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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 ~ lem?/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

e
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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 19" century, when a decrease in resistance with
increasing temperature was observed in certain materials . Metal-semiconductor diodes and
junction diodes were studied in 1870’s ! and used widely in radio frequency receivers during
Second World War P, The first solid state transistors made of germanium was demonstrated by
Bell labs in 1947 Y. 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 [/,
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.

Optical link

Fiberor air

LED or Laser —" Photo detector

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.

®
Ce
bep =7 yd
L. 4 [ o

I‘
I

Ly

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 *,
EGA (1.1)
Cjunction = W
In equation 1.1, Cjunciion 1S junction capacitance, & 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) ",
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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) .

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.

D* = DVA (12

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 um to 0.35 um) ), Si (spectral range 0.40 um to 1.1 pm) " and InGaAS (spectral
range 0.9 pm to 1.7 um) " are used for detection in UV, visible and infrared bands respectively.
Availability of polymer semiconductor with advantages of high optical absorption coefficient (a

(131 colour tunability [, large active area

[15]

~10° ecm™) ", large and ultrafast nonlinear responses
and low processing cost over inorganic semiconductors ', 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 !'®!"'%1,

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 ). OI semiconductor photodetectors have been fabricated with various small molecule and

2021 11y the next

polymer organic semiconductors to give a wide range of spectral coverage |
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 20" century ***’!. Discovery of electroluminescence **!
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 **). Demonstration of efficient photovoltaic cells

[27 [28.29]

made of organic heterojunction *”' and thin film transistor from conjugated polymers

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) 2!
organic photovoltaic (OPVs) P***] and organic field effect transistors (OFETs) P***! 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 1s*2s*2p”electronic configuration, in conjugated system 2s,
2px and 2py orbital hybridize to form three sp” hybridized orbitals which forms strong sigma
bonds with hybridized or unhybridized orbitals of other atoms. The unhybridized 2p, orbital stays
perpendicular to the plane of sp” hybridized orbital and carries one unpaired electron.
Neighboring 2p, orbitals overlap to form delocalized n-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 () and anti-bonding (n") 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 738

, as shown in Figure 1.3. The energy gap, between m and T 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.

Anti bonding orbital
AD o orbital
F— 1 orbital
& :
$ 'Optical excitation
R I
|
I
lT L morbital
lT o orbital
Bonding orbital

Figure 1.3 : a) o- and ©- bonds in ethene, example of simplest conjugated system. b) energy
levels of m conjugated system and electronic excitation between bonding m and anti bonding T

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

[36]

opening of energy gap at the Fermi level "™, as shown in figure 1.5.

e
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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 (i ~ 102 to 10” cm?/V.s) % which
is 10* — 10° times lesser than inorganic semiconductors (i ~ 10%to 10* cm?/V.s) !,

2. Diffusion lengths of primary photoexcitations (exciton) in disordered organic materials
(Lp (exciton) ~ 5-10 nm) *¥is very less compared to diffusion length for charge transport
in inorganic semiconductors (Lp (Si) ~ 700 nm, Lp (GaAs) ~ 10 um).

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 (AE ~
0.1-1.0eV) ™.

4. Organic semiconducting materials have higher absorption coefficient (a > 10° cm™) *4
compared to inorganic semiconductors (o > 10* cm™) !, 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 InA1GaN family *%), 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 sp” hybridization, hybridized orbitals form strong o
bonds with other carbon atoms along the chain and side groups. Unhybridized p, orbitals of
neighboring carbon atoms overlap to form delocalized = and © molecular orbital’s, splitting
between 7 and ©', 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 ¢ 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'*”). 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.

CB

LUMO
P, 40 o, b,

VB
HOMO

N=1 2 3 4 5.

—

0
C C=C C

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 n 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,

(1.3)

=——n?,4 AE = s 2n+1)
and 2m,L*

Considering the polymer of length L as a chain of 2N recurring units each of length a. If each

monomer contributes mmn electrons, than total number of states occupied is Nm/2.

AE h2m? (2 (Nm> N 1) h2m? (m N 1 ) 1 (1.4)
= = —_— — —_— oc_
2m,L?(Na)? 2 2my,a?\N N2/ N

Thus, the gap between the two consecutive levels is inversely proportional to the length of
polymer chain, energy E as the function m/a is a continuous curve. This type of material has no
gap at the Fermi energy. Looking at the & electrons, one can consider this material as a quasi —
one — dimensional system with mx electron per repeated unit. As such this is a metal with exactly
half filled band. As pointed out by Peierls ¥ 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.
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Figure 1.5 : Trans-polyacetylene a) before distortion b) after distortion. ¢) 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

[4

9
references [*”! 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 °%. 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 ' It has also been argued by Tessler and
Roichman that exponential distribution of states is not compatible with Gaussian distribution of

states °. As an example of above argument, for positive charge state we can use [**)

In(Ny (E)) = In(Nyy) - E/kT; (Conduction band tail states) (1.5)
In(Nr (E)) = In(Nyy) - E/kT> (Trap states)

In equation 1.5, Ny and Nt are density at reference energy (here E = 0) and —E/kT; and —E/kT,

are slope of distribution when plotted in a logarithmic scale.

Effect of traps on electrical characteristics of devices can be summarized as **

o Low conductivity, which can also be possible because of low mobility.
o Thermal activation of current.
o 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.

o Thin film transistors (TFT’s) have nonlinear output and transfer curves and thermal
activation energy depending on bias (Meyer — Neldel Rule).

o 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 "), As far as basic

5 (55 are the two

conduction mechanism is concerned, free carriers and polarons °* or bipolarons
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 °®. Charges spend all their time on
such localized states except during instantaneous hop between these states. As shown by the

simulations of Bissler 7

such transport can also cause field and temperature dependence of
mobility. Ambegaokar et al. *® extended the work of Mott on hopping/percolation theory which
predicts temperature dependence of conductivity as o «< exp [—(T,/T)*/*]. Other mechanism of
transport contains two band formalism, a conduction band and a defect band . When defect
band is dense enough, hopping can occur from defect to defect giving enough current '*!. This
method can be nearest range hopping or variable range hopping (VRH) [**. 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 '®*! for transport in a-As,Se; 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 [ (t) -~ exp (—t/7)] 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.

t 6
t_(l_a) r < 1 (1 )
I(t)~ Const X Ler

t= D fort /t,, > 1
In equation 1.6, 0 < a < 1 and t 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
[5064.65.66] "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 **!. 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!®”!

and Gartstein — Conwell [*®

&

LUMO
HOMO

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

space.




Field and temperature dependence of mobility as calculated from the GDM is given by

(1.7)

2
2% ) X exp[Cy (07 — THVF]

3k,T

u(F,T) = poexp [—(

It has been seen that the model shows large increase in mobility in a typical electric field
E =~ kT /R (where R can be localization radii) when the energy correlation is not considered,
thus the Poole — Frenkel like behavior u ~ exp(—a(T)E®®) cannot be explained. In materials
with narrow DOS the mobility shows a negative slope when the temperature crosses To °”). Thus

7071 by including Marcus

the polaronic effect on the hopping rate has to be taken into account
rate into GDM or by inserting Holstein theory with *! or without I"*) 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).
[llumination 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

e
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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 ™! . 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 "]

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) "%,

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  — conjugated
polymers have been predicted to be a stable excitation [’”. Biexcitons observed in PPV oligomer
films are found to be unstable and decay to form interchain species in sub — picoseconds time

scale I8,

Triplet exciton

Exposure of above band gap light creates singlet excitons, but can be converted to triplet
by intersystem crossing "~*". 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 *',

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 © orbitals of two molecules. Molecules must be close enough in
the range of 0.3 to 0.4 nm for sufficient interaction **. For a good = 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.

Adggregates

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 *%).

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 *%),

Soliton
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[26

Ground state structure of trans—polyacetylene is degenerate 1, which gives rise to

another type of defect or excitation called soliton S or anti—soliton S. 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 %,

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 **!. 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 34,

Singlet exciton, properties and dissociation

Singlet exciton binding energy Ey is defines as Ep = Eq— E,. Where E, is energy gap and
E, is absorption edge, value of E, and E, 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 ™! 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 ***",

(88591 \which can be introduced

Exciton decay can be caused by introduction of carbonyls
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 X 10°V/cm, 40% quenching occurs which increases with
higher field . 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 " or 0.3 + 0.1 eV "2,

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 ).

A) Radiative recombination
I) Band — to — band recombination by collision between free electron and hole.
II) Recombination through a recombination centre.
II)  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
IT) Auger or impact recombination, which can involve electron-electron or hole -

hole collision or electron — impurity collision.
II)  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 .

dn dp (1.8)
dt — dt riP
In equation 1.8, C, is given by **!,
Cr = (’U’O’r)
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Here, 1+ is microscopic relative velocity and g, 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 */,
Ry = (vo )n(Nyg — Nyg)

Ry = (’Uap)pnra (1.9)

For acceptor type recombination center, N;, is the density of all the acceptor
recombination centre and ny, is the density of captured electrons. For donor type recombination

center, the recombination rate is given by ),
RD = </v/0-p)nnrd

Rp = (’lf(fp)P(Nrd — Nyg) (1.10)
In equation 1.10, N4 and n4 are the density of donor type recombination center and density of
captured holes respectively. A monomolecular recombination rate can be approximated by n/t.
Non-geminate or bimolecular recombination rate can be given by Langavin theory where

9491 where v is Langavin recombination factor which for pristine material is

Rocy(np —n?)!
given by y = e(/,te — ,up) /€, where ¢ is the dielectric constant of the material and n and p is free

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 B,

While I1-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 AIN cover
the whole visible spectrum. The special interest in GaN arose from the fact that this

61 Among the vast family of

semiconductor made the blue LEDs and UV lasers possible
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. AIN 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 7. Nitride semiconductors and mostly GaN crystals are grown using epitaxy, bulk
growth by dissolving nitrogen into melt gallium at 10 Kbar and 1600 ° C is still not a viable
method. Metal organic vapor phase epitaxy (MOVPE) techniques have been utilized for growth

98]

of GaN and its alloys. An efficient p — type doping of MOVPE grown GaN films °® enables the

step towards commercialization of GaN based LEDs.

GaN is different from another famous member of Il — 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,
AIN, and InN P?!. 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, AIN, and InN are stable at
high pressures. The WR polytypic has a hexagonal unit cell, where the two lattice constants for

GaN crystal are ¢ = 5.185 A and a = 3.189 A. The structure contains six atoms of each type per

e
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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 ¢ axis with an offset of

1001 " The unit cell of zincblende

5¢/8. Space group of GaN in WR structure is P6smc (CZ,) !
structure is cubic with four atoms of group III and four of nitrogen. The space group is
F43m (TZ). The cohesive energy per bond is 2.88 eV, 2.2 eV and 1.93 eV for AIN, GaN, and
InN respectively '°!). 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 AIN and GaN with some

[102.103.104] “Most of them present charge density calculations, density of state

crystal structures
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

(1951 Figure 1.7 (a) shows the first Brillouin zone for WR crystal structure and

)%

Suzuki et.al.

Figure 1.7 (b) the E versus k diagram for WR GaN without spin — orbit interaction.
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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 ~ 10" ecm™ "%l The electronic band diagram shows that GaN is a direct band gap

semiconductor, where the conduction band minimum is located at the I" 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 AIN 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 "’ and refractive index of 2.29 "% at 300 K.
Refractive index changes with temperature and photon energy and increases with increasing

photon energy '),

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 %,

Ex = E, + 77 K2/2(m} + m3) (1.11)

In equation 1.11, m} and m}, are effective masses of electron and hole and E, is given by !'%”!

E, = e*u/2(4n/ie)*n? (1.12)
Here, u = (1/7712 + 1/"1;1) 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 %),

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

and is given by,

0 = q(ene + 1M p) (1.13)
In equation 1.13, 1. and 1, are free electron and hole life times. When exposed to excitation
wavelength, extra electron-hole pairs are created giving rise to photoconductivity Ac. 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.

Ipr = qnAdg (1.14)
In equation 1.14, n is quantum efficiency of the material, ¢ 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 %,
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. Ap = An.
A key parameter to understand photoconductivity is carrier life time. If f number of

charge pairs are generated after photo excitation then An = fr, and Ap = fr,. Where 1, and 1, are

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

Ao = fe(Tptin + Tpip) (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 !4,

ElEl + Pl - EzEz (116)
In equation 1.16, €;and €, are the dielectric constants of two sides, E; and E, are the electric

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

Poisson’s equation can be written as [''?],

p 1.17

VZ EC - _ = ( )
&

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 [''?],

dZ _ p(Z) (1.18)

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

,D(Z) = Q(Nd*(z) - N;(Z)) - nffree(z) + pfree(z) (1.19)

*
=) napi @)
i
In equation 1.19, Njand N, are effective doping concentration and ng.. and pee are free carrier

concentration. The occupation n;is given by !''?],

ka

ng=——- ln[1+exp<
/i

E; — Ep (1.20)
o )
Sub-band envelop function, Y;, is obtained by solving time independent Schrodinger 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 "'*,
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dE. dn(z) (1.21)
Jn= —,unn(z) E +qDy——

dz
dE, dp(z) (1.22)
Ip = —upp(Z)E +qD, e

Now, using continuity equation, this is given by ']

(1.23)

Gn _ o — _
dz—qRand - qR

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 p(z) expression. The

tunneling current in 3D can be given by using WKB approximation '],

e}

Jsp =4 -Io V(El'Ef)DiD(El)EZD(Et) (f(EtOt'EfS' T)

EnZD

(1.24)

— £ (Ecot Efms T)) x T(E,, E,)dE,dE,

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 10°Kv/cm '

2) Dark Conductivity 6 ~ 0.5 Q'cm™ at 300 K [

3) Electron mobility p, <440 cm?/Vs at 300 K ¥

4) Hole mobility p, <200 cm*/Vs at 300 K "

5) Diffusion Coefficient of electron, D, 25 cmz/s, at 300 K'Y
6) Diffusion Coefficient of hole, D, 5 cm®/s at 300 K ['"*

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

The value changes with temperature and carrier concentration.

e
55




1.4 Organic — Inorganic Hybrid Systems

The hybrid organic — inorganic (OI) device structures have been studied extensively for
applications in solar cells "'®"7 hybrid LED’s "'® photodetectors *''*'*) and hybrid

121 Hybrid semiconducting materials and device structures give a versatile class of

transistors
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 2. A great deal of effort has been given for

chemical route of synthesis of OI hybrid structures ['**!2412°],

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 "'**'*"). 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

[130,131]

fabrication alternative for hybrid structures 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 Ol devices.

1.4.1 p-n junction versus Ol junction

An OI HIJ 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) Inap'/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 '*

(1.25)
J= ]sat [exp (qv/kBT) - 1]

In equation 1.25, /54, is the saturation current density given by %%,

(1.26)
qD,P, qD,N.
Jsat = Jpo tJno = P n/Lp + mp L,

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

P-n is the minority hole concentration and L; is the minority hole diffusion length on the n-side.
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Similarly D,, N, and L, 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. qVp;

represents the built in filed and y is the electron affinity of the semiconducting material.
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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
V1h. For low forward current and above Vry,, the minority carrier diffusion recombination in the
two quasi neutral layers determines the terminal current.

The junction between the organic and inorganic layer in Ol 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 AE.,; Figure 1.10 shows a band structure for

trap filled interface.
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Figure 1.9 : a) Flat band Energy diagram and b) equilibrium energy diagram for inorganic s-s
[132]

heterostructure .
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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.

\/ :

+++++

S1 n-type S2 donor polymer

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

donor polymer semiconductor.

1.4.2 1-VV 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 qop exists at the
OI semiconductor interface. Vr is the externally applied forward bias and Vg 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.

i ’

W

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,

Jn = qunnE (1.27)
]p = q’uppE (1.28)
Total current density Jio, is given by, Jror = Jn +Jp

(n,p) are the total carrier density given by ['**!

P = Do + Pinj = Nyexp [(E, — E,)/KT| (1.29)

N, is the density of states at the valance band edge (E,). F,, is the quasi Fermi energy for hole.
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From continuity equation,

dJtot _ d/n _ dfp —0 (1.30)
dx  dx dx

In the absence of recombination, this argument is valid for all x, using equation 1.27, 1.28 and
[133]

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

can be given by,

—~2eorx[§ 1])” ’ (131)

Esclx) = ( e(uy + tnf)

Where § = "/), = constant

Electric field Esc = 0, at the ohmic injection electrode. Using E = — dV/ dx and setting x = d,

current density in the film of thickness t can be given by ['**],

J 9 g(ﬂp + Mng) Vszc (1.32)
In equation 1.32, Vg, 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 [**]]

_ (1.33)
ng = Ncexp< q¢B/kT>

In equation 1.33, ¢p is the barrier for electron at the interface. For q¢pp = 1 eV, ng will be

vanishingly small and the space charge current density equation gives rise to Mott — Gurney ¥

equation.

9 VSZC (1.34)
Jtot = — g Elcarrier t_3

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

current leads to the expression for thermionic emission in O HJ **!,
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(1.35)

I = Jsat {exp (qVD/nkT> - 1}

The saturation current density Jg, is given by [133],

Joar = A*T%exp [—CI(% — A(P)/kT] (1.36)

In equation 1.36, A¢ 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 ['*>),

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 Ol 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 [,

dE _ qlp(x) — pol (1.37)
dx £

In equation 1.37, py is the equilibrium hole concentration and p (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 **]

] = qp(x).ucarrierE(x) (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 V, across the

organic film of thickness t is given by !**

3,3,2 1.39)
43 P32 arrier Vo (
;}lzmer =u?—u,—In(1+u,)
The current J is given by [133],
J = qu(z).ucarriert/{[l — U — ln(l - ut)]g} (1.40)

In equation 1.40, u, = PO/p(t) ,atx =t,

Voltage across the thin film can be calculated by solving the above equations for a given
J. When V <V, J xV and when V >V, | < VOZ, where V 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 V is replaced by

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

L (1.41)
q poﬂ;]arnerx = —u(x) — In(1 + ux))

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 !}

J(@®) =] = qlps(Vp) — ps(0){v,) (1.42)

In equation 1.42, p;(Vp) is the hole density at the OI interface corresponding to the lowest point
in the VB maxima at the inorganic semiconductor interface, Vp 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 (v.) is calculated using x dependence of mobility and electric field. This
formalism considers only drift current, but the diffusion component becomes important at V, =

kT /q. When diffusion component is significant, the drift velocity is replaced by !>,
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1/2 - 1/2 (1.43)
(V) = (D/r> = (H /C[T>
The current on the inorganic side of the HJ is given by '**
qpE dp(x)) (1.44)
= gD _
/= aDsc ( KT dx

Here, Dy 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 !**,

J= [qus(vc)/(l + (vr:)/vd)] (1.45)

wcexp (T e (—qu/kT> -1]

In equation 1.45, ¢ is the barrier height and v, is the carrier diffusion velocity in inorganic

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

(1361 wyith the exception that the ¢g can be voltage dependent under the strong

Schottky barrier
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 J « ~V?2. 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

137.1 . . . .
371381 "Such a situation can result in localized

139,140

between organic molecule and potential electrodes !
electronic states, which can act as charge carrier trap | ], It has been seen that the device
characteristics are dependent on the anisotropy of the transport properties in the organic thin
films 4!,

Interfacial electronic properties can depend on the crystal perfection and surface

142 the way an organic semiconductor is adsorbed to the

roughness of inorganic material |
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.c.
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,

143,144

semiconductor and alkali halide substrates | 1. 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 !**!.

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

11461 “as shown in Figure 1.14. Studies show a huge variation of the

bands near the interface
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

e
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[147

interface dipoles . 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

- 147,148
some organic molecules ['471*%,

Organic Inorganic

[Fsio

.

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 !>,

2
Jr= (9/8)€Heff Vsc/d3 (1.46)

In equation 1.47, pr is the number of trapped carriers. Under the trap dominated transport, the
space charge equation leads to Child — Langmuir law J, = B(d, Up) T)VS%. 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 In(/) versus V plot, which will be prominent in

case of high surface states density !'**).

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 [°% 2151 Since then a continuous development in the
studies on various OI HJ hybrid systems have been observed !°#!**!** A complete description
of dark charge transport properties and interface band structure for silicon — PTCDA (3,4,9,10-
perylenetetracarboxylic dianhydride) OI HJ has been presented by Forrest et.al. !'*1*%13%1 Ap
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 Ol HJ hybrid — Hybrid structures using n-Si or p-Si are very well studied.
Small molecules like PTCDA "), CuPc >, P3HT "**), MEH PPV '*7 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%) "'®!. Fast

detectors with large band widths have been made using Si/Organic hybrid materials ["*'>*].
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These structures form an efficient model system for understanding the transport in OI HJ
hybrids.

2) Organic/GaAs Ol HJ hybrid — Hybrid structures using GaAs as inorganic material has also
159,160

been studies widely ] 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 !>

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

3) Organic/GaN Ol 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

[161.162,163] o100

photoconductivity mechanisms. The introduction of oxide based layers in OPV’s
requires a better understanding of charge transport mechanism and efficiency limiting steps

between the organic and inorganic semiconductor materials.

1.4.5 Problems with Ol 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— yDthieno[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 cm?/Vs), which is expected to
be helpful in fast response of the hybrid devices.

HgC a4

pBTTT-C14 2.0eV

HaC

S ¢
w S

P3HT o, 1.8 eV

PCBTDPP 1.92 eV

PCDTBT 2.24eV

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" — 10 ¢cm?/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 (~ 10" — 10° cm?*/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.
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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 pPBTTT-C14, P3HT
and N2200 polymers used in current study, Figure 2.1 shows the chemical structures of these

polymers.

0 s N

CgHiz
Hi7Cq

pBTTT-C14 .
P3HT N2200

Figure 2.1 : Chemical structure of pBTTT-C14, P3HT and N2200 Polymers



221 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

14 and thermally stable up to temperatures ~ 200 °C. The

effect hole mobility ~ 0.6 cm?/V.s !
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 x 10™* cm?/V.s '], 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 (o) has a maximum value of 1.5 X 10° cm™? 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 °C. The pBTTT-C14 used in present study

where procured from luminescence corporation, Taiwan %!
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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 (o) of pPBTTT as a function of wavelength ().
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Figure 2.4 : Cyclic voltammeter plot for pPBTTT.
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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 T, > 150 oC.
The optical band gap is found to be ~ 1.9 ¢V ") 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 '°®). 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 a 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 ['"®”. P3HT films coated on
n-GaN shows a — type stacking with an inter chain spacing of 1.6 nm and 20 value of 5.32°. 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

. . . . 166
were procured from luminscence incarporation, Taiwan ['°°!

a 030 b ¢
- e P3HT AbSOrotion 1.4x10° = e P3HT
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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, (20 = 5.23%

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 Activelnk N2200) is a napthalinediamide (NDI)
based n-type polymer. High field effect mobility has been observed (~0.45 — 0.85 cm*/V.s) ['"%)

for this polymer. The NDI core provides electron depleted electronic structure which is a
building block for polymer; it also provides a highly m — conjugated and regioregular backbone

to the polymer. Optical band gap of N2200 is found to be ~1.45 eV 7!

, which is very less
compared to naphthalene (~3 eV) or perylene-bis(dicarboximide) (~ 2 eV) 7 Decrease in band
gap confirms the presence of extended m — conjugation in the polymer. The LUMO of polymer is
at -4.0 eV """ and is stable up to temperatures ~ 300 °C """ 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 7%,
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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 A) which results in significantly reduced lattice parameter and gives large
bond energies 2.2 eV (GaN) ' 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 (AIN 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%) !'"# substrates which are easily available or on silicon carbide (SiC) (Lattice

) [175]

mismatch 3% substrates, which are much expensive compared to sapphire. Films grown via

[176- 1771 A large n-type

this method are generally n — type, without introducing any doping source
background concentration (~ 10" to 10" cm™) makes p-type doping very unlikely. With the
introduction of buffer layer the background concentration could be reduced below 10'” cm™ and

controlled further n — type doping could be performed using Si or Se atoms "),

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 Waurtzitic (WR)
Film thickness ~3 um
Doping concentration 2.0 x 1018 cm™
Donor material Si
Band Gap 34eV
C.B. and V.B. maxima -3.4 eV and -6.8 eV
Surface defect state density ~10° cm™
Sheet resistivity 50 Qcm
Electron mobility ~270 cm/V.s

The n-GaN films, used for present work are grown using MOCVD method at
1050 °C. The critical layer thickness of GaN is small and surface is relaxed as a large dislocation
defect density (10° cm™) 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 (o) as a function of

wavelength (X).
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Figure 2.8 : Absorption and PL emission for n-GaN films grown through MOCVD.
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Figure 2.9 : Absorption coefficient for n-GaN films, as calculated for 3pm thick n-GaN films.

83



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 )
178171 or Hole (PEDOT:PSS, MoO,) "*" ¥!1 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

[182,183] 5 o by

electrode, which can cause degradation of organic layer by diffusion through
damaging it during thermal evaporation of metal "**. 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 ") buffer layers can provide
hydrophobic (HMDS) "*®! or hydrophilic ultra-thin (~ 5-10 nm) layers (MoOy) 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
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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

bns = bm — X (2.1)
In equation 2.1, E,, is the thermionic work function of the metal, and y the electron

affinity of the n-type semiconductor. Similarly for p-type semiconductor — metal contact the

barrier height is given by,

bps = X+ Eg— iy (2.2)

In equation 2.2, E, 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.

a Vacuum level C
1 X
. _: - = Ec d)rs \ EC
b ¢, B | | T/
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i i, d o 3
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Figure 2.10 : Work function mismatch in non contact mode for a) n —type and b) p — type

semiconductor. Barrier formed for ¢) 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.

'8 and indium (workfunction -4.12 ¢V) " are known to

Aluminum (workfunction -4.08 ¢V) |
form ohmic contact with n —GaN ["**'%%), 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) '11%21 TTO (workfunction — 4.7 V) ['"*® PEDOT:PSS (HOMO -4.9
e3> IV 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.

01 02 03 04

Voltage (V)

-05 -04

-0.3 -0.2 -0.1

e |/N-GaN/In

Figure 2.11 : I-V plot for In/n-GaN/In structure, showing ohmic nature for In/n-GaN contact
placed.

86



-14-12-10-08-06-04 700 020406081012

Voltage (V) 1.0 08 -06 -04 HZL 0P 02 04 06 08 1.0
20 ) Voltage (V)
-40 4
-60 6

TOPEDOT PSS BTTT/PPrOOOT AL == TO/PEDOT:PSS/P3HT/PP1oDOT/Au

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 um) and stable at higher temperature, for

0 [197

example gallium nitride are stable up to 800-1000 ], Case for organic semiconductor

materials is different, an efficient device made of organic semiconducting material requires a

18] Deposition of top metal electrode (metal

very thin layer of active material (80 — 200 nm) |
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 (1992001 '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 *°"!. There can be still
other effects, like penetration or diffusion of metal atoms deep inside the organic materials,

(2921 This effect decreases the shunt resistance between

forming percolation path for metal atoms
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,

e 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.

e 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 °C) or filtering the polymer solution using fine
pore size filters (example 0.2 um). Molecular weight of the polymer also plays an important role
in avoiding shorting, as higher molecular weight polymers will give thicker and denser films

(2031 Along with

which can stop diffusion of metal atoms at shallow depths inside the polymer
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

204,205 206,207 - -
2031 207 A wide variety of

either by solution based methods ! or via slow thermal deposition !
p — and n — type buffer layer materials are available, for example, the p — type buffer layer
materials are PEDOT:PSS, MoOy, PProDOT, etc. The n — type buffer layer materials are TiOx,
Zn0O, 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
[208

devices **®. They have been employed to control the injection conditions, converting contacts
which were blocking into ohmic **. 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, MoOy, TiOy are known to stop oxygen diffusion into the active layer,

[210211.212] “ A second most important role can be to provide a

giving stability to the device
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.

e |n/N-GaN/pBTTT/Au

-4 -3 - - 20 -15 1.0 -05 0O 0.5 1.0 1.5 2.0
Voltage (V) 20 -0.0002 Voltage (V)

-0.0004

| n/N-GaN/pBTTT/PProDOT/Au

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) "’ PSS is a
water soluble polymer which makes PEDOT:PSS a water based dispersion *'*! 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 << 90°). 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.

\ \
SOy \303H SO,H O O
-
1 o (o]
i NI 7\ s 1t / \
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Qf o Q Q
— h—
PEDOT:PSS PProDOT

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 (CHCIs), 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
um 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 pm polishing cloth, which increased the transmission by 8 times as shown in

figure 2.15. These polished substrates were used for further device fabrication.
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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.

Au

B PBTTT B nrGan
B Ultra thin Electrolytic-Buffer layer

C - plane Sapphire

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 N, atmosphere glove box (H,O < 1 ppm; O, < 10 ppm). Polymer solutions were prepared in
1,2-orthodichlorobenzene, stirred at 70 — 80 °C for 6 - 8 hours. Polymer active layer thickness
was ~ 100 -120 nm. Polymer active layers were annealed at 170 °C for pBTTT and 120 °C for
P3HT and N2200. P3HT and pBTTT Polymers are known to form crystalline phase when
214215

1. The hole transporting PProDOT layer was coated from
TCE (pBTTT) solution and DCM (P3HT) solution followed by annealing at 110 OC for 2 min.

annealed at elevated temperature |

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
mbar. The evaporation rate was slow (~ 5A 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 (1-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 [-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 (~ pA 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 10° — 10°. 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 (¢), 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.

—l_‘

OI dinde Ammeter

Voltmeter

Figure 2.17 : Schematic diagram for I-V measurement of OI hybrid heterostructure device.

%94



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.

[-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 Js(E) or Ji(A). 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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In equation 2.3, SR (spectral responsivity) is expressed in units of A/W (Ampere per watt), E is

SR(E) =

the energy of incident photon of monochromatic wavelength Ag, J(E) is the photocurrent density
as a function of E, Q. is the quantum efficiency, ¢(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 (Ol 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 10* — 10° 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

e
96




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.

Optical Chopper 70:30 BS

0o [
éﬁ:ﬁ’f -

I to ¥V converger
D Lock- mAmp DD Lock- mAmp

Monochromtor

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 dQ to a small voltage change oV, ¢ = 6Q/dV. 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 v, 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/v,. The junction region response of a diode has

capacitive and conductive components and in general exhibits an admittance of the form

Y =G+ joC (2.4)

In equation 2.4, j* = -1 and o 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 Ap 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,
_ &KsA
W

In equation 2.5, C; is junction or depletion layer capacitance, W is the depletion width, A is the

(2.5)

area of diode and Kj 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 V4 relationship was found to vary with doping profile. For two very familiar

doping profiles, the W versus V4 relationship has been given as [

KSSO 1/2 . 3 .
W= aN (Vi — VA)] ..asymmetrical step junction  (2.6)
B

For linearly graded junction the relationship is given by,
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12K,¢, v o
W= = (Vyi — V) ..linearly graded junction (2.7)

In equation 2.7, ‘a’ is linear grading constant for linearly graded junction. A single generalized
relationship can also be developed for W versus V4. Considering the lightly doped side described
by the power law,

Ng(x) =bx™ ,x>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, [

1/(m+2)
m+ 2)Kse
w = [P - ) 29)
qb
The junction capacitance is be given by,
K;e0A
G = 1/(m+2)
(m + 2)K;e, (2.10)
qb (Vbi - VA)
Using Cjo, given by,
KsepA
Cjo = Cj/v,=0= - 1/(m+2)
(m + 2)K;¢ (2.11)
qb
The junction capacitance can be written as,
C; = o
] (1 _&)1/(1”4-2) (2.12)
Vbi

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 90°. 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.

OI diode

"'-ac ®

adder

TS
Voo /

Ito V

Nleasurement
box

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 2171 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 / 2 Versus Va, one should get a straight
J

line for symmetrical step junction with a slope inversely proportional to Ng. Extrapolating 1 / c2
J

= 0 intercept gives Vy,;,

(2.13)

C? ~ qNgK,eoA?

Vbi — Va)
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If the diode area is known, Np can be deduced from the slope of the plot. The doping
variation with position N(x) on the highly doped side of a junction can be derived directly from

the C-V data.

2 KqegA
Ng(x) = - - ,Where x = SC_O

l < 1 ) j
.2 2-14
qKgeyA? Cj / o4

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

2181 At higher frequency, the carrier in the bulk do not move that fast, in

band edge and mid gap |
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 ¢ = K egA/T, where T
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 ¢ = K;e,A/W. As temperature
increases or frequency decreases, the trap state can begin to respond. The demarcation energy Eq4
determines the cutoff energy for trap response at a given temperature and frequency.

A step in capacitance corresponds to a peak in G/w, 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, €'and €,

[219,220

respectively ], While G/o 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.

a¢c  wdC (2.15)

dE;  kTdw
An Arrhenius plot of In (w /TZ) as a function of 1000/T can give activation energy E,,

and capture cross section Gy, 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

221222, 223241 The light source can be a Light Emitting

solar cells and dye sensitized solar cells !
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 **]

I1(t) = Iy, + Iy sin(wt) ,where w = 2nf (2.16)
I, is the small fraction of I, 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 22/,

g = gac + Gac sin(wt) (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 %),
q9dc qgac(ktr + krec) . (2-18)
Qs(t) = + sin(wt)
y ktT‘ + krec (ktr + kTEC)Z + wz
)
49ac > cos(wt)

- (ker + krec)? + w

Thus we can write photocurrent density Jphoto as [225]
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qucktr qgac(ktr(ktr + krec) + wZ) (219)

= + sin(wt
Jonoto = e e VT Gy + kyud)? + 07 (@t)

_ qgaca)krec Cos(a)t)
(kreC + ktr)z

This expression can also be expressed in dimensionless complex form |

225]

Jphoto (W) Ky +iw (2.20)

¢(w) = :
49ac krec + ke +iw

The corresponding real components of the IMPS response are 2>

(jphoto> (ker + krec)ker + w? (2.21)
Re = 2 2
d9ac (ktr + krec) +w

The imaginary component is given by equation 2.22 [#*°]

Im (jphoto) _ krecw (2.22)
q9ac (ktr + krec)z + w?

Where, ky and k. 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 (k. +

krec) 1s derived from the frequencies, ®max at which maxima in the semicircular plot appears. The

ke / can be obtained from the low and high frequency intercept after normalization.
(ker + krec)

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

[226,227]

exciton into free charge . The charge generation in inorganic semiconductor is

(2281 and can be

independent of this field as the exciton binding energy is very less (~ 25-50 meV)
dissociated easily via thermal energy (kgT =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) **! 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 E, = 3.4 eV. It is almost
transparent to wavelengths below 450 nm, with absorption coefficient less than 5 x 10* cm™ %),
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 cm®/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.
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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).

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

PL intensity (a.u.)

The conduction band minima for n-GaN lies at -3.4 eV, which is very close to

iV
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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 Ol 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 Vy,; for p-n junction or a barrier ¢p in case of
MS junction at the mechanical interface. There is also a formation of depletion region which is
larger in organic polymeric semiconductor (Wy) 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

_4¢s

po ), the barrier height can be calculated,

voltage. Using the expression Jg,; = A*Tzexp(

where A*is the Ridhardson constant which is calculated using effective mass of the free charge
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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 V.. and J, 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 Ol 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 — VVoltage 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 Vy,; 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. [ — 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 10°. 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/cm’ and the forward current density at 1 V is 10mA/cm®. 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.

J (10° Alem?®)
abs J (A/cm?)
o |

93 06 03 O0p 03 06 00 2 4 0 12

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 HA for lower reverse biased voltages. The important point to be noticed is the presence of
additional voltage Vj 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 pA/ecm?) shown in Figure 3.6 . The space charge region was not observed in the range of

€6 .9

measurement. The model parameters used are the diode ideality factor “n” in thermionic
emission model. The voltage has been reduced to V — V|, to take care of the extra built in voltage
Vo, where V, for given n-GaN/pBTTT system is 0.44 V. The value for barrier height as
calculated from saturation current density of 800 nA/cm? is ~ 0.60 eV which is a little less than
what was speculated from [-V and the band diagram for n-GaN/pBTTT. The effective mass (m’)

[231

of hole, for pBTTT, was taken to be 1.61 m, as given in literature *'. The diode ideality factor

e

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.
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Figure 3.6 : Thermionic emission model fit to forward current — voltage characteristics for n-

GaN/pBTTT hybrid devices.
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A significant light response has been observed in this system, the power output
for light input is very low (efficiency ~ 107), 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 [-V
for a n-GaN/pBTTT system, where the voltage generated (Voc) is around 0.6 V and short circuit
current Jo. = 10 uA/cmZ. Figure 3.7 (b) shows wavelength dependence of I-V, measured under
SmW intensity at 370 nm and 522 nm respectively. The difference in Jg. and V¢ are quite large

for two different illuminations.
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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 Js. variation with intensity

has been modeled using the equation Jg. o« I* where a is a constant for a particular response. The
variation of Voc with intensity has been modeled using the relation V. « Sin (1 / Io)' The values

for a are 0.734 (370 nm) and 0.852 (522 nm) which shows that the Js. 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 Js. 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 2?1, Figure 3.7 shows the fitting for the Js. versus Intensity and Voc versus Intensity.
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Figure 3.8 : 1) Js, o« I* fit to Js. versus I plot. II) V¢  Sln (I/IO) fit to Voc versus I plot. I1I)

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 V¢ 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
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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 pPBTTT. 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 pPBTTT. 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.
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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 10* and dark saturation current density ~
100 nA/cm® 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/cm?) 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 — Vj , here V, 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 m, along the & — 7 stacking direction
(2311 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/cm?).

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.
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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.
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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/cm?) and space charge models for higher current (> 1 mA/cm?). The
diode ideality factor calculated was n = 3.14 + 0.03 which is lesser than n-GaN/pBTTT
devices. The expression used for space charge fit was B(Vapp — Vo)™ the “B” and “m” values
found from the fit where B = 0.0087 + 2 x 10™* and m = 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 n = 2.40 + 0.006 and the values for B and m
are B =0.012 +3x 1073 andm = 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
IT 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.
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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 Ol 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 — VVoltage 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 ***!. This method has also been applied well for studying

(2341 The basics of this method have

the depletion width and doping profile of the p-n junction
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 l/Czj

versus V plot. Figure 3.17 shows C — V plot for pBTTT/n-GaN and 1 / 2 Versus V. It can be
I

seen that the capacitance decreases monotonously with increasing voltage, which shows that the

e
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depletion layer width is increasing as is clear from the expression used for calculating

capacitance (C = Ksg0A/W) where W is the depletion layer thickness. While the 1 / c2 shows that
J

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.
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Figure 3.17 : C — V and 1/C* — 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 Ny (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 / c2 Versus V plot for n-GaN/P3HT devices. It can be noticed that the change in capacitance
Jj

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 : C;j versus V, and 1 / c2 Versus Va plot with second order polynomial fit for n-
J

GaN/P3HT hybrid diodes. A monotonic decrease in capacitance with applied voltage is visible in

C; versus V4 plot.

The calculation of Vy; using second order polynomial gives a value of 8.711 V which is
more than 10 times off from the expected value (Vy; ~ 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
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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.
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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,

Gp qDjwrt
w (1+ w?t?)

3.1)

In equation 3.1, Dy is the density of defect states, and (1+ w°t®) has been optimized for ot =1, ©

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 cm?, is of the
order of 10° eV cm™, which is an approximated value; the actual value can be still higher than

calculated value. The model fit for G,/ versus frequency has been shown in Figure 3.22.
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Figure 3.22 : Single time constant fit for Gp/® (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.
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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/® 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 **'*** organic
photovoltaic cell (OPV) 2373381 apnq dye synthesized solar cell (DSSC) #2°#*%**!1to 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.

—_

Average power (mW)
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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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1)) A different response for different illumination wavelengths, which can be

differentiated in three categories.

1) n-GaN excitation wavelength, where the photocurrent I, (0) shows no peak, the

maxima is reached at very low frequency (w~50 Hz). Photocurrent decays after

this frequency and shows a peak at 10 KHz, which is characteristic to all A.

2) Polymer excitation wavelength at energies higher as compared to absorption

maxima of pBTTT. The I, (o) an anomalous increase and decrease before

reaching its peak value at ®wm,x = 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 wm.x ~ 10 KHz and then the signal

decays exponentially.

1)

Magnitude of L, () scales with modulated light intensity.

The response of the OI diodes for different modulation wavelength has been shown in

figure 3.25.
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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 Iy, (@) 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

e

n

11.34 +0.02

2.258 +0.001

3.14 +0.03

2.40 +0.006

Space  charge

constant “B”

0.0087 £2x107*

0.012 £3x 1073

Space  charge

exponent “m”

1.98 +0.08

1.28 +0.04

Barrier

Dp(eV)

height

0.60

0.85

Interface trap
density

Dy (eV'l cm'z)

417 x 10°
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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

244,245 SUTSR -
245 The observed variation in responses as a function of

film and applying electric field !
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. I, (1) is useful for identifying relative importance of different
microscopic factors on the photogeneration. The photogeneration is given by the

formula J,, (1) = aflyexp (—ax), where o is the absorption coefficient, 0 is the quantum

efficiency of charge generation, and /j is the input photon flux. J,, (A) is normally expected to
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resemble a (1), this need not be the case for bilayer structures, where the J,, (A) 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),

2461 Which is of the order

for GaN the free exciton binding energy is found to be 25.4 + 0.9 meV !
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) 431 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 LUMQ’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 ****]. 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 A 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 (~ 10> V/cm) was applied using source meter; the data was

collected by a computer using Labview.

4.2.1 n-Gallium Nitride/Polymer diode
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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 Ol 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 lllumination 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 (AJpn (A)) 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/cm” 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 ***). Whereas for pBTTT the

photocurrent edge coincides with the absorption edge, such type of response has been cited as a
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250,251

proof for semiconducting band model ! ], which has been contradicted for photo excitation in

(2522531 'The spectral response from pBTTT shows a characteristic peak in

many other polymers
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 **), which arises when the direction of

illumination and direction of field are antiparallel ***

. 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).
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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 pPBTTT/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 2+

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.
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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 [-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.

0.08
0.25 3
s 0.20 3 -
< i
£ 0.15 b =
§' - 0.04 wi
= 1 <
@ s Ll
S o.10 1
a :
g 4 0.02
0.05 1
0.00 0.00

400 500 600 700 800 900
Wavelength (nm)

Figure 4.4 : Spectral response (black) and EQE (red) plot for n-GaN/N2200/Al devices,

1llumination 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 lllumination 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
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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 ***).
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.
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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.
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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).
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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 24*4*2°236] Theoretical

[257,258,259,260]

models explain the origin of such spectral photocurrent response 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).
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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 Js; 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).
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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 pPBTTT

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 S5

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 **2¢2%% 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

(2631 In single layer pristine polymer system, like

is an important factor for higher efficiency
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 2%,

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

(2641 The charge collection efficiency of an electrode depends on

mechanisms and trap density
the work function of the metal electrode and relative energies of semiconductor **. 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 [2>7-2°82292602661 of which the model of DeVore

is few of the earliest models. The model proposed by Ghosh et.al. [*°*!

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 *°”), Exciton diffusion has been considered by the model of

260,266]

Desormeaux, and Ghosh and Feng | and dissociation at the barrier electrodes and surface

recombination’s. These models have been used for simulating the photocurrent spectral response

- - - - 244,245267
in many polymeric semiconductor device structures 2*4*42¢7],

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
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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 /5, 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 Mopm, Which
forms ohmic interface with organic semiconductor and inorganic semiconductor Mpgier, Which
forms barrier junction with organic semiconductor. Because of the formation of barrier layer in
vicinity of Mpamier, the CB and VB bend sharply inside the barrier region of width /,. Effect of
band bending is less in the bulk region, which is defined as the region between the electrode
Monm and barrier layer /. Let us assume that the total length of the organic semiconductor layer
is equal to L, where /, is the width of the barrier layer. Either ohmic or barrier electrode can be
assumed to be at x = (), depending upon the direction of illumination. When the light of incident,
a photon flux of density Iy 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 ]

dnphoto (x)
dt

In equation 5.1, a(€) is the absorption coefficient of the semiconducting layer, as a function of

= @lya(e)exp(—a(e)x) (.1

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

nphoto (x)
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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 dn,n.n/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,

dnpnoto (X) digirr  diarire  Mphoto (5.2)
dt dx dx

In equation 5.2, nphoto 1s the carrier density which can be density of either electron or hole, a =

= @plya exp(—ax) —

a(e), p is the bulk mobility of the photogenerated carrier and t is the bulk recombination

lifetime, iz 1s the diffusion current, and E is the applied field across the electrode. Under the

egeq . “l. . . . .. dnphoto(x) _

equilibrium condition, the net charge flowing through x in the bulk is zero, giving————— =
o . , dn . .

0. The diffusion current iz can be given by izirr = —Dy photo / dy Where D, is the carrier

diffusion constant, expression for iz is given by igrr = nuE. Substituting E = V/x and
expression for diffusion and drift current in equation 5.2, and assuming no spatial distribution of
D, and p, gives a time independent differential equation, for steady state distribution of carrier

density in the bulk, which is given by,

dznphoto (x) _ dnphoto (x) (.UV )

dx? dx xD, (5.3)

n X Vv 1 Iya
— photo( )(_.u + )_(Po exp(_ax)

D, x2 1) D,

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

1 1 1 257,260,2
excitons is given by [2°7200-2¢]
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d*n'(x) n'  o@la
Pl i L G

In equation 5.4, n'(x) 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 L', = VD't'. A general solution for equation 5.3 can be given as,

(G+4Y) vy —ix wvy —ix
Nphoto (X) = X2 2D/ { Bessel] (— - —) ] B + BesselY [(— - —) I

2D/}’ Lp Lp
_ 1 v _
+ Bessel] [(——% lx f Ploa sexp(—ax,).m. x(2 gD)BesselY [(%—%) le] dx,
D
— BesselY [(— (5'5)
_ 1 v —i
—ZZ lx” Poa ,exp(—ax,). . x(2 ,;D)Bessel] [(——ﬂ) L;x dXz}
_ (1 HV _(1_w _
Using I' = ( ZD) A= (2 ) and A =
nphoto (x)
—ix —ix
= xT'{Bessel] [A, —] B + BesselY [A, —] C
L Lp
—ix
+ Bessel] [A ]j Aexp(—ax,).m. x2BesselY [A ]dx1 (5.6)
Lp

— BesselY [A ]j Aexp(—ax,).m. x4 Bessel] [A lx] dxz}
1 Lp

In equation 5.5, B and C are constants and Lp is the carrier diffusion length. For the case of

exciton the solution of diffusion equation is given by **,

1 1 Olyaexp(—ax
n'(x) = B’exp{ } +C exp{ - } + 2 p(-ax)
I Lo (L 2 (5.7)
3
D

In equation 5.7, D" 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 *>"! which assumed direct generation of free electron and
holes. The recombination of charge carriers can take place in the bulk after mean life time 1, or at

any surface at a rate which is represented by a recombination current iz = n,S. Where, ng pros 15
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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 > D,/Lp, (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 ",

. dn
(i)o = —Dn( *’”"t"/dx) = “MopneeoS (58)
x=0
Boundary condition for surface far from the illuminated surface is given by,

. dn
(lR)L = _Dn< phom/dx) = _anhotoS (59)

x=L

Under these boundary conditions the coefficients B’ and C’ can be calculated as 4",

BI

_eh%/p, {(s — Dya) (DB — S)exp(—alL) + (S + aDy)(S + BDn)exp(BL)} (5.10)
- (B2 —-a?) (DnB — S)?exp(—BL) — (DnPB + S)?exp(BL)
And

C/

_eh%/p, {(S — D) (DB + S)exp(—alL) + (S + aDy) (D, — S)exp(—BL)} (5.11)
T (B2 —a?) (DB — S)%exp(—BL) — (DB + 5)Zexp(BL)

In equation 5.10 and 5.11, B = 1/Lp, 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 >+,

1

f (1/nph0to) dx

[245]

Jon % (5.12)

And corresponding photoconductivity is given by
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1
Opn (@) & — 1 (5.13)

0 nphoto (a» x) dx
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 n’ = 0 at x = 0 ¥*", i.c. the exciton density goes to zero at the

electrode x = 0. The exciton density is given by ***%,

. aply exp (B'L) — exp (—al)
R [(exp(—ﬂ'L) —exp (B'L)
~ (exp(B’L) —exp(—al)

exp(—p'L) — exp(B'L)

In equation 5.14, B’ = L%, this model of exciton diffusion was introduced by Ghosh and Feng
D

) exp (—f'x)
(5.14)

> exp (B'x) + exp (—ax)

(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 24>,
Isarrier = =D’ <d’;fcx)> (5.15)
x=0
JBarrier
apl,D’
T B7T—a? (5.16)
y {B’(eﬁ’L —e )+ B'(e Pl —e~) + a(e Pt - eﬁIL)}
77— o]

For illumination through ohmic electrode, for sufficient thick film photocurrent response is
antibatic 24>26%],

,[dn'(x)
]Ohmic:D< I ) (5.17)
x=L
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]Ohmic
_ aglyD’ y 28" — e~ [B'e~F'L + B'eP't — qe Pt + qeP't] (5.18)
- ,3'2 — a2 [e—B’L _ eﬁ’L]

Including the consideration of exciton density present in barrier layer along with bulk, the

boundary condition are modified, and are given by %],

lp
Waarrior = [ ot exp(—ax) dx = plo[1 — exp (=aby)] (5.19)
0

lp
n' . = Iyaexp[—a(L — x)] dx
ohmic fo @ iy p[ ( )] (5.20)

= @lg[exp {—a(L — 1,)}] X [1 — exp (—aly)]
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 [2661

,(dn’(x) ,
Iarrier = —D d + N parrier (5.21)
x l

Jsarri _ aplofe™™ 1 — ¢=B'@-1p) [2e7 ) — eF 0]
Barrier (:8’2 _ 0{2) [1 _ e‘zﬁ’(L—lb)]

’Ze—albl

ﬁlz — 0(2

b

(5.22)
+ @l ll —

For light illuminating from ohmic electrode, the photocurrent due to exciton diffusion is given by
[266]

,[dn’(x) ,
Jonmic = =D dx + 1 opmic (5.23)
l

b

_ a(ploﬁ,e_a(L_lb)
]ohmic - (,3'2 _ az) 1

[ZGa(L_lb) — e_ﬁ,(L_lb)]
[1 - e‘zﬁl(L_lb)]

~ ,B’Ze_“lb
— plpe™ [1 W EETE

_ By (5.24)
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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

]ph(OI H]) = ]exciton + ]free carrier (organic )
(5.25)

+ ]free carrier (inorganic )

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 **’***. 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 >

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.

Charqge 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 Ol systems.
Introduction of interface charge transport parameters in the model will be essential for simulating

the spectral response for Ol 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 pPBTTT 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 (Vg;), 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,

0 = q(UeNe + 1iMy) (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 cm?, is of the order of 4.3X10° eV cm™
5) Page 139, figure 4.3,

The polymer layer, pBTTT should be replaced by P3HT.

6) Page 140, figure 4.4,

The polymer layer, pPBTTT 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,

dnpnoto (X) digirr  diarire  Mphoto (5.1)
dt dx dx

In equation 5.2, nphoto 1S the electron or hole carrier density, a = a(€), u the bulk mobility of the

= @plya exp(—ax) —

photogenerated carrier, T the bulk recombination lifetime, iz the diffusion current, and E is the

applied field across the electrode. Under the equilibrium condition, the net charge flowing

dnphoto (x)

through x in the bulk is zero, giving = 0. The diffusion current iz, then can be given
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dnphoto

by igiff = —Dp / dx » Where Dy is the carrier diffusion constant, s is expressed as

larire = NUE. Substituting £ = V/x with the expression for diffusion and drift current in equation
5.2, and assuming no spatial distribution of D, and p, 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,

dznphoto(x) _ dnphoto(x) (#V )
dx? dx xD,

— nphoto(x) <_ﬂ + l) . QDIOa

D, x? 1 D,

(5.2)

exp(—ax)

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)

1 uly\ =i 1 ul\ —ix

0= s 25) 22 - s -2
Nphoto(X) = X essel] 27 20)' I, esse 27 20)' I,
1 uv

1wV —ix] (*@log (z-%p) [1 K _ix]
+ Bessel] [(2 ZD)' LD]fl D yexp(—axqy).m.x; BesselY (2 ZD)' I dx,

(5.5)

1 VN —ix] (ol s-E 1 V\ —ix
— BesselY [(E_Z_D)'E]L (p[;m,exp(—ozxz).rr.xg2 2D)Bessel] [(E_g_D)'E dxz}

Using I' = (l + W), A=

St o5 (l — ﬂ), and A = %, equation (5.5) can be written as,

2 2D

nphoto (x)

—ix —ix
= x"'{ Bessel] [A, —] B + BesselY [A, —] C
Lp Lp

—ix1 (* —ix
+ Bessel] [A, —]j Aexp(—ax,).m. x{BesselY [A, —] dx, (5.6)
Lp 1)y Lp

—ix] (* —ix
— BesselY [A—]f Aexp(—ax,).mw. x5 Bessel] [A—] dxz}

In equation 5.5, B and C are constants and Lp is the carrier diffusion length. For the case of

exciton the solution of diffusion equation is given by,
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n'(x) = B'exp {— %x} + C'exp {i x} + HIan;cp(—ax) 5.7)
) °
L'p

In equation 5.7, D' 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
T, or at any surface at a rate given by a recombination current ix = nS. Where, ng ppor 15 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 > D,/Lp, (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,

. dn
(lR)O = =Dy ( phOto/dx> = _nophotos (5.8)

x=0

Boundary condition for surface far from the illuminated surface is given by,

. dn
(lR)L = _Dn< phom/dx) = _anhotoS (59)

x=L

The coefficient B’and C’ mentioned in (5.10) and (5.11) are valid only for diffusion equation.

B!
_eh%/p, {(5 — D) (DB — S)exp(—alL) + (S + aD,)(S + BDn)exp(BL)} (5.10)
(B -a?) (DB — S)?exp(=BL) — (DyB + S)?exp(BL)
And
CI

_¢h%/p, {(S — Dpa)(DuP + S)exp(—aL) + (S + aD,) (D, — s)exp(_BL)} (5.11)
YD) (DB — S)2exp(—BL) — (DB + S)2exp(BL)
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In(5.10)and (5.11) 8 = Li, is the inverse of carrier diffusion length.
D

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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