ሻݔߙሺെ݌ݔ݁

(5.2)

The solution of differential equation (5.3) is given in terms of Bessel functions of first and 

second type. 

The Solution to differential equation (5.3) has been modified and given in equation (5.5) 
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(5.5)

Using Γ ൌ ቀ
ଵ

ଶ
൅
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ଶ஽
ቁ, Δ ൌ ቀ

ଵ

ଶ
െ

ఓ௏

ଶ஽
ቁ, and A ൌ

ఝூబഀ

஽
, equation (5.5) can be written as, 
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(5.6)

In equation 5.5, B and C are constants and LD is the carrier diffusion length. For the case of 

exciton the solution of diffusion equation is given by, 
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(5.7)

 In equation 5.7, ܦ′ is the diffusion coefficient of exciton, this expression can also be used 

for free carriers when no external bias is applied, in that case n’(x) represents free carrier density. 

From the considerations of Devore model direct generation of free electron and holes in the bulk 

is assumed. The recombination of charge carriers can take place in the bulk after mean life time 

τ, or at any surface at a rate given by a recombination current iR = nsS. Where, nS photo is the 

density of electron hole pair and S is the surface recombination velocity. When film thickness is 

comparable to the reciprocal of the maximum value of absorption coefficient, a high surface 

recombination rate S > Dn/LDn (bulk recombination rate) results in an antibatic response while a 

low recombination rate gives symbatic response. The boundary conditions for surface 

recombination at illuminated surface for zero external bias case can be given by, 

 
ሺ݅ோሻ଴ ൌ െܦ௡ ቆ

݀݊௣௛௢௧௢
ݔ݀
ൗ ቇ

௫ୀ଴

ൌ െ݊଴೛೓೚೟೚ܵ (5.8)

Boundary condition for surface far from the illuminated surface is given by, 
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௫ୀ௅

ൌ െ݊௅೛೓೚೟೚ܵ (5.9)

 

The coefficient B’and C’ mentioned in (5.10) and (5.11) are valid only for diffusion equation. 
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 And  
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(5.11)
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In (5.10) and (5.11) ߚ ൌ
ଵ

௅ವ
, is the inverse of carrier diffusion length. 

Other grammatical corrections, 

Preoskite should be replaced by perovskite. 

Taps should be replaced by traps. 

Pool should be replaced by Poole. 

Roots should be replaced by routes.  

Gown should be replaced by grown.  

Sates should be replaced by states. 

Columbic should be replaced by Coulombic.  

Incorporation should be replaced by Inc. 

Monochromtor should be replaced by monochromator.  

Plain should be replaced by plane. 

HUMO should be replaced by HOMO.  

Devotions should be replaced by deviations.  
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