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Chapter 1

Introduction

Organic semiconductors have been continuously attracting the scientific com-
munities due to their many potential applications such as large area display, light
weight electronics, flexible and wearable electronic devices. In this chapter, we
discuss the applications of organic electronics in commercial products, structure
and characteristic features of organic semiconductors and mechanism of charge

transport in them. Finally, organization of thesis has been discussed.



1.1 Background and motivation

1.1 Background and motivation

After the demonstrations of first organic field effect transistor (OFET) in 1986
by A. Tsumara et al. [1] and first organic light emitting diode (OLED) in 1987
by Tang and Van Slyke [2], a new field of research, “organic electronics” emerged
in front of scientific communities. Since then researchers of many fields have
put great efforts towards understanding the physics and chemistry of organic
semiconductors. Chemists investigated the chemical properties of organic semi-
conductors to identify the promising compounds and developed new synthetic
routes to improve the efficiency of organic devices. Physicists also put their ef-
forts towards increasing the device efficiency by investigating the mechanism of
charge transport and introducing new concepts. These semiconductors could be
successfully used in fabrication of a variety of electronic and optoelectronic de-
vices such as transistors, diodes, sensors, solar cells, light emitting devices etc.
Today, organic semiconductors have got a strong position in commercial world
of electronic and optoelectronic devices. A wide range of products and technolo-
gies based on organic electronics which are used in todays electronic appliances
are shown in Fig. 1.1. Some interesting properties of organic devices including
solution-processability, mechanical flexibility, emission of different colors, trans-
parency make them superior to inorganic devices. Nowadays, these properties
have been used extensively in commercial products like wearable electronics [3],
rollable [4] and e-paints. Transparent devices are also in progress. Applications of
organic semiconductors have been shown in large number of electronic appliances
by several companies such as Sony, Phillips, LG etc. Some recently developed
products based on organic electronics have been summarized in Fig. 1.2. In 2007,
Sony developed world’s first OLED TV, named XEL-1 [5]. Front and side views
of XEL-1 have been shown in Fig. 1.2(a). It is only 3 mm thick and has a screen
size of 11”. Fig. 1.2(b) shows thin, cheap and flexible device that can be used as
a band aid plaster [6]. It can be easily attached to the skin. Applications of flex-
ible and thin organic devices have been seen in medical field also. Recently, LG
display declared that it got the success in developing a 77" flexible and transpar-
ent OLED display with a resolution of 3840 x 2160 and transparency of 40% [7].
Smart desk could be a future application of this display (Fig. 1.2(c) ). Further,
Samsung developed a large flexible and bendable TV screen having the width of
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Figure 1.1: Representation of the wide range of devices and technologies based on or-
ganic electronics

105”7 (Fig. 1.2(d) ) [8]. As our lives are becoming more and more dependent on
the electronic devices, electronic waste is an issue of concern. Stanford researchers
developed a flexible and biodegradable organic semiconductor. Fig. 1.2(e) shows
a biodegradable and flexible semiconductor that can also be appended to rough
surfaces and can biodegrade to nontoxic products [9]. In Fig. 1.2(f), a pulse
oximeter sensor based on organic optoelectronics has been shown [6]. It uses red
and green OLEDs which are detected by organic photodiode.

In spite of spectacular research and developments in the field of organic elec-
tronics, our understanding of charge carrier transport in different organic systems
remains incomplete and still a matter of debate and remains a bottle neck for
development of organic based integrated circuits. For example, correlating chem-
ical structure to charge transport is a missing link in the present understanding
of charge carrier mobility in organic system. The motivation of this work is four
folds: (i) to reduce the traps in organic thin films as much as possible in order
to optimize the performance of two and three terminal based devices and further
to investigate how mechanisms of charge transport get affected by trap in these
devices. (ii) if optimized mobility is obtained in organic devices by engineering
different growth parameters how it depends on microscopic molecular parame-
ters in both localized and delocalized charge transport. (iii) to investigate the

origin behind localization of charge carriers in organic semiconductors in tail of
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Figure 1.2: Few examples of recent applications of organic electronics.

the Gaussian density of states (GDOS) and how to get rid off this localization in
order to get delocalized band-like transport, (iv) finally, we have studied the dif-
fusion of charge carriers in disordered organic semiconductors. Diffusion of charge
carriers in organic semiconductors is not investigated seriously and only drift of
charge carriers is characterized with the assumption that only drift governs the

charge transport in these systems.

1.2 Organic Semiconductors

Though, extensive discussion is available on the introduction of organic semi-
conductors however, for the essence of the work presented in this thesis, we also
describe in brief. These materials consist of carbon atoms having single and dou-
ble bonds in alternate. This conjugated nature of these materials results in their
semiconducting properties. Ground state electronic configuration of carbon is:
152,22, 2p2. Four electrons in outer cell (n = 2) can hybridize as: sp, sp? and
sp3. sp and sp2 are significant in organic semiconductors as in sp3 all the four
electrons take part in hybridization and only sigma bonds form. In sp?, three

electrons in s, px and py orbitals participate in hybridization, forming sigma
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Figure 1.3: Tllustration of the sp® hybridization and formation of strong o and weak ™
bond between two neighboring carbon atoms.
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Figure 1.4: Chemical structures of some widely used (a) organic polymeric semicon-
ductors and (b) organic molecular semiconductors.
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Figure 1.5: Illustration of splitting of energy levels due to hybridization and formation
of HOMO and LUMO with GDOS in organic semiconductors.

bonds and an electron in remaining p, makes weaker © bonds with the neighbor
(Fig. 1.3). Most of the electronic and optical properties of these materials are
decided by these p, electrons as these are delocalized.

Organic semiconductors are mainly divided into two groups; (i) low weight
organic molecular semiconductors (OMS) and (ii) polymeric organic semiconduc-
tors, having a long chain of organic molecules. Thin films of OMSs are gener-
ally grown by vacuum evaporation whereas thin film of polymers are generally
obtained by solution process. In Fig. 1.4, chemical structures of few relevant
organic semiconductors have been presented. Fig 1.4 (a) shows the polymeric

organic semiconductors and 1.4 (b) presents OMS.
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1.3 Gaussian distribution of states (GDOS) in

organic semiconductors

Broad distribution of localized states, exhibiting the shape of Gaussian is a
characteristic feature of organic semiconductors [10,11]. According to definition
of hybridization, when two closely spaced atoms interact, their energy levels split
into two new energy states. Lower lying state is completely occupied and called
bonding orbital whereas higher energy state is empty and known as antibonding
orbital. As the number of atoms increases, energy states also increase, corre-
spondingly. An OMS contains several atoms, hence, there are large number of
occupied and unoccupied states. All the occupied states collectively form highest
occupied molecular orbital(HOMO) and unoccupied states form lowest unoccu-
pied molecular orbital(LUMO). Same concept of hybridization and bonding and
antibonding orbitals can be applied to molecules also. Hence, as the number of
molecules increases, energy states in HOMO and LUMO increase, correspond-
ingly. As interaction energy of a molecule with all the surrounding molecules
is not identical, there is a large disorder in energies of the occupied as well as
unoccupied localized states, leading to Gaussian distribution of density of states.
Formation of GDOS in HOMO and LUMO has been shown in Fig. 1.5. Due to
large disorder in HOMO and LUMO, these materials are also called disordered
organic semiconductors.

After the structure and characteristic features of organic semiconductors, the
next most important issue is mechanism of charge transport. Charge transport
in organic semiconductors is a complex problem. Several theories and models
have been proposed to explain the mechanism of charge transport in organic

semiconductors. Here, we describe those in brief.

1.4 Charge transport in organic semiconductors

With respect to charge transport, organic semiconductors can be classified
in three different classes depending upon the degree of crystallinity viz. organic
single crystals, polycrystalline and amorphous thin films [12,13]. Different sce-

narios of charge transport in organic semiconductors have been summarized in
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Figure 1.6: Illustration of different charge transport mechanism, categorized on the
basis of crystallinity of organic semiconductor.

Fig. 1.6. For pure organic single crystals, band-like transport is assumed to
dominate. In band transport charge carriers move as a delocalized wave in the
periodic potential of the crystal and movement of these carriers is limited by the
phonon scattering at room temperature. Band transport is characterized by the
negative temperature coefficient of mobility [12].

To explain charge transport in polycrystalline and amorphous thin films, mul-
tiple trapping and release model (MTR) [14-16] and percolation model (PM) [17]
based on variable-range-hopping [18, 19], respectively are generally used. As,
both of these models are based on the thermal activation of charge carriers, mo-
bility shows positive temperature coefficient in both the mechanisms. In MTR
model [16], a distribution of localized energy states is assumed to exist between
HOMO and LUMO and most of the charge carriers induced by the external bias
are trapped in these localized states. Then depending on some parameters like
temperature, trap depth and carrier concentration in organic thin film, charge
carriers jump into HOMO or LUMO by some thermal activation process. This
model is generally used to study charge transport in polycrystalline thin film
based OFETSs i.e. when charge transport is studied parallel to surface of the thin

film. Mechanism of charge transport along the perpendicular to the film may be
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different.

In PM, charge carriers are localized in GDOS and move to neighboring sites
by phonon assisted tunneling. It is based on Mott’s VRH [19]. Several theories
have been suggested to estimate the rate of charge transfer in hopping regime,
each starting from Miller-Abraham approach and Bassler’s Gaussian disorder
model [10] and putting some modifications in them.

Though, there is a different theory of charge transport for each class of or-
ganic semiconductors however, this classification is not realized in experiments.
Negative temperature coefficient as well as high magnitude (> 10cm?/Vs) of mo-
bility has been observed in polycrystalline thin film based devices also [20-23].
Hence, classification of different charge transport mechanism on the basis of de-
gree of crystallinity of organic semiconductors, doesn’t seem appropriate and a
generalized theory based on the degree of localization of charge carriers should
be developed. For this, the fundamental cause behind the localization of charge
carriers in polycrystalline and amorphous thin films should be investigated. Most
probably, position of Fermi level in the tail of GDOS leads to localization of charge
carriers, due to very low density of states in the tail. As the Fermi level moves
towards the center of GDOS, density of accessible sites increases. This explains
the carrier concentration dependence mobility in organic devices.

After discussing basic charge transport mechanisms in different organic semi-
conductors, we discuss how charge transport in these systems can be investigated.
In this thesis, we are interested in charge transport mechanism in small organic
molecules based thin films which are generally polycrystalline. Charge transport
in organic semiconductors is investigated with two contrasting points of view:

macroscopic and microscopic.

1.4.1 Macroscopic view of charge transport

The key parameter deciding the efficiency of charge transport in organic semi-
conductors is the charge carrier mobility. In the macroscopic view, mobility in
organic devices is affected by different parameters such as surface morphology and
crystalline quality of thin films, metal/organic interface and dielectric/organic
interface etc. Typically, orientation of organic molecules on the substrate i.e.

surface morphology and crystalline quality are believed to strongly affect mo-
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bility in organic devices however, this doesn’t answer several questions. First,
why large difference in mobility is observed in the devices fabricated in different
configuration with the same organic film? Second, if surface morphologies and
X-ray diffraction patterns are same for more than one organic thin film then what
decides the efficiency of charge transport? In this thesis, we will show that only
macroscopic view of charge carrier transport is skewed and sometimes misleading

in organic semiconductors.
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1.4.2 Microscopic view of charge transport

Microscopically, charge transport in organic semiconductors is treated as a
self-exchange reaction process between two organic molecules and the rate of this
reaction depends on the relative strength of overlapping between the orbitals of
the molecules (transfer integral) and of the coupling of external charge carrier
with the vibration of the molecule (reorganization energy). These two parame-
ters further depend on the molecular structure and their packing in solid-state.
Hence, this theory correlates the charge transport with microscopic molecular
parameters. Both of these aspects of charge transport have been schematically

represented in Fig. 1.7 and explored in forthcoming chapters of this thesis.

1.5 Organization of the thesis

In this thesis, we have presented systematic experimental and theoretical
studies in order to investigate origin of charge transport in organic semicon-
ductors and tried to establish a correlation between macroscopic and microscopic
charge transport parameters. Macroscopic parameters are obtained by fabricating
devices in different configuration whereas microscopic parameters are estimated
by performing first principle density functional theory (DFT) calculations. This
thesis contains six chapters. In this chapter, starting from the importance of
organic semiconductors in modern electronics and optoelectronics, we discuss in
brief about basic structure of organic semiconductors and present scenario of
charge transport in them.

In Chapter 2, we present an investigation on how the structural disorder in-
duced traps in polycrystalline organic thin films can be reduced substantially.
Generally, thin films based on small organic molecules are polycrystalline. Grain
boundaries in polycrystalline thin films are main cause of structural disorders and
trap the charge carriers in thin film based devices. Hence, engineering of different
growth parameters is essential in order to minimize the grain boundaries in or-
ganic thin films. Further, how mechanism of charge transport in polycrystalline
thin films gets affected when grain boundaries are negligible, has also been dis-
cussed in this chapter. In Chapter 3, we investigate the charge transport in a

variety of molecules from both macroscopic and microscopic view and examine

11



1.5 Organization of the thesis

what microscopic parameters decide the charge transport in organic devices when
growth conditions are optimized. Though, it is accepted that inherent disorders
in polycrystalline thin films lead to the localization of charge carriers in the tail
of GDOS, resulting in low values of mobility in comparison to their pure single
crystals however, evidences of negative temperature coefficients of mobility in
polycrystalline thin films led us to think what is the fundamental cause of the
localization of charge carriers in organic thin films and how we can get rid off
the localization of charge carriers? In Chapter 4, we have discussed this issue in
details.

Generally, efficient charge transport in organic devices means large carrier
mobilities however, diffusion of charge carriers is another crucial phenomenon
taking place during charge transport in organic semiconductors and has not been
discussed in these semiconductors. Due to the localization of charge carriers in
the tail of the GODS, non uniform charge density distribution exist which further
leads to the diffusion of charge carriers. In Chapter 5, we have tried to estimate
diffusion coefficient by employing the simple two terminal sandwiched devices
based on organic thin films.

Finally, Chapter 6 presents a comprehensive summary of all the problems

investigated in this thesis along with the future scope of this study.
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Chapter 2

How to reduce defects in organic

thin film?

Defects in organic thin films is a main issue that affects the performance of
organic devices and hence limits their applications in integrated circuits, displays
and memory devices requiring fast processing. Points defects and structural dis-
order induced defects are two main varieties of defects which are responsible for
trapping of charge carriers in organic thin film based devices. Point defects can
be eliminated by repeated sublimation of material. However, structural disor-
ders are induced during thin film growth. As thin films based on small organic
molecules are polycrystalline, grain boundaries in these films trap the charge car-
riers and limit the charge transport in them. Generally, multiple trapping and
release (MTR) model is a widely used mechanism to explain the charge transport
in polycrystalline thin film based organic field effect transistors without emphasiz-
ing the origin of trap. In this chapter, we have investigated the charge transport
mechanism in polycrystalline thin films of copper phthalocyanine (CuPc) with
and without traps. Thin films with or without traps have been obtained, by
carefully engineering the different growth parameters. It appears that mecha-
nism for charge transport in polycrystalline thin films with traps is completely
different than that in polycrystalline thin films without traps. We find that in-
terface states at grain boundaries in polycrystalline grainy thin films act as traps

for charge carriers.
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2.1 Introduction

2.1 Introduction

Although, organic semiconductors are continuously attracting the commercial
world of electronics in the field of large area display such as flat screens of com-
puters and televisions, flexible devices such as rollable displays etc. [1-3] however,
defects are very prone to exist in organic semiconductors and limit their appli-
cation in integrated circuits, displays and memory devices [4]. Predominantly,
there are two types of defects viz. point defects and structural disorder induced
defects. [4-6]. Point defects are mostly due to impurities incorporated during
the material synthesis and can be reduced by subliming the organic material re-
peatedly whereas the structural disorder induced defects arise during thin film
growth due to the polycrystalline nature of thin films based on small organic
molecules [7,8]. Grain boundaries in polycrystalline organic thin films (OTFs)
generate multiple barriers for carriers and act as trap, hence limit the charge car-
rier transport in OTF based devices. Compared to inorganic materials, it is more
difficult to characterize structural defects in organic semicoductors due to the in-
herent disorder. Further, to get rid of traps at grain boundaries in polycrystalline
thin films is also a difficult task, however these traps can be reduced substantially
if the growth conditions are optimized. This is highly required since the exact
role of intrinsic parameters (microscopic) on the performance of organic devices
will be misunderstood and misguided, unless the role of extrinsic parameters are
optimized.

It has already been shown [9-11] that grain boundaries play a significant role
in deciding the efficiency of charge transport in OTFs and a vast improvement
in the performance of organic thin film based devices can be achieved if grain
boundaries are reduced substantially. However, there appears to be little inves-
tigation on how mechanism of charge transport in polycrystalline organic thin
films gets affected when (i) density of grain boundaries is varied (ii) shape of the
grains is varied and (iii) interface traps at the interface of grain boundaries are
varied. Several models either analytical or based on simulation have been de-
veloped to investigate the charge transport mechanism in organic semiconductor
thin film based devices [12,13]. Currently, two widely used models to explain the
charge transport mechanism in organic field effect trasistors (OFETS) are; multi-
ple trapping and release (MTR) [14-16] model and percolation model (PM) [17].
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2.1 Introduction

PM, based on variable- range- hopping (VRH) [18] within the energetic states in
the GDOS of highest occupied molecular orbital (HOMO) or lowest unoccupied
molecular orbital (LUMO), usually accounts for the carrier transport in amor-
phous films. Organic polymer thin films which are otherwise amorphous consist
of low density of trap states. [19] However, the carrier transport in polycrystalline
thin films is usually described by the ubiquitous model known as MTR. According
to this model, [20,21] charge transport is controlled by traps which are energet-
ically located between HOMO and LUMO. Most of the charge carriers reside at
traps and temporarily get released to HOMO or LUMO, depending upon the po-
sition of the trap level and temperature. Surprisingly, the most important aspect
of this model i.e. trap is always casually treated without emphasizing where the
trap is or what is the origin of the trap in polycrystalline thin films? Though,
there are several studies [15,22] proposing MTR model to be most suitable to
explain charge transport in polycrystalline OTFs. However there have been some
issues which have no clear evidence of how the applicability of MTR model is
affected if the grain boundaries are reduced and if PM could be valid in case of
polycrystalline thin films with less grain boundaries which is otherwise valid in
amorphous thin films.

In this chapter, we have studied the charge transport mechanism in poly-
crystalline copper phthalocyanine (CuPc) thin films having different surface mor-
phologies i.e different concentration of interface states by using a combination of
two terminal and three terminal devices. In two terminal devices, charge trans-
port occurs along the perpendicular to the film surface whereas in three terminal
devices, charge transport is two dimensional and is parallel to the film surface. We
show that charge transport mechanism in two terminal and three terminal devices
based on polycrystalline CuPc thin films with and without traps are completely
different.
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2.2 Geometries and working principles of two and three terminal

based organic devices
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Figure 2.1: Schematic representation of (a) a metal/organic/metal based two terminal
device and (b) energy level diagram at metal/organic interface without contact (left
panel) and with contact (right panel). According to vacuum level alignment injection
barrier for holes and electrons at metal (Pypq )/organic interface are gy, = I-Pypy and
by, = Oy —x respectively, where Py is work function of metal electrode which makes
Schottky contact with organic and I and x are the ionization potential and electron
affinity of the organic semiconductor respectively.

2.2 Geometries and working principles of two

and three terminal based organic devices

2.2.1 Two terminal devices

To study the charge transport in polycrystalline OTF's, we use the most fun-
damental device structure i.e. metal/organic/metal based single carrier device.
In this configuration an OTF is sandwiched between two metal electrodes, either
having the same or different work functions. One of them is known as injecting
electrode at which voltage is applied and the other is as extracting or blocking
electrode and is grounded (Fig. 2.1(a)). The barrier at metal/organic interface

plays an important role in deciding the charge injection mechanism from metal

18



2.2 Geometries and working principles of two and three terminal
based organic devices

to organic semiconductor. According to Mott-Schottky vacuum level alignment
(VLA) [23], at metal (Pyfq)/organic interface, the energy barrier for holes ( ®gy,)
and electrons (®p,) are estimated as, gy, = - Py and P, = Py — x respec-
tively, where ®yj; is the work function of the metal electrode which exhibits a
significant barrier at metal/organic interface and I and y are the ionization poten-
tial and electron affinity of the organic semiconductor respectively, schematically
shown in Fig. 2.1(b). If the difference between the work function of metal and
HOMO or LUMO (in case of hole and electron transport, respectively) of the
organic semiconductor is less than 0.2-0.3 eV, contact is Ohmic i.e. it is able to
inject more charge carriers than those can be extracted at the other electrode.
In Fig. 2.1, metal(®y9)/organic interface provides Ohmic contact. If there is a
large barrier at metal/organic interface then it behaves as a Schottky contact.
Hence, two terminal devices can be mainly fabricated in two configurations: (i)
single carrier devices where both the contacts are Ohmic. It is generally used
when charge transport mechanism has to be studied and (ii) organic Schottky
diodes where a barrier is introduced at one of the metal/organic interface, are
generally required for capacitive measurements. Figure 2.1(b) and (c) show the
energy band diagram at metal/organic interface without and with contact respec-
tively, when organic layer is sandwiched between two metal electrodes. When a
metal and organic semiconductor are brought into contact, charges flow from ei-
ther metal to organic or organic to metal until Fermi levels on both sides are

equalized. This results into a potential barrier at the interface.

2.2.2 Three terminal devices

OFETSs are the three terminal devices consisting of: a gate electrode (G)
isolated by a dielectric from the organic semiconducting layer and two metallic
electrodes, source (S) and drain (D) which are in the direct contact with the
semiconductor layer. There are two preferred configurations in which OFETSs are
generally studied i.e. top contact OFET and bottom contact OFET. Figure 2.2
shows the schematic diagram of the OFETSs in top and bottom contact config-
urations. It has been shown in several reports [24-26] that in bottom contact
configuration OFET's show larger contact resistance in comparison to that in top

contact configuration mainly due to the poor packing of the organic molecules at
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2.2 Geometries and working principles of two and three terminal
based organic devices

(a) (b)

Figure 2.2: Schematics of device geometry and circuit diagram of a p-type OFET in
(a) top-contact ad (b) bottom contact configuration.

the source/drain contact edge [24]. Hence, OFETSs have been fabricated in top
contact configuration for our study.

Lets discuss the working principle of a p-type OFET in brief. Initially, when
gate voltage (Vg) = 0V, OFET is in turned-off state and there is a minimum con-
duction between source and drain electrodes. A negative V¢, attracts the holes
towards organic/dielectric interface and accumulates a layer of holes. When Vg
exceeds the threshold voltage (V), conduction established between source and
drain. Hence V is the minimum value of Vg required to make the OFET active.
When no voltage is applied at drain i.e potential difference between source and
drain is zero, concentration of the holes accumulated at the interface is uniform
throughout the channel and depends on the applied V and the dielectric constant
of the insulator. Then device can be treated as a metal-insulator-semiconductor
(MIS) diode. There exist three different operating regimes, depending on the
sign of V. Figure 2.3 shows the energy band diagram for a p-type MIS diode,
corresponding to different regimes.

(i) Accumulation regime:- when a negative V@ is applied in case of p-type
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2.2 Geometries and working principles of two and three terminal
based organic devices

Figure 2.3: Energy band diagram of a MIS device in (a) accumulation regime (b) de-
pletion regime and (c) inversion regime.

OFETs, band edges bend upward and come closer to the Fermi level at the
insulator-semiconductor interface resulting an accumulation layer of holes at in-
terface (Fig. 2.3(a)).

(ii) Depletion regime:- When a positive instead of negative V¢ is applied,
Band edges bend downwards and density of holes gets depleted (Fig. 2.3(b)).

(iii) Inversion regime:- When gate is made more positive, band edges bend
downward so significantly that intrinsic Fermi level crosses the Fermi level Ep
and electron density exceeds the hole density (Fig. 2.3(c)).

OFETSs normally operate in the accumulation regime in which a negative Vg
is required in order to get a layer of mobile holes at the semiconductor/dielectric
interface. Conventionally, source is kept grounded and negative voltage is applied
at drain. As a result, charge carriers are injected at source and move towards
drain. So there is a linear charge density gradient from source to drain.This
corresponds to the linear Ing — Vpg characteristics of the OFETs at small Vpg
(Fig. 2.4(a)). As Vpg increases, flow of charge carriers from source to drain also
increases, resulting the decrease in charge density near the drain. When Vpg
is increased further and becomes equal to Vg — Vp, source is unable to inject
sufficient charge carriers to flow throughout the channel and depletion region
forms due to the pinch-off the channel near the drain (Fig. 2.4(b)). Beyond
pinch-off, applied Vg does not increase Ipg anymore rather extends the deletion
region inside the channel and saturation region is observed (Fig. 2.4(c)). Thus

two regions: linear and saturation are observed while studying the Ipg — Vpg

21



2.2 Geometries and working principles of two and three terminal
based organic devices
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Figure 2.4: Schematics of the working of a p-type OFET with respect to applied voltage
for (a) linear region where Vpg << V@ (b) start of depletion region due to pinch-off
when Vpg ~ Vg and (c) saturation region when Vpg > V.

22



2.2 Geometries and working principles of two and three terminal
based organic devices

characteristics of an OFET.
(i) Linear region:- In the linear region, Vpg < Vp and Ipg can given as [23]
2
Vbs

W
Ips = n-GCi (Vg V1) Vpg - - (2.1)

where C; is the dielectric capacitance per unit area, W is the channel width,
L is the channel length and V is the threshold voltage.
(ii) Saturation region:- In saturation region, Ig increases proportional to the

square of the gate voltage and can be given as [23]

%Y
Ips = Mici (Vg - V)? (2.2)

Output characteristics in linear and saturation regions are used to estimate
several parameters that govern the performance of the OFETSs as follow.

(1) Mobility (u): p is the most important parameter and decides the speed of
charge carriers in the OFETSs. It is estimated by fitting the Ing — Vpg character-
istics in the linear region according to the Eq. 3.44; [23]

(2) Threshold voltage (V): V arises due to the interface states at metal/dielectric
interface and is equal to the minimum gate volatge required to make the channel
active. It is estimated by fitting the transfer Ing — Vg characteristics according
to the Eq. 2.2 [23].

(3) Subthreshold swing (S5): S may be defined as the gate voltage required
for an increament of one decade in Ipg and is estimated from the slope of logyg
(Ipg) vs Vg plot as [27],

g — (M)l (2.3)

Vbs
(4) ON-OFF ratio (r): ris given as the ratio of maximum and minimum drain

current and is estimated from the Ipg — Vg curve.
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2.3 Different models for charge transport in
OFETs
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Figure 2.5: Schematic representation of (a) trap limited charge carrier transport in

polycrystalline organic thin films. Traps are energetically localized between HOMO and

LUMO and (b) charge transport according to the percolation model within the GDOS
of HOMO.

2.3 Different models for charge transport in
OFETs

In contrast to inorganic semiconductors in which charge carriers move as a
delocalized wave in broad valence or conduction band, charge transport in organic
semiconductors is described by the hopping through the localized states in GDOS
[23]. In organic semiconductors charge carriers are localized due to the spatial
and energetic disorder within the GDOS and by absorbing a phonon they make
a jump from one site to other neighboring site. Following two models have been

widely discussed while studying the charge transport in thin film based OFETs.

2.3.1 MTR model

MTR model is generally used to explain charge transport in OFETs based
on polycrystalline organic thin films. It presumes that a distribution of localized
energy levels exist between HOMO and LUMO, however the origin of these lo-

calized levels has not been emphasized in this model. According to this model,
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2.3 Different models for charge transport in
OFETs

most of the charge carriers induced by gate bias are trapped in the localized levels
i.e. these levels act as trap for charge carriers and limit the charge transport in
devices. Then depending on the trap depth, temperature and background car-
rier concentration i.e. V¢ in the device, the carriers temporarily get released by
thermally activated process to HOMO (hole transport) or LUMO (electron trans-
port), as schematically shown in Fig. 2.5(a). In this model, p strongly depends
on the Vg as [21],

TMTR -9
MTR _ MTR|[Ci(Vg - Vp)| T 9.4
pMTR = MTR | ZLSC 1) (2.4)
qiNg
where ,ug/ITR is weakly temperature dependent prefactor, TR is the character-

istics temperature which defines the width of energetic distribution of traps (o)

as ot = kBTMTR'

2.3.2 PM

In PM [17], charge carriers move due to phonon assisted tunneling within the
localized states distributed energetically in GDOS | as shown schematically in Fig.
2.5(b). This model considers that any two sites (4,7) in GDOS are correlated to
each other by a conductance (Gjj). Gj; is large enough if sites, i, j are two nearest
neighbor. Vissenberg and Matters used the concept of VRH [17] i.e. a carrier may
either hop over a small distance with a high activation energy or hop over a long
distance with a low activation energy and developed a mathematical expression
for the percolation model of hopping. According to them, in hopping regime,
dependence of on carrier concentration is presented as [17,28],

Ty

(CVe)? | T

2kB TPMES

PM _  PM

Iz (2.5)

where [LOPM is weakly temperature dependent prefactor, Tpy; is the characteristic
temperature which represents the width of HOMO or LUMO as opy; = kg Tpum

and eg is the dielectric constant of organic semiconductor.
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2.4 Experimental details

2.4 Experimental details

CuPc, a co-planar organic molecule, has been chosen for this study for two
reasons, (i) its exceptional thermal and chemical stability and (ii) different surface
morphologies, required to have thin films with and without intrinsic traps. For
this, the planar organic molecules having two dimensional extended aromatic sys-
tems are required and CuPc is an ideal choice for this. High purity (> 99.999%),
triple sublimed CuPc, procured from Sigma Aldrich Chemical Co. USA has been
used for this study to avoid any chemical impurity induced traps. For two ter-
minal devices, 200 nm single layer of CuPc is sandwiched between ITO and Au
or Al and Au. Thin films are deposited in oil free evaporation system at a base
pressure of 5 x 1070 mbar. For OFETSs, the heavily doped Si wafers with 300 nm
SiO9 layer have been used as substrate. 100 nm thick CuPc films are deposited on
the substrate with a deposition rate of 0.1 A /s and at different substrate temper-
atures (Tq). Finally, Au was deposited on the organic layer to form the source
and drain contacts. The devices have an identical channel width of 3 mm and
channel lengts of 20um.

As discussed earlier, thin films based on organic molecules are polycrystalline
with large number of grains and grain boundaries. The grain boundaries in poly-
crystalline thin films are difficult to characterize, as the grains are too small to
allow for measurements across individual grain boundaries. In case of Poly-Si thin
film transistors (TFTs), several methods have been employed to characterize traps
due to grain boundaries. For example, in doping method the activation energy of
sheet resistance is measured with various dopant concentrations [29,30], in con-
ductance method the frequency dependence of the conductance is measured [31],
in deep level transient spectroscopy method, the change in capacitance due to
trapping and de-trapping is measured. [32] All of these methods examined poly-
Si TF'T structures to correlate the grain boundary trap state densities with the
transfer characteristics of TF'Ts. Unfortunately, none of these methods can be
applied in polycrystalline OTFs for their high resistivity and low carrier mobil-
ity. In view of these problems, techniques based on steady state or quasi-static
measurements are desirable for the characterizations of defects in organic de-
vices. [33] The electrical characterizations of two terminal devices and OFETs

were carried out in rough vacuum (1072 mbar) using Keithley picoammeter and
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2.5 Growth of organic thin films with and without traps

Keithley voltage sources. The capacitance measurements were performed using
Wayne Kerr LCR meter and Keithley voltage sources under rough vacuum (10’2
mbar) and at room temperature. Surface morphology of thin films was studied
using Park system XE 70 atomic force microscope (AFM). Crystalline quality of
thin films were examined by studying the X-ray diffraction (XRD) pattern using
a PANalytical X-ray diffractometer.

In case of organic semiconductors, separation of bulk conduction known as
space charge limited conduction (SCLC), which dominates when there is either
no or small barrier at metal/organic interface from contact limited conduction
known as injection limited current (IJL) which dominates when there exists a bar-
rier at metal/organic interface is extremely important. We have considered two
sandwiched devices, based on CuPc (ITO/CuPc/Au and Al/CuPc/Au). CuPc
is a hole transport material with HOMO and LUMO at 4.8 eV and 3.0 eV, re-
spectively [34]. The work functions of Al, ITO and Au are 4.2 eV, 4.8 eV and
5.2 eV, respectively. There would be either no or very small barrier for holes at
Au/CuPc and ITO/CuPc interfaces, but a barrier of 0.6 eV exists at Al/CuPc
interfaces [23,34].

2.5 Growth of organic thin films with and with-

out traps

Predominantly, there are two sources of traps in organic thin films, impurities
related traps and structural disorder induced traps. Repeatedly sublimed organic
materials are used to grow thin films in order to diminish the impurity related
traps. However, to reduce the effect of traps arising due to structural disorder,
engineering of different growth parameters such as T and evaporation rate (Fg)
is essential [35]. Generally, low Fq results in reducing the effect of structural
disorder induced traps in thin films [11]. At low F, molecules can spend enough
time in finding out a preferred orientation which results thin film with reduced
structural disorders. There is another parameter which can also induce disorder
in thin films i.e. Tg. Figure 2.6 shows the surface morphology of CuPc thin
films fabricated on SiO9 with a fixed low evaporation rate of 0.1 A/s but Tq
varying from 30°C to 120°C. Size and shape of the grains gradually change,
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2.6 Arrangement of CuPc molecules in thin films

having isotropic at low T and nano-wire like anisotropic structure at higher
Tq (120°C). At 30°C CuPc thin films exhibit nucleation growth, resulting into
isotropy grainy structure. Grains start showing elongation at 60°C and transform
to connected rod-like lamellae at 120°C. At low T (30°C) molecules don’t have
sufficient kinetic energy to migrate and meet the other existing islands and get
settled at random positions on the substrate, resulting into nucleation growth.
Hence, at low T¢ thin films exhibit polycrystalline grainy structure with almost
equal sized grains (40-60 nm) and a large number of grain boundaries. These
grain boundaries create barriers for charge carriers while moving from source
to drain [11], hence charge transport in organic thin films affected due to grain
boundaries whether the charge transport is studied parallel or perpendicular to
the film surface. As T increases kinetic energy of the molecules also increases
and molecules get sufficient time to diffuse on the substrate and stick to the
other existing grains. Hence, at high T, lateral growth due to larger sticking
coefficient in a preferred direction i.e. along the 7 — 7 interactions in adjacent
molecules takes place. Hence, low F and high T are appropriate for anisotropic
nano-wire like morphology of CuPc thin films. Hence CuPc thin films with and

without traps can be achieved by varying the growth conditions appropriately.

2.6 Arrangement of CuPc molecules in thin films

Figure 2.7(a) shows the XRD pattern of CuPc thin film grown at 120°C.
The XRD pattern exhibits a strong peak at 260 ~ 6.8° which is due to (100)
plane confirming a-phase triclinic structure. [36] From XRD, it can be concluded
that bc-plane lies parallel to the substrate and is relevant for charge transport
in OFET. Figure 2.7(b) shows the arrangement of CuPc molecules in OFET
geometry. In this plane, CuPc molecules adopt stacking along b-axis. Figure
2.7(c) shows the arrangement of CuPc molecules perpendicular to the substrate
i.e. along a-axis which is relevant for charge transport along perpendicular to
be-plane i.e. in two terminal sandwiched devices. The XRD pattern of CuPc
thin films grown at 30°C is identical, except the intensity of peak is less than
that in thin film grown at 120°C.
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2.6 Arrangement of CuPc molecules in thin films

Figure 2.6: AFM topographic (1 pm X 1pm) images of CuPc thin films grown at sub-
strate temperatures (Tq ) varied from 30°C to 12(0°C.

29



2.6 Arrangement of CuPc molecules in thin films
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Figure 2.7: XRD pattern of CuPc thin film grown at T = 120°C on SiOy substrate.
Schematic representation of arrangement of CuPc molecules in a plane (b) parallel
to the substrate and relevant for charge transport in three terminal devices and (c)
perpendicular to the substrate and relevant for charge transport in two termial devices.
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2.7 Charge transport along the direction, perpendicular to (100)
plane

2.7 Charge transport along the direction, per-
pendicular to (100) plane

In two terminal devices, dominant charge transport occurs along the perpen-
dicular to the film surface and mechanism of charge transport depends on the
concentration of traps in polycrystalline organic thin films. Space charge limited
conduction (SCLC) [37] is generally observed when the concentration of traps
in organic thin films is significantly low. However, in the case of higher density
of traps in thin films, charge carriers get captured by these traps and charge
transport in two-terminal devices described by trap charge limited conduction
(TCLC) [38,39]. Conduction mechanism in OTF based two terminal devices can
be decided by the nature of the J-V characteristics of the devices.

2.7.1 SCLC

Charge transport mechanism in organic semiconductors is much more complex
than in their inorganic counterparts as transport properties in organic semicon-
ductors are generally affected by the structure of individual molecular entity due
to weak van der Waals interactions between them. Further due to the absence of
long range order, charge carriers are localized in the tail of the GDOS of HOMO
or LUMO in case of hole or electron transport, respectively and need some acti-
vation energy to hop to the neighboring sites, leading to low value of mobility in
these materials. Hence, charge transport mechanism in these materials depends
on the concentration of free carriers in the semiconductor. In two terminal sand-
wiched devices, at low bias, intrinsic free carrier density is lower than the injected
density and carriers injected from one electrode redistribute themselves in such a
way that they replace the holes flowing out at the other. Hence charge transport
is contact limited and current flowing through the device is governed by the ther-
mally generated free charge carriers in the device, leading to Ohmic conduction.
Density of injected charge carriers increases with bias and at high bias, injected
carrier density is too high to be replaced by the holes flowing out at the other
electrode. Accumulation of holes takes place at high bias. These excess holes
create a space charge and current shows non-linear behavior with source-drain

bias. Hence nonlinear behavior of Ipg at high bias can be explained on the basis
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2.8 J-V and C-T characteristics of devices with and without traps

of SCLC. In SCLC regime, slope starts from 2 and eventually increases with bias
due to the field dependent carrier mobility u(F, T) as proposed by Bassler et.
al. [40]

o (F,T) = 2 (0, T) exp |5 (T) VF | (2.6)

where £(0,T) is the zero field charge carrier mobility and ~(T) is the field acti-

vation factor.

2.7.2 TCLC

TCLC would be the mechanism of charge transport in two terminal devices
if there are large number of traps, mainly due to the structural disorders in
polycrystalline thin films. Due to the large number of traps in thin film, most
of the charge carriers get captured. Then, current in two terminal devices is
controlled by the trapped charge and not by the free charge. In this case, at low
bias Ohmic region is observed due to thermally generated free charge carrier same
as in trap free devices, however the magnitude of the current can be lower. At
higher bias, current increases rapidly with the applied voltage with a slope in the

range of 5-10 due to the variation in ratio of free to total carrier concentration [41].

2.8 J-V and C-T characteristics of devices with

and without traps

Figure 2.8(a) and (b) represent the current-voltage J-V characteristics of
ITO/CuPc/Au based two terminal devices in which CuPc thin films were grown
at T = 30°C and 120°C, respectively. In Fig. 2.8(a), initially, Ohmic region
due to thremally generated charge carriers is observed (J ~ V) . As the bias
increases, current increases rapidly with more than fourth power of voltage due
to TCLC, following J oc VI*1(1 > 1) [38,39]. This is generally attributed to
the exponential or Gaussian distribution of traps [39,42] . Upper inset shows
capacitance-temperature (C-T) characteristics obtained from thermally stimu-
lated capacitance (TSCAP) [43] for the Al/CuPc/Au based Schottky diodes. We

observe a clear step at 230 K in C-T curve which is a direct proof of the existence
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Figure 2.8: Temperature dependent J-V characteristics of ITO/CuPc/Au devices in
which CuPc thin films were grown at Tq of (a) 30 °C and (b) 120 °C. Solid lines
represent the theoretical fitting with (a) TCLC [Eq. 2.7] and (b) SCLC with field de-
pendent mobility [Eq. 2.6], respectively. Upper insets show TSCAP measurements of
Al/CuPc/Au based sandwiched devices with heating rate of 5 K/min in which CuPc
thin films were grown at Tq of (a) 30 °C and (b) 120 °C. Lower insets show the AFM
images (lpm x 1um) of the CuPc thin films grown at Tq of (a) 30 °C and (b) 120°C.
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2.8 J-V and C-T characteristics of devices with and without traps

of traps in thin films grown at low Tq. This step is observed due to combined
effect of two processes; one generation of carriers with temperature and other
loss of carriers due to trapping. The midpoint of the step has been used to de-
termine the trap level (Et), given by, [43] E¢ = kgTmln(aT4,/8), where Ty, is
the midpoint of the step, kg is the Boltzmann’s constant, o ~ 1K 357! and § is
the heating rate which is maintained at 5 K/min during C-T measurement. Fy
calculated in this way has been found to be at 0.5 £ 0.05 eV . Hence deep traps
exist in CuPc thin films grown at low Tg. In TCLC regime, J-V characteristics
of two terminal devices, can be written as [42,44]

1-1 S \%
= N —— 2.
J=an V(1+1) <1+1Nmt> d2i+1 2.7)

where ¢ is the elementary charge, Ny is the effective density of the states (DOS)

in the HOMO of CuPc, p is the mobility of charge carriers, Nyt is the density
of trap states, d is the thickness of the thin film. The value of 1 can be obtained
directly from the slope of log (J) vs. log (V). The Eq. 2.7 can be written in the

Arrhenius form as,

€s

J= (“NXQV) £ (1) exp {1 In (qNgotdQ)] (2.8)

1+1 1+1
can be seen that the current is temperature independent at a particular voltage

o 2\ : -
where f (1) =27 ( &5 =) =~ 0.5 when | > 2. Further from Fig. 2.8(a), it

V¢, where E; must be zero. So one gets from Eq. 2.8,

_ qNiotd?

v
¢ 2€g

(2.9)
By extrapolating, log (J)-log (V') characteristics at various temperatures, V. and
Nitot are found to be ~ 8 V and 5.8 x 1016 ¢cm 3, respectively. Nyt is actually
the concentration of interface states at grain boundaries, as will be shown below.

Figure 2.8(b) shows the J-V characteristics of ITO/CuPc/Au based two ter-
minal devices in which CuPc thin films were grown at T = 120°C. At low bias,
J-V characteristics exhibit Ohmic behavior i.e. current increases linearly with

bias but as bias increases, current exhibits the power law dependence on voltage
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2.9 Characterization of traps from C-f measurements

where slope starts from 2 due to the SCLC mechanism [37,45] and eventually
increases with bias due to the field dependent SCLC. Experimental J-V char-
acteristics have been simulated by solving the Poissons equation describing the
relationship between the electric field F' and the local charge density p(z) and
continuity equation, J(x) = qp(x)u[F(x), T]F(x), simultaneously [40]. Upper in-
set of Fig. 2.8(b) shows the TSCAP measurements of the corresponding device.
No step in C-T' characteristics has been observed. SCLC and absence of step
further confirms that there are no deep traps in CuPc thin films grown at high
Tq. Lower insets in Fig. 2.8(a) and (b) show the surface morphology of CuPc
thin films grown on ITO at T = 30°C and 120°C, respectively. As discussed
earlier, thin films at low T g show nearly uniform distribution of isotropic grains
and hence large number of in-plane interface states at grain boundaries. Charge
carriers injected from ITO can be initially trapped by these large number of in-
plane interface states, resulting in the TCLC along the perpendicular to the film.
However, thin films at high T g show rod like elongated nanowires providing very
few soft grain boundaries, hence in-plane interfacial area is significantly reduced.
There is a very less possibility of charge carriers injected from ITO to get trapped
by the in-plane interfacial states and charge transport occurs by the SCLC. We
can conclude that charge transport, perpendicular to the film grown at low and

high T takes place by two completely different mechanisms.

2.9 Characterization of traps from C-f measure-

ments

Figure 2.9(a) shows the capacitance-frequency (C-f) characteristics of
Al/CuPc/Au Schottky diodes, fabricated at 30°C and 120°C, respectively. Ini-
tially, the capacitance decreases with frequency but beyond a certain frequency
capacitance becomes independent of frequency. At higher frequency carriers are
no longer able to follow the ac signal and contribution due to diffusion capac-
itance diminishes [46]. A step in C-f characteristics of the device with deep
traps has been observed around ~ 1kHz due to traps whereas this peak is ab-
sent in diodes without traps. In case of reverse bias, the capacitance is mainly

determined by the depletion capacitance in low frequency region and remains

35



2.9 Characterization of traps from C-f measurements

3 : ,
1.2
0.8
=2 |
Y
@
=
S
S
4~
&1
QS
0 - |
10’ 10° 10° 10’

f(Hz)

Figure 2.9: C-f characteristics of Al/CuPc/Au based Schottky diodes in which CuPc
thin films were grown at substrate temperature of 30 °C (empty circles) and 120 °C
(empty squares). Insets show the energetic distribution of trap states obtained from C-f
characteristics of the devices groun at 30 °C. Traps are absent in thin films grown at

120° C. Solid line is fit with Gaussian [Eq. 2.12].
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2.9 Characterization of traps from C-f measurements

unresponsive at high frequency regions, for both the devices with and without
traps. Hence, under reverse bias, C-f characteristics of the diodes with and with-
out traps are quite similar. In the forward bias, C-f characteristics over a wide
range of frequency have been used to determine the energetic position and den-
sity of trap states [46]. At low frequency, all the traps are filled whereas at high
frequency only those traps below certain demarcation energy (E,,) will be filled

and contribute to capacitance. E, is given by [47,48].
v
E, = kpTln (—) (2.10)
w

v denotes an attempt-to-escape frequency, which is typically of the order of
101251 and w = 2#f, the angular frequency of the ac signal. So by varying
the frequency, we can obtain the density of traps as a function of trap level. Fol-
lowing this approach, the traps distribution can be related to the derivative of
the capacitance with respect to frequency and given by [46]

Vi dC (w)

N¢ (Ew) = - 2.11
v (Ew) qWkpT dlnw (2.11)

where W is the width of the depletion region and Vy,; is the built-in potential due
to different work functions of metal electrodes [14]. Insets of Fig. 2.9 show the
energetic distribution of trap states obtained by differentiating the C-f character-
istics of Al/CuPc/Au based Schottky diodes. Traps are absent in thin films grown
at high T whereas Gaussian energetic distribution of traps has been observed
in devices in which thin films of CuPc were grown at low T. Width of energetic
distribution of traps and position of the trap level with respect to HOMO has
been obtained by fitting the experimental data with Gaussian distribution of trap
states N¢(E) centered at Ey as [49]

Np = 0t o (M> (2.12)

2o 20,52

Inset of Fig. 2.9 shows the trap density of states as a function of energy along
with fitting with Eq. 2.12, resulting ot to be 0.04 eV and the trap level at around
0.50 eV. The value of E{ matches well with those obtained independently from

C-T measurement for devices fabricated at low Tg. Thus C-f characteristic also
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Figure 2.10: Dependence of room temperature charge carrier mobility (u) on charge
carrier concentration (p) in CuPc based OFETs fabricated at substrate temperature of
(a) 30°C and (b) 120 °C. Insets show the room temperature Ing — Vpg characteristics
of respective OFETs at Vg varying from 0 V to -80 V with a step of 20 V. Solid lines
are power law fit pu o< p™, where n = Tyypr/T —2 or Tpy/T — 1, according to Eq. 2.4
and 2.5, respectively.

corroborates the existence of deep traps in devices in which thin films were grown

at low Tq.

2.10 Charge transport mechanism in OFET's with

and without traps

In this section, a comparative study on charge transport mechanism in OFETs
based on CuPc thin films with and without trap have been carried out. Figure
2.10(a) and (b) show the p as a function of carrier concentrations (p) for the
OFETs based on CuPc thin film with and without traps, respectively. Insets in
Fig. 2.10(a) and (b) show the (Ipg -~ Vpg) of the OFETs with and without trap,
respectively. Mobilities at different p have been calculated from the linear region
of the output characteristics (Ipg—Vpg) using the Eq. [23]. p at different Vg have
been calculated using the relation, p = C;(Vg—Vr)/qt, t, being the thickness of
the accumulation layer and has been taken 10 nm. The linear relation in the p-p
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2.10 Charge transport mechanism in OFETs with and without traps

on log-log scale suggests the power law dependence of p on p i.e. pu ~ p", where
n is the temperature dependent parameter and appropriate model for charge
transport in OFETSs is decided by its magnitude. After fitting the pu —p curves
shown in Fig. 2.10(a) and (b), n for the OFETs with and without traps have been
found to be 0.51 and 2.7, respectively. Putting these n in MTR model (Eq. 2.4)
[21], characteristic temperatures defining the width of trap distribution, Tyirgr
have been found to be 753 K and 1410 K for the OFETs with and without traps,
respectively and the corresponding width of the energetic distribution of trap
states are found to be 61 meV and 130 meV respectively. The width of energetic
distribution of traps (~ 60 meV) obtained from MTR model for CuPc thin films
grown at low T matches well with the value obtained from C-f characteristics
but the value obtained for thin films grown at high Tg is more than that of
HOMO (100 meV) [50]. Moreover, MTR model estimates, the width of energetic
distribution of traps to be larger for the OFETs without traps than for the OFETs
with traps which is contradicted. Hence charge transport in organic thin films
having traps is governed by MTR model but the same model is not applicable
for thin films without deep traps. However, same data can be analyzed by PM.
Putting the values of n in PM (Eq. 2.5), we get Tpyr to be 453 K and 1110 K
in the devices with and without traps respectively and the corresponding width
of the DOS are found to be 45 and 95 meV, respectively. The calculated width
of the DOS for OFETSs without traps is ~ 100 meV which is the typical width of
the HOMO or LUMO in organic semiconductors [50]. The unusually low value
of width of DOS with traps indicates that PM which is otherwise successful [51]
in case of OFETs without traps, is not suitable for OFETs having traps.
Further, larger values of n for the OFETSs without traps compared to those
with traps can be explained as follows. Upon increasing V¢, the injected carriers
fill the interface states and lower energy states at the edge of the HOMO or LUMO
in the organic semiconductors and any additional charges will start to fill higher
energy states towards the center, resulting low activation energy to hop away
to the neighboring sites, with higher p with increasing Vg i.e. with increasing
p. Hence for OFETs with traps, most of the charge carriers are captured by
the interface states at grain boundaries i.e. grain boundaries impose significant
barriers and prevent the charge carriers from reaching to transport level. Whereas

for OFETs without traps, injected carriers easily fill the interface states and
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Figure 2.11: Temperature dependence of p, measured at different Vg for CuPc thin
film based OFETs (a) with and (b) without traps. Solid lines in (a) and (b) represent
the fitting according MTR model and PM, respectively.

additional carriers occupy higher energy states in the GDOS, resulting a sharp
increase in mobility. In a recent study, similar effect of grain boundaries on the
current modulation with gate bias has been observed [28].

Next, to investigate the impact of the interface states on the charge transport
mechanism in quantitative way, we have estimated the maximum surface density
of interfacial traps (Ng) for OFETSs fabricated at low and high T¢. Subthreshold
swing (595) is an important OFET parameter that can be used to estimate the
density of these traps as, [9,52] Ng = [Slog(e)kgT/q—1]Ci/q2. S itself is estimated
as, [9] S = [dlog(Ipg)/dVg] —1. S for the OFETSs fabricated at low and high T
have been found to be 9.8 V/decade and 4.89 V /decade, respectively. Then Ng
calculated form S have been found to be 1.04 x10'3 cm™2 eV ! and 5.18 x1012
cm 2 eV, for the OFETs at low and high Tq, respectively. It means that high
density of grain boundaries creates additional interfacial traps in the CuPc thin

films at low Tg.
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2.11 Temperature dependence of i for OFETSs

with and without traps

To justify our arguments on the charge transport mechanism in the OFETs
with and without traps, temperature dependence of p at different Vg have also
been investigated. As can be seen in Fig. 2.11(a), u at different Vg in OFETs
with traps follow Arrhenius temperature dependence, Iny ~ 1/T. Arrhenius
like temperature dependence of pu interprets that MTR model should be able to
successfully explain the charge transport in OFETs with traps [52]. However, non-
Arrhenius -like temperature dependence of p, (Ing ~ 1/T?) has been observed
in the OFETs without traps (Fig 2.1(b)) which is a direct consequence of the
hopping transport within the GDOS in organic semiconductors, as discussed in
correlated Gaussian disorder model (CGDM) [18,53]. VRH model, itself is an
extended form of the hopping model [18]. Hence, PM, based on VRH seems to
be applicable to explain charge transport in OFETs without traps.

2.12 Thermally stimulated current analysis for
OFETs with traps

To reveal the nature of traps and their resulting impact on charge carrier
transport in disordered organic semiconductors, temperature dependence of Ipg
at two different Vg of 60 V and 90 V for OFETSs based on CuPc thin films hav-
ing traps has been shown in Fig. 2.12(a). Initially, Ipg decreases with decreasing
temperature but at around 75 K and 65 K for Vg = 60 V and 90 V| respectively,
current increases abruptly by several orders of magnitude and then remains al-
most constant. This anomalous behavior in current-temperature (Ing—T) charac-
teristics can be explained on the basis of grain boundary controlled charge carrier
transport in CuPc thin film with traps [34].

Figure 2.12(b) shows the energy-level diagram including band-bending due
to the trapping of positive charge at the grain boundary interface in CuPc thin
films. High density of localized energy levels inside the band gap of the semi-
conductor exists due to the interface states lying between grain boundaries in

polycrystalline thin films with traps. [34,55] The levels which lie below the Fermi
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2.12 Thermally stimulated current analysis for OFETs with traps

level Ep, are filled, at thermal equilibrium. Consequently, a negative charge at
the interfaces and space-charge regions on the both sides, of grain boundaries
are generated. Positive charge, trapped at the grain-boundary interface creates a
potential barrier for charge carrier transport and the height of this barrier (Ep)
can be estimated as [34, 55]
2 2
Ep = % (2.13)
where N p is the acceptor concentration inside the grain, nt is the density of
occupied traps at grain boundary interface. np depends on the Fermi level, hence
on T and for a Gaussian distribution of trap in organic semiconductors, nT can
be given by [34]

((E-Eo)*

exXp |~ 2
% Niot { do ]
nm :/ — dE (2.14)

where ET represents the maximum height of the Gaussian distribution. Ep is
given by
Ep (T) =kpTIn [Ny/p] (2.15)

Ipg, in polycrystalline thin films with large number of grains is controlled by the

rate of charge carrier jumps across the grain boundary as [56]
Ips = Ipexp [-Ep/kpT] (2.16)

Theoretical fit with Eq. 2.13-2.17 along with the experimental data has been
shown in Fig. 2.12(a). It is interesting to note that in low temperature region
(around 60 K and 50 K for Vg = 60V and 90 V, respectively), Ipg—T character-
istics can be excellently fitted with Eq. 2.13-2.16. However, at high temperature
fitting is not good because of the contribution to barrier due to hopping conduc-
tion at high temperature. After including the barrier for hopping transport (A),
Eq. 2.17 can be written as

Ipg = Ipexp [f (EB + A) /kBT] (2.17)
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0 100 200 300

Figure 2.12: (a) Temperature dependence of Ipg at Vg = 60 V (open circle) and Vg
=90 V (open square) for OFETs based on CuPc thin films with traps. Abrupt increase
in Ipg at ~ 75 K for Vg = 60 V and at ~ 65 K for Vg = 90 V has been observed.
Dashed lines represent the theoretical fitting according to Eq. 2.16, without inclusion of
hopping barrier (A) i.e. A = 0 whereas solid lines represent the theoretical fitting with
a finite value of A. (b) The schematic representation of energy-level diagram including
band-bending at grain-boundary interface in CuPc thin films. E¢ and Ey represent the
LUMO and HOMO edges, respectively and E¢ is the equilibrium Fermi level. At thermal
equilibrium some of energy levels below the Fermi level are occupied by carriers giving
rise to a negative interface charge at the grain boundaries and space-charge regions on
both sides of the boundary. Eg corresponds to the height of the potential barrier due to
the trapped charges at the grain-boundary interface.
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In high temperature region, Ing—T characteristics could be excellently fitted with
Eq. 2.13, 2.14, 4.23 and 2.17 as shown in Fig. 2.12(a). From fitting A has been
found to be 82 meV and 43 meV for Vg = 60V and 90 V, respectively. The
anomalous temperature dependence of current can be understood as follows: At
low temperature the Fermi level will be close to the HOMO and traps will be
neutral. This situation results in a vanishing band bending at the grain bound-
aries resulting in high conductivity. With increasing temperature the Fermi level
moves toward the middle of the band gap resulting in a potential well. When the
well depth is about the order of kgT or higher, the charge carriers will be trapped
by the potential well. For conduction, the charge carriers have to overcome the
barrier thermally. As a result, conductivity decreases drastically. At higher tem-
peratures, when all the traps are negatively charged, potential well Eg remains
constant. A further increase in temperature leads to a higher probability for the

charge carriers to escape from the well, resulting in an increase in conductivity.

2.13 Conclusion

In conclusion, charge transport mechanism in polycrystalline organic thin films
of CuPc has been investigated, in great detail. Trap density in thin films has been
controlled by engineering different growth conditions. CuPc thin films grown at
low T exhibited high concentration of traps and J-V characteristics of two ter-
minal devices fabricated at low T could be well fitted to TCLC. C-f and C-T
characteristics also demonstrate the presence of traps in CuPc thin films grown
at low Tg. Width of the trap distribution from MTR model is in agreement
with that obtained independently from C-f characteristics of CuPc based or-
ganic Schottky diodes. Hence MTR model can be applied to explain the charge
carrier transport in polycrystalline organic thin films with isotropic grainy struc-
ture. Charge carriers trapped by interface states at grain boundaries cannot
hop to HOMO or LUMO unless they get sufficient energy to be released because
trapped charges at the grain-boundary interfaces lead to the formation of a poten-
tial barrier for charge transport process. Polycrystalline thin films grown under
favorable growth conditions to achieve anisotropic morphology with fewer grain

boundaries seem to be providing a percolative passage for the carrier transport.
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2.13 Conclusion

It is extremely important to investigate the traps and their role on charge
transport thoroughly, because to investigate the role of microscopic parameters
(presented in next chapter) on the charge transport would be a futile exercise

unless the thin films have negligible amount of traps.
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Chapter 3

Microscopic origin of charge
transport in pentacene and

phthalocyanine thin film

In this chapter, we investigate the charge transport properties of pentacene
and phthalocyanines, by a joint experimental and theoretical study. Experimen-
tally, current-voltage characteristics of both two and three terminal devices based
on polycrystalline thin films have been used to estimate the charge carrier mo-
bility. Theoretically, the importance of chemical structure of molecules and their
arrangement in unit cell has been discussed in determining charge transport prop-
erties on the basis of electronic structures of isolated molecules and in their solid
state, estimated using density functional theory (DFT). Anisotropy of charge
transport in organic semiconductors has also been studied using both experimen-
tal and theoretical approaches. We observe a strong correlation between chemical

structure, molecular packing and charge carrier mobility.
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3.1 Introduction

Understanding the elementary processes occurring during charge transport
within the organic semiconductors is a primary task because efficiency of charge
transport in organic devices fabricated under optimized conditions further de-
pends on the microscopic parameters such as chemical structure of the molecules
and their arrangement in the solid-sate packing [1]. Charge transport in nar-
row band organic semiconductors has been widely described in terms of hop-
ping of charge carriers between localized states in Gaussian density of states
(GDOS) [2-4]. Although several theories have been discussed to estimate the
transfer rate of charge carriers, starting from Miller-Abraham approach [4-7]
but, it has to be settled how macroscopic charge transport properties are corre-
lated with microscopic molecular parameters. Typically, charge carrier mobility
is believed to be the most crucial parameter that decides the efficiency of charge
transport in organic devices [8]. Hence, microscopic model needs to be established
by correlating mobility with molecular parameters. Appreciable efforts have been
gone into towards improving the mobility in organic thin film based devices by
correlating efficiency of charge transport with surface morphology and crystalline
quality [9-11] and without any doubt this has improved our understanding of
charge transport, substantially. However, engineering of surface morphology and
crystalline quality of organic thin films to get higher mobilities is not sufficient,
because complex microstructure exists within the grains [12]. Moreover, simi-
lar surface morphologies and X-ray diffraction (XRD) patterns are also possible
for different molecules with different charge transport properties. Furthermore,
the efficiency of charge transport sometimes is interpreted by single parameter,
i.e. width of GDOS. It is natural to ask how a single parameter can scale the
charge carrier mobility in such wide class of materials. Hence, knowledge of mi-
croscopic parameters responsible in determining the efficiency of charge transport
is essential.

Generally, Marcus theory [6,7] is used to study hopping transport in organic
semiconductors. Within this approach, hopping transport in organic semiconduc-
tors is modeled as an intermolecular self-exchange reaction and two microscopic
parameters reorganization energy (\) [13], arising due to the relaxation of the

geometry of a molecule during charge transfer and transfer integral (tj;) [14],

51



3.1 Introduction

measuring the strength of electronic coupling between molecular orbitals, are
considered the key parameters, deciding the efficiency of charge transport in or-
ganic semiconductors. Although, Marcus theory has been proved successful in
predicting the intrinsic mobility in organic semiconductors however, there have
been some issues. These are: (i) large difference in the magnitudes of mobility in
devices fabricated with same organic thin film but with different device structures
like two terminal and three terminal based devices, (ii) difference in mobilities
in devices fabricated in same configuration but with different organic thin films
having identical surface morphology and crystalline quality and (iii) while mov-
ing from hopping to band-like transport, what microscopic parameters decide the
charge transport in organic semiconductors.

Though, A and t;; are considered relevant parameters to explain charge trans-
port in hopping regime but, A is an intrinsic property of the molecule and hence
not applicable in band-like picture of charge transport. There are some ap-
proaches to estimate tj; from band structure using tight-binding approximation
(TBA) [15]. Though hopping is believed to be the dominant mechanism of charge
transport in organic thin films due to the inherent disorder but, evidences on the
band-like transport with higher magnitudes of mobility in pure organic single
crystal led us to consider whether delocalization of charge carriers is also possible
in organic thin film. And if it is possible what would be the charge transport gov-
erning parameters and how these parameters depend on the microscopic molecular
parameters. To resolve all these issues, systematic experimental and theoretical
studies are to be pursued for a variety of molecules.

In this chapter, we present a detailed and systematic investigation on the
charge transport in anisotropic (pentacene) and isotropic (phthalocyanines)
molecules and tried to establish a correlation between experimentally observed
macroscopic and theoretically estimated microscopic charge transport parame-
ters. Here, for our study we have chosen five different organic molecules due to
the following reasons. (i) Pentacene has been chosen for this study due to its
linear and simple chemical structure, intrinsic anisotropy, relatively high carrier
mobility in thin film and single crystal form and wide applications in large area
and flexible displays [16]. (ii) Four phthalocyanine (Pc) molecules are chosen
because; (a) they are exceptionally thermally and chemically stable [17-19], (b)

Pcs exhibit significant photophysical properties and uniform surface morphology
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Figure 3.1: Chemical structures of different organic molecules, optimized using Gaus-
sian 09 [20]

at optimized growth parameters are important molecules for organic field effect
transistors (OFETSs) and organic solar cells (OSCs) [17], (c) a range of metal ions
can be placed in the central cavity of Pc macrocycle, consisting of four iminoisoin-
doline units and the central metal ion may also influence the charge transport
properties of the molecule due to difference in the occupation of d-orbitals by cen-
tral metal ion, (d) different substituents at the ligand of the Pcs may also affect
the charge transport properties due to the modulation of molecular energy levels
near Fermi level i.e. highest occupied molecular orbital (HOMO) and lowest un-
occupied molecular orbital (LUMO). We choose different p-type phthalocyanines
as; metal free phthalocyanine (H9Pc), zinc phthalocyanine (ZnPc) and copper
phthalocyanine (CuPc) to carry out our studies in the view of difference in occu-
pation of d-orbital by central metal ion (HoPc; no metal, ZnPc; d1Y and CuPc;
d9) and n-type F14CuPc in order to see the effect of modulation of molecular or-

bitals. Chemical structures of these molecules, optimized using Gaussian 09 [20]
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are shown in Fig. 3.1.

3.2 Different regimes of charge transport in semi-

conductors

Two most important charge transport mechanisms are band transport, gener-
ally observed in inorganic semiconductors and hopping transport, in disordered
organic semiconductors, as schematically shown in Fig. 3.2. Lets discuss these
mechanisms separately in brief.

(1) Band Transport:

It is generally observed in systems with long-range ordering. Due to
the covalent bonding between the atoms in inorganic semiconductors overlapping
between the orbitals of neighboring atoms is large. This leads to broad valence
and conduction band in inorganic semiconductors. Charge carrier then moves
like a delocalized plane wave within broad valence or conduction band, with
some probability of finding at any location, resulting into coherent transport.
In this regime, charge transport is limited by different scattering i.e. phonon
scattering, impurity scattering etc [21]. Electronic structure calculations in solid
state are required to characterize the delocalized charge transport. Calculation of
electronic structure of solids is based on the band theory [22]. Mobility, limited by
phonon scattering increases as the temperature decreases, following the relation,
poc T n~ 1.5 for inorganic semiconductors [21], due to a decrease in number
of phonons at low temperature.

(2) Hopping transport:

In organic semiconductors, though covalent bonds bind the atoms within a
molecule but, weak van der Waals bind among the neighboring molecules within
organic solid. Hence, overlapping between adjacent molecules is weak, leading to
narrow highest occupied molecular orbital (HOMO) or lowest unoccupied molec-
ular orbital (LUMO) band with Gaussian distribution of localized states. Hence,
charge carriers get trapped within the randomly distributed localized states and
charge transport is described by the thermally activated hopping among neigh-
boring sites. As energy of the carriers increases with temperature, it can hop

to neighboring site easily. Hence, mobility increases with temperature following
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semiconductors

the Arrhenius law (u o< exp(—Ea/kgT)), Ea being the activation energy). Gen-
erally, Marcus theory of self exchange reaction is used to investigate the charge

transport in this regime and mobility is estimated using Einstein relation as [23],
pu=eD/kgT.

3.3 Different aspects to study charge transport

in organic semiconductors

3.3.1 Experimental techniques

Experimentally, charge transport in organic semiconductors is investigated by
fabricating the devices based on thin films or single crystals. The most common
device configurations are; OFETs, OLEDs and organic solar cells (OSCs). For
investigating charge transport parallel to the substrate, OFETs are fabricated and
characterized. However, by characterizing two terminal devices, charge transport
along the perpendicular of the substrate can be investigated. Geometry and
Working of two and three terminal devices based on organic thin films have been
discussed in Chapter 2 in detail.

3.3.2 Theoretical methods
1.3.2.1 Hopping regime

It is well known that charge transport in organic semiconductors is charac-
terized by the discrete hopping events within the localized states in GDOS and
these hops are assisted by the vibrations of the lattice. Several theories have
been proposed so far to model the charge transport in hopping regime. Initially,
Bassler formulated the hopping transport in disordered organic semiconductors
using variable-range-hopping [2,24]. He proposed that due to static and ener-
getic disorder in the localized states in GDOS, Miller-Abrahams approach [4, 5]
can be used to estimate the charge transfer rate (kj;) between two sites (i, j).
This formalism is known as Gaussian disorder model (GDM) [2]. According to
Miller-Abrahams, kj; is estimated as [5],
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semiconductors
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Figure 3.2: Schematic representation of typical charge transport mechanisms in (a)

inorganic semiconductors with long range order and (b) highly disordered organic semi-
conductors.
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3.3 Different aspects to study charge transport in organic
semiconductors

EE;
exp <_1<JB—T> ;o By > Ey
1; Ej < E;

ki; = voexp(—27[x; — xj]) (3.1)
where, 1 is the attempt frequency to hop, E; is the energy of the occupied site ¢
and E; of the initially unoccupied site j, and v is the inverse localization radius
of the charge carriers. Here, |E;—E;| > kgT has been assumed. First exponential
term represents the probability of tunneling between sites, 7 and 7 and second
term accounts for the activation energy for hop.

In GDM, coupling of charge carrier with lattice vibration has been considered
as perturbation only, however, in case of organic semiconductors this approxi-
mation breaks down, moreover, polaronic effects should be taken into account.
Marcus took the strong charge carrier-phonon interaction into account and con-

sidered the charge transfer as a self exchange reaction with the transfer rate kj;

as [6,7],
t2 E: - E. E. - F:)2

ki — _ _
U7 0\ 4AkpT kT 2kgT  16kgT\

where A\ represents the strength of coupling of the charge with the lattice phonon
and is known as reorganization energy, t; is the transfer integral, representing the
strength of overlapping between neighboring sites. Hence, according to Marcus

theory, in order to calculate k;j

j, two parameters tj; and A have to be determined

separately.

1.3.2.2 Reorganization energy (\)

As, external charge carrier interacts with the vibrations of the organic molecules,
geometry of the molecule as well as the surrounding medium changes. Total A
consists of two parts (i) internal and (ii) external. External part of A can be
neglected due to the low polarity of most of the organic semiconductors and
only internal part is significant. Internal reorganization energy is totally intrinsic

property of the molecule and can be represented as [13],

A=[(Ey - Ei)+ (E ~E) (3.3)
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semiconductors

Charged

Energy

Qﬁ)

Figure 3.3: The potential energy surfaces of the neutral and the charged monomer. Af-
ter charging or discharging, molecules relax their nuclear coordinates. Different energies
contributing to reorganization energy during charge transfer have also been represented.

where F and E4 are the ground state energies of the molecule in the neutral
state and in the ionic state respectively. E is the energy of the neutral molecule
in the optimized geometry of the charged molecule and E/i is the energy of the
charged molecule in the optimized geometry of the neutral molecule (Fig. 3.3).

For efficient charge transport, A is required to be small.

1.3.2.3 Transfer integral (t;;)

Efficiency of charge transport also depends on the extent of overlapping be-
tween the neighboring molecules and tj; is a quantitative measure of the over-

lapping. Various numerical methods exist to estimate transfer integral and have
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3.3 Different aspects to study charge transport in organic
semiconductors

been reviewed in literatures extensively [1]. In a most popular approach, transfer
integral for hole transport can be given as the half of the difference of HOMO and
[HOMO-1] levels of the equivalent molecular dimmers in neutral state and this
method is kown as energy splitting in dimer (ESD) method. In case of electron
transport, difference between LUMO and LUMO —+ 1 is considered. In this chap-
ter, we will discuss hole transport only. As frontier orbitals of monomers forming
dimer are not orthonormal, ESD method is not able to predict accurate values of
tj; and full wave function treatment is required.

Another method named dimer projection (DIPRO) method [25] has been used
successfully to estimate t;;. This method is based on the projection of monomer

orbitals on the dimer orbitals. In this method, t;; is given by

o Jij—1/2(ei+ej)Sij
. 178%

(3.4)

where Jj; is the electronic coupling element and given as, Jj; = (¢'[H|@)), H being
the Hamiltonian for a dimer and is not orthonormal. e;(ej) is site energy of a
hole located on a monomer, i(j) with e;;) = (¢10)[H|¢10)) and Sij = (¢!|§)) is the

element of some overlapping matrices S. Further H and S have the form,

g — 1 Sij
Sij 1

and a secular equation representing this dimer system is as follows

(H-ES)C=0 (3.5)

C, is expansion coefficient. Now, as monomer orbitals are not orthonormal, Jj;
cannot provide accurate values of transfer integral and suitable transformation is

required in order to make the H orthonormal and Eq. 3.5 takes a form;
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3.4 Approximations for evaluating electronic structures

(H' - E) C=0 (3.6)

where H' = S1/2HS1/2 and has the form
€ tij
tij &

11 ,
() T 3792 ((ei +ej) — 2jijSijlei ) /1 - S%) (3.7)
i

Hence, to study intrinsic charge transport in organic semiconductors, electronic

H =

with

structure of isolated molecules and molecular solids need to be estimated. Many
quantum-chemical methods are used to study the electronic structure of organic
semiconductors. Each method discusses the solution of a Hamiltonian for a many
body system by introducing some approximations, because analytical solution of

the Hamiltonian for such a large and correlated system is impossible.

3.4 Approximations for evaluating electronic struc-

tures

Generally, to obtain the solution of a Hamiltonian for a stationary system,
time independent Schroedinger equation needs to be solved and for a many body
system this equation is written as

HV (R;1) = EV (R;T) (3.8)

where H is the Hamiltonian of the system, containing the kinetic and potential
energy operators; F is the energy of the system; W (R;r) is the wavefunction
of the system; R are the positions of the nuclei, and r are the variables that
describe the coordinates of the electrons. If we consider a system with M nuclei

and N electrons, total H in terms of different components of kinetic and potential
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3.4 Approximations for evaluating electronic structures

energies can be written as,
H=Te+ TN+ VeN + Vee + VNN (3.9)

where Te, TN, Ven, Vee and VN represent the kinetic energy of the electrons,
kinetic energy of the nuclei, attractive interactions between nuclei and electrons,
repulsive interactions among the electrons and repulsive interactions among the

nuclei, respectively. Each of theses terms can be written separately as,

h
Te = — § o V r? (3.10)
h2 9
I
2162
=- E —_— 12
Ven IRy — 1 (3.12)

1 e?
Vee=5Y —— (3.13)

1 ZIZJ62
VNN = = _— 3.14
NN = 5 1;] TR (3.14)

(4meg has been take to be 1 in all the potetial energy terms.)

Exact solution of the Schroedinger equation for such a large system containing
several atoms and electrons seems impossible as motions of electrons and nuclei
are correlated. Many approximations are used to determine the eigen values and
wave functions for such a large system. Here, we give a brief description of some

important and widely applied approximations.

3.4.1 Born-Oppenheimer Approximation

In Born-Oppenheimer Approximation, nuclei are assumed to be fixed due to
their much larger (approx. 2000 times) mass than that of electrons. Hence kinetic
energy term for nuclei in the Hamiltonian should be omitted and ¥ (R;r) can be

replaced by W (r). Then electrons are assumed to move in the field of the fixed
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3.4 Approximations for evaluating electronic structures

nuclei and rearrange themselves instantaneously after any movement of atoms.
Within this approximation, Hamiltonian for a many body system can be given

as

Though, H has been simplified to some extent by applying the Born-Oppenh-
eimer approximation, analytical solution of H is still different due to the cor-
related motion of electrons. Hence some other approximations should also be
applied in order to get more simplified form of H but, solution should be as

accurate as possible.

3.4.2 Hartree-Fock approximations

Lets first discuss the Hartree approximation and then come to Hartree-
Fock approximations. Hartree assumed the N electrons in the system as non-
interacting particles and wrote W (r) in terms of N orthonormal wavefunctions,

corresponding to N non-interacting electrons as

U (1) = 61 (11)da(r2).....ox (1) (3.16)

Now, as electrons are Fermi particles with half-integral spin, in order to satisfy
the asymmetry principle when two electrons exchange the coordinates, ¥ (r) must

be expressed in form of a slater determinate as,

¢1(r1)  #1(r2) ... P1(rN)
P2(r1)  ¢2(r2) ... ¢20rN)

1
\/ﬁ ............................

on(r1) on(rz) ... on(rN)
This is called Hartree-Fock approximation. In this approach, total energy of the

ot () = (3.17)

system EHF is give as,

EHF — (oHF || gt (3.18)
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3.5 Density Functional Theory (DFT)

In this approach, solution of Hamiltonian is obtained by the use of variational
principle which states that when a trial normalized wave function is used in
Schrodinger equation, estimated enrgy (EEF)iS always higher than the actual
ground state energy (EEF) If the trial wave function matches with the actual

ground state wave function then both the energies are equal i.e.

ESF > By (3.19)

Although HF theory is able to give an approximate solution for ground state
energy, improvements are needed in order to get a solution much closer to the
exact one. Main difference between the estimated and exact energy is attributed
to the fact that in this theory, electrons are supposed to move in an average field
created by all other elctrons. It does not take into account the intrinsic electron

correlation.

3.5 Density Functional Theory (DFT)

DFT is the most efficient tool to predict the ground state properties of many-
body systems. It relies on the density of particles in the ground state of the
system. Within this approach, particle density (p(r)) rather than the wave func-
tion, W (r) is taken as a variable and the two are related to each other through

the relation
p(r) = N/drldrg....drN1|\I/(r1,r2...rN)|2 (3.20)

This approach is favorable as problem of many body Schroedinger equation
changes into a single particle density. To understand the basics of DFT in more

details two fundamental theorems need to be discussed.

3.5.1 First Hohenberg-Kohn theorem

According to First Hohenberg-Kohn theorem, if there is a system of interacting
particles under an external potential V(r), a unique functional of density p(r)
exists by which the ground state properties of the system can be determined.

Hence, total energy of the system in ground state can be written as
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3.5 Density Functional Theory (DFT)

Eg = <\II|H|\I[> - <\Ij|Te + Ve + VeN|\I}> (3'21>

or in terms of pg
Eo(po) = Te(po) + Eee(po) + Een(po) (3.22)

Here, Te, FEee and EgN represent the contribution to the total energy by the
kinetic energy of electrons, electrostatic interaction among electron-electron and
nuclear-electron term. In their original paper [26], Hohenberg and Kohn defined

a functional F[p], consisting of the sum of following two terms

Flp] = Te(p) + Eee(p) (3.23)

and energy functional takes the form

E(p) = Flp] + Ene(p) (3.24)

The main task in DFT is to find a appropriate form of F(p).

3.5.2 Second Hohenberg-Kohn theorem

Second theorem is somewhat analogous to Hartree-Fock approximation and
it also employs the variation principle but a functional of density instead of a
wavefunction is used. This theorem tells that any trial density functional (F[p])
provides the lowest energy i.e. actual ground state energy if input density in
density functional provides the true density of the ground state, pg. Otherwise,

energy is always larger than the ground state energy i.e.

E(p) = E(po) (3.25)

In summary, DFT can be successfully applied to estimate the ground state prop-
erties of correlated system. Although variational principle can be used to esti-
mate ground state energy and wave functions, more approximations have been

proposed and may be more accurate.
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3.5 Density Functional Theory (DFT)

3.5.3 Kohn-Sham equations

Kohn and Sham utilized the theory of Hohenberg and Kohn, originally pro-
posed for an inhomogeneous system of interacting electrons and developed ap-
proximations in order to estimate the form of F[p] [27]. They suggested that com-
plex system with interacting electrons can be considered equivalent to some other
non interacting system and a functional of density named exchange-correlation
functional (Exc) can be introduced that contains all the extra difficult terms of
interacting system. Further, they proposed that this non interacting reference
system is under effective local potential (V). Hence, Hamiltonian (Hg) for a N
electron system is

Hg = Tg + Vg (3.26)

where T = > ; Tj is kinetic energy of the reference system and Vg = i Vg (1)
is the local effective potential. But Hg does not represent the true interacting

system. Hence Kohn and Sham defined the functional F|[p] as

Flp] = Ts[p] + I[p] + Exclp] (3.27)

I[p] accounts for the electron-electron interaction for non interacting system and

Exclp] has the form

Exclp] = (T[p] — Ts[p]) + (Eeelp] — I[p]) (3.28)

T[p] and Ege being the same energy term for true system. Now the problem
of large interacting system is simplified to a problem of estimating the form
of Exclp]. Different approaches have been developed to estimate the form of
Eyc as accurate as possible. some of the popular approximations are: local
density approximation (LDA), general gradient approximation (GGA) and hybrid
functionals.
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3.6 Electronic structure calculation for molecular solid

3.6 Electronic structure calculation for molecu-

lar solid

DFT calculations are used in some different manner to estimate the elec-
tronic structure of crystalline molecular solids from those employed for individ-
ual molecules. As crystalline solids possess large density of electrons and ions
(=~ 10**/cm?), it seems impossible to write a Hamiltonian of the type as pro-
posed by Kohn and Sham for individual molecules. Crystallines solids have peri-
odic structures hence, problems based on such a large systems can be reduced to
one that can be solved by the knowledge of the minimum unit cell of the solid.
Hence periodicity of the lattice must be taken into account while writing the
Kohn-Sham Hamiltonian for the solids. Periodicity means effective potential Vg
used in Kohn-Sham equation for individual molecules should also have a periodic

form as

Veﬁ' = Veff(r —+ R) (3.29)

R, being the lattice vector. To write an acceptable form of wavefunction for
the Hamiltonian with periodic potential, Bloch’s theorem is used. According to

this theorem, a wavefunction should have the form as,

PEr) = e R (1) (3.30)

n

where ¢ (r) is written as,

Suk(r) = e (1) (3.31)

kT represents a plane wave and U, is a periodic function of the form

here e!

Uk (r) = up(r + R) (3.32)

and energy eigenvalue should exhibit the form,

En(k) = En(k + G) (3.33)

G, being the translation vector in reciprocal space.
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3.7 Software packages used

To estimate the electronic structure of isolated molecules or molecular solids,
different softwares are available. Each of them has its advantages as well draw-

backs. Here, we give the description of the softwares used in this thesis.

3.7.1 Gaussian 09

Gaussian 09 (G09) is a computer program, generally used for computational
chemistry [20]. It is able to predict several properties such as optimized geometry,
energy, electronic structure, vibrational frequencies, charge density etc., for dif-
ferent organic and inorganic systems. It utilizes various computational modeling
methods such as molecular mechanics, density functional theory (DFT), ab-initio
and many hybrid methods. A visualization software, Gauss View is used in con-
junction with G09 in order to build the molecules, to set up the Gaussian jobs

and to view the results after the completion of the job.

3.7.2 Votca

VOTCA stands for Versatile Object oriented Toolkit for Coarse-graining Ap-
plications and CTP represents its ” Charge Transport” toolkit [28]. Use of VOTCA-
CTP simplifies the charge transport simulation in an organic semiconductor. It
consists of different programs written in modular C++ code and several scripts
also. A program in VOTCA-CTP is run by a command which executes a specific
task. All the data generated by the output of a program is stored in the database

file (state.sql) in sqlite3 format, which is used for further calculations.

3.7.3 Quantum Espresso

ESPRESSO stands for opEn-Source Package for Research in Electronic Struc-
ture, Simulation, and Optimization [29]. It allows one to execute electronic struc-
ture calculations within density functional theory (DFT) using plane wave basis
set and pseudopotentials. It consists of many core packages: PWscf, CP, PWneb,
PHonon, PostProc, PWcond, XSPECTRA, TD-DFPT etc..
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3.8 Methodology

3.8.1 Experimental Details

Starting materials are triple sublimed 99.999% pure to reduce the chemical
impurities as much as possible. Thin films based on different organic molecules
such as pentacene and Pcs have been fabricated on the substrates; SiOo/Si and
ITO/glass substrate. The devices used in this study are two terminal hole only de-
vices and three terminal based devices i.e OFETs. For hole only devices, 200 nm
thick single layer of organic molecules is sandwiched between two metal electrodes.
For OFETs, organic thin films as active layers are fabricated on n™Si/SiO9 sub-
strate. Au source and drain contacts are deposited on organic layers using shadow
mask. The channel length and width are fixed at 20 ym and 3 mm, respectively.
Each layer is deposited in a vacuum chamber at a rate of 0.1 A /s using an oil free
deposition system. Controlling mechanism of growth to get desired morphology
depends upon the balancing between diffusion of the molecules on the substrate
(Dg) and deposition flux (F@). Slower deposition rate results thin film growth
close to equilibrium conditions since incoming molecules get enough time to locate
a favorable orientation resulting lesser number of nucleation sites and as a conse-
quence larger grains. All organic layers and metal electrodes are grown at a base
pressure of 2 x 1079 Torr. Thin film morphology has been analyzed using Park
Systems Atomic Force Microscopy (AFM) in non-contact mode. Crystallinity
of thin films have been investigated by performing grazing incidence XRD using
PANalytical Xpert Pro syetem. The electrical measurements were performed in

rough vacuum (10’2 mbar) using Keithley picoammeter and voltage sources.

3.8.2 Computational Details

Monte Carlo simulations have been performed, to study the evaluation of
surface morphology of pentacene thin film. Marcus theory [6] has been employed
to study charge transport in hopping regime. To estimate different charge trans-
port parameters in hopping regime, we have used Gaussian 09. All parameters for
hopping mobility have been calculated, by employing ground state energy calcula-
tions on pentacene monomer and dimers on the B3LYP (Becke, three- parameter,
Lee-Yang-Parr) [11,30] functional and 631-G (d,p) basis set [31]. To estimate A,
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3.9 Evaluation of surface morphology of pentacene thin film

geometries of neutral and ionic molecules are optimized and the single point en-
ergy are run on optimized geometries. Transfer integrals t;; have been calculated
from the output of Gaussian calculations using versatile Object-oriented Toolkit
for Coarse-graining Applications (VOTCA) package [28]. VOTCA takes the non-
orthonormality of monomer orbitals into account and estimates tj; by projecting
monomer orbitals on the dimer orbital.

Periodic DF'T calculations have also been performed in order to estimate the
electronic structure and charge transport parameters of molecular solid. The
different transport parameters in this regime have been estimated using Quan-
tum Espresso [29]. To study different transport parameters, experimentally de-
termined lattice parameters of pentacene bulk phase have been taken as initial
point. Atomic coordinates have been relaxed on 4 x 4 x 3 MonkhorstPack k-
mesh. Non scf calculation for density of states have been performed on denser k
mesh of 6 x 6 x 4. We use generalized gradient approximatin (GGA) with the
Perdew-Burke-Ernzerhol (PBE) [32] exchange correlation function and ultrasoft
pseudopotentials. Dispersion interactions between organic molecules have been
taken into account by using London type pairwise empirical atomic interactions
as implemented by DFT-D2 method [33,34].

3.9 Evaluation of surface morphology of pen-

tacene thin film

Orientation of the organic molecules on the substrate i.e. surface morphology
of organic thin films has strong influence on the charge carrier transport. Hence,
growth physics of thin film in monolayer and mulitlayer should be studied which
may be useful in investigating charge transport parallel and perpendicular to the
film surface. Figure 3.4 shows the evaluation of surface morphology of pentacene
thin film from monolayer (0.2 nm) to multilayers (10 nm). Upper panel in Fig.
3.4 shows the surface topographic images of pentacene thin films, grown on SiO9
at room temperature with a very slow rate of O.1A/ s. At very low thickness of
0.2 nm, the film shows small islands uniformly distributed on the surface (Fig.
3.4(a)). With increasing film thickness the islands grow across the surface meet-

ing other existing nuclei exhibiting fractal shape (Fig. 3.4). As the thickness of
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(a) 0.2nm (b) 1nm (c) 5nm (d) 10 nm

Figure 3.4: Growth dynamics of pentacene thin film: wupper panel shows the
AFM topographic images (size 2 pm X 2 pm) of pentacene thin films with thickness of
(a) 0.2 nm (b) Inm (c) 5 nm and (d) 10 nm. Lower panel shows the corresponding
morphologies generated by Monte Carlo simulation. Inclusion of Schwoebel barrier in
DLA mechanism could reproduce the surface morphology of pentacene multilayer thin
films.

the film increases, islands also become larger in size but second layer nucleation
occurs before the first monolayer covers the complete surface by the coalescence
of individual islands in first monolayer. Same process repeats for subsequent
layers, resulting into fractal-mound growth. To study the evaluation of surface
morphology of pentacene thin film for different coverage, we have used Monte
Carlo simulations with the results shown in lower panel of Fig. 3.4. Simulated
morphological patterns resemble the real surface morphologies of pentacene thin
films, acquired by AFM, closely. In simulation, initially a few number of lattice
sites are randomly distributed. A monomer is added to the lattice one at a time,
which is then allowed to diffuse randomly until it hits a binding position. Com-
pact islands at very low coverage can be attributed to the growth perpendicular
to the branch axis. Due to the perpendicular growth, space between branches
within a single island is filled, resulting into coalescence of neighboring branches
and formation of compact islands. Hence, for an individual two dimensional is-
land, the shape is a result of competition between two kinetic processes: edge
diffusion and monomer incorporation [35]. Edge diffusion is characterized by the

time it takes a monomer diffusing along the island edge to find an energetically fa-

70



3.9 Evaluation of surface morphology of pentacene thin film

6000

a. u.)
1N
o
o
o

Intensity (
N
(@)
o
o

5 10 15 20
20 (°)

Figure 3.5: X-ray diffraction (XRD) pattern of pentacene thin film grown at room
temperature on SiOs.

vorable binding site; monomer incorporation is characterized by the average time
interval between two successive monomer incorporation events. As the surface
coverage increases, growth of pentacene in submonolayer regime can be character-
ized by diffusion limited aggregation (DLA) [12,36]. In DLA, incident molecules
first move on the surface to meet other already existing nuclei. When a critical
number of molecules four in case of Pentacene meet they form a stable nuclei
which further grows on subsequent deposition [37]. DLA mode is obtained when
monomer incorporation is made faster than edge diffusion in simulation. To sim-
ulate the fractal-mound growth for higher thickness of pentacene thin film, a
term, ”Schwoebel barrier” [38] is taken into account in simulation. Schwoebel
barrier is a potential barrier which prevents the molecules incident on the top
of the first layer to hop downward and new nucleation center forms on the first
monolayer. In this way density of monomers increases in second monolayer and
subsequently, stable islands form in second monolayer. Mechanism repeats for

further monolayers and results into horizontal DLA plus vertical mound growth.
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3.10 Orientation of pentacene molecules on substrate surface

3.10 Orientation of pentacene molecules on sub-

strate surface

Figure 3.5 shows the X-ray diffraction (XRD) pattern of pentacene thin film
grown at room temperature on SiO9. XRD pattern of pentacene exhibits three
diffraction peaks at 20 = 5.7°, 11.4° and 17.25° corresponding to the plane (001),
(002) and (003) [39]. It means that ab-plane lies parallel to the substrate and
charge transport in OFETs should be governed by this plane. Whereas c-axis
that lies almost perpendicular to the substrate should be main direction of charge
transport in two terminal sandwiched devices. Further, average interplanar spac-
ing has been estimated to be 1.54 nm, consistent with the c-axis of unit cell of
pentacene in thin film phase [39]. However, other low intensity peaks at 20 =
6.09°, 12.2° and 18.4° results the interplanar spacing to be ~ 1.45 nm, consistent
the bulk phase of pentacene [40,41]. Hence, pentacene thin film exhibits the
contributions due to both phase i.e thin film and bulk phase. However, thin film
phase dominates the bulk phase.

As is clear from the structural characterization, growth of pentacene thin
films along the parallel and perpendicular to the substrate takes place by two
different mechanisms i.e DLA and mound growth, respectively. Mechanism of

charge transport may also be different along these directions.

3.11 Directional dependence charge transport

in pentacene thin film

3.11.1 Arrangement of molecules in two terminal devices

To investigate the charge transport along the perpendicular to the film surface,
we have sandwiched 200 nm thick film of pentacene between I'TO and Au. Figure
3.6(a) shows the arrangement of pentacene molecules in two terminal sandwiched
devices. Pentacene is a hole transport material with HOMO at 5.0 eV and LUMO
at 3.1 eV. The work functions of Au and ITO are 5.2 eV and 4.8 eV, respectively
[42]. There would be no barrier at Au/Pentacene interface, and a very small

barrier of 0.2 eV exists for hole at I'TO/Pentacene interface. The current-voltage
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Figure 3.6: (a) Schematic representation of unit cell of pentacene (left) and the ar-
rangement of molecules in a two terminal device (right) and (b)J-V characteristics of
ITO /pentacene/Au based two terminal device in forward (left) and reverse bias (right)

on a log-log plot. Solid lines show theoretical fittings with field and carrier concentration
dependent mobility.
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3.11 Directional dependence charge transport in pentacene thin film

(J-V') characteristics of a hole only ITO/Pentacene/Au based two terminal device
is shown in Fig. 3.6(b). The current due to the hole injection from positively
biased Au was measured (left panel of Fig. 3.6(b)) and then the current due to
hole injection from I'TO was measured by reversing the polarity of the bias voltage
V (right panel of Fig. 3.6(b)). J-V characteristics of ITO/Pentacene/Au devices
display weak asymmetric behavior. The current injected from Au electrode is
more than that from ITO electrode. Current in both cases i.e either injected
from Au or from ITO shows non linear dependence on V. Hence, SCLC should
be the mechanism of charge transport in forward as well as reverse bias. J-
V' characteristics shown in Fig. 3.6(a) exhibit square law at very low bias but
beyond that slope increases gradually hence, Mott-Gurneys square law, given
by [43], ,

J = gesu% (3.34)
is not applicable to model the J-V characteristics. Here, €5 is the dielectric
constant of organic semiconductors and d is the thickness of the organic thin
film. Enhancement in reverse and forward currents from square law have been
explained on the basis of field dependent mobility (u[T, F]) as proposed by Bassler
et. al. [2] and field and carrier concentration dependent mobility (u[T,p,F]) as
proposed by Pasveeer et. al. [44], respectively. J-V characteristics in forward bias
were also tried to fit with field dependent mobility however, simulated data was
not consistent with the experimental data. In reverse bias, J-V characteristics

have been simulated, by solving the following set of equations self consistently,

T = ep () 4 [T,F ()] F (5 (3:35)
dF(x) _ p(x)
Rl (3.36)
L
VDS:/O F(x)dx (3.37)

where, p(z) is the density of charge carriers at a distance z from the injecting
electrode. In reverse bias J-V characteristics could be fitted to the field dependent
mobility as shown by solid line in Fig. 3.6(b) (right) whereas in forward bias,

J-V characteristics are simulated, by solving the following set of equations self
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3.11 Directional dependence charge transport in pentacene thin film

consistently [44].

J=ep(x)u[T,p,F (X)]F (x) (3.38)
dF(x) _ p(x)
=ty (3.39)
L
Vps :/0 F (x)dx (3.40)

As suggested by Pasveer et. al. [44], field and carrier concentration dependence
of mobility is represented by the following Egs.

u(F,p,T) = u(p, T)g(F, T) (3.41)
(252 5| 5(5%7)(20a)’] (3.42)

1+0.8(F‘j‘0)21] }

w(p, T) = poce

{0.44 (27)

g(F,T) = (3.43)

where p(p, T) and g(F, T) are the mobility components for electric field F' and the

2
. . . _agvoe . . .
charge carrier density p, respectively. py = ==, is the charg;e carrier mobility
. . . . In(c-6) ~
at infinite temperature, ag is the lattice constant, 6 = 2 n(; 0), o = o/kgT,

o is the width of GDOS, ¢; = 1.8 x 102 and ¢y = 0.42. The excellent fit of
the experimental data in forward bias (solid line in the left figure in FIg. 3.6(b))
using this approach shows that at higher applied bias, the current mechanism is
controlled by more complex interplay between the field and charge carrier density.
There are three fitting parameters p(T), o and ag and have been found to be 5.4
x 1076 cm? /Vs, 0.11 eV and 1.6 nm, respectively. Hence pentacene molecules on

ITO lie almost perpendicular to the substrate.

3.11.2 Arrangement of pentacene molecules in three ter-
minal devices

Figure 3.7(a) shows structure of OFET used for study the charge transport

in plane parallel to the film surface with the arrangement of pentacene molecules

in that plane i.e ab-plane. In right side, different dimers governing the charge

transport have also been shown. Fig. 3.7(b) shows the room temperature output
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(a)
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Figure 3.7: (a) Schematic representation of pentacene thin film based OFET used to
study charge transport in ab-plane. Right panel represents the different dimers that
govern the charge transport in ab-plane; P dimers along a-axis, transverse dimers Tq
and Ty , along diagonals. (b) Shows the room temperature Ing—Vpg characteristics at
different gate bias varying from 0 to -80 V for a pentacene based OFFET.
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3.11 Directional dependence charge transport in pentacene thin film

characteristics (Ipg — Vpg) for a pentacene based OFET. To estimate carrier
mobility, Ipg — Vpg characteristics in linear region have been fitted according to
the Eq. [23],

2

Ips = 1o Gy | (Vi ~ V) Vps -~ -8 (3.44)
where C;j is the dielectric capacitance per unit area, W is the channel width, L is
the channel length and V7 is the threshold voltage. Room temperature mobility
estimated in this way has been found 0.3 cm? /Vs, matching well with the typical
mobilities observed in other studies [45,46]. We observe that magnitudes of
mobility in three terminal devices are higher by almost five orders than that in
two terminal devices based on same pentacene thin film whereas the distance to
be covered by charge carriers in two terminal devices is much less (~ 100 times)
than that in three terminal devices. This anisotropy in mobility in different planes
of pentacene thin film cannot be explained from experimental studies only and
further microscopic investigations are required.

As discussed earlier, Marcus theory is used to study intrinsic charge trans-
port in hopping regime [6]. This theory describes the charge transfer between
neighboring molecular sites, ¢ and j as a self exchange reaction process. First, A
for a single pentacene molecule and tj; for all the dimers in ab-plane have been
estimated, in order to estimate kj; using Eq. 3.2. Then diffusion coefficient (D)

is calculated using kj; as [7],

1
D=5 1’kP; (3.45)

J
which further gives the hopping mobility, using the Einstein relation as [23],

eD

= 4
T (3.46)

I

where 1’ is the space dimensionality, rg is the length of hopping pathway j, Pj(=
kij/ >_kij) is hopping probability of a charge carrier corresponding to the hopping
pathway, 7. Relevant hopping pathways for charge transport in pentacene thin
film based two and three terminal devices can be viewed in Fig. 3.6(a) and

3.7(a), respectively. Thus, there are four unique dimers in unit cell of pentacene
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3.11 Directional dependence charge transport in pentacene thin film

Table 3.1: Microscopic parameters; center of mass (CM) distance betwee the dimers
[39], electronic coupling elements and intrinsic mobilities obtained from DFT calcula-
tions. Erperimental mobilities are also liseted for comparison.

Dimer | CM distances DIPRO Method Experimental
(&) [glmeV)  p(em?/Vs) p(cm?/Vs)
P 5.958 D7.73 Isotropic p
T 4.82 65.38 in ab-plane In OFET
To 4.83 68.46 1.8 0.3
L 15.60 2.60 Along c-axis | In Two Terminal Devices
4.5 x107? 5.4 x10°

those decide charge transport in different directions; three dimers P, T1 and To
in ab-plane, governing charge transport in three terminal devices i.e OFET and
a single dimer (L) along c-axis of the unit cell and relevant for charge trasport
in two terminal hole only devices. tj; along all of these directions have been
estimated using DIPRO method and are listed in Table 3.1.

We observe that magnitudes of t;; between all the dimers lying in ab-plane are
comparable whereas t;; between the dimers lying along c-axis is much lesser. It
means that intrinsic anisotropy in electronic coupling elements between the dimers
lying along different directions gives rise to anisotropy in charge transport in the
devices fabricated with different configuration. Using the values of A and t;, k;;
along different pathways have been estimated using Eq. 3.2. Average mobility in
the ab-plane estimated, using Einstein relation is found to be 1.8 cm? /Vs which
corresponds to experimentally observed mobility in OFETs. Similarly charge
transport in two terminal devices can be treated as unidirectional i.e. along c-axis
of pentacene unit cell and intrinsic mobility along this direction has been found
to be 4.5 x 10 cm? /Vs. Therefore, large difference in mobilities in two and
three terminal devices can be interpreted in terms of efficient coupling between
dimers in ab-plane and poor coupling between the dimers along c-axis.

Further, magnitude of field effect mobility in an OFET also depends on the
direction of the transistor channel relative to specific hopping pathway in ab-

plane of the pentacene. This orientational dependence in p has been taken into
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3.11 Directional dependence charge transport in pentacene thin film

account by the following expression [47]

e
U = T Z kiijcos.nyjcos2 (60— @) (3.47)
]

where ® gives the orientation of the transistor channel relative to the some chosen
reference axis . 0 are the angles that different hopping pathways make with that
chosen axis, so 6;—® are angles between different hopping pathways and transistor
channel. All of these angles are defined in Fig. 3.8(a). 7 are the angles that
different hopping pathways make with transport plane. All the other quantities
are defined earlier and have the same meaning. For the dimers lying in ab-plane,
73 = 0. Using Eq. 3.47 and taking a-axis as reference, ug for pentacene in

ab-plane can be written as
g = 1.22cos? (0p — @) + 1-330052(9T1 -o) + 1.590082(9T2 - 0) (3.48)

Here, 0, = 0°, 6, = 51.74° and 61, = 128° and define the angles of dimers P,
Ty and Ty with the chosen axis, respectively. After putting the values of 0, O,
and 6, in Eq. 3.48 and solving for jig, we got a plot for g versus @ as shown
in Fig. 3.8(b). Maximum mobility estimated in ab-plane has been found to be
3.6 cm? /Vs, when ® = 166° i.e. when transistor channel is formed at an angle of
166° from a-axis. This should be the maximum mobility that can be achieved in
pentacene thin film based transistors. Theoretically predicted mobilities in ab-
plane and along c-axis are somewhat larger than that experimentally measured
in three and two terminal devices, respectively. This seems obvious, as thermal
and energetic disorders of pentacene thin films have not been taken into account
in theoretical calculations. Further, theoretically predicted mobilities using DFT
along different planes and directions (ab-plane and c-axis ) also exhibit a large
difference in magnitudes same as the mobilities in two and three terminal devices.
Hence, large variation in mobilities in two and three terminal devices must be
due to intrinsic anisotropy in intermolecular coupling along different directions.
Though, it is clear that anisotropy in the intermolecular coupling in pentacene
dimers is due to variation in relative orientations of dimers (relative distances and
angles between them) along different directions, however, intrinsic anisotropy of

the pentacene molecule may also play a role in deciding the direction of charge
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Figure 3.8: (a) Schematic representation of different hopping pathway projections on

the transistor channel and (b) estimated mobility as a function of orientation angle (®)
of transistor channel with a-azis of the pentacene unit cell.
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3.12 Surface morphology of phthalocyanines thin films

Figure 3.9: AFM images of 100 nm thick films of (a) HyPc, (b) ZnPc , (¢) CuPc and
(d) F16CuPc at low substrate temperature (Tq ) of 40° C' (upper panel) and at optimized
Tq (120°C, 90°C, 105°C and 90° C for HyPc, ZnPc, CuPc and FigCuPc, respectively)
(lower panel).

transport. Hence, it would be interesting to study whether this type of directional
dependence of charge transport is observed in isotropic molecules such as Pcs,
also.

3.12 Surface morphology of phthalocyanines thin
films

Figure 3.9 shows the AFM images of 100 nm thick films of Pcs grown on SiO9
at two different substrate temperatures (Tq); (i) at 40°C and (ii) at optimized
Tq which is different for different Pc molecules and have been chosen by best
surface morphologies. Variation in grain size and shape can be observed as we
go from low to high Tg. When the molecules come closer to the substrate,
they get adsorbed and diffuse on the substrate surface. Temperature given to
the substrate determines the kinetic energy of the incoming molecules. Now
depending on the kinetic energy, molecules either coalescence with the existing
island or new nucleation centers form. At low T, as the kinetic energy of the

molecules is too small to move and to meet the other island, they get adsorbed
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3.13 Crystal structure of phthalocyanines thin films

at random sites resulting into polycrystalline grainy structure with almost equal
sized grains (40-60 nm) distinguished by sharp grain boundaries. In other words,
nucleation rate dominates the lateral growth at low Tg. However, at high T,
diffusion of molecules on the surface increases and molecules get enough time to
attach at a particular stable distance from another molecule due to weak Vander
Waals interactions between them. Hence, grains show elongation and eventually
lead to well interconnected rod-like nanowires due to the large lateral growth and

less nucleation growth at higher temperatures, as discussed in Chapter 2 also.

3.13 Crystal structure of phthalocyanines thin
films

Generally, when organic molecules are deposited on flat inert surface, they are
supposed to stand almost vertically on the substrate, as we observed in pentacene.
[48] Figure 3.10 shows the XRD spectra of Pcs thin films grown at optimized Tq
decided from the best surface morphology. XRD spectra of thin films grown
at low Tq (40°C) show similar pattern but with low intensity peaks. Insets
reveal the arrangement of the corresponding Pc molecules in the plane parallel
to the substrate and relevant for charge transport in OFETs. The XRD pattern
of HoPc thin film exhibits a strong peak at 20 ~ 6.8° (Fig. 3.10 (a)) which
is attributed to the (200) plane and confirms the a-phase monoclinic structure
in HoPc thin film [49]. From XRD, we can conclude that in HoPc thin films
grown on SiO9, be-plane lies parallel to the substrate and is relevant for charge
transport in OFETs. Inset of Fig. 3.10 (a) shows the arrangement of HoPc
molecules in OFET geometry. In this plane HoPc molecules adopt herringbone
arrangement with a stacking along b-axis. XRD spectra of CuPc and ZnPc (Fig.
3.10(b)) are also similar to that of HoPc and strong peaks at 20 ~ 6.8° are also
attributed to the a-phase. However, in CuPc and ZnPc this peak corresponds
to (100) plane [50] i.e. unit cell parameters for CuPc and ZnPc are different
from that for HoPc. Though in CuPc and ZnPc thin films, be-planes lie parallel
to the substrate and these molecules also adopt stacking along b-axis but, no
herringbone arrangement in bc-plane is there rather molecules adopt parallel
arrangement (shown in the inset of Fig.3.10(b)). Figure 3.10(d) shows the XRD
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Figure 3.10: XRD patterns for 100 nm thick films of (a) HyPc, (b) CuPc and ZnPc
and (c¢) F1gCuPc at optimized T, taken from surface morphology. Insets show the
arrangement of Pcs molecules in a plane parallel to the substrate.
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films

Table 3.2: Summary of lattice parameters of Pcs.

space group Z a (A) b(A) c(A) a®) BO) ~(°)

HoPc [55] C2/c 1 26121 3797 23875 90 9416 90
7ZnPc [56] P1 1 12.886 3.769 12.061 96.22 90.62 90.32
F16CuPc [51] P1 1 4.86 1022 14.80 74.14 87.14 80.75
CuPec [50] P1 1 12.886 3.769 12.061 96.22 90.62 90.32

of F1gCuPc thin films which exhibits a strong peak at 6.16° and attributed to the
(001) plane. [51] It means that in thin film of F15CuPc ab-plane lies parallel and
is relevant for charge transport in OFETs. By the analogy with a recent study
performed on crystal structure of FigCuPc, we can conclude that unit cell of
F16CuPc has triclinic structure with parallel stacking along a-axis (inset of Fig.
3.10(c)). Crystal structures of all of these Pcs have been summarized in Table
3.2. Next, to examine the effect of molecular parameters such as chemical and

crystal structures of Pcs, on charge transport, we investigate the charge transport
in OFETSs based Pcs thin films.

3.14 Macroscopic view of charge transport in

phthalocyanines thin films

To study the charge transport in Pcs thin films experimentally, we have used
simple OFET structures with top contact configuration. Figure 3.11 shows the
room temperature Ipng — Vpg characteristics of HoPc, ZnPc, CuPc and F14CuPc
thin film based OFETSs fabricated at two different T i.e at 40°C (left panel)
and at optimized T (right panel). OFETs show better performance as we go
from low to high T. Currents obtained in OFETs grown at high T are higher
by one order of magnitude than that in OFETs grown at low Tq (40°C). This
is attributed to the elongated nanowire like structure of thin films grown at high
Tq so that charge carriers don’t have to face sharp grain boundaries between
source and drain. Next, we estimate p for Pcs fabricated at two different T(,
from linear regions of Ipg — Vpg shown in Fig. 3.11, using the Eq. 3.44. [23]
and are summarized in Table 3.3. We find that similar to Ipg, magnitudes of

p are also higher in the OFETs grown at high T than that grown at low Tg.
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Figure 3.11: Room temperature Ing — Vpg characteristics of (a) HaPe, (b) ZnPe, (c)
CuPc and (d) F16CuPc based OFETs fabricated at Tq = 40°C (left panel) and at
optimized Tq (right panel). Gate voltages for all the OFETs have been varied from 0
to -60 V for p-type and from 0 to 60 V with a interval of 20 V.
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Further, we observe the difference in the magnitudes of mobility in different Pcs,
in spite of similar surface morphologies and XRD patterns. In OFETSs based
on Pc thin films grown under optimized conditions, p are found to follow the
order: HoPc < ZnPc < F14CuPc < CuPc, whereas in the OFETSs in which thin
films have been fabricated at low Tq, p follows te order: HoPc < F1gCuPc <
Z/mPc < CuPc. Hence, to optimize the device performance, primarily surface
morphology and crystallinity of organic thin films to get better m — 7 overlap
should be optimized by engineering different growth parameters. However, origin
behind different magnitudes of mobility in Pcs thin film based OFETs cannot
be explained on the basis of macroscopic parameters such as surface morphology
and crystallinity of thin films. This led us to look into how important chemical
structures and solid state packing of organic molecules are responsible in deciding
the efficiency of charge transport in organic thin film. To answer this unresolved
question, we have to investigate the charge transport microscopically, that will
be totally based on the molecular parameters i.e. chemical structure of molecules

and their arrangement in unit cell.

3.15 Microscopic view of charge transport in

phthalocyanines

As discussed previously, intrinsic charge transport in organic semiconductors
in hopping regime is studied by Marcus theory [6,7]. All the microscopic param-
eters to study charge transport in hopping regime such as A, tj;, kj; and then
resulting p for Pcs have been estimated in the same way as for pentacene. All of
these parameters are summarized in Table 3.3. We observe that all of these pa-
rameters vary from one Pc to other due to either difference in chemical structure
or in solid-state packing.

A for different Pcs have been found to follow the order: ZnPc < HoPc <
CuPc < F14CuPc. It means that central atom as well as different substituents
at the ligand in Pcs play a significant role in deciding their charge transport
in thin films. But, as A for different Pcs do not follow the same trend what pu
do. Hence, knowledge about chemical structure of the molecule is not sufficient

in order to decide the efficiency of charge transport in different organic systems
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and further investigation is required. Further, variation in A due to chemical
structure of Pcs can be explained as follow. Figure 3.12 shows the charge density
distribution of HOMO (for p-type) and LUMO (for n-type) of Pcs calculated
using Gaussian 09 software. HoPc and ZnPc molecules exhibit very low values
of X due to the absence of p-orbital and completely filled d-orbital in the central
metal atom, respectively. In these molecules, HOMO is well delocalized over the
Pc ring (Fig. 3.12(a), (b)), leading to very less coupling of the positive charge
with the vibrations of the Pc macrocycle. In CuPc, although Cu atom does not
show contribution to m-orbitals of HOMO (Fig. 3.12 (c)), larger A for CuPc must
be attributed to the bonding nature of Cu atom which comes from the unpaired
electron in unfilled d-orbital and results in larger geometry relaxation. Finally, we
explain the largest A in F1gCuPc in which all the hydrogen atoms are replaced by
fluorine atoms. These fluorine atoms increase the electron affinity of the molecule.
As a consequence, p-type semiconducting behavior, observed for CuPc changes
to n-type behavior in case of F1gCuPc. Also as these fluorine atoms take part in
m-orbitals of LUMO (Fig. 3.12 (d)), there will be additional C-F bond relaxation
when going from neutral to ionic states. Similar effect of fluorination on A for
has been observed in previous studies also [12,52].

Another key parameter deciding efficiency of charge transport is t; [53] which
measures the extent of overlapping between orbitals of adjacent molecules. As is
clear from XRD (Fig.3.10), in HoPc, ZnPc and CuPc be-plane and in F1gCuPc
ab-plane lie parallel to the substrate and govern charge transport in OFETs.
tij between different dimers lying in relevant planes have been calculated using
DIPRO (dimer projection) method [25,54]. t;; in Pcs along stacking axis are
found to be significantly larger than that in other directions, hence charge trans-
port in OFETs based on Pcs thin films can be treated as one-dimensional and
tjj for different Pcs calculated along stacking axis are summarized in Table 3.3
and make the trend: HoPc < ZnPc < CuPc < F14CuPc. Now it is worth not-
ing that though crystal structures of Pcs are different but all of these Pcs have
-7 stacking along short axis with almost same intermolecular distances. Hence,
chemical structure of Pc molecules also should play an important role in deciding
the efficiency of charge transport in devices based on Pcs thin films. This can
also be explained by investigating charge distribution on frontier orbitals for Pcs

dimers along stacking axis as shown in Fig. 3.13. For HoPc, HOMO is almost
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9

Figure 3.12: Isosurfaces representing the charge density distribution on HOMO of (a)
HyPc, (b) ZnPc and (¢) CuPc and (d) LUMO of F15CuPC plotted using Gaussian 09.
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uniformly distributed on both the monomers and anti-bonding interaction be-
tween the 7 orbitals of monomers can be seen in Fig. 3.13(a). Further as dimers
in Pcs are not perfectly cofacial, effect of interaction is reduced. In ZnPc, both
the monomers don’t contribute equally to HOMO (Fig. 3.13(b)). In CuPc and
F16CuPc, though HOMO is almost uniformly distributed on the monomer, how-
ever, in dimer, HOMO gets localized mainly on the Cu atoms and N atoms and
C-C bonds lying nearby the Cu-atoms. Further, bonding and anti-bonding inter-
actions between the m-orbials of neighboring molecules in CuPc and F14CuPc can
be clearly observed in Fig. 3.13(c) and (d), respectively. As electronegativities
of Cu and N atoms are higher than that of C and H atoms hence interaction
between 7 orbitals of monomers in CuPc and F14CuPc should be stronger than
that in HoPc where HOMO is delocalized over the whole molecule. Moreover,
higher value of t;j in F'16CuPc in comparison to CuPc can be attributed to the the
interaction of edge F-atoms of one monomer with m-orbitals of other due to the
relative displacement of monomers. Similar interaction in CuPc is very weak due
to H-atoms on the edge. t;; also do not follow the same trend what p do. Hence,
there are two competing factors that determine the efficiency of charge transport
in organic semiconductors i.e localization of charge carrier on the molecule and
degree of overlapping between the molecular orbitals.

Further, we observe that kj; and p estimated using DFT exhibit the same
order as j, determined experimentally in Pcs thin film based OFETs fabricated
under optimized conditions (Table 3.3). However, at room temperature experi-
mentally observed mobilities can follow the different trend. Hence, optimization
of growth conditions is also required in order to examine the exact role of molec-
ular parameters on charge transport properties in devices. Moreover, p of all
Pcs estimated using DF'T calculations are higher by one order of magnitude than
that observed experimentally. The lower magnitude of mobilities in experiments
can be attributed to the thermal and energetic disorders in neighboring molecules
that have not been taken into account in theory. Out of the above discussed Pcs,
CuPc exhibits the highest mobility due to the highly interacting behavior of cen-
tral Cu atom, coming from the unfilled d-orbital. Same effect of Cu atom must
be be applicable to F15CuPc, however additional relaxation of C-F bonds during
the interaction with external charge diminishes the efficiency of charge transport

n it.
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Figure 3.13: Representation of charge density distribution on frontier orbitals of dimers
of Pcs using Gaussian.
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Table 3.3: Comparison of DFT calculated mobilities in hopping regime and experimen-
tally observed mobilities in OFETs fabricated at two different Tq i.e. 40 °C and at
optimized (opt.) temperature.

A (meV)  tj (meV)  p (DFT) 1 (exp.) (cm?/Vs)
(ch/Vs) Tqg =40°C  Opt. Tg
HsPc 40 11 28x102 76x10 ° 1.8x103
ZnPc 35 14 99x102 62x10* 92x1073
FigCuPc 239 44.2 120x 100 58x10 % 1.8x10 2
CuPc 136 33.6 1.87x100 12x103 34x10 2

In Marcus theory, mobility is determined by a dimer i.e. charge transport
is governed by the electronic structure of the constituent molecules. However,
charge transport in organic semiconductors also depends on the electronic struc-
tures of molecules in solid state. Actually, Marcus theory gives the estimate of
maximum mobility that can be achieved in hopping regime where charge carri-
ers are localized in the tail of the GDOS. However, it does not give idea about
maximum mobility that can be achieved in an organic semiconductor. As is well
known, mobility in OFETSs increases with respect to the background charge car-
rier concentration. Because, with increasing background carrier concentration,
charge carriers start occupying the higher energy states in GDOS and need less
activation energy to hop to neighboring sites. Hence, as Fermi level is moved
from tail to the center of GDOS, density of localized states increases and in the
vicinity of the center of GDOS density of localized states is so high that charge
carriers should not need any activation energy to transport to neighboring sites.
Then charge carriers can be treated similar to a delocalized wave and maximum
mobility in OFETs should be achieved. Mechanism of charge transport also
seems to be different and band-like transport [21] seems to be the dominating
mechanism. Experimentally, to access the central region of the GDOS is not
so trivial, primarily due to the dielectric breakdown. Theoretically, to have an
idea about the maximum mobilities that can be achieved in Pcs thin films based
OFETs, we need to perform band structure calculations. Dispersions in valence
and conduction band primarily decide the efficiency of hole and electron trans-
port in organic semiconductor. The band structure and density of states for Pcs

have been estimated using periodic DFT calculations with the help of Quantum
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Figure 3.14: Band structures and DOS plots of (a) HyPc, (b) ZnPc, (¢) CuPc and
(d) F1gCuPc estimated using periodic DFT calculations. Different k-points used in the
calculation of band structure are Y = (0.5, 0, 0), T' = (0, 0, 0), K = (0.5, 0, 0.5), Z
= (0, 0, 0.5), B= (0, 0.5, 0) and A = (0.5, 0.5, 0). Zero of energy has been set at the
valence band mazimum for p-type and at conduction band minimum for n-type Pcs

Espresso package [29].

Figure 4.5 shows the band structure and density of states of Pcs. Unit cell of
HoPc consists of four molecules and that of ZnPc, CuPc and F14CuPc have one
molecule (Table (3.2)). After zooming valance and conduction bands of HoPc, we
find that each of them consists of four subbands due to four molecules in the unit
cell. Valence and conduction bands of ZnPc represent no subband as there is only
one molecule in unit cell of ZnPc. Further, due to the unfilled d-orbital in Cu
atom, spin polarized calculations with dispersion correction have been performed
for CuPc and F14CuPc, resulting in a magnetic moment of ~ 1ug per Cu atom.
Antiferreomagnetic (AF) state is found to be energetically more stable than the
ferromagnetic (FM) state which is consistent with the previous study [57]. As
there are two molecules per unit cell of CuPc and F15CuPc in AFM state, valence
and conduction bands consist of two subbands.

Next, we calculate the mobilities from band structure of Pcs as [21],
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p=— (3.49)

where me is the effective mass and 7 is the relaxation time [58]. As can be seen
in Fig. 4.5 that significant dispersion in valence (for p-type) and conduction (for
n-type) bands of Pcs is found only along the stacking direction, consistent with
concept of the unidirectionality of charge transport in Pcs. me for Pcs have been
estimated from the parabolic fitting of the top or bottom of valence or conduction
band for p and n-type Pecs, respectively and given as, me = T12|‘(552T%|’1 [59, 60].
Next, as acoustic phonon scattering is found to be around three times stronger
than that for optic phonon in organic semiconductors [61], deformation potential
has been used to calculate 7 in Pcs. In the deformation potential approximation
[62], 7 for one-dimensional systems can be written as,

r= LS (3.50)

(27 |me|kpT) /2 E2

where Cq and Ej represent the elastic constant and deformation potential, re-
spectively. To calculate Cq, we have followed the procedure, discussed in a study
by Huang et. al. [63]. C; for different Pcs along stacking direction have been
calculated by stretching and compressing the unit cells along that direction and
then relaxing it at different volumes. Then Cj is estimated by fitting total energy

FE vs. lattice constant [ curve according to

°F
C]_ - a() (@) ‘a:ao (351)

ag, being the equilibrium lattice constant. E; for Pcs have been calculated

through the relation

0 (Evpm — Ecore)
J (Aa/ag)

EvpwM and Ecpy represent the energy corresponding to valence band maximum

B, = (3.52)

and conduction band minimum, respectively and are relevant to hole and electron
transport, respectively. Using the values of C, E; and me, ¢ have been estimated
using Eq. 3.49 with all the parameters listed in Table 3.4.

From Table 3.4, we observe that maximum possible mobilities in Pcs are higher
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Figure 3.15: Mobilities of Pcs estimated by different techniques i.e by characterizing
OFETs (empty circle), Hopping (empty square) and band mobilities (empty triangle)
using Marcus theory and periodic DF'T calculations, respectively. Mobilities vary almost
parallely in all Pcs when moving from one method to other.

than the hopping mobilities. Further, maximum mobility in Pc also depends on
the chemical structure of the molecule. From Table 3.3 and 3.4, we find that
for Pcs estimated using different methods exhibit the same trend as: HoPc <
ZnPc < F1gCuPc < CuPc and also similar to that followed by inverse effective
mass (1/me). For comparison, p for Pcs estimated from three different methods
i.e experimental, Marcus theory and band structure, have been plotted in Fig.
3.15. Same trends in p obtained using different methods seem obvious. Whether
charge carriers are treated localized or delocalized, interaction between orbitals
of adjacent molecules determines the efficiency of charge transport. Since, m is
determined from the curvature of bands i.e. depends on the dispersion of bands
near the Fermi level and dispersion in bands is further decided by the interaction
between adjacent molecules. Hence, me has the effect of both the molecular

parameters i.e chemical structure of the molecule and their relative displacement.
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Table 3.4: Summary of different parameters: deformation potential (E1), elastic con-
stant (C), effective mass (me), band width (BW) and mobility estimated for Pcs, using
periodic DF'T calculations.

Ei(eV) Ci(eV/ang) me pcm?/Vs BW (eV)

H2Pc 0.89 34 228  9.95 x 1072 0.12
ZnPc 0.96 19.9 34 858x 101 0.11
F16CuPc  1.35 16.13 16.4 1.06 0.15
CuPc 1.05 11.99 12 2.09 0.348

me can be considered as a crucial parameter that governs the charge transport
in band-like regime, however, C; and E; also play important roles. Further in
Fig. 3.15, we observe that all three mobility curves are parallel. It means that
intrinsic mobilities in hopping regime are higher than experimentally observed
ones by almost same proportion for all Pcs. Similarly, band mobilities for all
pcs are found to increase in a proportion to intrinsic hopping mobilities. After
analyzing, we find that intrinsic hopping mobilities for Pcs are proportional to
those observed experimentally and average proportional constant has been found
to be 7.2 . Similarly a proportional constant of 9.5 has been estimated between
hopping and band mobilities using DF'T. Hence, we can write: pinfarcus = 7-2Hexp.
and pBand ~ 9-5/iMarcus 1-€- HBand = 68-44texp. .

Finally, from discussion on the macroscopic and microscopic view of charge
transport in Pcs, we conclude that intrinsic anisotropy of the molecule is not
important for the anisotropy in the efficiency of charge transport along different

dimers, rather, there relative arrangements are responsible.

3.16 Conclusion

In conclusion, a detailed and systematic investigation on the charge transport
properties of organic semiconductors have been presented using both macroscopic
and microscopic approaches. It has been realized that performance of devices
based on organic thin films needs to be optimized by engineering various growth
parameters in order to examine the exact impact of microscopic molecular param-
eters on charge transport properties. We conclude that directional dependence of

charge transport in devices having different structures, based on the same organic
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thin film, is due to the anisotropy in the electronic coupling between the dimers
lying along different directions in unit cell. Intrinsic anisotropy of the molecule
is not responsible for the anisotropy in electronic coupling. Finally, we have es-
tablished a correlation between macroscopic and microscopic charge transport in

organic semiconductors.
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Chapter 4

Field driven hopping to band-like

transport in organic thin film

In the Chapter 1, we discussed how structural disorder induced traps in organic
thin films can be reduced substantially, by optimizing the different growth pa-
rameters. However, due to the inherent spatial disorder in polycrystalline organic
thin films, charge carriers are localized in the tail states of Gaussian density of
states (GDOS) and charge transport in these devices is described by the hopping
of charge carriers among neighboring sites, leading to low values of mobility in or-
ganic devices based on polycrystalline thin films. Hence, it seems that engineering
of growth parameters is not sufficient to get the high mobilities in polycrystalline
organic thin films comparable to their pure single crystal and further investi-
gations are required. In this chapter, we have studied a field-driven crossover
from localized charge transport with low mobilities to delocalized transport with

mobilities comparable to that obtained in their single crystals.
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4.1 Introduction

4.1 Introduction

Thermally activated hopping is the dominant mechanism of charge transport
in organic thin film based devices where localization of charge carriers in the
tail of Gaussian density of states (GDOS) results into low carrier mobilities [1].
In this regime, charge carriers require some activation energy to hop between
neighboring sites leading to positive temperature coefficient of mobility. Low mo-
bilities in organic thin films is the fundamental issue limiting their applications in
integrated circuits, displays and memory devices where much fast processing is re-
quired [2]. Further, devices based on organic light emitting diodes (OLEDs), such
as electronic displays, electronic paper etc. require organic field effect transistors
(OFETSs) for active matrix backplanes [3-5]. Hence, understanding the mecha-
nism behind the localization of charge carriers in organic thin films is required.
Although, delocalized charge transport with high mobilities has been observed
in pure organic single crystals [2,6] however, organic single crystals cannot be
used in large area, rolable and foldable electronic devices. Poor device integra-
tion and cross-talk between devices are also the drawbacks of single crystals. The
real challenge with polycrystalline organic thin films lies in achieving high mo-
bility in comparable with pure organic single crystals, typically associated with
delocalized band-like transport. Considerable efforts have been put [7,8] towards
improving the performance of organic thin film based devices by engineering the
growth parameters, substrate/organic interface and device parameters but, high
mobilities comparable with that in single crystals could not be achieved. Obser-
vations of negative temperature coefficient in polycrystalline organic thin films
have previously been observed and interpreted in terms of large thermal fluc-
tuations in electronic coupling rather than band transport [9-11]. Hence, an
understanding of the crossover from localized to delocalized band-like transport
in polycrystalline organic thin film is required.

In this chapter, we present an experimental and theoretical investigation of
both, the hopping and the band-like transport in the same organic system. We
investigate conduction in pentacene thin film in the presence of injected charge so
that Fermi level can be varied. We find that the temperature coefficient of mobil-
ity changes from positive to negative corresponding to a transition from hopping

to band-like transport as the Fermi level is modulated using the gate voltage.
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4.2 Methodology

The observed values of carrier mobilities in the band transport regime are two
orders of magnitude higher than those in the hopping regime. Our experimental
results are supported by theoretical calculations for hopping mobility estimates
using Marcus theory [12,13] and periodic density functional theory (DFT) based
estimates for the band mobility.

4.2 Methodology

4.2.1 Computational details

To estimate different charge transport parameters in hopping regime, we
have used Gaussian 09 package [14]. All parameters for hopping mobility have
been calculated, by employing ground state energy calculations on pentacene
monomer and dimers using B3LYP (Becke, three-parameter, Lee-Yang-Parr)
functional [15,16] and 631-G (d,p) basis set [17]. To estimate A, geometries of
neutral and ionic molecules are optimized and the single point energy are run on
optimized geometries. Transfer integrals have been calculated from the output of
Gaussian calculations using versatile Object-oriented Toolkit for Coarse-graining
Applications (VOTCA) package [18-20].

The band mobility has been estimated using periodic DFT calculations us-
ing Quantum Espresso package [21]. To study band transport, experimentally
determined lattice parameters of pentacene bulk phase [22] have been taken as
initial point. Atomic coordinates have been relaxed on 4 x 4 x 3 MonkhorstPack
k-mesh. Non scf calculation for density of states have been performed on denser
k mesh of 6 x 6 x 4. We use generalized gradient approximatin (GGA) with the
Perdew-Burke-Ernzerhol (PBE) [23] exchange correlation function and ultrasoft
pseudopotentials. Dispersion interactions between organic molecules have been
taken into account by using London type pairwise empirical atomic interactions
as implemented by DFT-D2 method [24,25].

4.2.2 Experimental details

We use pentacene for our experimets, for its relatively high carrier mobility

in polycrystalline thin film and single crystal form, [13,23]. We grow thin film of
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4.3 Working of a p-type OFET in negative and positive Vpg regime

pentacene using thermal evaporation of high purity (> 99.999%), triple sublimed
pentacene at a base pressure of 5 x 1076 mbar. Very low evaporation rate of 0.1
Awas maintained throughout the growth, in order to minimize structural disorder.
[8] We fabricate three terminal organic field effect transistors (OFETSs) with a 100
nm thick pentacene film grown on n** Si/SiOg substrate. Au source and drain
contacts are fabricated on the top of pentacene thin film with the channel length,
L and width, W of 20 pm and 3 mm, respectively. The electrical measurements
are performed in rough vacuum (1072 mbar) using Keithley picoammeter, Agilent

and Keithley voltage sources.

4.3 Working of a p-type OFET in negative and
positive Vg regime

Figure 4.1 shows the output characteristics (Ipg — Vpg) of pentacene thin
film based OFET in negative as well as positive source-drain bias (Vpg) regime.
Working of a p-type OFET in negative Vg regime has been discussed thoroughly
in Chapter 2. Lets discuss here in brief. In a p-type OFET, a negative source-gate
bias (V) accumulates a layer of holes at organic/dielectric interface. On applying
a negative Vg, charge carriers flow from source to drain and two different regions;
accumulation region near source and depletion region due to the pinch off the
channel near drain exist (schematically show in Fig. 4.1(a)). However, in positive
Vpg regime, working of the OFET is different from that in negative Vg regime.
When a positive instead of a negative bias is applied at drain, device structure
becomes quite similar to a hole only two terminal device (Fig. 4.1(b)). There are
however two key differences; (i) organic thin film is sandwiched laterally between
two metal electrodes whereas it is sandwiched vertically in two terminal devices.
(ii) An additional gate voltage is used to control the density of background charge
carriers in the device. Figure 4.1(b) schematically represents the working of the
same OFET in positive Vpg regime. In positive Vg regime, as drain is at higher
potential than source, holes are injected at the drain electrode and move towards
source i.e source and drain are interchanged. Further, in this regime, as there
is no pinch-off, no depletion region is observed within the channel rather only

accumulation region exists for the whole channel.
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Figure 4.1: Schematic representation of the working of a p-type OFET in (a) negative
Vps regime and (b) positive Vpg regime. In negative Vpg regime, two regions exist
within the channel; accumulation region and depletion region. However, in positive
Vpg regime, there is no depletion region rather only accumulation region exists for the
whole channel. (c¢) and (d) show the room temperature output characteristics (Ing—Vpg)
of pentacene thin film based OFET in negative and positive Vpg regime, respectively.
Mechanisms of charge transport in negative and positive Vpg regime seem different.
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4.4 Charge transport mechanism in negative Vpg regime

Figure 4.1(c) and (d) represent the resulting output characteristics (Ing—Vpg)
characteristic of pentacene thin film based OFET in negative and positive Vpg
regime, respectively. As discussed in chapter 1, in negative Vg regime, Ing—Vpg
exhibits two regions; linear region at small Vg and saturation region at high Vpg
due to the pinch-off the channel. However, in positive Vpg region, as there is
no pinch-off, no saturation is observed in Ipg — Vpg characteristics rather Ipg
increases non-linearly with Vpg (Fig. 4.1(d)). Ipg increases with Vg in both,
negative as well as positive Vg regime due to an increase in density of free holes.
Hence, charge transport mechanism in the OFET in positive Vpg regime seems
different from that in negative Vg regime. Detailed comparative study on charge
transport mechanism in negaive and posive Vpg regimes has been represented in

forthcoming sections.

4.4 Charge transport mechanism in negative Vg
regime

Figure 4.2(a) shows the Ing — Vpg on a log-log scale in negative Vpg regime.
Two regions; linear and saturation are observed clearly in Ipg— Vpg. @ has been
estimated by fitting the Ipg — Vpg characteristics in linear region as [26],

W Vi

Ips = p-Gi|(Va - Vr) Vps — =~ (4.1)
where C; is the dielectric capacitance per unit area and V is the threshold volt-
age. The room temperature mobility has been found to be 0.3 cm? /Vs, matching
well with the typical mobilities observed in other studies [27-30]. To understand
the charge transport mechanism in negative Vpg regime, p from Ipg — Vpg ac-
quired at different temperatures have been estimated and have been plotted in
Fig. 4.2(b). p at all gate voltages increase with temperature exhibiting Arrhenius
behavior, (i ~ exp(—Ea/kgT)). Hence, charge transport in this regime may be
described by the thermally activated hopping of charge carriers within the local-
ized states in GDOS. Inset of Fig. 4.2(b) shows that activation energy decreases
as V@ increases which is obvious. As gate voltage increases, injected charge car-

riers first fill the interface states if present and lower energy states that give rise
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Figure 4.2: Negative source-drain bias regime: (a)Ipg-Vpg on a log-log plot for a
pentacene thin film based OFET. Here, linear and saturation regions are clearly distin-
guishable. (b) Arrhenius temperature dependence of charge carrier mobility measured
at different V. Inset shows the variation of activation energy with the gate wvoltage.
Different symbols represent different values of the applied gate voltage, V.

108



4.4 Charge transport mechanism in negative Vpg regime

(a) c @ (b)
H 9

Figure 4.3: (a) Schematic representation of different dimers in ab-plane; P dimers along
a-azis, T1 and To, transverse dimers along digonals and (b) isosurface representing the
charge density distribution on HOMO of pentacene

to a threshold voltage. Then additional charge carriers start filling higher en-
ergy states in the GDOS shifting the Fermi level (Ep) towards the center of the
GDOS. Since, density of localized states increases as Fermi level shifts from tail
towards the center of GDOS, charge carriers occupying higher energy states need
less activation energy.

Next, we compare the experimentally observed mobility in negative Vpg
regime with the intrinsic mobility of pentacene in hopping regime. As discussed
in previous chapter, Marcus theory [12] is used to study intrinsic charge transport
in hopping regime. This theory describes the charge transfer between neighboring
molecular sites, ¢ and j as a self exchange reaction process and the rate of this

reaction kj; is given by,

2
ki = tﬂ T _oxp (- A ) & B (4.2)
TRV kT P\ kgT  “2kgT  16kgTA ‘

where A represents the strength of coupling of external charge with the lattice

phonon and is known as reorganization energy, t;;, the transfer integral, represents

ij»
the strength of electronic coupling between neighboring molecules which further
depends on the overlapping of orbitals of neighboring molecules. Hence, according
to Marcus theory, in order to calculate kjj, two parameters t;; and A have to be

calculated. If both the molecules involved in charge transfer are equivalent, term
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4.4 Charge transport mechanism in negative Vpg regime

(E; - Ej) can be neglected. From kj;, hopping mobility can be estimated using

the Einstein relation as [26],

eD
_ 4.3
H= T (4.3)
where
p-t 21 P 4.4
- ngj it (4.4)

J
and n is the space dimensionality, P;(= ki;/ >_kj;) is hopping probability of a
charge carrier corresponding to the hopping pathway, j.

Detailed discussion on the estimation of t;; and A has been presented in Chap-
ter 3. A is intrinsic property of a single molecule and is estimated by perform-
ing single point energy calculation on optimized geometries of neutral and ionic
molecule as [31]

A=[EL Ei)+(E E) (4.5)

where £ and E4 are the ground state energies of the molecule in the neutral state
and in the ionic state ("4’ and ’-’signs represent the cation and anion, respectively
) respectively. E is the energy of the neutral molecule in the optimized geometry
of the charged molecule and EllL is the energy of the charged molecule in the
optimized geometry of the neutral molecule. As it is related to the coupling of
external charge with the lattice phonon, it is preferred to be small. A has been
found to be 97 meV for a pentacene molecule.

Since, energy splitting in dimer method overestimates the magnitudes of inter-
molecular electronic coupling (as discussed in Chapter 3), because of ignoring the
non orthonormality of monomer orbitals. Dimer projection (DIPRO) [20] method
has been employed to estimate tj;, along all different dimers, lying in ab-plane of
pentacene ( 4.3(a)). In this method, t;; is directly estimated from the orbitals of
dimers and monomers, by projecting monomer orbitals on the dimer orbitals [20].
Thus non-orthonormality of frontier orbitals of monomers is taken into account.
tij estimated along dimers, P, T1 and Tg are listed in Table 4.1. Figure 4.3(b)
shows the distribution of charge density on the HOMO of pentacene. We observe
that HOMO is uniformly distributed over the all the benzene rings in pentacene.
Further, as H-atoms have no p-orbitals, they do not contribute to the m-orbitals
of HOMO. Further, using Eq. 4.2, 4.4 and 4.3, average mobility in ab-plane has
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4.5 Charge transport mechanism in positive Vpg regime

Table 4.1: Summary of experimentally observed and DFT calculated mobilities of pen-
tacene in hopping regime and different parameters that decide the efficiency of hopping
transport.

Hopping Transport

A ti;(meV) p (exp.) p (DFT)
P T, T,
97 | 57.74 65.38 68.46 0.15 1.8

been found to be 1.8 cm? /Vs. Predicted magnitudes of A | tij and p are compa-
rable with that estimated in previous studies in pentacene [32-34]. This should
be the highest mobility that can be achieved in hopping regime. The theoreti-
cally calculated mobility estimates are higher than the experimentally observed
values. This can possibly be attributed to the thermal and energetic disorder in

neighboring molecules that have not been taken into account in theory.

4.5 Charge transport mechanism in positive Vg
regime

Figure 4.4(a) represents Ipg as a function of applied positive Vpg on a log-
log plot. At small Vg, charge carriers injected from one electrode redistribute
themselves in such a way that they replace the holes flowing at the other. Hence
charge transport is contact limited and Ipg is governed by the thermally generated
free charge carriers in device, resulting in an Ohmic region in Ipg - Vpg. At high
bias, density of injected carriers increases and accumulation of holes creates a
space charge region. Ipg then increases non-linearly with Vpg due to space
charge limited conduction (SCLC) [35,36]. In SCLC regime, current exhibits a
power law dependence on voltage and power law exponent eventually increases

with bias due to field dependent mobility as proposed by Bassler et. al. [1].

o (F,T) = 2.0, T) exp | 7 (T) VF| (4.6)

where 1(0, T) is the zero field charge carrier mobility and v(T) is the field activa-

tion factor. Hence, in positive Vg regime too, there are two regions in Ing—Vpg;
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4.5 Charge transport mechanism in positive Vpg regime

Ohmic and SCLC.

Further, with increasing gate voltage, the background carrier concentration
in device increases. At higher gate bias more charge carriers need to be injected
from source to create a space charge, resulting into the weakening of SCLC at
higher V. Hence, as V¢ increases, crossover from Ohmic to SCLC takes place
at higher Vpg and eventually, only Ohmic region is observed for the whole range
of Vpg, high V. In SCLC region, mobility is estimated by solving the following

set of equations self consistently [37],

Ips =ep (x) u[T,F (x)]F (x) A (4.7)
aF (x) _ep (x)
&« (4.8)
L
Vps = /O F (x)dx (4.9)

Here A is the effective area of cross-section, p(z) is the density of charge
carriers at a distance = from the injecting electrode and €5 is the dielectric constant
of organic semiconductor. Room temperature mobility estimated in this way has
been found to be 48.3 cm? /Vs at a gate voltage of -80 V' which is almost two
orders of magnitude higher than that in the negative source-drain bias regime and
also higher than the hopping mobility limit set by Marcus theory. Surprisingly,
the order of magnitude matches well with mobilitiy values observed in ultrapure
single crystals of pentacene [38].

Next, to understand the charge transport mechanism in positive Vpg regime,
we have estimated p at different temperatures and different gate voltages. Fig.
4.4(b) shows the T" and Vg dependence of zero field mobility 1(0, T). We observe
that in positive source-drain bias regime, mobilities increase with temperature up
to ~ 280 K, beyond which mobilities start decreasing with temperature. Below
~ 280 K, charge transport must be limited by impurity scattering [26,39]. As
thermal energy of charge carriers increase with temperature, they spend less time
in the vicinity of the impurity and impurity scattering is reduced, resulting in the
improved charge transport at high temperature. Beyond ~ 280 K, the decrease
in mobility with the increase in temperature can be explained on the basis of

phonon scattering [26,39]. As the amplitudes of thermal vibrations (i.e phonon
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4.5 Charge transport mechanism in positive Vpg regime

Table 4.2: Summary of experimentally observed and DFT calculated mobilities of pen-
tacene in band transport regime and different parameters that decide the efficiency of
band transport.

Band Transport
Dp B me/mp g (exp) p (DFT)
eV GPa cm?/Vs  cm?/Vs
1.24 12.5 1.23 48.3 55.5

concentration) of lattice increase with temperature, scattering of charge carriers
with phonons also increases resulting a decrease in mobility at higher tempera-
tures. After fitting the mobility curves in the high temperature range according
to u(T) ~ T7, v has been found to be in the range 2.1 - 2.4. These values of
match well with those obtained for pure organic crystals, [2,40] highlighting the
role of phonon scattering in polycrystalline organic thin films. The role of thermal
fluctuations in intermolecular electronic coupling as suggested by Troisi et al. [9]
is ruled out by carrying out molecular dynamics simulations and evaluating the
temperature dependence of mobility in pentacene thin film phase. We observe no
signature of band-like transport from these simulations.

Further, room temperature mobility estimated from Ipg — Vpg in positive
Vpg regime is consistent with the band mobility values expected for single crys-
tals [38]. To support our experimental observations of band transport, we have
theoretically estimated the band mobilities of pentacene bulk phase [22] using
periodic DFT based calculations. Brillouin zone of pentacene with high sym-
metric k-points used in the calculation of band structure are shown in Figure
4.5(a). Brillouin zone is the primitive cell in reciprocal space equivalent to the
unit cell in real space. Figure 4.5(b) shows the distribution of charge density in
the surrounding of molecules in pentacene unit cell. Figure 4.5(c) shows the band
structure and density of states for pentacene bulk phase [41]. The band structure
calculations have been carried out in Brillouin zone connecting the different high
symmetry points, X, M, Y, Z with the internal coordinates being (0,0,0), (0.5,0,0),
(0.5,0.5,0), (0,0.5,0) and (0,0,0.5) in units of (27 /a; 27 /b; 27w /c), respectively. As
there are two molecules in equivalent configuration in pentacee unit cell, each
band in band structure is composed of two subbands. Pentacene shows a direct

band gap at I' to be 0.70 eV which is lower than the experimentally observed one
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4.5 Charge transport mechanism in positive Vpg regime

Iys (A)

Figure 4.4: Positive source-drain bias regime: (a) Ing-Vpsg on a log-log plot for
a pentacene thin film based OFET. Ipg-Vpg characteristics are similar to two termi-
nal devices i.e. initial Ohmic region and then field dependent SCLC. However as Vg
increases SCLC starts weakening and approaches Ohmic region for the entire range of
Vps. (b) Temperature dependence of charge carrier mobility measured at different Vg
in positive source-drain bias regime. Dashed lines are used to connect the different data
points at same V¢ and solid lines represent fitting according to the power-law (u ~ T77)
at high temperatures. Different colored symbols represent different values of the gate
voltage, Vg .
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4.5 Charge transport mechanism in positive Vpg regime

(2.2 €V) [42]. This is a common drawback of DFT however, it does not affect the
accuracy of transport parameters estimated from band structure because, trans-
port parameters are estimated from the slope of the valence or conduction band
and not from the band gap.

From band structure, carrier mobility can be estimated as [34],

et
= 4.10

= (4.10)

So there are two main parameters to be determined; effective mass (me) and

relaxation time (7). Effective mass has been calculated from band structure

d?BE(k
as [34), me = 12 ( 40

acoustic deformation potential and follows as [43],

. The relaxation time has been estimated using the

1B
(27kgT)"/2m1/2D,,

T =

(4.11)

where B is the bulk modulus and Dy, is the accoustic deformation potential. B

and Dy, can be given by [43],

O°E
0

Vi being the equilibrium volume of the unit cell and

_ 1 9Ey¢
PV 0(AV)

(4.13)

where AV represents the change in the volume of pentacene unit cell and Ey is
the energy difference between the core level and top of maximum valence band
for hole transport. As localized 1s level is not sensitive to the slight lattice
deformation, it can be used as energy reference to obtain the absolute band energy
change for valence band maximum (VBM). This energy difference between the
VBM and 1s level is plotted against the fratcional change in volume to obtain
Dp. Then band mobility, estimated using Eq. 4.10 has been found to be 55.5
cm? /Vs and is listed in Table 4.2, with all the other parameters. This should be

highest band mobility that can be achieved in pentacene. This crossover from
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Figure 4.5: (a) First Brillouin zone for crystal structure of pentacene in reciprocal lat-
tice. (b) Distribution of charge density in the surrounding of molecules in pentacene
unit cell. (c) Calculated band structure and density of states of pentacene using pe-
riodic DF'T calculations. Different high symmetry points are represented in units of
(2m/a, 27 /b, 2w /c) along certain directions as I' = (0, 0, 0), X = (0.5, 0, 0), M = (0.5,
0.5, 0), Y = (0, 0.5, 0) and Z = (0, 0, 0.5). Zero of energy has been set at the valence
band maximum.
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4.6 Estimation of Ep

hopping transport in negative Vpg regime to band-like transport in positive Vpg
regime can be attributed to the shifting of the Fermi level (explained below)
from tail towards the center of GDOS. This can be further shown by analytically

estimating the positions of Ep in negative as well as positive Vg regime.

4.6 Estimation of Ep

The positions of the Fermi level in both regimes can be analytically estimated
as follow. The total charge concentration in the channel at a spatial position z

(distance from the injecting electrode) can be written as:

Ptot (X) = pr + PG + Pps(X) (4.14)

where p¢ is the concentration of thermally generated free charge carriers and
pe and ppg(x) are the charge carrier concentrations injected by the gate and
source-drain bias, respectively. In the negative source-drain bias regime, when
the gate bias is larger than the source-drain bias, ptot, using gradual channel

approximation can be written as [44],

X
Prot(x) = pr + i (Vi ~ Vs fet (4.15)

where ¢ is the thickness of the accumulation layer and has been take to be 10 nm.
When source-drain bias approaches the gate voltage, channel is depleted and the
Fermi level lies in the deep localized states below the equilibrium level (—02 /kgT,
o being the width of GDOS), resulting into low values of mobility.

In the positive source-drain bias regime, at low bias, injected carrier concen-
tration is equal to the extracted one and the transport is injection limited. Then
total carrier concentration and position of the Fermi level is decided by the gate
voltage i.e.

Ptot = Po + CiVg/eh (4.16)

At high bias, all the charge carriers injecting at one electrode are not balanced
by those extracting at the other, resulting accumulation of charge carriers. Then
pps(x) may be estimated as follows [26,45]. From Eqs. 4.7 and 4.8, at a spatial

position, x’ from source, it can be written that

117



4.6 Estimation of Ep
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Figure 4.6: Estimated Fermi level (Eg ) within the channel as a function of the distance
taken from the source in (a)negative Vg regime and (b)positive Vpg regime. |Va| and
|Vpg| have been kept fixed at 40 V and 60 V, respectively.

F (¥
Ipg = p [T, F (¥')] €sAF (x) d( ,) (4.17)
X
after integrating spatially from 0 to x and putting boundary condition (F(0) =
0), we get,
2Ipgx
Fx)=4——rrr—+— 4.18
T e )
Now, in SCLC regime Ipg can be given as
9 V2
Ips = gi[T.F (x)] s L%S (4.19)
putting this value of Ipg in Eq. 4.19 and solving for F(z), we get,
F( )_§ 1&& (4.20)
X) = 2X L3 .
Finally, putting the value of F(x) in Eq. 4.8, p(x) can be given as
p(x) = 3Vpgesx 1/2/413/2 (4.21)

This is actually the Ppg that is defined in Eq. 4.14
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pps (%) = €s3Vpgx +/2/4L3/2 (4.22)

and total carrier concentration is given by Eq. 4.14. Dependence of the Fermi

level on the carrier concentration is given by [37],

o0

/ f(E,Er) g (E) dE = ptot (4.23)

-0

where f(E,Ep) = [1 + exp(Ep — E)/kgT] !, is Fermi function, exhibiting the en-
ergetic distribution of the charge carriers at thermal equilibrium. g(E) represents
the GDOS in HOMO of the organic semiconductor given by [37],
E2
g(E) = (NV /\/zm) exp(- 5 5) (4.24)
Ny is effective density of states in the HOMO. Hence, position of Ep depends on
three parameters; (i) spatial position (x) between source and drain (ii) magnitude

of negative or positive Vpg i.e. |Vpg| and (iii) magnitude of V. Lets examine

the effect of each of these parameters separately.

4.6.1 Dependence of Ef on £ when Vpg and Vg are fixed

If Vpg and Vg are fixed then positional dependence of Ep in positive and
negative Vpg regime can be estimated as follow. In negative Vpg regime, there
are two regions: linear (for Vpg < V) and saturation (For Vpg > V). In linear
region, for a fixed Vg and Vpg, total carrier density as a function of z can be
estimated using Eq. 4.15 and corresponding Ey can be estimated from Eq. 4.23.
Variation in Ep as a function of z in linear region has been shown in Fig. 4.6(a).
In saturation regime, Fermi level enters into the deep localized states in GDOS
and becomes almost constant (also shown in Fig. 4.6(a)).

As can be seen, in Fig. 4.6(a), in negative Vpg regime, Fermi level decreases
from source to drain gradually in accumulation region and becomes constant in
depletion region. However, in positive Vg regime, Ep varies in some different
manner with x when Vpg and Vg are fixed. In positive Vpg regime too, there

are two regions: linear and space charge region. Carrier concentration in positive
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Figure 4.7: Estimated Fermi level (Eg) at source and drain as a function of source-
drain bias for a fized |Vg| in (a) negative |Vpg| regime and (b) positive Vg regime.
Dashed and solid lines in (a) represent the positio of Fermi level at source and drain,
respectively.

Vpg can be estimated from Eqs.4.14, 4.16 and 4.22 and then Fermi level using
Eq. 4.23. Fermi levels in both regions as a function of x have been shown in Fig
4.6(b).

4.6.2 Dependence of Ep on Vpg when x and V@ are fixed

To examine the effect of source-drain bias on Fermi level, we estimate position
of Ep at two positions i.e. at source (x=0) and at drain (x=L) for a fixed V.
As source is grounded in negative Vpg regime i.e. V = 0 or Vpg=V, at source
contact, Ep does not depend on Vg and remains constant for a fixed Vg (Fig.4.7
). At drain contact (x=L), position of Fermi level depends on the relative values
of Vpg and Vg and can be estimated using Eq. 4.15 and 4.23. For a fixed Vg,
variation in Ep with respect to Vpg have been shown in Fig. 4.7. In positive
Vpg regime, voltage is applied at source (as discussed in Section 4.5). In Ohmic
region, as no accumulation of charge carrier takes place, Fermi level should remain
constant between source and drain for a fixed V. In space charge region, source
contact acts as a infinite source of charge carriers and hence Fermi level is quite
high, also obvious from Eq. 4.22. At drain contact, Er as a function of Vg has
been shown in Fig. 4.7(b).
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Figure 4.8: Estimated Fermi level (Ex) at source and drain as a function of |Vg| for
fixzed Vpg in (a) negative |Vpg| regime and (b) positive Vpg regime. Dashed and solid
lines in (a) represent the Fermi level at source ad drain respectively.

4.6.3 Dependence of Ep on Vg when z and Vg are fixed

Finally, we investigate the effect of Vg i.e. background carrier concentration
at source and drain when a fixed Vpg is applied. For negative Vpg regime,
positions of Fermi level with respect to Vg have been plotted in Fig. 4.8(a) at
source and drain contact. Dashed lines represet the fermi level at sourec wheras
solid line shows the position of Fermi level at drain. For positive Vg regime, as
source can provide infinite carriers, it is not possible to draw a Fermi level there.
Fermi lavel at drain has been plotted in Fig. 4.8(b).

We observe that in all the cases discussed above Fermi level in positive Vpg
regime lies above than that in negative Vpg. The density of occupied states is
high in the accumulation region and low in the depletion region, resulting in the
current being controlled by the low mobility region i.e. the tail of the GDOS. In
the positive source-drain bias regime, as there is no depletion region, the Fermi
level across the entire channel remains near the center of the GDOS. As Fermi
level moves from tail to the center of GDOS, density of localized states increases
continuously. Near the center of GDOS density of localized states is so high that
charge carriers require no activation energy to move to neighboring sites and move
like a wave. This would explain the band-like transport with higher mobilities in
positive source-drain bias regime in pentacene thin film based OFETs. Hopping

and band-like transport governed by two different sections of the GDOS have
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EF{band)

Er (hopping)

Figure 4.9: Schematic illustration of charge transport governed by two different sections
of the GDOS. When the Fermi level lies near the tail of the GDOS, transport is described

by thermally activated hopping. As the Fermi level moves towards the central region,
band-like transport becomes possible.

122



4.7 Conclusion

been schematically represented in Fig. 4.9.

4.7 Conclusion

In conclusion, by studying the characteristics of a pentacene thin film based
OFET in both negative and positive source-drain bias regime, we have shown that
different transport regimes can be observed in the same organic system. The large
difference in mobilities in positive and negative source-drain bias regime has been
explained on the basis of position of the Fermi level. In positive source-drain
bias regime, mobilities comparable with single crystal of pentacene have been
obtained due to the Fermi level lying near the center of the GDOS for the whole
channel. The above observations suggest that it is possible to observe band like
conduction in polycrystalline films provided that the Fermi level can be moved

into a region of high density of states.
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Chapter 5

Diffusion in organic thin film

Generally, charge carriers in organic semiconductors are localized in the tail of
the Gaussian density of states (GDOS) and make jump via thermal activation to
neighboring sites. Non-uniform distribution of charge carriers in GDOS is quite
possible. Due to density gradient, charge carriers start diffusing along with drift-
ing. Hence, diffusion of charge carriers should also be taken into account while
studying charge transport in organic semiconductors. However, estimation of dif-
fusion coefficient (D) in organic semiconductors is a non trivial task. Here, we
present a direct approach to determine D in disordered organic semiconductors,
using a metal/semiconductor/metal device structure with one ohmic and other
Schottky contact. First principle density functional theory (DFT) calculations

have also been employed to check the consistency of this approach.
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5.1 Introduction

Applications of organic semiconductors in modern electronics [1] necessitates
deeper understanding of the charge carrier transport mechanism in them. Typ-
ically charge carrier mobility (u) has been considered a key parameter [2; 3]
that characterizes the charge transport in organic semiconductors. However the
physics of organic semiconductors and organic devices cannot be explained on
the basis of mobility alone. Diffusion [4, 5] of charge carriers is another crucial
phenomenon that needs to be investigated in order to understand the transport
properties of organic systems and devices physics, thoroughly. In contrast to
inorganic semiconductors where ordered valence and conduction band exist, the
physics of organic semiconductors is governed by the positional and energetic
disorders in Gaussian density of states (GDOS). In disordered organic semicon-
ductors, charge carriers are localized in the tail of GDOS and charge transport
in these systems is understood in terms of discrete hopping events among these
localized states [6,7]. Due to the immobilization of charge carriers in these lo-
calised states, significant non-uniform carrier distribution exists, resulting diffu-
sive transport which may also affect the drift velocity of charge carriers. Hence
investigation on the process of carrier diffusion is essential for not only to achieve
deeper understanding on the device physics but also for developing new theoreti-
cal models. Further, as hopping transport in organic semiconductors is described
by the incoherent jumps of charge carrier from one site to other site, by ab-
sorbing a phonon, it is a relatively slow process and charge carriers can take
very long time to equilibrate. Thus disordered organic semiconductors must be
treated as systems under non-equilibrium conditions [8]. It has been accepted
previously [8,9] that for disordered semiconductors under non-equilibrium con-
ditions, an enhancement factor depending upon charge carrier density (p) and
temperature (7') should be included in classical Einstein relation [10]. There are
several theoretical and experimental methodologies to extract mobility [2,11,12]
however, determination of D is independently a complex problem as it is related
to the temporal distribution of the charge carriers.

Although some efforts have been gone experimentally and theoretically to-
wards evaluating the diffusion coefficient of charge carriers by; (i) Monte Carlo

simulation [4], (ii) fitting of experimental time-of-flight (TOF) data using dif-
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Figure 5.1: Schematic representation of energy level diagram in (a) Al/pentacene/Au
and (b) ITO/pentacene/Au based two terminal devices. In the middle, optimized struc-
ture of pentacene molecule has been shown.

ferent models for photo-current transient equation [13], (iii) using the shape of
electro luminescence transients in organic semiconductors [14]. Each of these
methods has its own limitation as follow; (i) active layer thickness required for
TOF experiments is typically several micrometers where as the film used in any
realistic devices are often two order of magnitude less than that, (ii) no sharp
TOF signal is observed in disordered organic semiconductor because of the pres-
ence of deep traps and large distribution of transport energy levels, (iii) the value
of 1 depend on the distance traveled by the photo-carriers excited by a UV light
pulse under an external dc field, (iv) at high value of the dc field applied, the u
and D become field dependent and as a result it is difficult to separate the effects
due to the material disorder from those induced by the field itself, (v) specific
injection contacts are needed in transient current technique, (vi) not all organic
semiconductor show electro luminescence, (vii) the typical electric field needed
in these cases are different than that of an operating devices. Moreover, most of
these methods are indirect and model based, forbidding the direct determination
of D, particularly in disordered systems.

Here, we present a relatively easy, nevertheless a powerful technique to de-
termine D, using the most fundamental device i.e. metal/organic/metal based
Schottky diode. Essentially, this method is based on current-voltage (J-V) and
capacitance-frequency (C-f) characteristics of organic Schottky diode.

The absence of metallurgical Ohmic contact and limited success in doping
of organic semiconductors [15] make organic devices critically depend on the

efficiency of current injection [16-18] from metal electrodes to organic layers.
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5.2 Experimental details

However in contrast to inorganic Schottky diode to achieve an organic Schottky
junction, following issues have to be considered; (i) the electronic energy levels
of the organic molecule and their relative position with respect to work function
of metal electrodes [19], (ii) chemical and electronic interactions [20] between
organic semiconductor and metal electrodes and (iii) the band bending [21, 22]
at metal/organic interfaces. It has been shown that except in few cases, [23,24]
vacuum level alignment (VLA), known as Mott-Schottky limit [19], is a good ap-
proximation for determining the barrier for holes and electrons at metal /organic
interfaces. Evidences of band bending by photoemission measurements remains
controversial [23,24] due to several reasons, such as surface charging, buried inter-
faces and ambiguity with thickness dependence. Further, rectification in current
when moving from reverse to forward bias does not confirm conclusively, the
band bending and formation of Schottky barrier in organic diode [25]. Modula-
tion of capacitance with bias in metal/organic/metal structure i.e. presence of
Mott-Schottky capacitance [26] which is observed due to band bending is also

essential.

5.2 Experimental details

We have chosen pentacene for our study. Due to simple chemical structure
and increasing applications in commercial electronics [27], pentacene can be con-
sidered as a representative for molecular organic semiconductor family. However,
similar techniques and analysis can be applied to other molecules also. The de-
vices in our study consist of a single layer of pentacene sandwiched between pair of
metal electrodes, Al and Au or ITO and Au. High purity (> 99.999%), triple sub-
limed pentacene, procured from Sigma Aldrich Chemical Co. USA have been used
for this study. Organic layers were deposited in an oil free evaporation system at
a base pressure of 2 x1070 Torr. All pentacene thin films have been deposited at
very low deposition rate of 0.1 A /s, in order to avoid structural disorder induced
defects as much as possible, as discussed before. Impact of growth parameters
on the trap concentration has been studied in Chapter 2 also. It is extremely
important to optimize structural disorders while fabricating Schottky diode as
they impede severely in achieving desirable J-V and capacitance-voltage (C-V')

characteristics. The J-V, C-V and C-f characteristics are measured in rough vac-
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uum (10’2 mbar) using Keithley picoammeter, voltage sources and Wayne Kerr
LCR meter.

Here, we have considered two hole only sandwiched devices, based on pen-
tacene i.e. Al/pentacene/Au and ITO/pentacene/Au. Pentacene is a hole trans-
port material with highest occupied molecular orbital (HOMO) and lowest oc-
cupied molecular orbital (LUMO) at 5.0 eV and 2.9 eV, respectively [28]. The
work functions of ITO, Al and Au are 4.8, 4.2 eV and 5.2 eV, respectively. Ac-
cording to Mott-Schottky VLA, there would be no barrier or negligible barrier at
Au/pentacene and ITO/pentacene interfaces, respectively but a significant bar-
rier of 0.8 eV exists for holes at Al/pentacene interface. Energy level diagram for
Al/pentacene/Au and ITO /pentacene/Au based two terminal devices have been
shown in Fig. 5.1.

5.3 J-V and C-V characteristics of two termi-

nal sandwiched devices

Figure 5.2(a) shows the room temperature characteristics of J-V and C-V
characteristics of Al/pentacene/Au based two terminal device under forward as
well reverse bias i.e when voltage applied at Au is positive and negative, respec-
tively. We observe high rectification of the order of ~ 10% in current when voltage
applied at Au is changed from negative to positive. In reverse bias (V < 0) cur-
rent is very low. J-V characteristics exhibit three different regions (Fig. 5.2(a)),
for different ranges of V. Region I: when V lies within the range, -3 <V < 0.3.
In this region, current increases with the magnitude of applied bias. Region II
lies in the range, 0.3 < V < 1, in which device shows diode like behavior i.e.
current shows exponential dependence on applied bias. Actually, V = 1.0 is the
built-in potential (V},;) due to the difference in the work functions of two metal
electrodes. Region III starts from V > 1 where dependence of current on volt-
age changes from exponential to power-law type. As shown before in Chapter
2, power law dependence of current on voltage is generally attributed to space
charge limited conduction (SCLC) [17,28]. Now, let us characterize the J -V
characteristics in different regions. As in region I, currents are only parasitic,

this region can be omitted. In region II, J-V characteristics could be well fitted
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5.3 J-V and C-V characteristics of two terminal sandwiched devices

(a)
NE DE
=2 2]
o [
E =
< 1
E
(b)
(c) 055
= 045
NE [
> [
o 035}

025}

40 06 02 02
ViV)

Figure 5.2: (a) Room temperature J-V (empty circle) and C-V (filled circle) characteris-
tics of Al/pentacene/Au based devices in which pentacene thin film has been sandwiched
between metal electrodes with one Ohmic and other non-Ohmic. Measuring frequency of
capacitance has been kept fixed at 200 Hz. In both, J-V and C-V characteristics, there
are three distinct regions, I, II and III. Solid line in region II represents fitting with
Mott Schottky relation (Eq. 5.1) for Schottky diode. (b) Illustration of band bending in
depletion region (left). Flat band condition is observed when V approaches Vy,; (right).
(¢) Shows 1/C?~V characteristics in region II. Linear dependence of 1/C% on Vreflects
the formation of depletion region in reverse bias.
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Figure 5.3: Room temperature J-V (empty circle) and C-V (filled circle) characteristics
of ITO/pentacene/Au based devices in which pentacene thin film has been sandwiched
between metal electrodes with both the contacts Ohmic. Measuring frequency of capaci-
tance has been kept fixed at 200 Hz.
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5.3 J-V and C-V characteristics of two terminal sandwiched devices

according Mott-Schottky relation [10]

=30 o (1)) (5.1)

where Jg = A" T2exp(~¢p/kpT) and known as saturation current, A* is called
the effective Richardson constant, ¢p is the Schottky barrier height, kg is Boltz-
mann’s constant, e is the electronic charge and ¢ is the enhancement factor that
discussed in Section 1.1 and known as ideality factor in organic semiconduc-
tors [9]. Value of ¢ is I in the thermionic theory of Schottky diode [10]. From
fitting the J-V characteristics in region II, according to Eq. 5.1, we get g = 1.8
in Al/pentacene/Au diode. In region III, J—V characteristics exhibits non-linear
behavior due to SCLC and could be fitted with Mott Gurneys square law [28]

9 (V- V)2

i = gu(Tes™——3

where 1(T) is the mobility of charge carriers and depends strongly on temperature

(5.2)

due to hopping transport, d is the thickness of the pentacene thin film and €g is the
dielectric constant of organic semiconductor. Hence, in region III, current follows
SCLC showing the power law dependence on applied bias with an exponent of
2 for low bias but the exponent increases at high bias due to field-dependent
mobility [6]. u(T), estimated by fitting J-V characteristics in region III, has
been found to be 1.3 x 1075cm2/Vs. Further, ¢g has been found to be greater than
1 in Al/pentacene/Au diode. It has been observed [8] in previous studies also
that in hopping transport in disordered organic semiconductors, g can deviate
from unity due to the broad distribution of localized states in GDOS. Hence,
classical Einstein relation, D/p = kgT/e is needed to be modified as [8,9,29],

D/p=gkpT/e (5.3)

should be applied in order to estimate D. Room temperature diffusion coefficient,
estimated in this way has been found to be 3.4 x107 cm?/s.

Hence, we are able to obtain D for disordered organic semiconductors. How-
ever, these parameters would give accurate results provided the formation of

depletion region due to band bending at metal /organic interface can be estab-
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5.3 J-V and C-V characteristics of two terminal sandwiched devices

lished. As discussed earlier, asymmetry in J-V characteristics can be observed
without the formation of depletion region also. To confirm the formation of de-
pletion region, C-V characteristics of the same Al/pentacene/Au diode has also
been shown in Fig. 5.2(a). Similar to J-V characteristics, three distinct regions
can also be observed in C-V characteristics. For C-V characteristics, we define
the range of applied voltage for region I to be -3 > V < 1. In the reverse bias
(V < 0), capacitance decreases as the magnitude of the applied bias (|V]) in-
creases. In forward bias region (0 < V < 1), capacitance increases with voltage.
This decrease and increase in capacitance with reverse and forward bias, respec-
tively, confirms the presence of depletion region due to band bending [30]. In
this region, capacitance Cy of a Schottky diode as a function of V' can be written
as [10],

0.5A2e6sN 5 \ /2
P G4
bi

where N is the acceptor concentration. Positive and negative signs give the
capacitance in reverse and forward bias, respectively. When V' becomes equal
to Vy,; depletion region is collapsed and the situation is known as the flat band
condition. Under this condition depletion capacitance diminishes. Then a peak
in C-V characteristics should be observed at Vy;, due to the combined effect of
dropping off the depletion capacitance and subsequently increase of the diffusion
capacitance [31] (will be discussed in forthcoming section). In Fig. 5.2(a), a
peak due to the collapse of depletion region has been observed at V. =1+ 0.05V
in C-V characteristics. Hence, from C-V characteristics V}; is obtained to be
1.0 + 0.05V which is equal to the difference in work functions of two metal, Au
and Al. This further illustrates that intrinsic properties of organic molecules
(chemical structure etc.) do not play any role in determining the Vy,;. Except,
electronic energy levels (HOMO and LUMO) of organic molecules and metal
work functions need to be engineered, in order to fabricate a perfect Schottky
diode. Also, growth conditions of thin film need to be optimized, to avoid the
extra localization of charge carriers by structural disorder induced defects and
metal/molecule interface. Further, in region I, if we plot 1/ (2 as a function of
applied bias, it should be a straight line (Eq. 5.4). 1/C? -V plot has been shown
in Fig. 5.2(b) and a straight line also confirms the band bending and presence of
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5.3 J-V and C-V characteristics of two terminal sandwiched devices

depletion region in Al/pentacene/Au diode. Hence, we conclude from this section
that organic Schottky diodes can be successfully used to determine D.

For comparison, we have also fabricated ITO/pentacene/Au based hole only
devices with both the contacts Ohmic. Resulting J-V and C-V characteristics
have been presented in Fig 5.3. In ITO/pentacene/Au based device, both the
contacts act as Ohmic, due to either no barrier at Au/pentacene or negligible
potential barrier of 0.2 eV at ITO/pentacene interface for hole injection. We
observe that J-V characteristics does not show rectification in forward bias region
(V > 0), rather they are symmetric. Three distinct regions which we observed
in asymmetric device (Al/pentacene/Au) are not exhibited in symmetric device
(ITO/pentacene/Au). There is no distinguishable region in which current shows
exponential dependence on V. Rather, for both positive and negative applied bias
at Au, current shows the power law dependence on V, due to SCLC. Further, slope
increases with bias for both positive and negative V, due to the field and carrier
concentration dependence mobility (u[T, P, F]), suggested by Pasveer et al. [32].
J-V characteristics to determine u[T, P, F| have been discussed in Chapter 3 and
need not to be solved here again. SCLC is generally exhibited by low mobility
semiconductors when metal electrode supplies more charge carriers than that can
be transported by the semiconductor in device. Then a space charge is created
due to accumulation of charge carriers injected by metal electrode and leads to
SCLC in semiconductors. Similar to current, capacitance also show symmetry
with respect to forward and reverse bias and three regions disappear in C-V also.
No peak in C-V characteristics is observed, rather, capacitance increases with
bias for the whole range of V' which further shows that no depletion region is
formed when both the contacts are Ohmic. Hence, accumulation of charge for
both positive and negative applied bias on Au, gives the capacitance in this region
which increases with bias and is known as diffusion capacitance [31].

Further, J-V and C-V characteristics in symmetric devices (ITO/pentacene/Au)
for the whole range of positive and negative voltage, can be considered to be equiv-
alent to those in region III (SCLC region) in asymmetric devices (Au/pentacene/Au)
and contribution to capacitance comes from the diffusion capacitance also. Dif-
fusion capacitance (Cg;g) is correlated with corresponding J-V characteristics
as [31]

d(Jym)

Caift = T7—57 (5.5)
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Figure 5.4: Room temperature C-V characteristics of Al/pentacene/Au based Schottky
diodes measured at different frequencies. In SCLC region, capacitance decreases with
increasing frequency whereas in depletion region, no significant variation in capacitance
with respect to frequency has been observed.

This explains the origin of capacitance in SCLC region in asymmetric and sym-
metric devices.

Finally, as there is no exponential dependent region in J-V characteristics,
it is not possible to estimate ¢ for symmetric devices and hence, these devices
cannot be used to estimate D. This discussion further demands the Schottky
barrier at one contact and consequently formation of depletion region due to band
bending. It has been shown [33] in previous study that space charge created due
to the accumulated charge gives rise to the frequency dependence of electrical
characteristics. This may be helpful in investigating charge carrier dynamics in
organic devices. Hence, to study how C in SCLC region depends on frequency

(f), we have investigated C-V characteristics at different f.
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5.4 Dependence of C-V characteristics on fre-

quency

To observe the frequency dependence of C-V characteristics for depletion and
diffusion capacitance, we have shown C-V characteristics of Al/pentacene/Au at
different frequencies in Fig. 5.4. It can be observed in Fig. 5.4 that diffusion
capacitance decreases as the frequency increases whereas depletion capacitance
does not show significant variation with frequency. Reduction in diffusion capac-
itance with increasing frequency can be explained as follow. At high frequency,
relaxation time of charge carriers in organic semiconductors increases due to low
mobility, hence organic devices cannot respond as well at high frequencies, leading
to low value of capacitance. In reverse bias, contribution to capacitance comes
from the depletion region, hence capacitance does not get affected by frequency
of ac signal. Further, as the frequency increases, height of the peak in C-V
characteristics decreases but the position of peak remains same.

Till now, we have estimated D in organic semiconductors from J-V charac-
teristics using generalized Einstein relation and formation of a perfect Schottky
diode is also shown in previous sections. In next section, we will show that C-
f characteristics in SCLC region individually can be employed, to estimate D.
However, in depletion region, as capacitance does not change significantly with

frequency, it is not possible to determine D from C-f characteristics in this region.

5.5 Frequency dependence of C-f characteris-
tics in depletion and SCLC region

C-f characteristics of Al/pentacene/Au diode for a fixed bias of 2 V' (empty
squares) and -2 V' (empty circles) have been shown in Fig. 5.5, in order to inves-
tigate the variation of capacitance with frequency in SCLC and depletion region,
respectively. At a applied bias of 2 V i.e. in SCLC region, capacitance decreases
as the frequency increases upto a characteristic frequency f; &~ 3 x 103571, beyond
that it becomes almost constant. However, in depletion region (V = —2V), ca-
pacitance remains almost same for the whole range of frequency. This has been

explained in previous section that decrease in diffusion capacitance at higher fre-
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Figure 5.5: Frequency dependence of capacitance in depletion region (empty circle) and
in SCLC region (empty square). Solid line is to show the variaion of C with f clearly.
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Figure 5.6: Temperature dependence of J-V characteristics of Al/pentacene/Au Schot-
tky diodes fabricated at 0.1 A /s.

quency is attributed to the increase in relaxation time in organic semiconductor
and injected charge carriers are not able to rearrange themselves in order to fol-
low the frequency of the ac signal. As in SCLC region, significant contribution to
capacitance comes from diffusion capacitance, the frequency at which the capac-
itance in forward region becomes constant i.e. f; should correspond to the charge
carrier relaxation time 7 in pentacene. If 7 is known, D can be determined using

a very fundamental formula of diffusion coefficient [34],
D =d%/r (5.6)

d, being the thickness of pentacene thin film. f; ~ 3 x 103571 gives 7 = 3.3 x 10745
and then using Eq. 5.6, D has been found to be 8 x 1077cm2/s, consistent with
the vlaue obtained from J-V characteristics.

Next, we investigate how D varies with temperature. For this we performed

temperature dependent measurements for J-V characteristics.
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5.6 Evaluation of temperature dependence of D

To understand the carrier dynamics in organic Schottky diode and to esti-
mate the temperature dependence of D, we have plotted J-V characteristics of
Al/pentacene/Au diode at different temperatures in Fig. 5.6. We observe that
the two regions, II and III exhibiting diode-like characteristics and SCLC, respec-
tively, can be distinguished clearly at high temperatures. However, as tempera-
ture decreases, II region starts merging with the III region. It means that Schot-
tky junction starts weakening as we go to lower temperatures i.e depletion region
does not form at sufficiently low temperatures because as the thermal energy
of holes is low, they get neutralized by the acceptors in organic semiconductor.
Further, ¢ and p at different temperatures have been estimated independently
from IT and III regions of J-V characteristics, respectively and then D using
generalized Einstein relation have also been estimated at different temperatures.
Variations of ¢, p and D with temperature have been shown in Fig. 5.7. p and
D, decrease with temperature but g increases i.e. the ratio D/u increases.

Decrease in p and D with temperature is obvious due to the decrease in
thermal energy of charge carriers. However, increase in D/u can be explained
as follows. Charge transport in organic semiconductors is characterized by two
energy levels i.e. equilibrium level (Eeq = ~02/kpT, o, being the width of GDOS)
and a transport level (Ey; = ~5/902/kgT) [35]. Eeq and Eyy are the levels to
which charge carries relax and hop, respectively. At high temperature, a small
deviation from unity in D/pu is observed because charge carriers have sufficient
thermal energy to hop to Et;. Hence, a number of charge carriers contribute to
drift transport, resulting in small deviation in D/u. However, as temperature
decreases, D/ increases continuously, due to the enhanced diffusion of charge
carriers. Because, at low temperature, Eeq lies deeper in the tail of GDOS than
that at high temperature. Hence, less number of charge carriers hop to E¢; and
accumulation of charge carriers having non-uniform distribution takes place in
the tail of GDOS. Due to the charge density gradient, large fraction of charge
carriers contributes to diffusive transport, leading to a high value of D/u . It
means that as the temperature is lowered, diffusive transport relative to drift

starts dominating. Eeq and Et for low and high temperatures have been shown
in Fig 5.8.
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Figure 5.7: Temperature dependence of (a) g, (b) D and (c) p, in Al/pentacene/Au
device.

Figure 5.8: Schematic representation of two charge transport governing energy levels,
Eeq and Et; in GDOS, at high and low temperatures. Both levels move towards the tail
of the GDOS at low temperatures.
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Further, D and p show the Arrhenius-type temperature dependence, as shown
in Fig. 5.7. Activation energies for diffusion (Egig) and drift (Eqy¢) have been
estimated to be 114 meV and 122 meV, respectively. Activation energies for drift
and diffusion are found to be comparable with each other however, Eq,;¢ is little
bit higher than Eg;¢ and this also reflects the significance of diffusive transport
in organic semiconductors.

Although, two methods have been presented to estimate the diffusion coef-
ficient in organic semiconductors and congruence of the values of D from these
two methods also establishes the significance of this simple method. To corrob-
orate the experimental results, Marcus theory [36,37] is used to estimate charge
transfer rates (kj;) and intrinsic mobilities (x4 )in hopping regimes. Surprisingly,
it can be efficiently used to estimate D. For this, we have used the first-principle
density functional theory (DFT) in the same manner as discussed in Chapter 3,
to estimate kjj. As, we have used two terminal sandwiched devices to estimate D,
it corresponds to diffusion of charge carriers along c-axis. Along this direction, as
there is only one significant dimer, that decides charge transport in two termial
devices. Hence kj; and D have been estimated along this direction only and have
been found to be 1.43 x10Ms T and 1.02 x10 %cm?/Vs. Intrinsic D estimated
in this way is little higher in magnitude than that observed experimentally and
attributed to the non inclusion of thermal and energetic disorders in theoretical

calculations.

5.7 Conclusion

In summary, diffusion of charge carriers is a crucial phenomenon and cannot
be ignored when studying and modeling charge transport in organic semiconduc-
tors. J-V and C-f characteristics of a two terminal device can be independently
employed to determine D in disordered organic semiconductors provided one of
the two terminals of the device should provide a near perfect Schottky barrier by
the presence of depletion region due to band bending. Consistency in the mag-
nitudes of D estimated using two methods establishes that generalized Einstein
relation is required for organic semiconductors having broad distribution of den-
sity of states. Theoretically estimated D using DFT is also found to be consistent

with those observed experimentally.
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Chapter 6

Conclusions

Understanding the elementary process behind the complex charge transport
in organic semiconductors is essential to optimize the performance of organic de-
vices. In this thesis, we have presented systematic experimental and theoretical
investigations on charge transport mechanism in organic molecular semiconduc-
tors and tried to correlate the macroscopic charge transport parameters with mi-
croscopic molecular parameters. It seems that current classification of mechanism
of charge transport on the basis of degree of crystallinity of the semiconductors
is not valid and a generalized theory based on degree of localization of charge

carriers should be developed.
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6.1 Summary

The work presented in this thesis is motivated by emerging research in organic
semiconductors due to their several advantages such as large area fabrication, low
cost, easy processing, possibility of fabrication on flexible and transparent sub-
strates etc. These properties of organic semiconductors lead to their enormous
applications in electronic and opto-electronic devices. Despite the phenomenal
progress in organic semiconductor based electronics in last few years, consid-
erable debate is going on very fundamental issues regarding the charge carrier
transport in these materials. This thesis is focused on a comprehensive investi-
gation on the charge transport in organic semiconductors from both macroscopic
and microscopic views. Systematic experimental and theoretical studies have
been performed to pursue the purpose.

In Chapter 2, we have systematically investigated the charge transport mech-
anism in copper phthalocyanine (CuPc) based polycrystalline organic thin films,
with and without traps. Density of trap in CuPc thin films has been controlled by
engineering different growth conditions. Surface morphology of CuPc thin films
grown at low substrate temperatures (Tq) of 40°C exhibits polycrystalline grainy
structure with almost equal sized grains (40-60 nm) and a large number of grain
boundaries. These grain boundaries act as traps for charge carriers and hinder
the charge transport in organic thin films. On the other hand, surface morphol-
ogy of thin films grown at high Tq of 120°C shows anisotropic nanowire like
structure with very less or negligible grain boundaries, hence provides a smooth
path for charge carriers to move in thin film. To investigate the charge transport
in CuPc thin films with and without traps, we have fabricated two terminal and
three terminal based devices. Current-Voltage (J-V') characteristics of two ter-
minal devices (ITO/CuPc/Au) fabricated at low T could be well fitted to trap
charge limited conduction (TCLC). Further, to confirm the existence of traps in
CuPc thin films grown at low T, capacitance-frequency (C-f) and capacitance-
temperature (C-T) characteristics of Al/CuPc/Au based Schottky diodes have
been measured. A step in (C-f) and (C-T') characteristics confirms the existence
of trap in CuPc thin films grown at low T¢. On the other hand, C-f and C-T
characteristics of Al/CuPc/Au based Schottky diodes in which CuPc thin films

are grown at high T, don’t show any peak and hence no distribution of trap
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has been obtained. Further, J-V characteristics of ITO/CuPc/Au two terminal
devices based on CuPc thin films grown at high T follows field-dependent space
charge limited conduction (SCLC), rather than TCLC. This further supports
for the absence of traps in CuPc thin films grown at high Tqg. Next, to study
charge transport mechanism thin film parallel to film surface, we have fabricated
organic field effect transistors (OFETs) with CuPc thin films with and without
traps. To study the conduction mechanism, we have plotted the charge carrier
mobilities (u) as a function of temperature (7') and gate voltage (V), separately,
for the OFETs with and without traps. Dependence of 1 on Vg and T shows
that multiple trapping and release (MTR) model can be applied to explain the
charge transport in OFETSs based on polycrystalline CuPc thin films with traps
whereas percolation model (PM) can explain charge transport in OFETs without
traps. Finally, we conclude that chareg transport mechanism in polycrystalline
thin films of CuPc with and without traps are completely different whether charge
transport is considered parallel or perpendicular to the substrate.

It is extremely important to investigate the trap and their role on charge
transport thoroughly, because to investigate the role of microscopic parameters
on the charge transport would be a futile exercise unless the thin films have
negligible traps.

In Chapter 3 we have shown that though, optimization of surface morphol-
ogy and crystalline quality of organic thin films is required, in order to get the
maximum mobility in devices however, physics of charge transport cannot be un-
derstood on the basis of surface morphology and crystalline quality dependence
of mobility. Here, we have investigated charge transport in anisotropic (pen-
tacene) and isotropic (phthalocyanines) molecules using both macroscopic and
microscopic approaches. To study charge transport from macroscopic view, we
have fabricated devices in different configurations with the same organic thin film
of pentacene grown under optimized conditions and then devices in same config-
uration but with different organic thin films of phthalocyanines. Large difference
in magnitudes of mobility in pentacene thin film, parallel and perpendicular to
the film surface has been observed. Similarly, difference in mobilities in different
phthalocyanines thin films parallel to the surface have been observed in spite
of identical surface morphologies and X-ray diffraction patterns. To explain the

origin behind this anisotropy in mobility, we have performed first principles den-
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sity function theory (DFT) calculations for the different dimers in unit cells of
pentacene and phthalocyanines. Anisotropy in the mobility of pentacene in two
terminal and three terminal devices has been explained on the basis of strong
coupling between dimers in the plane parallel to the thin film surface and weak
coupling between the dimers along the perpendicular to the film. Difference
in mobilities in different phthalocyanine based OFETs has been attributed to
the different chemical structures of phthalocyanines. Thus a correlation between
macroscopic mobility and microscopic molecular parameters has been established.

In Chapter 4 we have investigated the fundamental mechanism behind the
localization of charge carriers in organic thin films that leads to thermally acti-
vated hopping of charge carriers in polycrystalline thin film based OFETs. For
this we have studied the conduction in pentacene thin film based OFETSs in both
negative as well as positive source-drain bias (Vpg) regime. In the negative Vg
regime, room temperature mobility is found to be 0.3 cm? /Vs consistent with
the mobility of pentacene in hopping regime. Arrhenius-like temperature depen-
dence of mobility in negative Vg regime also confirms the hopping transport in
pentacene thin films. Surprisingly, when a positive instead of negative Vpg is
applied, OFETs become identical to the two terminal device with the difference
that background carrier concentration can be controlled by an additional V¢ in
OFETs. Ipg — Vpg characteristics at different Vg are also found to be similar
to that of a hole only device i.e initially Ohmic and then SCLC. Room temper-
ature mobility has been found by fitting the Ipg — Vpg characteristics according
to field dependent SCLC and found to be 48.3 cm?/Vs consistent with band mo-
bilities in pentacene. Further, in positive Vg regime mobilities exhibit negative
temperature coefficient at high temperature, confirming charge transport limited
by phonon scattering. The mechanism behind a crossover from localized charge
transport in the negative Vpg regime to delocalized charge transport in positive
Vpg regime can be explained by the position of Fermi level. In the negative Vpg
regime, Fermi level lies in the tail of the Gaussian density of states (GDOS) due
to the depletion region formed from pinching off the channel near drain contact
however, Fermi level lies near the center of GDOS in positive Vpg regime due
to absence of depletion region. As density of localized states increase as Fermi
level moves from tail towards the center of GDOS, charge carriers need lesser

activation energy to hop to neighboring sites. In the center of GDOS density of
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localized states is so high that charge carriers need no activation energy and they
move as a delocalized wave. Hence, it is possible to observe, both the hopping
and the band-like transport in the same organic system.

In Chapter 5, a simple and direct method to estimate diffusion coefficient (D)
of charge carriers in organic semiconductors has been presented, by using simple
two terminal sandwiched devices. As, in organic semiconductors charge carriers
are localized in the tail of GDOS and move to neighboring site by phonon as-
sisted tunneling, non-uniform charge distribution exists leading to diffusive charge
transport along with the drift motion. J-V and C-f characteristics of a two termi-
nal device can be independently employed to determine D in disordered organic
semiconductors provided one of the two terminals of the device should provide a
Schottky barrier by the presence of depletion region due to band bending. Con-
sistency in the magnitudes of D estimated using two methods establishes that
generalized Einstein relation is required in organic semiconductors having broad
distribution of density of states. Theoretically estimated D using DFT is also

found to be consistent with those observed experimentally.

6.2 Scope for future work

Although, we have presented a detailed investigation on charge transport in
organic semiconductors and tried to correlate charge transport with microscopic
molecular parameters, there are still some issues regarding the basic mechanism
of charge transport in these systems and should be further debated.

(i) Development of a generalized theory that classifies the different regimes
of charge transport on the basis of degree of localization of charge carriers rather
than on the degree of crystallinity of organic semiconductors. As the mobility
is measured in plane and perpendicular to plane, similar anisotropy in diffusion
coefficients needs to be carried out.

(ii) More investigation on the diffusion of charge carriers in organic semi-
conductors is required as two terminal devices used in this study estimates the
diffusion coefficients along the direction perpendicular to the film surface.

(iii) Detailed molecular dynamics simulations at different temperatures need

to be carried out to find out diffusion barrier to compare with experimental values.
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