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Investigation of structural properties of organic thin films for solar cell

and transistor applications

Ronak Rahimi

ABSTRACT

For the past several decades, organic materials including polymers, oligomers and small
molecules have been of great interest for their various applications in the electronics and the
semiconductor industry. The most appealing advantages of organic materials compared to their
inorganic counterparts are their compatibility with flexible substrates and amenability to low-
temperature and low-cost fabrication processes such as evaporation, spin-coating and printing.
Moreover, the ability to be utilized in fabrication of lightweight and large-area devices is among
other reasons for popularity of organic materials. A large number of studies have reported on
various aspects of the development and optimization of organic electronics such as organic light
emitting diodes (OLEDs), solar cells (OSCs) and thin film transistors (OTFTs). Although
significant progress has been made during this period, some of the intrinsic electrical properties
of organic materials such as low carrier mobility have continued to hinder the full development
and maturation of the organic electronics industry. In order to manufacture organic electronic
devices with high performance, more detailed studies of the structure and the morphology of the
organic materials as well as the underlying physical charge transport mechanisms should be
performed. Additionally, growth, deposition and assembly processes need to be established and

optimized for the new organic semiconductor technology.



This work aims to advance the understanding of the effect of the structural properties of
organic thin films on the charge carrier transport within the organic thin films as well as the
charge carrier injection between the organic layers and the organic-inorganic materials such as
metal or dielectric layers. Charge carrier transport mechanisms between different layers are
crucial factors in determining the efficiency of organic electronic devices. These parameters rely
largely on the molecular structure, morphology and ordering of the organic thin films. In order to
investigate these intrinsic properties, several organic thin films were prepared using vacuum
thermal evaporation method. Their morphology and structural properties were studied by the
combination of various techniques including atomic force microscopy, X-ray reflectivity,
spectroscopic ellipsometry and transmittance measurements. Based on the produced organic thin
films, organic semiconductor devices such as OTFTs and OSCs were fabricated and their
electrical and optical properties were characterized. Moreover, the effect of morphology and
structure of the organic thin films on the organic device performance was studied. Ambipolar
thin film transistors based on pentacene and PTCDI-C8 as the active layer and lithium fluoride
(LiF) as the gate dielectric layer were fabricated and characterized. Conduction behaviors of
these devices were modeled using Fowler-Nordheim (FN) tunneling theory. The results of this
study suggest that the charge transport in OTFTs correlate not only with the organic
semiconductor film structure, but also with the dielectric—semiconductor interfacial effects.
Moreover, bilayer heterojunction OSCs based on CuPc/PTCDI-C8 as the donor/acceptor layers
were fabricated and their electrical and optical properties were characterized. The effects of the
active layers’ structures and morphologies as well as the buffer layers’ thickness variation on the
device performance were studied. The results of this study emphasized the importance of the thin

film structural properties on the device performance.
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CHAPTER 1: INTRODUCTION

Organic semiconductors as a new class of materials have attracted significant attention in the last
few years for their use in semiconductor devices. Due to the many advantages including but not
limited to low production cost, mechanical flexibility, large area devices and low-temperature
fabrication, much effort has been devoted to the development of organic electronic devices such
as organic light emitting diodes (OLEDs), organic solar cells (OSCs) and organic thin film
transistors (OTFTs).

In order to manufacture organic electronic devices with high performance, more detailed
studies of the structure and the morphology of the organic materials as well as the underlying
physical charge transport mechanisms are warranted. Additionally, growth, deposition and
assembly processes need to be established and optimized for the organic semiconductor
technology.

Since structural properties of organic materials determine the optical and electrical
characteristics of the device application, fundamental questions about these properties should be
answered in order to optimize device performance. For instance, high-efficient OTFTs require
materials with high charge carrier mobility. However, low charge carrier mobility of the organic
semiconductors is one of the major problems that has hindered the development of organic
transistors that are comparable in efficiency to traditional transistors [1]. Accordingly, much
effort has been devoted to the synthesis and the development of new organic materials with
higher carrier mobility. The parameters that determine the charge carrier mobility of the device
include the structure of the first organic layer at the organic-dielectric interface as well as the

morphology and the structural order of the other organic layers. It has been shown that, in thin
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film geometry with a single crystalline film, the optimum charge carrier transport can be
achieved due to the presence of maximized intermolecular overlap of the electronic n-orbitals of
adjacent molecules [2-4]. On the other hand, for other devices such as OLEDs and OSCs, the
material morphology and structure at the organic-organic interface plays a crucial role in the
device efficiency. For example in OSCs, in order to create and harvest as many excitons as
possible, there needs to be a large interfacial area between the donor and the acceptor materials.
To achieve this feat, different approaches such as co-deposition of the donor and the acceptor
materials, layered structures and comb-shaped architecture of the active layers in the hybrid
devices have been utilized. The aforementioned approaches signify the importance of the
morphology and the structure of the organic materials as well as the device architecture in
optimizing the performance of the device depending on its application. To summarize, charge
carrier transport within the organic thin films as well as charge carrier injection between organic
layers and organic-inorganic materials such as metal or dielectric layers are crucial factors in
determining the efficiency of organic electronic devices. These parameters rely largely on the
molecular structure, morphology and ordering of the organic thin films. Therefore, a profound
understanding of the structure of organic materials as well as the properties of the interfacial
layers is crucial to enhancing the performance of these devices.

In this work, several organic thin films have been prepared using the thermal evaporation
method. Their morphology and structural properties have been studied by a combination of
various techniques including atomic force microscopy, X-ray reflectivity, spectroscopic
ellipsometry and transmittance measurements. Based on the produced organic thin films, organic
semiconductor devices such as OTFTs, OLEDs and OSCs have been fabricated and their

electrical and optical properties have been characterized. Moreover, the effect of morphology
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and structure of the organic thin films on the organic device performance has been studied. This
work focuses on a material known as PTCDI-C8, which is a small molecule material regarded as
an n-type semiconductor with a relatively high charge carrier mobility [5, 6]. Molecular structure
and packing of this material in thin films on technologically-relevant substrates such as silicon
dioxide have been investigated to understand the origin of such high charge carrier mobility.

In this report, chapters 2-5 include literature review relevant to this work. In chapter 2, a
summary of several types of organic semiconductor materials is presented. Chapter 3 describes
the physics and the structure of organic solar cells and organic thin films transistors. Chapter 4
gives an overview of several different deposition techniques used to fabricate organic electronic
devices. Chapter 5 describes the primary techniques used to characterize the organic materials
and the fabricated organic devices. Chapter 6 describes the specific methods used in fabrication
of the organic solar cells and organic thin film transistors studied in this work. Chapter 7

discusses the experimental results. Finally, Chapter 8 is a summary of the findings of this work.



CHAPTER 2: ORGANIC SEMICONDUCTOR MATERIALS

Conjugated polymers and small molecules are the two classes of organic semiconductor
materials that have been commonly used in the organic electronic devices. The following
sections provide an overview of the two classes as well as a description of the specific materials

used in this work.

2.1. POLYMERS

2.1.1.  Overview

Polymers are large molecules with high molecular weight composed of a large number of
small repeatable units called monomers. There are both naturally occurring and synthetic
polymers. Proteins, cellulose and latex are among naturally occurring polymers. Synthetic
polymers are produced commercially and have a wide range of properties and applications.
Polymers are constructed by chemical reactions that allow sequential joining of a large number
of monomers by covalent chemical bonds to form a chain. When a polymer is derived from more
than one monomer, it is referred to as a copolymer or heteropolymer. Based on the nature and the
structure of the chemical bonds between its monomers, polymers can be classified into two
groups: conjugated and non-conjugated. Both conjugated and non-conjugated polymers have
similar mechanical properties but differing electrical behaviors. Polymers were originally
considered to be promising insulators and were used as photoresist materials in the
semiconductor industry. However, with the 1977 discovery that doping of polyacetylene enables
relatively high conductivity, a new era began in the exploration of organic electronics and

optoelectronics [7].



2.1.2. Conjugated and non-conjugated polymers

Polymers are composed of repeating structural units called monomers. Carbon and
hydrogen atoms are the basic elements of the majority of monomers. Electrical properties of
different type of polymers are defined based on their chemical bonding. For non-conjugated
polymers, the bond between the central carbon and each of its attached hydrogen atoms is
formed by a covalent interaction between sp3 hybrids with the carbon atoms and 1s orbital with
the hydrogen atom. In this bonding structure, it requires a large energy to move an electron from
one bonding orbital to the equivalent anti-bonding orbital. In other words, there is a large energy
gap between occupied and unoccupied bands of non-conjugated polymers, which results in the
insulating properties of these materials.
On the other hand, the chemical bond structure of conjugated polymers is based on a backbone
structure consisting of alternating single and double carbon bonds. This kind of bonding results
in a “m-conjugated network™ that leads to a relatively small energy gap. In conjugated polymers,
some parts of the chemical bonding are formed by sp2 hybrids with carbon atoms and 1s
function with the hydrogen atoms. The other parts of chemical bonding are formed by p function
with the carbon atoms, which constitutes the m bonds between the carbon atoms. Since less
energy is required for moving an electron from a © bond to an anti-bonding one, the energy gap
between occupied and unoccupied orbitals is relatively smaller than that of non-conjugated
polymer [8]. In a conjugated polymer, the alternating single and double carbon bonds lead to
electron delocalization. The delocalized electrons form a band structure, which exhibits
semiconducting or metallic properties. These electrons will also act as charge carriers and move

along the polymer chain, allowing the creations of a conductive polymer.



2.2. SMALL MOLECULES

Semiconducting small molecules are low molecular weight organic compounds that
include aromatic hydrocarbons. They are generally sublimed in a vacuum system whereas
conjugated polymers are dissolved in appropriate solvents and applied by solution processing
methods, such as spin-coating or ink-jet printing. Since small molecules can be evaporated,
highly complex multi-layer structures can be constructed compared to the structures based on
polymers. The band gap in organic semiconductors is determined by the difference between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO). Electrical and optical properties of organic materials can easily be tuned to a certain
extent by controlling their band gap via synthesizing different molecules with different size,
atomic arrangement and functional groups. Pentacene, tetracene and rubrene are among common
organic small molecules that include a polycyclic aromatic structure. The application of solution
processing method along with vacuum sublimation technique can result in amorphous or
polycrystalline films with variable degree of disorder. Pentacene, CuPc and PTCDI, all with
relatively high carrier mobility, are the most common organic materials that have been used as
the active layer in organic thin film transistors and solar cells. A summary of the structure and

properties of these materials will be presented in the next sections.

2.3. MATERIALS STRUCTURE
In order to improve the thin film transport properties, much work has been done to
investigate and understand the effect of the deposition conditions on the structural, electrical and

mechanical properties of organic thin films. Crystal structure, molecular arrangement and the



surface morphology of the organic layer are some of the main factors that should be considered

when trying to fabricate organic electronic devices with high performance.

2.3.1. Pentacene

Pentacene, as a crystalline organic molecular material, has attracted significant attention
recently due to its relatively high carrier mobility of single crystal. This makes pentacene a
suitable candidate for use in the active layer in organic flexible electronic devices [9, 10]. Thin
film pentacene is commonly produced by solution processing or thermal evaporation onto
various substrates such as glass, mica or silicon. The density and the distribution of the charge
carrier trapping sites (e.g. grain boundaries and dislocations) are some of the parameters that
determine the film transport properties [11]. The chemical structure of pentacene has been
presented schematically in Figure 2.1. Pentacene is a small molecule organic compound,
composed of five benzene rings with a chain—like aromatic molecule with the molecular formula
CxHi4 and a molar weight of 278.36 g/mol. Pentacene single crystal has a triclinic structure with
two molecules in the unit cell with the following lattice parameters: a = 0.628 nm, b = 0.771 nm,
c = 1.444 nm, a = 76.75°, B = 88.01°, y = 84.52° [12]. In thin-film forms, pentacene molecules
pack into a layered structure forming a herringbone pattern within the layer [13-15]. Solid phase
transformation from the orthorhombic phase to the thin-film phase and then to the triclinic bulk
phase is believed to take place in pentacene thin films due to the thickness increment. More grain
boundaries exist in the thin film pentacene at low thickness because of the high nucleation
density that leads to small grain size. As the thickness of the film increases, the grain boundaries
enlarge and the pentacene molecules will grow on the inclined grain boundaries. This is the stage

where the growth phase changes from the orthorhombic phase to the thin-film phase. At the
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higher thickness, the thin-film phase will change to the triclinic bulk phase with less but larger

grain boundaries [16].
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Figure 2.1 — Chemical representation of pentacene molecule (left), pentacene thin film with
layered structure (middle) [15], schematic of a unit cell and herringbone packing of pentacene

molecules (right) [12].

2.3.2. CuPc

Phthalocyanines are porphyrin derivatives with planar molecules consisting of four
isoindole subunits linked together through nitrogen atoms (CsH;N) as presented in Figure 2.2.
Copper Phthalocyanine (CuPc) is an organic molecule with the molecular formula Cs;;H;cCuNg
and a molecular weight of 576.1 g/mol. This molecule is thermally stable and therefore can be
sublimated in vacuum. It has shown p-type semiconductor behavior and has been considered as a
potential candidate for organic devices [17-20]. Several studies have been performed trying to
investigate the bulk structure of CuPc [21]. For the thin-film structure of CuPc, two major
polymorphs (a- and B- form) exist. The a-form is the metastable form of the crystal structure
with the lattice parameters of a = 2.59 nm, b = 0.34 nm, ¢ = 2.39 nm, o = 90°, f = 90.4° and y =

90° [21]. The B-form, which is the stable phase, can only be achieved at high temperatures (~



240 °C) and beyond a critical thickness of about 800 nm [22]. It has the following lattice

parameters: a = 1.46 nm, b =0.48 nm, ¢ = 1.95 nm, a = 90°, f = 121° and y = 90° [23].
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Figure 2.2 — (a) Chemical representation of the isoindole subunits, (b) Copper Phthalocyanine
(CuPc) molecule, molecular arrangement in CuPC thin films of the, (¢) a-form, and (d) B- form

[24].

2.3.3. PTCDI-C8

Perylene Tetracarboxylic Diimide derivatives are among the most promising small
organic molecules to fabricate organic thin film transistors (OTFTs) and organic solar cells
(OSCs) [25, 26]. Their optical and electrical properties can be modified by attaching different
functional groups at specific molecular positions [27, 28]. PTCDI-C8 (N,N*-dioctyl-3,4,9,10-
perylene tetracarboxylic diimide) is an organic molecule with molecular formula CsoH42N>O4

and molecular weight of 614.77 g/mol which belongs to the perylenes family. This small



molecule has attracted much attention due to its high electron mobility ranging from 0.6 cm?/Vs
to 1.7 cm*/Vs [29, 30]. Figure 2.3 shows the chemical structure of the PTCDI-C8 molecule.
Various works have attempted to investigate and understand the structure and properties of the
thin film PTCDI under different growth conditions. [20-23]. In many of these attempts, in order
to study the three-dimensional thin-film structure of the PTCDI-CS, a layer with a thickness
about 180 A of this organic substance has been evaporated by organic vapor phase deposition
(OVPD) in ultrahigh vacuum (UHV) on Al,O3 (11-20) substrate and at 150 °C. The evaporated

thin film has been characterized using three-

H .
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- v . v - : ‘
layered film with an extraordinary crystalline D O O !
order on the AlLOs; substrate. Lattice :;:-
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properties of the thin film structure are found 1 »
. X . ‘ cesasaces b ‘ ................... ’
to be significantly different from the bulk ~91A ~17.0A

structure. PTCDI-C8 thin films have triclinic Figure 2.3 — Chemical representation of
unit cell with the plane of the aromatic core PTCDI-C8 molecule [31].

tilted by 67° with respect to the surface plane. The primitive triclinic unit cell of PTCDI has the
following lattice parameters: a = 0.9 nm, b = 0.489 nm, ¢ = 2.165 nm, o = 95.0°, § = 100.7° and

y=112.8°[31].
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CHAPTER 3: ORGANIC ELECTRONIC DEVICES

3.1. ORGANIC SOLAR CELLS

3.1.1. Overview

Solar cells are unique non-polluting sources of renewable energy. They require minimal

maintenance and can be scaled from microelectronic power sources to utility-scale power

generators. Significant progress in fabrication and optimization of organic solar cells (OSCs) has

been made during the last decade [32]. The underlying reasons for the popularity of OSCs are

multifold: compatibility with flexible substrates; low processing temperature; large area devices;

light weight; and low-cost fabrication processes such as evaporation, spin-coating and printing

[33].

In addition to all of the above-
mentioned benefits, organic materials have
the ability to minimize some of the major
loss processes, particularly thermalization,
that occur in inorganic solar cells. In a
typical solar cell, there are energy losses
due to non-absorption of below band gap
photons, thermalization, junction voltage

loss, contact voltage loss and charge

Energy
(eV)

©)

Figure 3.1 — A summary of the different loss

processes in a typical solar cell [34].

recombination loss [34]. A summary of these loss processes is presented in Figure 3.1. Among

them, thermalization loss can be minimized by using larger band gap materials. To illustrate this

point, Figure 3.2 presents the solar energy spectrum [35]. As can be seen in this figure, for solar

11



cells based on silicon with the band gap of 1.1 eV, most of the absorption will take place at
approximately 1.1 pm where the intensity of the light is relatively low. Therefore, the bulk of the
solar energy will be lost to thermalization. In order to minimize thermalization loss, III-Nitride
semiconductor alloys have been studied. By tuning the band gap of these alloys, which can be a
difficult and expensive process, different ranges of solar energy can be absorbed. However, for
organic materials, it is relatively much easier and more inexpensive to tune the band gap by
synthesizing different organic materials. This is a major benefit of using organic materials

instead of inorganic materials in fabrication of solar cells.
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Figure 3.2 — Solar energy spectrum [35].

Another major advantage of organic materials for solar cells is their potential ability to be
utilized in thin film devices in a cost-efficient manner. For silicon solar cells, due to their low
absorption coefficients, thin film devices will not provide high efficiency of light absorption.
However, organic materials have relatively large absorption coefficients in excess of 10° cm™,
allowing them to be effective at light absorption in a thin film structure. Overall, the ability of

organic materials to be used in thin film solar cells can reduce the production cost of future solar
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panels compared to the current silicon solar panels, in which the absorber material is responsible
for approximately 50% of the production cost [36]. Additionally, since silicon is a rare earth
material with fluctuating pricing depending on the geopolitical climate of the exporting
countries, having the ability to synthesize organic materials used in solar cells would provide

stability of the production costs in this booming industry.
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Figure 3.3 — An overview of the power conversion efficiency of organic solar cells provided by

the National Renewable Energy Laboratory (NREL) [38].

Even though significant progress has been made in fabricating high performance OSCs
for the past 20 years [37], the power conversion efficiency of OSCs continues to be lower
compared to inorganic solar cells. An overview provided by the National Renewable Energy
Laboratory (NREL) is presented in Figure 3.3 in order to compare the power conversion
efficiencies of OSCs with inorganic solar cells [38]. Various approaches including optimizing

the morphology of the active layers [39, 40], introducing new materials as the donor and
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acceptor [41, 42] and new device structures such as tandem structure [43, 44] have been adopted
to improve the efficiency of the OSCs. Devices based on conjugated polymers have been shown
to provide power conversion efficiencies up to 6% and 6.5 % for single-layer and tandem solar
cells, respectively [45]. Using a bulk heterojunction structure with an active area of 1.13 cm’, a
record efficiency of approximately 8.5% has been reported recently (Jan. 2012) by Solarmer
Energy, Inc. [46]. The highest efficiency for OSCs that has been reported recently (Feb. 2012) by
Konarka Technologies, Inc. is approximately 9% [47]. More detail about the basic principles of

OSCs and the different device structures will be presented in the following sections.

3.1.2. Basic principles

A fundamental difference between organic and conventional inorganic solar cells is that
in organic cells, the light absorption results in the formation of excitons rather than free electrons
and holes. An exciton in an organic semiconductor can be considered a tightly bound electron
hole pair due to Coulombic force in the molecules. For a general donor/acceptor solar cell,
photoinduced charge generation and collection processes can be explained in the following steps,
as shown in Figure 3.4. The absorbed photons from the incident light generate bound electron
hole pairs (exciton) in the donor (p-type) material. If the diffusion length of the generated exciton
is long enough, it will diffuse into the donor/acceptor interface. Due to the difference between
the work function of the electrodes, an internal electric field will be established. Excitons at the
donor/acceptor interface will separate due to the internal field. Once the excitons are separated,
free excess charge carriers will be collected at the respective electrodes. Finally, the charge

carriers will be extracted to an external circuit where it can be used as electrical energy [48].
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Figure 3.4 — Photoinduced charge generation and collection processes for a typical

donor/acceptor bilayer solar cell.

A conventional structure of a solar cell is a p-n junction sandwiched between two metals
as the electrode contacts with different work functions. One of the electrodes has to be a
transparent electrode to allow light absorption. An ideal solar cell can be considered as an
illuminated diode where free excess charge carriers are generated by light. The drift current

components of the diode increase

Jseries
due to the photo-generated charge % IP_“) , K/—\/\( .
, .
carriers.  This  photogenerated o
<t> J diode J shunt
. .. v
current (Ipy) 1is limited by l l
generation and recombination of ¢

the charge carriers due to light Figure 3.5 — Equivalent circuit for a solar cell with shunt

absorption. However, for a @and seriesresistors.

realistic model of a solar cell, the resistances appearing in the operation mode should be added to
the equivalent circuit and the Shockley diode equation has to be adjusted accordingly. The

replacement circuit of a real-life solar cell has been shown in Figure 3.5. The series resistance
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(Ry) is attributed to the losses in the bulk materials or the contacts and their interfaces. The shunt
resistance (Ry) is typically due to the charge conduction through the defects and shorts in the
material. Low shunt resistance causes power loss in the solar cells by providing an alternate
current path for the photogenerated current.

Ideally, current in a solar cell can be modeled as Equation 3.1,

qV
=1, (exp(le—1)-1
CTUNkT o (Eq. 3.1)

where I, 1s the saturation current under reverse bias and I is the photogenerated current.
For real-life devices, current can be determined using the following equation which
considers both serial and shunt resistance losses,

VIR

h
R, 7 (Eq. 3.2)

qV
I=1_,(exp(——=-D)+
sar (XpC = = 1)

where n is the diode ideality factor, which is equal to one for ideal diodes.
The relationship between the open circuit voltage (Voc) and the short circuit current (Isc)

can be determined when Rg = 0 and Rp = oo, with I = 0 for Voc and I, = Isc:

1
Voo = kT In(=>< +1)
q 1

sat (Eq. 3.3)
As can be seen from Equation 3.3, a small shunt resistance reduces Voc, and Igc is
reduced by the series resistance Rs.
The plot of the power (P = IV) versus applied voltage (V) can be used to calculate the
maximum power that can be delivered to the external resistance by a solar cell. The maximum
value for the power will occur between Isc and Voc and will be zero at these two points. The

voltage and the current at this maximum power point (Vmax and Imay) are presented in Figure 3.6.

16



Fill factor (FF) and power

conversion efficiency (n) are the Current

Dark

two key parameters in evaluating

' | Light

the performance of solar cells.

The FF 1is the ratio of the ;
max

Voltage

generated maximum power to the )
Voc
product of the Voc and Igc, as

calculated in Equation 3.4.
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Figure 3.6 — Typical I-V plot of a solar sell under dark and

light conditions.

A typical I-V plot of a solar sell under dark and light conditions is presented in Figure
3.7. The generated maximum power (Pp,x) results from the absolute value of the product of
maximum current and voltage at the maximum power point [49, 50]. With the introduction of the
fill factor, the power conversion efficiency (1) of a solar cell can be calculated as the ratio
between the maximum generated power of the cell and the power density of the incident light
(Pin), as shown in Equation 3.5.

n= Pmax = FF VOCISC
P

n in

(Eq. 3.5)

Other parameters that can be extracted from the I-V curves of a solar cell are the series
and the shunt resistances. The slope of the I-V curve in the vicinity of the open circuit voltage

indicates the value for shunt resistance since the effect of the series resistance is negligible near
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this point (Voc). Similarly, since the effect of the shunt resistance is negligible near the short
circuit current, series resistance can be
Current

calculated from the slope of the I-V curve

in the vicinity of Jsc. The diode ideality Isc

I

factor (n) and the saturation current at max

reverse bias (Is) are the other two

parameters that can be extracted from the

Voltage
I-V curve of a solar cell. Under dark Power
.- P
conditions, the I-V plot of a solar cell can e
be modeled as shown in Equation 3.6.
Voltage

/ Vv max Voc

qV
I=1_(exp(——-1 Eq. 3.6
sar p(nkT ) (Eq. 3.6)

For applied voltages larger than 50 to 100 Figure 3.7 — Maximum power for an [-V sweep of a
solar cell.
mV, the term -1 in the above equation

can be ignored, resulting in Equation 3.7.

qV
I=1_exp(—— Eq. 3.7
sa XPC ) (Eq.3.7)
Taking the natural log of each side of the above equation gives Equation 3.8.
Ln(I)=Ln(I,)+(—)V (Eq. 3.8)
nkT

By plotting the above equation, Ln(Is) can be calculated from the intercept of the plot of the
natural log of the current versus voltage, and the ideality factor (n) can be calculated from the
slope.
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3.1.3.  Solar cell architectures

Complete light absorption is nearly possible for sufficiently thick organic layers due to
the typically high absorption coefficients of organic materials (a =~ 10°> cm ") [51]. Additionally,
it has been shown that charge transfer at the donor/acceptor interface occurs in a timescale of a
few hundred femtoseconds, which allows high charge transfer efficiency [52]. If the charge
carrier mobility is sufficiently high, high charge collection efficiency can be achieved in planar
heterojunction solar cells [53]. However, short exciton diffusion length of organic materials (few
nanometers) is one of the limiting parameters that hinders the ability to enhance the efficiency of
solar cells [51, 54]. Different solar cell architectures have been proposed and fabricated to
overcome this problem [51, 53, 55-57]. Using these concepts, power conversion efficiencies
exceeding 5% can be achieved for organic solar cells [58-60]. Different possible device
architectures are presented in Figure 3.8. The planar heterojunction (PHJ) with a sharp interface
between the donor and the acceptor is the simplest structure, as shown in Figure 3.8 (a). The
effective interfacial area between the donor and the acceptor can be increased by creating a

roughened surface or a comb-shape structure.

Cathode Cathode Cathode Cathode

Acceptor

Acceptor/Donor Acceptor

Donor

Anode Anode Anode

a) b)

Figure 3.8 — Examples of different possible solar cell architectures.
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In a bulk heterojunction (BHJ) structure with a mixture of the donor and the acceptor
materials, the interface between the two organic materials is distributed over the entire blended
film (Figure 3.8 (b)). However, there is a very low control over this distribution. Different
approaches such as a compositional gradient or a phase-separated system (Figures 3.8 (c) and 3.8
(d)) have been introduced to control the distribution of the organic materials in the BHJ structure.
Compositional gradient structures can be achieved using techniques such as organic vapor phase
deposition, which provides a higher degree of deposition control. Phase separation morphology
can be controlled by post-deposition annealing in the polymer and the molecular solar cells [52,
61]. Such a distributed interface allows for overcoming the exciton short diffusion length
problem. However, this may affect the transport efficiency of both types of the charge carriers to
the electrodes. A summary of the performance of solar cells with different architectures is

presented in Table 1.

Table 1 — Summary of the power conversion efficiency, fill factor, open circuit voltage and short

circuit current for solar cells with different structures.

Solar cell structure Jsc (mA/em®)  Voc (V) FF (%) 1 (%)

CuPc/C60 PHJ - without blocking layer 1.2-4 0.5-0.53  26-32 0.2-0.7
CuPc:C60 BHJ - without blocking layer 4.1-6.8  0.35-0.46 31-37 0.3-0.9
CuPc/C60 PHJ - with blocking layer 5.5-7.7  0.5-0.56  34-55 1.3-2.3
CuPc:C60 BHJ - with blocking layer 7.4-10.6 0.48-0.55 22-33 0.9-1.8

20



3.2. ORGANIC THIN FILM TRANSISTORS
3.2.1.  Overview
Organic thin film transistors (OTFTs), due to their simple and low-cost fabrication
processes and structural flexibility, have various applications such as in the switching elements
of flat-panel displays and smart cards. However, the low carrier mobility in organic
semiconductor materials compared to inorganic semiconductor materials and the difficulty of
integrating organic devices into inorganic processing procedures have hindered the development

of organic transistors that are comparable to traditional transistors [4, 62].

3.2.2.  Thin film transistors

A thin film transistor (TFT) is one of the configurations of field-effect transistor (FET).
Its operation is similar to the operation of a conventional FET, except that in TFT, the
conducting channel is induced in the accumulation regime rather than through the formation of
an inversion layer. A thin film transistor comprises a semiconductor layer as the active layer, a
dielectric layer as the gate insulator, metallic contacts and a gate electrode. The semiconductor
layer is typically a polysilicon or an amorphous silicon layer. These transistors are used as
switching devices in flat-panel displays such as liquid crystal displays (LCDs). The four basic
structures of the planar TFTs are shown in Figure 3.9. The deposition order of the layers
determines the structure of the transistor. They can be fabricated in top or bottom gate contacts
configuration with either top or bottom source-drain electrodes. If an n-type semiconductor is
used as the active layer of the TFT, by applying a positive gate voltage, electrons will be induced

into the channel and will create the accumulation layer. On the other hand, for a p-type
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semiconductor, holes will accumulate in the channel by applying a negative voltage of the gate.

This is the region in which TFTs operate and the conducting channel will be generated.

3.2.3. TFT materials and fabrication technologies

Because of the high processing temperature and the limited size of the wafers, the
conventional silicon technology based on crystalline silicon is incompatible with large area
electronics. New techniques were developed to grow silicon over large surfaces at low
temperature. Amorphous hydrogenated silicon (a-Si:H) could be obtained by deposition of
silicon from silane (SiH4) gas using chemical vapor deposition (CVD) techniques that can be
used for fabrication of transistors over large surfaces. Plasma enhanced chemical vapor

deposition (PECVD) is the most commonly used method to deposit amorphous silicon over large

[ ] substrate | contacts insulator [ | semiconductor

Figure 3.9 — Basic thin film transistors configuration, (a) top-gated top contacts
configuration, (b) top-gated bottom contacts configuration, (c) bottom-gated top contacts

configuration, (d) bottom-gated bottom contacts configuration [66].
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areas at low temperatures of 450 °C. Low temperature deposition allows the use of inexpensive
substrates. The obtained material using this deposition method is amorphous silicon with
incorporated hydrogen atoms. Amorphous silicon is a material with a disordered atomic structure
that contains many dangling bonds. These dangling bonds may cause creation of defect states in
the band gap of the amorphous silicon. Hydrogen atoms fill up some of these dangling bonds and
decrease the density of the defect states, thereby allowing a-Si:H to have much better properties
compared to other amorphous materials. In order to improve the electrical properties of this
material, different techniques such as hot-wire chemical vapor deposition (HWCVD), also
known as catalytic chemical vapor deposition (cat-CVD), have been used. In this technique,
silane molecules are cracked into silicon, hydrogen and radicals such as SiH, SiH, and SiH3 by
using a filament heated to about 1800 °C. A polycrystalline silicon-hydrogenated film grows on
the substrate surface from the gas phase with much better electrical properties compared to the
amorphous hydrogenated silicon. Based on the utilized techniques, a different type of silicon,
amorphous or polysilicon, will be deposited on a large area substrate and will be employed in

producing TFTs [63, 64].

3.2.4. Organic Thin Film Transistors (OTFTs)

OTFT is a thin film transistor consisting of an organic layer as the semiconductor layer, a
gate insulator layer and three electrical terminals. Silicon, glass and plastic are the commonly
used OTFT substrates [65]. The resistance of the organic semiconductor layer, between the
source and the drain contacts, is modulated by the applied voltage to the gate electrode. A simple
way to understand the OTFT operation concept is to consider it as operating in a digital mode,

similar to a switch. Under an applied gate bias, an electric field will be induced inside the gate-
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insulating layer. Due to the accumulation of the majority of the charge carriers at the insulator-
organic interface, a significant increase in the conductivity of the channel will occur, resulting in
the ON state of operation of the switch. In contrast, by inverting the polarity of the applied gate
bias, due to a generated depletion region in the insulator-organic interface, the conductivity of
the channel will decrease and the switch will be in the OFF state [66].

OTFTs have a structure similar to

Al electrodes

the conventional transistors with SiO, as ‘ (source, drain)

|

the gate insulating layer, but utilize an

i Si0, gate
. . . insulator
organic material as the conduction J
"-‘/
channel. In the devices based on this !
. : — - ‘ Metal Oxide
structure, heavily doped p-type or n-type

p-Si

silicon wafers are used as the gate

electrodes and a thick layer of SiO; at Figure 3.10 — Typical OTFT structure with SiO2 as

the gate insulating layer [67].
approximately 300 nm is deposited as the
gate insulating layer on top of the gate electrode. Active layer, which is the organic
semiconductor layer, will be evaporated on top of the gate insulating layer and the drain and the
source contacts will be deposited on top of the organic semiconductor. Figure 3.10 shows an
OTFT structure with Pentacene used as the organic layer and Al as the drain and source
electrodes [67]. In this work, LiF has been used as the gate insulating layer instead of the

commonly used SiO,. This is the main difference between this work and the previous reports.

Details about the structure of the device are presented in Chapter 6.
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3.2.5. Electrical characterization of thin film transistors

Since the majority of the carriers in organic materials are holes, most of the organic
semiconductors exhibit p-type behavior. Models developed for inorganic semiconductors can be
used to adequately describe the -V characteristics of organic transistors. The typical output
characteristics of a thin film transistor, which presents the dependence of the drain-source current
(Ips) on the drain-source voltage (Vps) at different gate voltages is shown in Figure 3.11. For the
linear operation regime, Ips increases linearly by increasing Vpg and it can be determined using

the following equation,

WC. V,
I = TZM(VG -V - TD)VD (Eq. 3.9)

where C;j is the capacitance per unit area of the insulating layer, W is the channel width, L is the
channel length, V7 is the threshold voltage and p is the field effect mobility. Mobility can be
calculated by plotting Ips versus Vg at a constant low drain voltage and fitting the data in the

following equation:

ol wC,

P VG ) Vp=const — L

g, =( w, (Eq. 3.10)

By increasing the drain voltage, Ips will saturate which can be modeled by the following

equation:

wcC.
I s =2—L’ﬂ(VG -V;)’ (Eq. 3.11)

In the saturation regime, mobility can be calculated from the slope of the plot (Ipg)™
versus V. Calculated values for the mobility in linear and saturation regime may be different. At
low drain voltage or linear operation regime of the transistor, mobility can be affected by the
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Figure 3.11 — Typical output characteristics of a n-type thin
calculated mobility for these film transistor.
devices will result in an enormously high value [4]. Charges have to be injected from the source
electrode into the semiconductor in order to flow a current through the transistor channel. In
other words, in an n-channel transistor, electrons should inject into the lower unoccupied
molecular orbital (LUMO) level, and in a p-channel transistor, holes should inject into the
highest occupied molecular orbital (HOMO) level of the organic semiconductor. In organic
transistors, contrary to the case of silicon transistors, charge injection relies on the
semiconductor-metal interface. This interface is treated as a Mott-Schottky barrier with the
barrier height given as the difference between the values of the metal work function (¢s,) and the
semiconductor HOMO or LUMO level. If the work function of the metal contact is close to the

HOMO or LUMO level of the semiconductor, a good Ohmic contact will be formed at the

semiconductor-metal interface. Otherwise, a potential barrier is formed, leading to poor charge
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injection that introduces an extra resistance to the transistor. Considering this fact, a proper metal
should be chosen to serve as the electrodes in order to obtain high performance devices.
Although aluminum is a well-known contact material used commonly in integrated
circuits, its relatively low work function prevents its application in high performance p-channel
OTFTs. Several researches have proven that by inserting a transition metal oxide layer between
electrodes and organic semiconductors, high performance OTFTs can be achieved. It has been
shown that the performance of OTFTs with the metal oxide buffer layer can be greatly improved
over the transistors with Al as the drain and source electrodes. The contact barriers will be
reduced by inserting this buffer layer. This layer also protects from diffusion or other chemical

reactions between the organic layer and the metal contacts [67].

27



CHAPTER 4: DEPOSITION TECHNIQUES

4.1. DEPOSITION TECHNIQUES

4.1.1. Overview

For the past several decades, organic materials including polymers and small molecules
have been of great interest for their various applications in the electronics and the
semiconductors industry [32]. The main reasons for the popularity of organic electronics include
high flexibility, low processing temperature, large area devices, light weight and availability of
low-cost fabrication processes such as evaporation, spin-coating and printing [33]. A large
number of studies have been focused on developing and optimizing deposition techniques for

organic materials. The following section provides a summary of these techniques.

4.1.2. Spin coating

Spin coating is a fast and easy method to fabricate homogeneous organic thin films out of
solutions. An excess amount of organic materials dissolved in a solution is placed and spread
over a substrate by centrifugal force of the high speed rotation of the substrate. This method
allows low-cost fabrication of organic electronic devices involving flexible and large area
substrates. However, the fabrication of multilayered structures is very challenging using this
technique. In addition, material waste and limited accuracy of thickness and uniformity of the

films are the other disadvantages of this method.

28



4.1.3. Printing

Low-cost and high-volume printed electronic devices can be fabricated on flexible
substrates using printing techniques. Inkjet printing is one of the most commonly used printing
techniques that provide a controlled deposition of organic solutions in specific locations of the
substrate. Konarka demonstrated the first highly-efficient (with power conversion efficiency
about 3%) inkjet-printed organic bulk heterojunction solar cells in 2007 [68]. The devices were
fabricated on ITO coated glass substrates. A thin layer (60 nm) of PEDOT:PSS was deposited by
doctor blading on top of the ITO. Then samples were coated by a photovoltaic layer of
P3HT:PCBM using a commercial piezoelectric driven inkjet printing tool from Fujifilm
Dimatix, Inc. The schematic of the organic film formation by inkjet printing and the device
structure are presented in Figure 4.1. This demonstration by Konarka confirms that organic solar
cells can be fabricated using printing techniques, eliminating the requirement of clean room
conditions as well as the high-temperature and high-vacuum processing environment of

traditional semiconductor technologies.

moving direction

< nkjet print head
P nozzle orifice
droplet ejection
spreading and
uniting of inkjet Negative Electrode T
printed droplets SN { e
solvent vapor dried film p-type / n-type
PSHT: PCBM)  ~—
Blend
3 33 TR il Positive Electrode __— ’
(ITO / PEDOT) =
Substrate \gl\uli‘/’/"
substrate )
Light

Figure 4.1 — Schematic of organic film formation by inkjet printing and the structure of the

fabricated device (ITO/PEDOT:PSS/P3HT:PCBM/Ca:Ag) [33].
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4.1.4. Vacuum thermal evaporator

Vacuum thermal evaporation (VTE) is
another deposition technique in which organic
materials are heated under vacuum condition. The
evaporated material will be deposited onto the
substrate which is placed several centimeters away
from the source as shown in Figure 4.2. In this
method, well-defined multilayer structures can be
deposited without chemical interaction between
different layers. However, relative lack of thickness
and doping uniformity of the layers over large-area
substrates are among the main problems that are

present for the deposited films using this technique.

In addition, contamination from the materials deposited on the wall of the chamber is another
drawback of this method. In some cases, shadowing effect results in non-uniform deposition with

holes spread over the films, which causes shorts in the device as well as increase in the device’s

series resistance.

Vacuum Chamber

Crystal
Monitor

Organic Material

[

Voltage Supply

Figure 4.2 — Schematic of a Vacuum

Thermal Evaporator (VTE) system.

4.1.5. Organic vapor phase deposition (OVPD)

Organic vapor phase deposition (OVPD) is another technique for deposition of organic
materials. In this method, the scalability of printing techniques is combined with the ability of
high purity and good control of organic materials deposition. In OVPD, a carrier gas will

transport the thermally evaporated organic small molecules towards the substrate where
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condensation occurs (Figure 4.3). By adjusting the carrier gas flow rates, the relative
concentrations of organic materials in the gas stream can be accurately controlled. Therefore, this
method results in deposition of films with excellent uniformity and provides precise and high

deposition rates and better morphology control.

Showerhead

Organic
materials’ source

N, N,

Figure 4.3 — Schematic of an Organic Vapor Phase Deposition (OVPD) system.
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CHAPTER 5: CHARACTERIZATION TECHNIQUES

5.1. OVERVIEW
Several material characterization techniques such as atomic force microscopy (AFM),
Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and X-ray diffraction (XRD) have
been used to investigate the chemical and electrical properties of organic thin-films. AFM is a
common technique that is used to study surface morphology and surface properties. However,
this technique provides little if any information about the thin-film layer or the layers below the
surface of a device.

Recently, a team of researchers at IBM has
produced the first atomic force microscope (AFM)
with a carbon monoxide tip. Using this new device,
they have produced the first real images of a molecule
of pentacene [69]. Figure 5.1 shows the AFM image of
the pentacene crystal. In order to better investigate and

understand the interaction between thin-film layers,

FTIR and Raman techniques should be considered.

Figure 5.1 — Image of the pentacene

molecule taken by AFM [69].
type of material that can be used as the substrate. For

However, FTIR spectroscopy has limitations in the

instance, since glass is not IR-transparent, IR radiation cannot penetrate deep enough into the
glass, and hence, samples with glass substrate cannot be studied using FTIR spectroscopy.

Raman spectroscopy is a high-resolution and flexible optical spectroscopy that is used to study
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the structural and electrical properties of materials. A large amount of data about molecular
structure and the interaction between the metal and the organic layers at their surfaces can be
obtained using Raman spectroscopy. Compared to FTIR, in Raman spectroscopy, the studied
samples do not require any kind of preparation prior to scanning. Raman spectroscopy shows
that the charge transport in the

organic thin-film is determined by Triciieic bilk phase

the structural qualities inside the B
inclingc\! planel
grain boundaries and not the size Ya 1
increased "%
or the amount of the grain  Grownon / Ny Lo :
flatness e SO SRR F o LR
boundaries [9, 11, 12]. substrate SR Lk
S5 . 8t
XRD is a non-destructive
technique used to identify Thin film phase Orthorhombic phase
Boundary

crystalline phases and orientation

Figure 5.2 — Schematic evolutions of thin-film polymorphs
as well as to measure thickness of

of pentacene film with increasing thickness [12].

the thin films and multi-layers.

Additionally, it is used to determine atomic arrangement and structural properties such as lattice
parameters, strain and grain size. XRD studies of pentacene thin films show an increment of the
tilt angle (Byi) of the pentacene molecule from the c-axis toward the a-axis by increasing the
grown film thickness. The change of the tilt angle indicates that thin-film transformation
behaviors are from the orthorhombic phase to the thin-film phase and then to the triclinic bulk
phase [12]. These transition phases have been shown in Figure 5.2. SEM technique provides

information about the external morphology, chemical composition and crystalline structure and

orientation of the studied materials. SEM has been used to examine the surface morphology of
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the organic thin films and study the cross section of the fabricated organic transistors. TEM
studies reveal that electrical properties of organic thin film are determined by the charge
transport across the grain boundaries. In order to optimize the performance of the fabricated
devices with organic small molecules as the active layer, grain boundaries structure and their
dependence on the processing conditions should be carefully considered [9]. STEM and HRTEM
are the two typical TEM imaging techniques used to investigate the molecular defect structures
that can explain electrical and mechanical properties of the organic materials. In this work, AFM

and X-ray reflectivity have been used to characterize the deposited organic films.

5.2. ATOMIC FORCE MICROSCOPY

The atomic force microscopy (AFM) is a very high resolution scanning probe microscopy
method allowing imaging of any arbitrary surface. The principle of AFM operation is explained
below. An atomically sharp tip is scanned over a surface and the feedback mechanism enables
the piezo-electric scanners to maintain the tip either at a constant force to obtain height
information, or at a constant height to obtain force information. Tips are typically made from
Si3Ny4 or Si, and are placed at the end of a cantilever. Their radius of curvature is on the order of
nanometers. When the tip is brought close to the sample surface, forces between the tip and the
sample lead to the deflection of the cantilever according to Hooke’s law (F = -kz), where F is the
force, k is the stiffness of the lever and z is the distance the lever is bent. The force is calculated
by measuring the deflection of the cantilever and knowing the stiffness of the cantilever. The
deflection is measured using a laser spot reflected from the top of the cantilever into an array of
photodiodes. A diode laser is focused onto the back of a reflective cantilever. As the tip scans the

surface of the sample, moving up and down with the contour of the surface, the laser beam is
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deflected off the attached cantilever into a dual element photodiode. The photo-detector
measures the difference in light intensities between the upper and lower photo-detectors, and
then converts to voltage. Feedback from the photodiode difference signal, using software control
from the computer, enables the tip to maintain either a constant force or height above the sample.
In the constant force mode, the piezo-electric transducer monitors height deviation. In the
constant height mode, the deflection force on the sample is measured. Contact and non-contact

modes are the two common modes of AFM operation [70].

5.2.1. Contact mode AFM
As the name suggests, the tip and the sample remain in close contact during scanning. In
this method, contact is defined as the repulsive regime of the inter-molecular force curve. The

repulsive region of the curve lies
4

above the x-axis. The mean value of

the repulsive force is 10” N. This

repulse regime
(contact mode)
far away from surface

force is set by pushing the (out of foedbacko

Tip-Surface Force

cantilever against the sample
attractive regime
(non-contact mode)

surface with a  piezoelectric -
Tip-Surface Distance

positioning element. The following
Figure 5.3 — Short force range in AFM [71].
figure explains the short force range
in AFM. The deflection of the cantilever is sensed and compared to the desired values of
deflection in a DC feedback amplifier. If the measured deflection is different from the desired

value, the feedback amplifier applies a voltage to the piezo to raise or lower the sample relative

to the cantilever to set the desired value of deflection. The voltage that the feedback amplifier
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applies to the piezo is a measure of the height of features on the sample and it is showed as a
function of the lateral position of the sample. Problems with contact mode arise when excessive
tracking forces are applied by the probe to the sample. The effects can be reduced by minimizing
tracking force of the probe on the sample, but there are practical limits to the magnitude of the
force. Under ambient conditions, sample surfaces are covered by a layer of adsorbed gases
consisting primarily of water vapor and nitrogen. When the probe touches this contaminant layer,
a meniscus forms and the cantilever is pulled by surface tension toward the sample surface. The
magnitude of the force depends on the details of the probe geometry, but is typically on the order
of 100 nano-N. The effect of this meniscus force and other attractive forces may be suppressed
by operating with the probe and part or the entire sample totally immersed in liquid. There are
many advantages to operating AFM with the sample and cantilever immersed in a fluid. These
advantages include the elimination of capillary forces, the reduction of Van der Waals' forces
and the ability to study technologically or biologically important processes at liquid solid

interfaces.

5.2.2. Non-contact mode AFM

In this mode, the tip is placed 50 - 150 A° above the sample surface. Attractive Van der
Waals forces acting between the tip and the sample are detected, and topographic images are
obtained by scanning the tip above the surface. In the non-contact mode, the attractive forces
from the sample are substantially weaker than the forces used by the contact mode. Therefore,
the tip is given a small oscillation so that AC detection methods can be used to detect the small
forces between the tip and the sample. By measuring the change in the amplitude, phase or

frequency of the oscillating cantilever in response to force gradients from the sample, the force
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can be measured. For highest resolution, it is necessary to measure force gradients from Van der
Waals forces which may extend only a nanometer from the sample surface. Generally, the fluid
contaminant layer is substantially thicker than the range of the Van der Waals force gradient. As
the oscillating probe becomes trapped in the fluid layer or hovers beyond the effective range of

the forces, attempts to image the true surface with non-contact AFM do not succeed.

flexible vibrating cantilever

flexible
cantilever e / _v_
- =
//,;? F_F,_/——:;,fj’/ h interaction force
i —

= v

tip \O

>

horizontal sample motion

a) Contact mode b) Non-contact mode

Figure 5.4 — Schematic of contact and non-contact mode AFM [72].

5.2.3. Tapping Mode AFM

This technique allows high resolution topographic imaging of sample surfaces that are easily
damaged, loosely held to their substrate or difficult to image by other AFM techniques. Tapping
mode overcomes problems associated with friction, adhesion, electrostatic forces and other
difficulties observed in the conventional AFM scanning methods by alternately placing the tip in
contact with the surface to provide high resolution and then lifting the tip off the surface to avoid
dragging the tip across the surface. Tapping mode imaging is implemented in ambient air by
oscillating the cantilever assembly at or near the cantilever's resonant frequency. When the tip is

not in contact with the surface, the motion causes the cantilever to oscillate with high amplitude.
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The oscillating tip is then moved toward the surface until it begins to lightly touch the surface.
During scanning, the vertically oscillating tip alternately contacts the surface and lifts off. As the
oscillating cantilever begins to intermittently contact the surface, the cantilever oscillation is
reduced due to the energy loss caused by the tip contacting the surface. Surface features can be
identified and measured by observing the reduction in oscillation amplitude. During tapping
mode operation, the cantilever oscillation amplitude is maintained constant by a feedback loop.
Selection of the optimal oscillation frequency is software-assisted and the force on the sample is
automatically set. When the tip passes over a bump in the surface, the cantilever has less room to
oscillate and the amplitude of oscillation decreases. Conversely, when the tip passes over a
depression, the cantilever has more room to oscillate and the amplitude of oscillation increases.
The oscillation amplitude of the tip is measured by the detector and then the digital feedback
loop adjusts the tip sample separation to maintain constant amplitude. Operation in the frequency
mode operation can also be done. Frequency mode operation is more sensitive and allows the use
of very stiff cantilevers. In this method, the change in the oscillation frequency provides the
information about the surface. AFM tips also play an important role in the resolution of
topographic imaging. Greater resolution can be achieved by using a sharp tip. The best tips may
have a radius of curvature of approximately 5 nm. The degree of sharpness of a tip is described

in terms of tip convolution.

5.3. X-RAY DIFFRACTION
X-ray diffraction discovered by Max von Laue in 1912 has become a well-established
technique to probe the structural arrangement of atoms and molecules in materials. The

wavelength scale of X-rays is in the range of an Angstrom (10™° m) which is comparable to the
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size of atoms. This makes X-ray scattering a powerful method for determining ordered atomic
structures. The next section provides a short overview of this technique but a more detailed

description can be found in the references [73-75].

5.3.1. Basic principle of X-ray diffraction

An X-ray beam can be considered as a monochromatic plane wave in the following form,
E(F,t) = E,e" "7 (Eq. 5.1)
where € is the polarization of the electric field written as a unit vector and K is the wave vector
where £.k = 0. An X-ray photon can either be scattered or absorbed when it interacts with a
medium. The scattering process involves both the incident wave (Ei) and the scattered wave (Ef).
Momentum transfer, ¢ can be defined asg =k, —k ;- We will discuss these processes for an

electron, an atom, a molecule and a crystal structure.

5.3.2.  One electron scattering
As an electron interacts with an X-ray beam, it will be forced to vibrate and radiates as a
second source (Figure 5.5 (a)). The magnitude (L_?)md (}_?), t)) and the intensity (I) of the radiated

field can be described as follows,

-ik.R
E ,R,t)=-r, € cos 20.E, (Eq. 5.2)

R

where R is the distance from the scattering point to an observation point X, 20 is the angle with

respect to the direction of the incident beam and r. is the Thomson scattering length.
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2
r,= —— =28x10"54° (Eq. 5.3)

4mEgmc?
2
I |Eraal? = () (EZ)P (Eq. 5.4)
where P is the polarization factor which equals to 1 or cos’20  for synchrotron radiation

1
depending on the scattering plane and is equal to 5 (1 + cos” 26) for an unpolarized source.

5.3.3.  One atom scattering

For an atom containing Z electrons, the distribution of the electrons can be considered
continuously and described by the electron density function p(r). The superposition of the charge
distribution inside the atom will define the scattered radiation field. As shown in Figure 5.5 (b),
the phase difference of the incident wave as it interacts with the volume element at the origin O
and the position 7 should be considered in order to evaluate this superposition. This phase

difference can be described as follows,

AB(#) = (1? - F) F= 0.7 (Eq. 5.5)
where @) is the wave vector transform or scattering vector and equals 2Ksin® = (4m/A) sin© for
elastic scattering. The contribution of the volume element d7 at 7 to the scattering field is —r.

p(7)d7 with the phase factor of eld7, Therefore, the total scattering length of the atom can be
described as the Fourier transform of the distribution of the electrons in the atom as described in

Equation 5.6.

—1.f°(Q) = -1, [ p(¥)ei?7dr (Eq. 5.6)
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where f 0(@)) is known as atomic form factor. If all of the volume elements scatter in phase,
f 0((‘_2) ) equals the number of electrons in the atom. As the volume elements start scattering out of

phase, 5 increases and f 0((‘_2)) will become zero.

5.3.4.  One molecule scattering
As illustrated in Figure 5.5, a molecule is composed of a number of atoms. Therefore, the
form factor of the molecule can be determined by considering the atomic form factors of the

consisting atoms (labeled as j atom) and their positions inside the molecule (Equation 5.7),
fmol(@) = 2 f; (@) €' (Eq. 5.7)
where f; (5) is the atomic form factor of the j™ atom in the molecule.
5.3.5. A crystal scattering
The interaction of the incident X-rays with the crystalline material which is periodic in
space will produce constructive interference under Bragg’s law condition (nA = 2d sin6). This
relates the wavelength of the X-ray (A) to the diffraction angle (0) and the lattice spacing in a

crystalline sample (d) (Figure 5.5 (c)).

Figure 5.5 — The X-ray scattering from (a) an electron, (b) one atom and (c) a crystal.
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5.4. X-RAY REFLECTIVITY
As the X-rays interact with different media, there will be some refraction at the interfaces due to
different refractive indices (Snell’s law). Apart from the refracted beam, there will also be a
reflected part and in order to describe the refraction and the reflection phenomena for X-rays, a
refractive index of n can be introduced as n = 1 — 6 + if, where & and B are the dispersion and
absorption of the material, respectively. Typically, for solid materials § is in the order of 10 and
B is usually two orders of magnitude smaller than 6. When X-rays are irradiated on to the sample
at very low angles, there is total reflection of X-rays from the sample surface. For small angles of
radiation, the refractive index is very close to unity and the electron density can be considered as
continuous. In the small angle range, reflection can be defined using the classical reflection of
the electromagnetic waves which yield the expression for the Fresnel reflectivity. Following

equations are the reflectivity and transmittivity amplitudes,

k -k 2k,
r=—"—"%and t= 2k (Eq. 5.8)
ki,z + kt,z ki,z + kt,z

where k,_ and k,_are the vertical components of the incident and transmitted waves,

respectively. If the medium possesses regions with different electron densities, then the boundary
conditions of the electromagnetic fields at each interface should be applied when calculating the
reflectivity. In this case, shown in Figure 5.6, the X-ray reflectivity can be derived considering a
multilayered structure consisting of n layers with (n+1) interfaces. Using Parratt formalism [76],
the transmitted X-ray in the top-most layer serves as a new source for the scattering at the next

lower interface. The Fresnel reflection coefficient of interface j can be calculated as
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kj,z - kj+1,z

Tk 4k

Jz Jj+lz

(Eq. 5.9)

The intensity of the X-ray reflectivity at interface j can be calculated using the recursive

algorithm from the ratio between reflection and transmission at the interfaces j and j+1, as shown

in the following equation,

zl+lz
v = T o ke it X +1e
Tt D G
J J.j+l j+le

assuming no reflection from the substrate
(Xu+1 = 0) and total transmission for the
vacuum layer (T; = 1). For real surfaces, in

order to account for the roughness, a term

2
_2kz,jkz,j+10j j+l

of € should be included into
each Fresnel reflection coefficient.

As described in Figure 5.7, the
reflected x-rays from different interfaces
give rise to interference fringes. Additional
peaks (called Bragg peaks) will be observed
in the reflectivity pattern, provided that the
thin film is a layered film with periodic
electron density (Figure 5.7 (c)) and the

Bragg condition is fulfilled (2dsin® = n}).

For real surfaces with roughness o, intensity

(Eq. 5.10)
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Figure 5.6 — Schematic of the reflection for a film

with a multilayered structure.



will decrease as shown in Figure 5.7 (d). Total thickness of a thin film can be calculated based on
the periodicity of the low angle fringes. Interface and surface roughness can be derived from the

damping of the intensity of the reflectivity pattern.
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Figure 5.7 — Reflectivity patterns as a function of momentum transfer for (a) a smooth
vacuum/medium interface, (b) a film with two interfaces, (c) a film with a periodic electron

density and (d) a film same as previous film but considering interface and surface roughnesses.
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CHAPTER 6: EXPERIMENT

6.1 DEPOSITION METHOD AND EQUIPMENT
In this work, all of the thin films and organic devices have been fabricated using the
vacuum thermal evaporation technique. Several fabrication processes have been designed and
executed using an academic series research evaporator from Trovato Mfg., Inc. as shown in
Figure 6.1. We have maintained and troubleshooted our system by adhering to several protocols
listed below:
*  Monitor pressure versus time during the pump down of the chamber from the atmospheric

pressure to a high vacuum (less than 4 x 107 Torr)

Figure 6.1 — The academic series research evaporator from Trovato Mfg., Inc with the attached

glove box.
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¢ Perform regular cryopump regeneration
* Develop and perform cleaning process of the
chamber

* Perform regular glove box regeneration

As shown in Figure 6.2, the thermal
evaporator system used in this research has 8
sources with 4 crystal monitors, one for each two
adjacent sources. For each material deposited in
this system, a relevant film and process have been
developed by defining the applied power, the
values for the proportional-integral-derivative
controller (PID controller) and the deposition rate.
The proper boat and crucible for depositing each
material have been determined through several
experiments. The metal oxides and organic
materials have been deposited using quartz boats
with Tungsten crucibles. For metal deposition
boats made of Boron-Nitride have been used. In

order to pattern the fabricated devices, several

Figure 6.2 — Schematic of different parts of

the thermal evaporator system.

sets of metal shadow masks have been designed and made using stainless steel.

For material characterization part of this work, different thicknesses of several thin films

of organic materials have been deposited using the abovementioned vacuum thermal evaporator
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system. Moreover, CuPc/PTCDI-CS films with different structures such as bilayer, layered and
co-deposited as well as LiF/PTCDI-C8 and LiF/Pentacene bilayers have been prepared and
characterized. For device characterization part of this study, organic solar cells and organic thin

film transistors have been prepared using the following fabrication processes.

6.2 DEVICE FABRICATION PROCESS
Organic solar cells studied in this work were fabricated by thermally evaporating two
organic materials CuPc and PTCDI-CS as the donor and acceptor layers, respectively. MoOs and
Alq; were used as the hole and electron transport layers, respectively. Indium-tin-oxide (ITO)
coated glasses with a sheet resistance of approximately 15 /o were used as the substrate for the
fabricated cells. They were cleaned using acetone, isopropyl alcohol and de-ionized water in an
ultrasonic cleaner, then dried by nitrogen and treated by oxygen plasma. A schematic of this

process is presented in Figure 6.3.

Several cells with  various
thicknesses of organic layers
ranging from 20 to 60 nm and

different MoO; and  Algs

thicknesses were fabricated. For

all of the devices, a 75 nm Al

Figure 6.3 — The substrate cleaning process used in this
layer was deposited as the cathode

work.
electrode using a metal shadow
mask. The fabrication process for the solar cells as well as the schematic structure of the

fabricated devices is shown in Figure 6.4 (a) and Figure 6.5 (a).
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Furthermore, planar organic thin film transistors were fabricated with top contact
geometry. The schematic structure of the fabricated device is presented in Figure 6.5 (b).
Fabricated transistors have a structure similar to the conventional inorganic metal-oxide-
semiconductors, with one principal difference in the use of lithium fluoride (LiF) instead of
oxide as the gate insulating layer. The fabrication process is as follows. An aluminum (Al) layer
with a thickness of 100 nm was deposited onto a pre-cleaned glass substrate as the gate
electrode. After gate electrode deposition, a 120 nm layer of LiF was deposited as the gate
dielectric layer, followed by deposition of 100 nm of pentacene or PTCDI-CS as the active layer.

Finally, vanadium pentoxide (V,0s) and Al were deposited onto the organic cell surface through

(a) Solar cells fabrication process (b) OTFTs fabrication process

<

E

| ¥
s
s
R

Figure 6.4 — The fabrication process used for (a) organic solar cells and (b) organic transistors.
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a shadow mask to form the source and the drain electrodes. The thickness of the V,Os and Al
films were 8 nm and 100 nm, respectively. The V,Os layer serves as the thin insulating buffer
layer to modify the organic-metal barrier and facilitates the charge injection. The fabrication
process for the transistors is presented in Figure 6.4 (b).

All of the organic materials and metal oxides were purchased from Sigma Aldrich with
the highest grade of purity and used without further treatments. All of the layers were deposited
in a thermal evaporator system with a pressure of less than 4 x 107 Torr and without heating the
substrate. Fabricated cells were characterized under ambient condition without any
encapsulation. Electrical measurements were taken using an Agilent (4155C) semiconductor
parameter analyzer and a Xenon lamp with AM1.5 filter. The light intensity of the lamp (100

mW/cm?) was measured by a calibrated silicon detector.

AL
SOURCE
(b) ‘
ORGANIC
LAYERS
ORGANIC LAYER
ITO DIELECTRIC
(LIF)
GLASS GATE (AL)
SUBSTRATE

Figure 6.5 — Schematic diagram of the fabricated (a) solar cells with the following structure:

(ITO/MoOs/CuPC/PTCDI-C8/Alqs/Al) and (b) transistors with the top contact geometry.
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CHAPTER 7: MATERIAL CHARACTERIZATION

7.1. OVERVIEW

Several sets of samples with thicknesses ranging from 20 to 45 nm were deposited on p-
type boron-doped Si (111) substrates with native oxide using a thermal organic evaporator. The
film deposition was performed under high vacuum conditions with a base pressure of
approximately 107 Torr at a rate of 1 A/sec. Spectroscopic ellipsometry measurements were
performed using a JA Wollam M-2000V Ellipsometer in the spectral range from 1.4 to 5.2 eV
with a resolution of around 1 meV, and at an angle of incidence of 70°. The absorption spectra of
the PTCDI-CS films were investigated in the wavelength range of 300 to 1100 nm using a UV—
VIS-NIR spectrophotometer (Perkin—Elmer Lambda 45). Topographic images were taken using
a Veeco Multimode Scanning Probe Microscope AFM operated in noncontact mode. X-ray
reflectivity was performed using a Bruker-AXS D8-Discover high resolution X-ray
diffractometer. This system utilizes a horizontal goniometer, fixed X-ray tube with a Cu anode
(CuKa radiation, A = 0.15418 nm), Gobel mirrors, Cu rotary absorber, 4-bounce Ge (022)
monochromator and Lynx Eye position sensitive detector (PSD) with automated Iris. The
reflectivity data were analyzed using the Parratt formalism which takes into account multiple
scattering effects. All of the experiments were carried out in the ambient conditions. A summary

of the material characterization is presented in the next sections.

7.2. ATOMIC FORCE MICROSCOPY (AFM) - ROUGHNESS
AFM in tapping mode was used to collect information about the morphology and

structure of the PTCDI-CS8 thin films. Several scan sizes from 0.5 to 5 um on different film
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thicknesses were performed which revealed that PTCDI-C8 forms smooth layered films. The

following figures show AFM scans of ITO substrates annealed in nitrogen for 10 min at 300 °C

and silicon substrates.

The root mean square roughness (o) of the ITO substrates is approximately 3 nm (Figure

7.1 (a)) and of the silicon substrate is approximately 0.6 nm (Figure 7.1 (b)). Films with different

thicknesses of PTCDI-C8 were
deposited on these substrates at
room temperature and their AFM
images are presented in Figures
7.2 and 7.3. Comparing AFM
images of PTCDI-C8 on ITO with
the silicon substrate, it can be
seen that the morphology of the
substrate  has  affected the
structure and the morphology of
the deposited films. Observed

terraces in the ITO substrates are

75.0 nm

Figure 7.1 — AFM images of (a) ITO substrates annealed at
500 °C in nitrogen for 10 min, and (b) silicon substrates

with native silicon dioxide.

propagated through the deposited PTCDI-C8 film. In addition, for thin films of PTCDI-C8 on

ITO substrate, larger roughness was observed compared to the films deposited on silicon

substrate with smoother surface.
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T d
0.0 1: Height 5.0 m

Figure 7.2 — AFM images of thin film of 39 nm PTCDI-C8
deposited on ITO substrate at room temperature showing ¢ ~
5.3 £ 0.25 nm. The ITO substrates were annealed at 500 °C

in nitrogen for 10 min before film deposition.

30.0 nm

T )
00 1: Height 20um 0.0 1: Height 859.4 nm

Figure 7.3 — AFM images of thin film of 27 nm PTCDI-C8
deposited on silicon substrate at room temperature. These

films display very smooth surfaces with ¢ ~1.04 + 0.04 nm.
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Following images (Figure 7.4) display the typical topographical AFM images of 20, 27,

33 and 45 nm thick PTCDI-CS films deposited on silicon substrate at room temperature.

20 nm 30 nm 30 nm 30 nm
-i - 2im i -
30 nm 30 nm 30 nm 30 nm
i. 2{m i-
30 nm 45 nm 45 nm 45 nm

-ﬂm‘

20 nm 45 nm 45 nm 50 nm

Figure 7.4 — AFM images of 20, 27, 33 and 45 nm thick PTCDI-C8 films deposited on silicon

1m

Sum

substrate at room temperature.
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AFM images of different thicknesses of PTCDI-C8 films display a relatively smooth
surface morphology with needle-like features. These features which are randomly oriented in the
film have a length of about several hundred nanometers. Planar terraces on the needles can be
seen in the AFM images. The line scan of the terraces (Figure 7.3) reveals mono-molecular steps
of about 2 nm which is close to the film periodicity determined by the X-ray data. The line scan
has been performed over the area with the largest differences between the heights of the features.
A summary of the roughness of the films with different thicknesses has been presented in Figure
7.5. As can be seen in this figure, the root mean square roughness increases from 0.7 nm to 1.7
nm as the film thickness increases from 20 nm to 45 nm. Having a relatively smooth surface for

thicker films suggests that the films display a wetting behavior on the silicon substrates [77].

3.0 4 | AFM scan sizes

® 500x500 nm’
25 ¢ 1x1pm"

A 2x2 pm’
2.0 1

Roughness (nm)

Jo

0.5 4

T T T T T T T T T T T T T
20 25 30 35 40 45 50

Film Thickness (nm)

Figure 7.5 — Plot of film roughness as a function of thickness for PTCDI-C8 films deposited on

silicon substrates.
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7.3. X-RAY REFLECTIVITY (XRR)

X-ray reflectivity data were collected for different thicknesses of PTCDI-C8 films
deposited on silicon substrates with a thin layer of native oxide. The reflectivity curves presented
in Figure 7.6 have been offset deliberately for better presentation. Kiessig fringes at low angles
as well as the Bragg peak with un-damped Laue oscillations indicate formation of films with a
highly ordered structure. The low angle Kiessig fringes are related to the total film thickness and
the Laue oscillations around the Bragg peak are related to the coherently ordered film thickness.
Figures 7.7 shows the measured and simulated reflectivity data for a 40 nm thick film of PTCDI-
C8. Similarity of the widths of the Kiessig fringes with the Laue oscillations around the Bragg

peak suggests that PTCDI-CS films are coherently ordered across their entire thickness.
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Figure 7.6 — X-ray reflectivity curves for different thicknesses of PTCDI-CS films.
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The roughness and the thickness of the deposited films have been determined by a
combination of techniques including AFM, ellipsometry and X-ray reflectivity. A summary of
the roughness analysis from AFM and X-ray reflectivity has been shown in Table 2 and Figure
7.8. Thickness data from ellipsometry and reflectivity is also summarized in Table 3 and Figure
7.9. As presented in these figures, the results of characterization from different techniques are
similar. Among these techniques, X-ray reflectivity is the best method to characterize the
structure of the materials in a thin film since it provides detailed information about the interface

and the surface roughness, film thickness, molecular ordering and film morphology.
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Figures 7.7 — Measured and simulated reflectivity data for PTCDI-C8 film with 27 nm thickness.
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Figure 7.8 — Comparing the measured and calculated roughness from AFM and X-ray reflectivity

measurements.

Table 2 — Roughness from AFM and XRR

Thickness (nm)  Roughness (nm) Stdev Roughness (nm)  Stdev
Crystal Monitor ~ XRR AFM

20 0.6958 0.1091 0.69112 0.05888
27 1.0539 0.0653 1.04475 0.03669
33 1.0589 0.2672 1.24038 0.1959
45 1.7787 0.2206 1.675 0.19806
Si0; 0.72374 0.32708 0.3036 0.031681
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Figure 7.9 — Comparing the measured and calculated thickness from ellipsometry and X-ray

reflectivity measurements.

Table 3 — Thickness from spectroscopic ellipsometry and XRR

Thickness (nm)  Thickness (nm)  Stdev Thickness (nm)  Stdev
Crystal Monitor ~ XRR Ellipsometer

20 20.3756 0.0979 24.326 0.0986
27 27.518 0.1944 31.623 0.0776
33 33.0027 0.1572 39.12 0.0776
39 39.0022 0.2757 43.837 0.102
45 45.2869 0.2637 52.579 0.132
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The interlayer spacing (d) can be determined from the diffraction peaks according to
Bragg’s equation, nA = 2d sinf, where n is the order of the diffraction peak and 0 is the scattering
angle. A summary of the calculated values for PTCDI-C8 films with different thicknesses is
presented in Figure 7.10. Calculated values for interlayer spacing are in good agreement with the

height of the molecular terraces measured from AFM topographical images (Figures 7.2 and

7.3).
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Figure 7.10 — Calculated interlayer spacing for PTCDI-CS films with different thicknesses.

In a simplified way, considering negligible contribution from the strain, the mean size of
the crystalline domains can be estimated from the inverse of the full width at half maximum
(FWHM) of the Bragg peak using equation D = KA / Bcosf, where K is the Scherrer constant, A

the wavelength, p the FWHM and 20 is the Bragg peak angular position. The domain size
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calculated for the different thicknesses of PTCDI-CS films are presented in Figure 7.11. As can
be seen in this plot, thicker films possess larger domain size and therefore sharper peaks
compared to the thinner films. The size of the crystalline domains estimated from the X-ray
reflectivity measurements is in the range of 20 to 45 nm for different thicknesses. The fact that
these values are considerably smaller than the grains size (needle-like features) observed in the

AFM images indicates that the deposited films possess polycrystalline structure.
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Figure 7.11 — The domain size calculated for the different thicknesses of PTCDI-C8 films.
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CHAPTER 8: DEVICE CHARACTERIZATION

8.1 ORGANIC SOLAR CELLS
8.1.1 Electrical characteristics

Several solar cell devices were fabricated based on planar heterojunction (PHJ) with a sharp
interface between the donor (CuPc) and the acceptor (PTCDI-C8) layers. Each device was
characterized at room temperature and under atmospheric conditions. Initially, for all of the
fabricated devices, the thickness of each of the active layers (CuPc and PTCDI-CS8) was fixed at
30 nm. In order to study the effect of the variation of the thickness of the buffer layers, devices
with different thicknesses of electron transport layer (ETL) and hole transport layer (HTL) were
fabricated and characterized. J-V data for some of the devices with MoOj3 thickness of 5 nm and

Algs thickness varying from 0 to 15 nm are presented in Figure 8.1.
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Figure 8.1 — J-V data for devices with different Alq; thicknesses ranging form 0 to 15 nm.
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Open circuit voltage (Voc) and short circuit current (Jsc) for devices with different ETL and

HTL thicknesses are presented in Figures 8.2 and 8.3. As can be seen in these plots, Voc

increases with an increase in ETL or HTL. The maximum Jsc for devices with various HTL was

observed at 10 nm thickness of MoO3; and for devices with various EHL at 5 nm thickness of

Algs. Experimental results for the studied solar cell structures in this work prove the effect of the

thickness variation of the buffer layers on the output characteristics of the devices.

In order to study the effect of thickness variation of the active layers, devices with different

thicknesses of CuPc and PTCDI-C8 were fabricated and characterized. J-V results and a

summary of the Voc and Jsc for some of these devices are presented in Figure 8.4 and Figure 8.5.

Devices with total active layer thickness of 40 nm show the best electrical characteristics for the

fabricated devices.
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Figure 8.2 — Open circuit voltage (Voc) and short circuit current (Jsc) for devices with different

ETL thickness in the following structure: MoOs/CuPc/PTCDI/Alqs/Al (5 nm/30 nm/30 nm/X

nm/75 nm).
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nm/75 nm)
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Figure 8.4 — J-V data for devices with different active layers thicknesses in the following

structure: MoQO3/CuPc/PTCDI-C8/Alqgs/Al (7.5 nm/X nm/Y nm/7.5 nm/75 nm)
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Figure 8.5 — Open circuit voltage (Voc) and short circuit current (Jsc) for devices with different
active layers thickness in the following structure: MoO3/CuPc/PTCDI/Alqgs/Al (7.5 nm/X nm/Y
nm/7.5 nm/75 nm)

Several devices with total active layers thickness of 40 nm and different thicknesses for
Algs layer have been fabricated and characterized. The effects of the thickness variation of the
Alqgs layer on the electrical characteristics of these devices have been studied. Under
illumination, excitons (bonded electron/hole) are generated in the active layer materials and
dissociated into electrons and holes at the donor/acceptor interface. The difference between the
work function of the electrodes results in a built-in electric field which drives the generated
charge carriers toward the electrodes, where these carriers will be collected respectively [78].
The ability to collect these charge carriers in an efficient manner is of significant importance.
Therefore, the contact between the organic layer and the electrode is one of the most critical
interfaces that determine the efficiency of the OSCs. Inserting additional layers between organic
materials and electrodes is one of the most efficient approaches to modify their interface [43,

79]. Although this interface modification enhances the optical and electrical characteristics of the
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OSCs, it may result in performance degradation of the cells. One of the most commonly
observed effects is the S-shape I-Vs that reduce the fill factor (FF) and power conversion
efficiency of the cells significantly [80]. S-shape effect has been observed in different structures
of OSCs such as small molecule, polymer, hybrid and tandem structures [80-82]. Several
different possible explanations for this phenomenon have been proposed which include strong
interface dipoles, charge accumulation, injection and extraction barriers between the
hole/electron transport layers and electrodes [80 - 82]. In this section, the effect of the electron
transport layer thickness on the electrical properties of the OSCs has been studied.

Figure 8.6 shows the J-V curves of the OSCs with different Alq3 thicknesses. The short
circuit current density (Jsc) for devices without Alq3 and with 5 nm Alq3 is approximately 3 and

5 nA/ecm2, respectively. Increasing Alg3 thickness from 10 nm to 30 nm results in an increase of

5
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Figure 8.6 — Current density of different devices as a function of applied bias under light

illumination for various Alqs; thicknesses.
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the Jgc from 0.1 to 1.6 mA/cm2, which indicates an improvement by a factor of 16. The FF also
improves from 24.3% to 59.5% vyielding an efficiency of 0.38% when increasing the Alqs
thickness from 10 to 25 nm. In spite of the dramatic change observed in Jsc and FF, the open
circuit voltage (Voc) remains almost constant at about 0.5 V for devices with Alqs thicknesses
larger than 15 nm. As can be seen in Figure 8.6, for devices with 15, 20 and 25 nm of Algs, the
normal exponential J-V curves were observed. While increasing the thickness of the Alq; layer,
an S-shape characteristic appears, resulting in a significant drop in the FF to 14.8% for the
devices with 35 nm thickness of Alqs. A summary of the performance parameters for different
devices can be seen in Figure 8.7. It has been shown that during cathode deposition, hot metal
atoms can diffuse into the organic layer and modify the electrical properties of the organic and
the contact layers [80]. High leakage current and pinning of the Fermi level due to introducing
interfacial dipoles and defect states are some of the typical observed effects that result in the
device performance degradation [78]. Therefore, inserting a buffer layer between the organic and
electrode layers can suppress the diffusion and reaction of the metal ions significantly. The
buffer layer should be thick enough to have a complete coverage over the organic layer against
the metal deposition damages. For fabricated devices in this work, the buffer layer thickness at
which an increase in the Jsc can be seen was found to be approximately 10 nm.

In organic solar cells, the organic layers are sandwiched between a transparent and a
reflective electrode. Under illumination a standing wave with zero optical field intensity at the
organic/electrode interfaces is generated inside the active layer. Depending on the refractive

indices and the thicknesses of the organic layers, maximum intensity is formed inside the organic
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layer at a certain distance from the refractive electrode. Inserting an optically transparent layer
can readjust the field distribution and shift the maximum to the donor/acceptor interface, which
in turn can lead to a gain in Jsc [83]. Thickness of the active layer for organic photovoltaic cells
is limited by the short diffusion length and low mobility of the carriers. Introducing a buffer
layer between the organic layer and each of the electrode layers can be one of the most effective
ways to increase the Jsc for thin film OSCs. As can be seen in Figure 8.6, increasing the Alqs;
thickness from 10 to 30 nm results in an increase of Jsc from 0.13 tol.6 (mA/cmz) for the
fabricated devices. As Alqs thickness increases, the exponential diode curve degrades and an S-
shape kink appears in the J-V plots. This effect results in a major drop in FF and has been
observed for the devices with 30 and 35 nm Alqs thicknesses. As can been seen in Figure 8.8, the
S-shape kink was not observed in the dark currents which imply that it is an effect of the
illumination and photogenerated carriers. When the buffer layer is thin enough, photogenerated
charge carriers move toward the cathode via the metal-induced defect states under the LUMU
level of Alqs as illustrated in Figure 8.9. These charges will be extracted by the cathode,
resulting in an exponential curve. On the other hand, in devices with thicker buffer layers, charge
extraction will be hindered due to the resistance of the bulk Alqs layer, resulting in charge
accumulation and recombination at the interface between the active and the buffer layers and

degradation in the performance of the device [84].
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8.1.2 Optical characteristics

Typically an organic solar cell consists of the organic layers sandwiched between a
transparent and a highly reflective electrode. There are different parameters that affect the power
conversion efficiency of a solar cell such as light absorption and charge carrier extraction.
Among these parameters, light absorption strongly depends on the optical properties of the layers
and the device structure. The main goal of the device design is to optimize the light absorption
which can be done, for instance, by light trapping utilizing folded solar cells. One other effective
way to optimize the light absorption and eventually power conversion efficiency of organic solar
cells is to fabricate devices with tuned layers. This layered structure can result in minimizing the
reflectivity effect and bring most of the absorbed light to the interface between the two active
layers where the charge separation occurs. In order to fabricate such a device, we need to study
the effect of the optical properties of each layer. In this work, we have studied the effect of the
thickness variation of different layers on the light spectrum reaching the active layers by
simulating the reflectivity of each layer. Our approach is to use the transfer matrix formalism
which is a combination of a matching and a propagation matrix relating the fields across

different interfaces. Using this method, the total reflectance can be modeled as follows [88, 89],

cos(d,) isin(d,)][1

[i]= : n (Eq. 8.1)
" in,sin(d,) cos(d,) ||n,,u,
=7 (Eq. 8.2)
(1+Y) +Y 5
A C
d =2, y== Eq. 8.3
= 3 (Eq. 8.3)

70



where d is the quarterwave thickness,
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and refractive index of each layer,

were obtained by performing the ellipsometry technique. Ellipsometry data for organic layers
and MoOs film were fitted using Lorentz model. The MATLAB code used to calculate the
refractive indices and extinction coefficients as well as the simulated data are presented in
Appendix A. Figure 8.10 shows the simulated and measured data for MoOj3.

In order to calculate reflectivity, a MATLAB code using the transfer matrix method was
prepared (Appendix B). The effect of the thickness variation of different layers on the total
reflectivity has been simulated. Simulated reflectivity for different ITO layer thicknesses is
presented in Figure 8.11 (a). Figure 8.11 (b) shows the reflectivity for structures with 170 nm
ITO and different MoOs thicknesses from 0 to 40 nm. Figure 8.11 (c) shows the reflectivity for
the structures with the same thicknesses for ITO (170 nm) and MoOs (20 nm) and different CuPc
thicknesses from 0 to 70 nm. As can be seen in these figures, increasing the thickness of the

MoOs layer shifts the reflectivity peaks to higher wavelengths and also increases the total

reflectance. For structures with different CuPc thicknesses, increasing the thickness results in an
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increase of the total reflectivity to about 30%. Figures 8.11 (d) and 8.12 show the calculated
reflectivity for different thicknesses of PTCDI-C8 and Algs, respectively. As presented in these
figures, thickness variation for each layer affects the total reflectivity of all layers. In order to

verify the simulation results, samples were prepared and their reflectivities were measured and

50 50
ITO thickness ITO 170 nm
50 nm MoO; thickness
40 - — 100 nm 10 0nm
— 150 nm Snm
200 nm —— 10 nm
3 15 nm
o 3 300 nm - |
° > 30 20 nm
= ': -30 nm
& +1
= = —— 40 nm
Z Z
3 20 2 204
5 L
10 4 104
0 04
T T T T T T T | — E— E— T S T T
300 400 500 600 700 800 900 300 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)
50 T 70
ITO/MoO; (170 nm/20 nm) ITO/MoO,/CuPe (170 120 nm/30 nm)
CuPc thickness 60 PTCDI-CS8 thickness
40 - 0nm —0nm
—— 10 nm ;g nm
= 50 nm
20 nm 30 nm
o it 7N 30 nm . 40 nm
b i \ ——40 nm § 40 -
= 70 nm >
5 =
3 204 5 307
2 o
= &=
> )
=4 ST
10
10
0+ 0 -
T T T T T T T T T T T T T T T
300 100 500 600 700 800 900 300 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

Figure 8.11 — Simulated reflectivity for samples with (a) different ITO thicknesses from 0 to 300
nm, (b) 170 nm ITO and different MoOs thicknesses from 0 to 40 nm, (c) 170 nm ITO, 20 nm
MoOs; and different CuPc thicknesses from 0 to 70 nm, (d) 170 nm ITO, 20 nm MoOs3, 30 nm
CuPc and different PTCDI-C8 thicknesses from 0 to 70 nm.
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Figure 8.12 — Simulated reflectivity for the structures with 170 nm ITO, 20 nm MoO3, 30 nm
CuPc, 30 nm PTCDI-C8 and different Alq; thicknesses from 0 to 40 nm.

compared to the simulation results. A summary of the simulation and the experimental results
for these structures are presented in the Figures 8.13 and 8.14. As can be seen in these figures,
the experimental results verify presented reflectivity simulation results.

Based on the results of the reflectivity simulations, the HTL reflectivity data indicate that
devices with thin HTL (MoOs) have a lower reflectivity effect and are more desirable because
they allow most of the absorbed light to reach the interface between the two active layers where
charge separation occurs. Analyzing reflectivity simulation data of the active layers (CuPc and
PTCDI-C8) requires accounting for several additional optical and electrical parameters in order

to optimize the efficiency of the device. In a general sense, on one level, more light will be
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absorbed in solar cells with thicker absorber materials. However, as mentioned before in this
work, fabricating devices with thicker absorber materials brings significant cost increase.
Therefore generally, thin film solar cells are of much higher interest. On another level, organic
materials due to their high absorption coefficients are a promising group of materials for thin
film solar cells. However, for organic materials, factors such as smaller carrier mobility and
shorter lifetime compared to the inorganic materials remain significant factors to consider.
Moving on to the reflectivity simulation data, there exists a 25% to 30% reflectivity for the
different thicknesses of active layers (CuPC and PTCDI-CS), which results in light absorption
loss. However, adding ETL (Alqs) to the device structure will increase the efficiency due to
electrical and optical modifications. An optimized thickness of ETL layer will block damage to
the active layer from the metal electrode (Al) deposition, and at the same time will increase
reflectivity and will bring back absorbed light to the interface between the two active layers
where charge separation occurs. Electrical characterization of the fabricated solar cells has
shown an increase in the short circuit current that results in higher efficiency for devices with
thicker ETL. To summarize, for the fabricated devices in this work, a thin HTL and a relatively

thick ETL should be added to the thin active layers in the fabrication of solar cells.
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8.1.3 Organic/organic interface properties

In order to study the effect of the active layers’ structures on the device performance,
several CuPc/PTCDI-CS films with a total thickness of 40 nm but with different structures such
as co-deposited, layered and bilayer were deposited. Films with layered structure were prepared
by the periodic deposition of 5 nm of each organic material up to the total film thickness of 40
nm. For bilayer structures, 20 nm of CuPc was deposited following by a deposition of a 20nm of
PTCDI-CS8. Lastly, a co-deposition of CuPc and PTCDI-C8 with the ratio of 1:1 was performed
in order to prepare the co-deposited films studied in this work.

The structural properties of these films were studied using X-ray diffraction. Solar cell
devices based on these structures were fabricated and their electrical characteristics were studied.
The correlation between active layers’ structures and the electrical characteristics of the devices
has been explored and the results are presented in this section. Figures 8.15 (a), 8.15 (b) and 8.16
show the measured and simulated X-ray patterns for the films with CuPc/PTCDI-CS8 bilayer,
layered and co-deposited structures, respectively. For bilayer structures, strong diffraction peaks
at 4.3° and 6.8° were observed. These diffraction peaks are associated with the PTCDI-C8 and
CuPc material, respectively. The d-spacing of 2.1 nm and 1.38 nm corresponding to the (001)
plane [31] of PTCDI-C8 and CuPc were calculated from X-ray patterns. However, for the films
with the layered structure, a single diffraction peak at 20 = 6.8° corresponding to CuPc was
observed. Kiessig fringes were observed in the X-ray data for the co-deposited films (Figure
7.27). From these fringes, the total thickness of the film was calculated, which was close to the
targeted thickness of 40 nm. In the co-deposited structure with a mixture of the donor and the

acceptor materials, the interface between the two organic materials is distributed over the entire
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blended film. However, there is a very low control over this distribution. Such distributed

interfaces might affect the transport efficiency of both types of the charge carriers to the
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Figure 8.16 — Simulated and experimental XRR data for CuPC/PTCDI-C8 co-deposited film.

electrodes resulting in inferior electrical characteristics. Prominent diffraction peaks for CuPc
and PTCDI-CS indicate the formation of the higher degree of crystallinity for the films with the
bilayer structure compared to the films with layered or co-deposited structures. The crystallinity
of the bilayer film results in reduced recombination losses as well as microscopic shorts within
the devices. For further analysis, OSCs based on these structures have been fabricated and their
J-V plots are presented in Figure 8.17. As presented in this figure, devices with bilayer structure
exhibit superior electrical characteristics compared to the devices with layered or co-deposited
structures of CuPc/PTCDI-CS8 films. A summary of the Voc and Jsc of these devices are
presented in the Figure 8.18. Devices based on the co-deposited films exhibit lower Jsc and
higher Voc due to the amorphous properties of the active layers. Our results are in agreement

with the previous reported results [90, 91]. Organic layers with disordered grains may reduce the
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device performance due to the large number of defect states and recombination losses. These

results emphasize the importance of the effect of the active layers’ structures on the device

performance.
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Figure 8.17 — J-V results of OSCs with different active layers structures.
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Figure 8.18 — Plots of Voc and Jsc for the OSCs with different active layer structures.
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8.2 ORGANIC THIN FILM TRANSISTORS

8.2.1 Electrical characteristics — ambipolar behavior

The mechanical flexibility, low weight and low-cost processing of organic materials are
some of the main reasons for considering organic materials as valuable alternatives to the more
commonly used inorganic materials for applications in electronic devices [91 - 93]. In addition to
these factors, organic semiconductor materials exhibit ambipolar charge carrier transport. This
interesting feature provides ease of design and ability to fabricate low-cost and flexible
electronic devices such as light-emitting field-effect transistors as well as organic
complementary metal oxide semiconductor (CMOS) devices. Ambipolar conduction can also
provide important information that helps with fundamental understanding of the transport
processes in organic materials [94].

Ambipolar transport can be achieved by using blends or bilayers of n-type or p-type
organic materials [91, 93]. This conduction behavior can also be achieved in devices with a
single layer organic material by employing a high or a low work function metal, respectively, for
hole or electron injection [95, 96]. Engineering semiconductor-dielectric interface properties by
adding an additional layer between organic and dielectric layer is another possible way to
fabricate ambipolar organic transistors [97]. Generally, charge transport in organic
semiconductor materials are affected by their disordered structure that results in randomly
distributed large density of trap states that can significantly change the electrical behavior of the
fabricated structures [98]. In this work, it has been shown that ambipolar transport can be
achieved within a single transistor channel using LiF gate dielectric in the transistors with

pentacene active layer. This ambipolar behavior can be controlled by the applied source-drain
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and gate biases. The observed trends in the electrical behavior of these structures are well
described by the multistep hopping and Fowler-Nordheim (F-N) tunneling mechanis.

Figure 8.19 shows the output characteristics of the fabricated OTFTs under different
negative and positive gate voltages. Under negative gate voltages, when the transistors are
operating as p-type devices, the output current is about an order of magnitude larger compared to
the current at the positive gate voltages. Trapping of electrons at the semiconductor—dielectric
interface, resulting in less mobile carriers for n-type behavior, has been suggested to be the
reason for the observed I-V characteristics [32]. F-N theory and the corresponding equation
(Eq.8.4) have been used to analyze the I-V results at each applied gate bias. J is the field
emission current; ¢ is the work function; E = BV represents the applied electric field; and B is the
field enhancement factor which is defined as the ratio of the local surface electric field to the

applied bias [99].
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Figure 8.19 — Plot of drain-source current (Ids) vs. drain-source voltage (Vds) for different (a)

positive and (b) negative gate voltages in the top-contacted pentacene-LiF ambipolar thin film

transistor.
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E2 3/2
J =1.54x10" £ exp[-6.83x 10 %] (Eq. 8.4)
¢

Figure 8.20 shows the F-N plots for negative and positive gate voltages. These plots have
been extracted from the I-V results. Least-square error fitting was utilized to determine the
slopes of the F-N plots which correspond to (¢ /B). The insets of Figure 8.20 show the least-
square error fit in the tunneling region for the gate voltage at +15V. In the F-N plots, under zero
gate voltage, for reverse drain-source biases (Figure 8.20 (a)), as the applied drain-source voltage
decreases, the ambipolar transport behavior can be observed. These results suggests that the
transport mechanism switches from electron tunneling to electron hopping and then to hole
tunneling. On the other hand, for the forward drain-source biases (Figure 8.20 (b)), in order to
observe the charge carrier transition from hole hopping to electron tunneling, higher drain-source
voltages are required. Since all of the I-V data for this work is taken in the range of -40 to 40 V
for drain-source voltages, the transition in the charge carrier for forward biases cannot be
presented in the corresponding F-N plots.

The dependency of the field enhancement factor and the work function on the applied
gate bias was shown by calculating the slopes of the tunneling region. The value of B is related to
the geometry, crystal structure, surface morphology and electrical homogeneity [100, 101].
Although tunneling current is known to be affected by the field enhancement factor as well as the
work function, as the effects of these two parameters are coupled together, it is difficult to
analyze the F-N current based solely on one or the other [99]. The drain-source voltage at which
the conduction mechanism switches from hopping to tunneling was extracted for each of the gate
biases by calculating the slopes of the hopping and the tunneling regions in the F-N plots.

Figures 8.21 (a) and (b) show the dependency of the slope of the F-N plots as a function of the
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gate voltage. As the gate voltages increase, for both negative and positive gate biases, the
transition points occur at lower source-drain biases. The slope of the F-N plots as a function of
gate voltage is plotted in Figures 8.21 (c) and (d). These figures show that for positive gate
voltages, the slope follows 3, while for negative gate voltages, the slope shows more dependency
on ¢. These results indicate that the current shows more dependency on the applied gate bias
under negative gate voltages. This can be explained based on the Fermi level pinning occurring
at the dielectric-semiconductor interface due to the trap levels [98, 102]. Under negative gate
biases, trap levels at the dielectric-organic interface are neutralized by the anions (F- in LiF)
[103, 104], resulting in suppression of Fermi level pinning and a higher dependency of the ¢ on
the applied gate bias. However, trap levels are not neutralized for positive gate biases, which
results in less dependency between ¢ and the gate voltage.

In order to further understand the transport mechanisms in the fabricated structures, a thin
layer of V,0s as an interface layer was introduced between the gate dielectric and organic layers.
As expected, due to the effect of the interface layer, a significant decrease in the amount of the
source-drain current was observed. For devices without the interface layer, the output currents
are about two orders of magnitude higher compared to the devices with the interface layer.
Ambipolar transport behavior in pentacene-based organic thin film transistors with LiF gate
dielectric has been studied. It has been shown that at low source-drain voltages, multistep
hopping is the dominant transport mechanism, whereas electrical characteristics fit the Fowler-
Nordheim (F-N) tunneling model for higher source-drain voltages. F-N plots have been used to
show the dependency between field enhancement factor and the transition point in conduction

mechanism upon gate bias.
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The results of this study suggest that the charge transport behavior in OTFTs, and
perhaps in other organic semiconductor devices in general, correlate not only with the organic
semiconductor film structure, but also with other parameters such as barrier height at the metal-
semiconductor interface, carrier traps at the dielectric-semiconductor interface and trap

generation due to exposure to different environments.
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8.2.2 Device structure effects - doping and photosensitivity

Several samples were fabricated based on pentacene and PTCDI-CS8 as organic materials.
Each sample was characterized at room temperature and under atmospheric conditions. The
effect of light on the electrical properties of the samples was investigated as well. The output
characteristics of the fabricated OTFTs described as the drain-source current (Ig) versus the
drain-source voltage (V4s) were investigated for varying gate voltages and are shown in Figure
8.22 (a) and (b) for PTCDI-C8 and pentacene, respectively. As seen, with an increase in the gate
voltage applied to the device, a relatively stronger field effect modulation of the conduction
channel was obtained with the on/off ratio (Ion/Ior) > 10° which is comparable to the results with

the conventional structures [105, 106].
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Figure 8.22 — Source-drain current-voltage characteristics of the OTFT with (a) PTCDI-CS8 and

(b) pentacene as the organic semiconductor materials.

As presented in Figures 8.22 (a) and (b), I4s at a constant Vg increases with applying
higher negative gate voltage. In this work, an operating mechanism for the fabricated transistors

with LiF as the gate dielectric layer is proposed after careful evaluation of the experimental
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results and thorough review of the related literature. This conduction behavior can possibly be
attributed to the migration of the Li" and F~ ions into the organic semiconductor as well as the
doping process of the active layer. According to experimental data from various sources, it has
been shown that under atmospheric conditions, LiF can form the anion F~ and the cation Li"
which introduces dopant into organic semiconductors such as pentacene, PTCDI-C8 and P3HT
[103,104,107]. For the fabricated devices in this work, it is believed that the ion drifting and
doping process modifies the carrier injection barrier between the dielectric, semiconductor layer
and the source-drain electrodes. The created anions and cations will be separated by the induced
electric field inside the gate dielectric layer due to the applied gate voltage. These ions will
diffuse into the organic semiconductor, here pentacene or PTCDI-CS, and serve as dopant that
will change the carrier injection barrier between the organic layer and the source-drain
electrodes. The separation and drifting directions of the created ions and the doping process can
be controlled by the applied gate voltage [108, 109]. This doping process can be studied using
Fourier transform infrared (FTIR) spectroscopy and micro-Raman spectroscopy [9, 15]. Kaake et
al. has applied FTIR spectroscopy to study the effect of the gate bias on the doping process in the
PTCDI-C8 films [108].

The FTIR results show the formation of anionic PTCDI-CS film from electron injection
under positive gate biases. For the fabricated pentacene transistors in our work, Raman
spectroscopy under various applied gate voltages has been performed and the results present
changes in the intensity of the peaks attributed to the bonding inside pentacene. Figure 8.23
shows the typical Raman spectrum for pentacene films. The observed peaks at 1158 and 1178
cm™ are related to C—H in-plane bending modes, and the 1353, 1371 and 1379 cm™ peak belong

to the aromatic C—C stretching modes [9, 15]. The intensity of the observed peaks decreases as
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the applied positive gate biases increase, indicating the effect of the doping process on the
intermolecular coupling between the pentacene molecules. Introducing more Li+ dopants for
positive gate biases decreases the intermolecular coupling that results in lower intensity of the

Raman peaks.
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Figure 8.23 — Raman spectrum with the fitted peaks for pentacene films. The insets show the

effect of gate bias on the Raman peaks.

Figure 8.24 shows the relationship between drain current and the thickness of the channel.

By increasing the thickness of the organic semiconductor material, the amount of the drain-
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source current increases due to the availability of more charge carriers in the channel. Figure

8.25 presents Iy as a function of organic layer thickness for three OTFTs with pentacene
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Figure 8.24 — Source-drain I-V characteristics of the OTFT without V,0s layer between LiF and
pentacene with different thickness of pentacene (65nm, 100nm, 135nm) at Vg = -20V.

thicknesses of 65 nm, 100 nm, 135 nm at V4= 10 V and 25 V. These data have been extracted
from Figure 8.24. As can be seen in this plot, for lower voltages up to 15 V, as the thickness of
the pentacene layer increases, the channel current decreases. At higher voltages, however, the
opposite trend exists and the channel current increases as the organic layer thickness increases.
These results indicate that there are different mechanisms that control drain-source current. In
order to further investigate the effect of LiF as the gate insulating layer and the doping process of
the organic layer due to LiF, new devices have been fabricated and characterized. These

transistors have the same structure as the previous ones except for inserting a thin layer of V,0s5
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between LiF and the organic layer. It is
believed that this layer will confine the
created dopant, which leads to lower
conductivity of the channel. Figure 8.26
shows the Igs versus Vg for two different
thicknesses of pentacene (65 nm and 100
nm) with and without the V,0Os Ilayer
between LiF and pentacene. Figure 8.27
shows the I4s versus Vs for the devices with
V,0s layer between LiF and pentacene for

two different organic layer thicknesses (65
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Figure 8.25 - Source-drain current as a function
of pentacene thickness for two different source-
drain voltages (10 V and 25 V) for OTFTs

without V,0s layer between LiF and pentacene.

nm and 100 nm). As can be seen in these figures, the amount of the current decreases
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Figure 8.27 - Source-drain current-voltage characteristics of the transistors with V,0s layer

between LiF and pentacene with different thicknesses of pentacene at Vg = -20V. Drain current

drops significantly compared to the current for the transistors without this layer.

90



significantly for the transistors with the V,0s layer compared to those without this layer. By

inserting this layer, the generated cations and anions in the LiF will be confined in this layer,

resulting in less dopant migration into the organic layer.
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Figure 8.26 - Source-drain current-voltage characteristics of the transistors with and without

V1,05 layer between LiF and pentacene with different thicknesses of pentacene at Vg =-20V.

The photosensitivity behavior of the fabricated devices has been studied as well and the
results are shown in Figures 8.28 (a) and (b) for PTCDI-C8 and pentacene, respectively. One of
the interesting applications of the OTFTs is in the organic photo-transistors (OPTs) that combine

the detection of the light and the amplifying of the detected signal in a single device. OPTs can

be fabricated by solution process or thermal evaporation methods using different organic

materials. Pentacene and PTCDI-C8 are among the organic materials that have been found to be

highly photosensitive [110].
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Figure 8.28 - The effect of light on the output characteristics of the transistor with (a) PTCDI-C8
and (b) pentacene as the semiconductor layer at different gate voltages.

A drain-source current increase and a threshold voltage shift upon illumination were
observed for the evaluated devices. The current increment is due to the photogeneration of the
electron-hole pairs in the channel [33]. Under illumination of light with a wavelength matching
the organic semiconductor absorption spectrum, excitons or electron-hole pairs are generated in
the channel of the transistor. Photons with lower energy than the optical band-gap of the organic
material are absorbed weakly and generate excitons that will dissociate into electron-hole pairs
[110, 111]. Created electron-hole pairs due to the dissociation of excitons or the generated
electron-hole pairs due to the absorption of high energy photons will drift in the channel under
the source-drain bias, contributing to the drain current. However, some of the photogenerated
charge carriers will not contribute to the drain current due to the interaction with each other and
recombination. This is more pronounced when the gate voltage increases, and more charge
carriers are generated in the channel that results in more recombination and slower rate of
increase in the drain current. Figure 8.29 presents the change of the drain current under
illumination as a function of the gate voltage for the transistors with pentacene as the organic
layer. This structure shows more photosensitivity compared to the transistors with PTCDI-CS.
The effect of the light on the current of the channel decreases when higher gate voltages are
applied, a phenomenon that is due to higher generation and recombination of the charge carriers

[111].
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Figure 8.29 - Change of the 14 under illumination versus gate voltage for the pentecene-based

transistors.

8.2.3 Dielectric/organic interfacial effects

Several bilayer structures of LiF/PTCDI-C8 and LiF/pentacene were prepared and their
morphology and molecular structure were characterized using XRR technique. In order to study
the effects of the films’ structures and dielectric/organic interfacial properties on the device
performance, organic thin film transistors based on these bilayers were fabricated and
characterized. The fabrication process and the schematic structure of the fabricated devices have

been presented in Chapter 6.
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Figure 8.30 shows the measured and simulated XRR data for the LiF/PTCDI-C8 and
LiF/pentacene bilayers with different LiF thicknesses. The X-ray curves have been shifted for
clarity. The reflectivity profiles for the LiF/PTCDI-CS8 bilayers exhibit clear fringe modulations
with two Ags. It implies that PTCDI-CS8 layers maintain their multilayered film structures when
deposited on LiF dielectric layer. However, for the LiF/pentacene bilayers, Kiessig fringes with a
single Aq were observed indicating that these films do not maintain an ordered structure on LiF
dielectric layer. Furthermore, for the LiF/PTCDI-C8 films, diffraction peak at 26 = 4.2°
corresponding to (001) plane of PTCDI-C8 was observed. The presence of this peak implies the

polycrystallinity of the PTCDI-CS thin films. Figure 8.31 shows the output characteristics of the
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Figure 8.30 — Measured and fitted X-ray data for LiF/PTCDI-C8 and LiF/pentacene bilayers.
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OTFTs with the LiF/PTCDI-C8 and LiF/pentacene bilayers as the dielectric/organic layers.
Ambiolar characteristics were observed for the fabricated transistors due to the effect of the LiF
gate dielectric. As can be seen in Figure 8.31, devices with LiF/PTCDI-C8 bilayer exhibit about
one order of magnitude higher output current (I4) at a constant drain-source voltage (Vgs)
compared to the devices with LiF/pentacene bilayer. The observed differences in the electrical
characteristics of these devices can be attributed to the effects of the dielectric/organic interface
and the molecular structure of the organic layers. As confirmed from the XRR analysis, PTCDI-
C8 thin films have better molecular packing in the LiF/PICDI-C8 bilayer structure, which in turn

leads to superior electrical characteristics for PTCDI-C8 OTFTs.
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Figure 8.31 — Output characteristics of the organic thin film transistors based on (a) LiF/PTCDI-
C8 and (b) LiF/pentacene bilayers.
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CHAPTER 9: CONCLUSIONS AND FUTURE DIRECTIONS

In this study, several organic materials were deposited using vacuum thermal evaporation
technique. The focus of this work has been on PTCDI-CS8 thin films which have been shown to
be a promising n-type organic material. Films with different thicknesses were prepared and their
morphology and molecular structures were studied using different material characterization
techniques such as X-ray reflectivity, AFM and ellipsometry. It has been shown that X-ray
reflectivity is a powerful tool to study the structure of organic materials in detail. Thickness as
well as surface and interface roughness can be derived from analyzing the X-ray reflectivity
measurements. Films studied in this work were shown to possess a smooth surface and a
polycrystalline structure. Additionally, the effect of the substrate morphology on the film
morphology were studied by preparing and characterizing organic thin films deposited on
different type of substrates.

Organic solar cells with various structures of active layers such as bilayer, layered and
co-deposited were fabricated. CuPc and PTCDI-C8 were used as the donor and the acceptor
layers, respectively. MoOs was used as a hole transport layer (HTL) and Alqgs was the electron
transport layer (ETL). The effects of thickness variation of active layers, HTL and ETL on the
device performance were studied. By increasing HTL thickness from 10 to 25 nm, performance
of the fabricated organic solar cell increases significantly. On the other hand, for thicker buffer
layers, an S-shape kink has been observed in the J-V curves, which in turn reduces the efficiency
of the fabricated devices significantly. The results of these studies can be used to understand and

optimize organic thin film device performance.
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Moreover, organic thin film transistors based on LiF as the dielectric layer and PTCDI-
C8 or pentacene as the active layer were fabricated. The effects of the dielectric layer and its
interface with organic layer on the electrical characteristics of the device were studied. Charge
transport mechanisms in these devices were explained based on hopping and Fowler-Nordheim
tunneling models. The results of this study emphasize the importance of the effects of the
structural properties of organic materials as well as the device structure on the optical and
electrical characteristics of organic electronic devices. Therefore, in order to enhance the
performance of these devices, further detailed studies of the structure of the organic materials
and charge transport mechanisms are warranted.

As for future directions, further exploration of device design, structures and parameters
can be performed by utilizing new organic materials, utilizing different combinations of active
and buffer layers, introducing new transparent/semi-transparent electrodes such as ZnO,
graphene and metal nano-wires instead of ITO, studying inorganic-organic hybrid structures
utilizing quantum dots or photonic crystals as well as modeling the electrical and optical

characteristics of various organic electronic devices via simulation.
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APPENDIX A

Refractive Indices Calculation

clear all;
close all;

%Wavelength Range
L1 =300; L2 =900;

%Lorentz Model - Refractive Index Coefficient
%Glass substrate

%Layerl =1TO

%Layer2 = MoOs3

ei 2=4.9300;

A21=6.721; B21 = 0.66343; E21 = 2.8789;
A22=1.3088; B22 = 0.59296; E22 = 2.337,
%Layer3 = CuPc

ei 3=2091;

A31=1.4697; B31 =0.30464; E31 = 1.7744,
A32=1.2063;B32=0.21115; E32=2.0191;
%Layer4 = PTCDI-C8

ei 4 =4.4099;

A41=2.9622; B41 =0.29538; E41 = 2.7375;
A42 =0.42802; B42 =0.23807; E42 = 2.3213;
%Layer5 = Alq;

ei 5=2.3725;

A51=6.237;B51 =0.11; E51 =4.5212;
A52=0.8842; B52 =0.7958; E52 = 3.4358,;
%Layer6 = Al

%Lorentz Model - Refractive Index
nGlass = 1.5;

for L=L1:1:L.2
E =1240/L;
Lm = L/1000;
x=L+1-LI;

%Layer0 = Si02
nLayerO(x) = sqrt( 1.28604141 + 1.07044083*Lm"2/(Lm"2-1.00585997¢-2) +
1.10202242*Lm"2/(Lm"2-100) );

%Layerl =1TO
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nLayerl(x) = 1.636 + 0.097125/(Lm.*2) - 3.28078¢-3/(Lm."4);

%Layer2

e2=eci 2+ (A21/( E21"2 - E*2 - i*E*B21 ) )+( A22/( E22"2- E"2 -i*E*B22));
el 2 =real(e2);e2 2 =imag(e2);

mage?2 = abs(e2);

nLayer2(x) = sqrt(0.5*(mage2 +el_2));

kLayer2(x) = sqrt(0.5*(mage2 - el _2));

%Layer3

e3 =eci_3 +(A31/((E31"2)-(E"2)-1*E*B31))+(A32/((E32"2)-(E"2)-i*E*B32));
el 3 =real(e3); e2 3 =imag(e3);

mage3 = abs(e3);

nLayer3(x) = sqrt(0.5*(mage3 + el _3));

kLayer3(x) = sqrt(0.5*(mage3 - el _3));

%Layer4

ed =ci_4 +(A41/((E41"2)-(E"2)-1*E*B41))+(A42/((E4272)-(E"2)-1*E*B42));
el 4 =real(ed); e2 4 =imag(ed);

mage4 = abs(e4);

nLayer4(x) = sqrt(0.5*(mage4 +el_4));

kLayer4(x) = sqrt(0.5*(mage4 - el _4));

%Layer5

e5=ei 5 +H(AS1/((E51"2)-(E"2)-1*E*B51))+(A52/((E5272)-(E"2)-1*E*B52));
el 5 =real(e5); e2 5 = imag(e));

mage5 = abs(ed);

nLayer5(x) = sqrt(0.5*(mage5 + el_5));

kLayer5(x) = sqrt(0.5*(mage5 - el 5));

end

set(0,'DefaultAxesColorOrder',[0 0 0]....
'DefaultAxesLineStyleOrder','-|-.|--|:")
subplot(2,1,1);
plot(L,nLayer0,'y', L,nLayerl,'c', L,nLayer2,'r', L,nLayer3,'b',L,nLayer4,'m',L,nLayer5,'g")
xlabel('Wavelenght');
ylabel('Refractive Index');
subplot(2,1,2);
plot(L,kLayer2,'r', L .kLayer3,'b',L kLayer4,'m',L,kLayer5,'g")
xlabel('Wavelenght');
ylabel('Extinction Coefficient');

115



304 [ PTCDI-C8 L 12
Refractive Index
2.8 4 Extinction Coefficient 1
- — 1.0
2.6 j“
= g
- Los &
5 2.4 4 =
2 3
= 0
g 224 06 g
51 =
% 2.0+ ;
S 04 35
1.8 4 z
1 0.2
1.6 -
14 L 0.0
T T 1 T T T T
300 400 500 600 700 800 900
Wavelength (nm)
304 | CuPc 14
Refractive Index :
274 Extinction Coefficient L1
I &
- 24 10 2
= a
§ o
=] 2.1 08 =
= I 0
© 1 8
Z 18- 0.6 ;_
& 1 4]
S 154 F04 2
[ Lo
0.2
1.2
0.0
0.9 - L
1 --0.2
T ¥ T » T L T L T L4 T . T
300 400 500 600 700 800 900
Wavelength (nm)
22 <
5 Algy I 0.20
Refractive Index
2.1 Extinction Cocfficient
Fo16
= z
% 201
2 i o2 F
2 19 » o
k31 &
g - 0.08 E'-:‘
2 184 I )
1 Loos =
1.7
- 0.00
1.6 4
T T T T T T T i
200 400 600 800 1000

Wavelength (nm)

Figure A.1 —Refractive indices and extinction coefficients for CuPc, PTCDI-CS8 and Alq; films.
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APPENDIX B

Refractivity Calculation

clear all;
close all;

%Wavelength Range
L1 =300; L2 =900;

%&Refractive Index @ 500nm
nGlass = 1.5;

%nLayerl = 1.97;

nLayer6 = 0.8;

%ULorentz Model - Refractive Index Coefficient
%Layer2 = MoOs3

ei 2=4.9300;

A21=6.721; B21 = 0.66343; E21 = 2.8789;
A22=1.3088; B22 = 0.59296; E22 = 2.337,
%Layer3 = CuPc

ei 3=2091;

A31=1.4697; B31 =0.30464; E31 = 1.7744,
A32=1.2063;B32=0.21115; E32=2.0191;
%Layer4 = PTCDI-C8

ei 4 =4.4099;

A41=2.9622; B41 =0.29538; E41 = 2.7375;
A42 =0.42802; B42 =0.23807; E42 =2.3213;
%Layer5 = Alq;

ei 5=2.1878;

A51=6.313; B51 =0.0328; E51 =4.1419;
A52=0.67426; B52 =0.50304; E52 = 3.1657;

for L=L1:1:L2
E =1240/L;
Lm = L/1000;
x=L+1-LI;
BC = eye(2);

%Layer6(Al)

dLayer6 = 0;

n6 = nlLayer6;

delta = (2*pi*n6*dLayer6)/L;

BC = BC*[cos(delta), i*sin(delta)/n6 ; i*n6*sin(delta), cos(delta)];
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%Layer5(Alqs)

dLayer5 = 0;

e5=-ei 5 +(AS1/((E51"2)-(E"2)-1*E*B51))+(A52/((E5272)-(E"2)-1*E*B52));
el 5 =real(e5); e2 5 =imag(e5);mage5 = abs(e5);

nLayer5 = sqrt(0.5*(mage5 + el _5));

n5 = nLayer5

delta = (2*pi*n5*dLayer5)/L;

BC = BC*[cos(delta), i*sin(delta)/n5 ; i*n5*sin(delta), cos(delta)];

%Layer4(PTCDI-CS)

dLayer4 = 0;

ed =ci_4 +(A41/((E41"2)-(E"2)-1*E*B41))+(A42/((E4272)-(E"2)-1*E*B42));
el 4 =real(ed); e2 4 = imag(e4);mage4 = abs(e4);

nLayer4 = sqrt(0.5*(mage4 +el_4));

n4 = nlLayer4

delta = (2*pi*n4*dLayer4)/L;

BC = BC*[cos(delta), i*sin(delta)/n4 ; i*n4*sin(delta), cos(delta)];

%Layer3(CuPC)

dLayer3 = 40;

e3 =ei_3 +(A31/((E31"2)-(E"2)-1*E*B31))+(A32/((E32"2)-(E"2)-i*E*B32));
el 3 =real(e3); e2 3 =imag(e3);mage3 = abs(e3);

nLayer3 = sqrt(0.5*(mage3 + el _3));

n3 =nlLayer3

delta = (2*pi*n3*dLayer3)/L;

BC = BC*[cos(delta), i*sin(delta)/n3 ; i*n3*sin(delta), cos(delta)];

%Layer2(MoO3)

dLayer2 = 30;

e2=eci 2+ (A21/( E21"2 - E"2 - i*E*B21 ) )+( A22/( E22"2- E"2 -i*E*B22));
el 2 =real(e2);e2 2 =imag(e2);mage2 = abs(e2);

nLayer2 = sqrt(0.5*(mage2 + el _2));

n2 =nlayer2

delta = (2*pi*n2*dLayer2)/L;

BC = BC*[cos(delta), i*sin(delta)/n2 ; i*n2*sin(delta), cos(delta)];

%Layer1(ITO)

dLayerl = 170;

nLayerl = 1.636 + 0.097125/(Lm."2) - 3.28078e-3/(Lm."4);

nl =nlLayerl;

delta = (2*pi*nl*dLayerl)/L;

BC = BC*[cos(delta), i*sin(delta)/n1 ; i*n1*sin(delta), cos(delta)];

Z =BC*[1;1.5];
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Y = Z(2)/Z(1);
R(x) = ((I-Y)/(1+Y)*((1-Y)/(1+Y))’;

end

L=LI1:1:L2;
plot(L,R)
xlabel('Wavelenght');
ylabel('Reflectivity');
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