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2.3 Organic semiconductor used in this research

In the present research, I report my studies on the performance of OTFTs using
two different organic semiconductors which are both XRCC products. The first one is a
regiolegular polythiophene which is a promising class of solution-processable p-type
organic semiconductor (30). The charge carrier transport in regioregular polythiophenes
is two dimensional, which happens in the plane with respect to the substrate (31). Their
molecular edge-on orientation in these materials improves the in-plane charge transport
which leads to high charge carrier mobility. The polythiophene backbones can be
considered as the mesogen of liquid-crystal molecules, and the alkyl side chains, their
flexible tails (32). Following figure is molecular structure of poly (3.3 -

didodecylquaterthiophene), PQT-12, which has been used in this research.

PQT-12

Figure 6. The PQT-12 molecular structure.

Another organic semiconductor used in this research is based on
diketopyrrolopyrrole (DPP) as an electron acceptor with long alkyl chains in order to
improve the solubility of the polymer in such organic solvents like chloroform,
dichlorobenzene, etc. This polymer has been combined with thieno [3,2-b]thiophene
(TT) as a donor. Therefore the resulting copolymer has ambipolar transport
characteristic with mobility up to 1.0 cm?*/Vs. In the present research I investigated the
p-type characteristics of DPP-TT (33). The following figure shows the molecular
structure of polymers used in DPP-TT semiconductor and its actual molecular structure.
Two different alkyl chains are connected to the nitrogen atom in DPP part in order to
increase the solubility of the resulted polymer in an organic solvent such as

dichlorobenzene.
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Figure 7. Molecular structure of a. diketopyrrolopyrrole (DPP), b. thieno[3,2-b]thiophene (TT) and c.
DPP-TT.

2.4 Cross-linking process in organic semiconductors

Cross-linking is the process of chemically connecting molecules by covalent or
ionic bonds and making long and functional molecular chains from the small ones. In
this method by introducing secondary bonds between adjacent molecular chains, one
can increase the mechanical and chemical stability and strength of the material. It is
desired and also challenging to keep the initial properties of the impacted surface.

Cross-linking can be achieved by physical modifications such as flame, plasma,
UV, laser treatments and also by chemical reactions between added cross-linking agents
and the polymer matrix (e.g. vulcanization of natural rubber with sulfur). In all
techniques a source of energy is needed to overcome the energy barrier of existing

bonds to break them and make radicals which tend to re-bond. In organic materials it is



of interest to cleave C-H bonds and knock the hydrogen atoms off the surface and make
carbon radicals.

Some photons with short wavelength (A < 400 nm) are energetic enough to
activate many chemical reactions in the target. For example UV lamps are widely used
for polymer surfaces treatments and one of the applications is photon-activated cross-
linking. Lasers are also photon sources with characterized energy and intensities which
can be significantly high (microwave range) are also used for treating polymer surfaces
to cause cross-linking and grafting. All the high energy photon treatments include
generation of radical sites at the surface which are not just carbon radicals as they are
energetic enough to knock heavier atoms off the surface. These radical sites lead to
cross-linking and also oxidization of the surface due to the presence of atmospheric
oxygen. With the purposes of keeping the initial chemical properties of the surface; this
process is not desirable. For example, it can change the surface energy of the surface.

Plasma can also be used to cross-link the polymeric films. In these methods the
polymer surface is exposed to gaseous plasma powered by one of the direct current,
alternative current and radio frequency or microwave irradiations. However, cross-
linking is just one of the processes occurring during the plasma exposure. The chemistry
and physics of plasma treatment is very complicated and many bond-breaking processes
can take place and compete with the cross-linking process and decrease its rate. lonized
particles in the plasma can accelerate in the electric field and generate large amount of
electrons and other ions with several electron volt energy. These secondary particles
frequently collide with other particles and polymer surface making excitation and bond
dissociation. The relaxation of these species emits energy either and leads to another
excitations. So in this case it is difficult to control cross-linking process beside other
process taking place that can even change the basic properties of the impacted surface.

One of the important factors for controlling the cross-linking rate and selectively
cleave existing bonds between atoms is the initial energy of reactants. Significant work
has been done on the appropriate precursor for treatment and their kinetic energy. For
instance, a beam of atoms or molecules carrying a specific kinetic energy which is

directed to a target is desired. However, reaching and maintaining an appropriate energy
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for a molecular beam was a process with very low throughput and not suitable for
industrial purposes.

Another group of cross-linking techniques includes chemical treatments which
introduce several chemical reactants to surface of impacted polymer. This reactive
unites help with reducing the energy barrier of existing bonds in the target and
facilitating the cross-linking process. And sometimes other reactants are used to control
the cross-linking rate and stop the process when desirable degree of cross-linking has
been achieved. Nevertheless, these groups of treatments are not quite efficient because
of using toxic materials, complex procedure and altering the desired properties of the
target.

In the present work we used hyperthermal hydrogen induced cross-linking (HHIC)
(34) method to cross-link the surface of polymeric PMMA films and make use of them
as the dielectric layer in the configuration of solution processable OTFTs.

This novel technique aimed to harness all the deficiencies of previous techniques
by generating sufficiently energetic neutral hydrogen projectiles to selectively cleave C-
H bonds and make carbon radicals on the surface fast, efficient, with high throughput
and without altering the initial properties of the target. This method will be explained

thoroughly in a separated part.

2.5 Application of cross-linking in OTFTs

Great research has been done about the applications of the cross-linked polymers
in OTFTs configuration. Generally cross-linked polymers have been used as the gate
dielectric layer in the structure of OTFTs. Basically, enhancing the insulating properties
of the dielectric layer and the hetero-junction structure is the purpose of cross-linking.
As it is desirable to make an OTFT which works at low range of voltage the dielectric
layer must be thin enough to be able to transfer the effects of voltage applied to the gate
electrode to the active channel. However, when a dielectric is relatively thin the leakage
current increases and disturbs the device operation. Dielectric materials with high
capacitance, or in the other words, high dielectric constant (k) perform with low amount

of leakage current. Therefore, it is favorable to keep the ratio of k/d as high as possible.
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For instance, it is reported that for a cross-linked PVA (through UV treatment) the
leakage current is two orders of magnitude less than untreated PVA at the same electric
field. M.-H. Yoon and his group used cross-linking of the dielectric as a method to
increase its capacitance instead of high temperature methods such as polymerization/
annealing (35). They cross-linked PVP and PS through chemical reaction by means of
several cross-linking reagents. The characteristics of measured OTFTs demonstrate that
cross-linked dielectrics perform as a better dielectric in the devices as they are strong,
smooth (low in surface roughness), adherent, high in the capacitance, low in the leakage
current, and also have less pinholes and defects. And as they are capable of operating
with ultra-thin thickness, they make the fabricated devices working in a low range of
gate voltage (0-5 V) (35).

Recently, Li and Zhao reported a high-performance OTFT on flexible PET
poly(ethylene terephthalate) substrate (36). They employed two polymeric layers
including  polyacrylonitrile ~ (PAN) at the bottom and  cross-linked
poly(methylsilsesquioxane) (PMSQ) on the top. The purpose of using PMSQ is to
afford high resistant against the solvent attack of the subsequent solution-based
semiconductor deposition (as they used organic semiconductor) (36). They confirmed
high values of 10.5 cm?/V s and 10° for holes mobility and on/off ratio, respectively by
measuring the characteristics of more than two hundred devices.

There are several other groups which worked on cross-linked polymeric and used

them as the dielectric layer in the OTFT's configuration (37-39).
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Chapter 3: Theoretical aspects of charge transport mechanism in
organic materials

The performance of all organic devices critically depends on the mobility and
movement’s efficiency of charge carriers (electrons or holes) within the semiconductor
materials. The charge carriers can be either injected to the semiconductors by metal
electrodes (OTFTs operation) or generated within the material by photon-induced
charge separation (solar cells operation).

The important parameter which can be used to describe the charge transport
mechanism is carrier’s mobility. Without any external electric field, the charge transport
can be simply characterized by the diffusion mechanism in which:

< 1?2 >=nDt (3.1)

Where < I > is mean-square displacement of charge carriers, D is the diffusion
constant, ¢ is time, and n denotes the dimension of the system (1D, 2D and 3D). The
charge carrier mobility is proportional to diffusion constant according to Einstein-

Smoluchowski equation:

_eD 39
u—kBT (3.2)

Where e is the elementary charge and Kjpis the Boltzmann constant. In addition,
by applying an external electrical field, mobility would be defined as following:

h=z (3.3)

Where, v is the drift velocity of carriers in the presence of the electric field F. The
unit of the carrier mobility is cm?/Vs (as it is related to charge carriers velocity under
external electric field).

In a general view, charge transport phenomenon in materials is a combination of
electronic and electron-phonon interactions (phonon is a quasi-particle representing the
excited states of the vibration’s modes in an elastic structure of interacting particles).
Electronic interactions in inorganic materials, made of strong covalent bounds, play an
important role in charge transport mechanism, while electron-phonon interactions

contribute much less and can be considered as the scattering phenomena of highly
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delocalized charge carriers in the lattice. On the other hand, in organic semiconductors,
a great portion of charge transport mechanism accomplishes by electron-phonon
interactions. In other words, electron-phonon interactions not only do not cause
perturbation in charge transport mechanism in this case but also result in formation of
the quasi-particles, termed as polarons, in which a polarization field (so called phonon
clouds) accompanies a charge carrier (40).

By considering the tight-binding approximation one can simply comprehend the
electronic and electron-phonon interactions, the electronic Hamiltonian in this model is

given by (40):

H, = Z Em Qo Gy + Z trmn o Gy (3.4)
m mn

In which, a;}, and a,, are creation and annihilation operators, and &, is the
electron site energy and t,,, is transfer integral, for an electron in the lattice site m. The

site energy and transfer integral are defined by following equations:

&m =< (Pm(l' - Rm)lHel(pm(r - Rm) > (3.5)
tnn = < (Pm(l' - Rm)lel(pn(r - Rn) > (3.6)

Here R,, and R, denote the position of site m and n, respectively, and a single
localized molecular orbital is considered on each site (r) (41). ¢,, and ¢,, denote
Orbitals which are assumed to be orthogonal, however if we consider different HOMOs
(highest occupied molecular orbitals) or LUMOs in the different sites this assumption
does not work. In organic materials with weak van der Waals interactions in molecular
structure, two sources of electron-phonon interactions can be defined with respect to
internal (intra-molecular) and external (inter-molecular) modes of vibration. The site
energy &, can be varied by internal vibrations as a result of electron-phonon
interactions, which leads to internal modes of electron-vibration. And it can also be

affected by crystal potential and be changed by external vibrations. The overall
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electron-vibration interactions which makes the entire modulation of the site energy is
named local coupling (42). The second source of electron-phonon interaction depends
on the spacing and relative orientations of adjacent molecules which can affect the
transfer integral, t,,,. The variation of transfer integral by lattice phonons is called
nonlocal coupling (43). In organic materials, both local and nonlocal electron-phonon
coupling play significant role in charge transport mechanism.

The Hamiltonian including electron-phonon interactions can be expanded over the
phonon’s coordinates. Thus, the Hamiltonian in the linear electron-phonon coupling

approximation is as following (40):

H = H€+ th‘l‘ Hl h+ He -ph (37)
Which is the combination of electronic, phonon and electron-phonon subsystem’s

Hamiltonians representing all interactions in the system. They are defined as following

(40):

H, = Z Em Gl + Z G (3.8)
. 1
Hpn = Z hawqj(bgjbej + 3) (3.9)
e ph = Z Z hwq](gm(qr])bq]
qj m (3.10)

+ gm(q:])b )amam
HgZ ph = ZZ Z hwq}(gmn(qr])bq]
qj m m#n (3.11)

+ gmn(q:])b )an Am

Here, e(

dand t( ) are energy site and integral transfer at reference (equilibrium)
coordinates. And, N represents the total number of unit cells (as crystalline organic
structure is assumed). H,, is the Hamiltonian of phonons in which j denoted phonon’s
branches (acoustic and optical branches). The Hamiltonian of electron-phonon

interactions is split into local and nonlocal interactions, and g,,(q,j) and g,,,(q,J)
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represent the corresponding local and nonlocal coupling constant. b;; jand bg; indicate
creation and annihilation operators for a phonon of branch j and energy of hwy; with

wave vector ¢ in the phonon subsystem.

3.1 Electron coupling

A number of computational theories have been developed in order to simplify and
estimate the value of electron-electron interactions. In the most precise method, the

magnitude of this interaction is described by the matrix element of

tap =< Ya|HIYp > (3.12)
Where H is the electronic Hamiltonian and i,and ¢, are wavefunctions of two
diabatic states (localized states) in the absence of any coupling between molecular units
(44). However, the characterization of diabatic states (which are not diagonal with
respect to electronic Hamiltonian) is not easy. Therefore, some other approaches have
been introduced which the most simplest is the one in which, the electronic interaction

energy is equal to energy difference between two diagonal states (adiabatic states) i,

and Yj, (44):

tap = (Ea - Eb)/2 (3.13)
Another method (Koopman’s theorem), which is based on one electron

approximation, suggests the absolute value of electron coupling interaction equal to :

€ - EL[H-
= L+1[H] - L[H-1] (3.14)

€jn-1] and &p 44y are the energy states of LUMO and LUMO+1 (or HOMO-1

and HOMO). Recent studies demonstrated that this method is a good approximation for
measuring the transfer integral energy of an electron (electron coupling interaction)

moving from one oligomer to the next one (45).
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3.2 Electron-phonon coupling

Electron-phonon interaction in an organic medium can be considered in local and
nonlocal types of interaction. Local electron-phonon interaction occurs when electron
coupling is considerably weak in the system (t,,,=0). By considering only local
electron-phonon interaction, g,,,representing nonlocal interactions is equal to zero.
Therefore, the energy resulted from a Hamiltonian written for a charge carrier in the

system can be given by following equation (standard Holstein-type polaron model (46)):

1 . (3.15)
Em = gr(r?) _Nzhwqj |gm(q'])|2

qJj 1
+ Z hwqj (quj + 5)
qj

In which the middle term of energy is referred to polaron binding energy, E.

1 ) (3.16)
Epol = Nz hwqj |gm(q'])|2
qj

When a charge carrier localized on a given state lattice geometry deforms, this
process results in polaron energy. Thus polaron energy is highly related to
reorganization energy. By expanding the site energye,, over molecular coordinates,

Q:m(j), contribution to the polaron biding energy can be obtained:

1 3.17
(@ = + Y (DOl +5 Y Mw0hG) O
j J
Where
. 8em (3.18)
V() = :
W (aczmm)Q:O

Here ¢, represents the energy of a molecular orbital which are HOMO and
LUMO orbitals in the holes and electrons charge transport regime. Indeed, equation
(3.17) corresponds to the energy states of a molecule in the system. Figure 8 illustrates

the energy states of a molecule in neutral and excited state (for a charged molecule).
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Upon vertical transition from neutral to the excited state geometry relaxation energy
(A1) occurs. The relaxation energies in neutral and exited states are equal and can be

obtained from following equation:

(3.19)

Here is the reduced mass of mode with energy of , and it is assumed
that are the molecules are the same in terms of vibrational Hamiltonians, therefore the
index m is dropped as it labels each molecule. It is discussed in more details elsewhere
(47, 48) that reorganization energy (Aworg) associates with overall relaxation energy

occurring in a transition. For that reason one can consider:

(3.20)

According to the definition of the polaron binding energy which associates with
lattice deformation when a molecular excitement occurs one can consider it

approximately equal to the relaxation energy. Therefore:

(3.21)

Energy

W

Figure 8. Schematic energy stats of a molecule in the neutral and exited states. Dashed lines show
vertical transitions and )\,e|(1) and A,e|(2)represent the relaxation energies in the neutral and excited
states, respectively. AQ stands for geometrical displacement and Q represents different modes.
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3.3 Polaron models

Generally, the total mobility of free charge carriers in an organic material is
expressed by the summation of two contributions caused by different phenomenon (42,

49, 50):

U= Ptun T Hnop (3.22)

In the above equation the first term stands for charge transport via electron
tunnelling happening at low temperatures and the second term comes from hopping
phenomenon which mainly occurs at high temperatures. The contribution of each term
is highly dependent to microscopic parameters of the system such as electronic and
phonon bandwidths, electron-phonon coupling and phonon energy. For instance for a
system with weak electron-phonon coupling ( g <« 1) the mobility is dominated by
tunneling transport. However, in the system with strong coupling (g2 > 1) three
discrete temperature-dependant regime happen. At low temperature mobility is
proportional to T~™ and the charge transfer mechanism is dominant by tunneling effect
as the temperature increases hopping charge transfer mechanism contributes more. At
very high temperatures at which the thermal energy is sufficient to break the polaron,
and subsequently electrons will be scattered from phonons, the mobility will decline
while the temperature increases. Figure below shows the discussion about the
temperature dependence of mobility in a system with high electron coupling.
Temperatures 77 and T, illustrate the boundaries for relatively high and low

temperatures.
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Figure 9. Polaron model prediction of mobility versus temperature in a system with strong local
coupling.

Extensive research has been done by Holstein on modeling and analyzing the
experimental results of mobility measurement in different transport regimes (42). In this
study the hopping mechanism and hopping mobility un., can be expressed in terms of
diffusion coefficient, D. In a one dimensional system D is given by in which
indicates space between molecules and denotes the hoppling rate or electron

transfer rate between adjacent sites. In the case of a system with the coupling constant g
and electron-phonon interactions with phonon energy of —, the hopping rate is

characterized as following:

(3.23)
In the classical model which h the hopping rate becomes:
- (3.24)
It is considered that (equation 2.21), therefore, charge carriers

mobility in the hopping process using equations 3.2 and 3.24 will be:
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(3.25)

1
_ ea’t? s 2 ( Epol>
Hroo = 30 Th \2E,okpT) “P\™ 2kyT

At high temperatures (Ep, < 2kgT) charge carrier mobility is proportional to
T=3/2; this illustrates the boundary between temperature-active regime (hopping
transform) and residual scattering.

Another term which contributes in the total mobility equation is tunneling

mobility p¢,,,. According to the band theory tunneling mobility is an expression for drift

et

mobility which is equal to , where 7 is the mean relaxation time (the time between

Mefsf

two consecutive collisions between charges) and mq is the effective mass of charge

2
It is assumed that

. . ) . ) . h
carriers. For instance in a one dimensional system is equal to ot

charges move freely in a wavelike manner but scatter from phonons from one state to
another. Indeed, the scattering phenomenon causes the wavelike motion of charges turns
into diffusion motion. If we assumed that all band states are identical in population then
the tunneling mobility in a more detailed way is:

_ 2ea’ @ (3.26)

Heun = G5 2 t2(t)
Where,
h 27
t(T) = texp (—gz coth (Zka:')l’» (3:27)

By some mathematics analysis con can relate the relaxation time 7(7T) to hopping
rate kgp. They are inversely proportional 7(T) = 1/2kgy (the factor of 2 appears as
there are two nearest neighbor available to hop for an electron in a one dimensional
system). Therefore by affecting equation (3.24) into the equation (3.27) and considering

the relation between 7 and kgt one can derive the below equation for psy,, :

1
2

2 csch (ﬁ)
= ea’w, [ 9 2kgT exp (—292 csch ( hw, )) (3.28)
tun kBT T ZkBT

21



As can be seen the equation does not depend on ¢ any more as several assumptions
have been taken: (i) the band energy is narrow and, (ii) the temperature is high and

larger than electronic bandwidth.

20.04
Figure 10. Graph of
temperature dependence of
v 150l mobility illustrating  both
5 Hiun tunneling and hopping
- u contributions for a system
= 10.01 hop with coupling constant g° = 10
e
& (41).
=
5.01
0.0 0.5 1.0
KT/ huw,

By plotting the graph of equations 3.25 and 28, it is feasible to illustrate the
temperature dependence of both hopping and tunneling mobility graphically. Figure 10
shows a crossover from one regime to another regime of charge transport as hopping

mobility is temperature-activated.

3.4 General view of charge transport mechanism in organic
materials

Generally, charge transport mechanism in organic materials is completely
different from inorganic ones. In inorganic semiconductors like silicon, where all atoms
are bounded together with strong covalent bonds, charge transfers occur via delocalized
states in an energy band transport system (for example excited electrons can move from
valence band up to conduction band where they can move freely and be responsible for
the conduction of electric current under external electric field). On the other hand, the
electronic properties of organic semiconductors are determined by the intrinsic and
delocalized m-electrons along the polymer backbone, electron—phonon coupling, and the
existence of disorders in them, which make this process more complex than that in the

inorganic materials. Hypothetically, for the infinitely straight neutral polymer chain,
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there is a specific band gap in the order of several electron volts between HOMO and
LUMO states (51). However, in the presence of strong electron-phonon coupling and
disorders in the finite length of polymer chains, the charge transports is not that simple
and make localized polarons surrounded by a region of molecular distortion. By
definition, polarons are quasi-particles include a charge and its accompanying
polarization field. For instance, a slow-moving electron in a crystal, interacting with
lattice ions through long-range forces will permanently be surrounded by a region of
lattice polarization field. Two main parameters characterizing the charge carrier
mobility in this case are 1. electron coupling between adjacent molecules and 2. the

reorganization energy

/
/

Tl
-

Figure 11. A typical schematic energy band
diagram; E;, Ey and E; are the conduction

Efq--=---- - === band, valence band and Fermi energies. Also
Hopping at E shown is the density of state (DOS) of charge

carriers in disordered semiconductors.

Hopping in
the band tail

\
Extended state

conduction

The reorganization energy is defined as the geometrical relaxation energy of a
molecule when it goes from neutral state to charged state plus the geometrical relaxation
energy of neighboring molecule upon the inverse process. These two parts of
reorganization energy are approximately the same (47). For the efficient charge
transport process the value of reorganization energy needs to be small.

In general it is agreed that at least in room temperature charge transport process in
organic materials is based on hopping transport mechanism (localized polarons hopping
between neighboring sites). Since this process has interaction with phonons; it is

thermally activated. It is granted that the molecular configuration of initial site should
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be the same as final sites. Therefore a distortion is needed to make a common molecular
configuration for both occupied and empty states. When the time scale for hopping
process is longer than that of the lattice vibration (it also described by diabatic limit)
and disorders are negligible, mobility can be given as following (52):

ea? E

14
Sl - 3.29
K kBTveXp( ZkBT> (3:29)

Where a and e are mean hopping distance and electronic charge, respectively; T

denotes temperature and kg is Boltzmann’ constant. And v is called attempt frequency
which is equal to:
V32

3.30
. ZEP:,BT (3.30)

Where h is Planck’s constant and [ is nearest neighbor interaction energy.
However, in the most organic materials the mobility of the film is influenced by
disorders of the system due to the random orientation of the polymeric chains, structural
defects and chemical impurities.

In spite of all extensive work done on the charge transport mechanism in organic
materials, it is still a doubtful process. Actually, hopping mechanism is not simply
explaining the whole fact behind the charge transport processes since studies in some
special type of organic semiconductors elucidated that the mobility does not increase
when the temperature rise up also, increased with decreasing temperature like in the

inorganic semiconductor and after reaching a maximum declined (53, 54).
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Chapter 4: Experimental

4.1 Device fabrication

In principle, in a thin film transistor the current flowing in an active channel
(semiconductor layer) between source and drain electrodes is modulated by the variable
voltage applied to the gate electrode, indeed, the origin of a field effect process comes
from here. Therefore, the current in the active channel is controlled by the electric field
produced by applying voltage at gate electrode. Assume a p-type organic semiconductor
layer connected to source and drain electrodes, when no potential is applied at
electrodes, charge carriers which are holes in this case move freely and randomly in the

channel and total current flow is equal to zero.

Vacuum Level

V.= Vacuum Level Vacuum Level Vp >0
SD VSD <0 \
WF
P Lumo EA
i LUMO i WE : | £ E LUMO :
£ £ HOMO f — = = =+ = —===2 1
Skt vomg e e || HoMog —
+ / HOMO
Source i Drain Source 3 Drain Source Drain
Semiconductor Semiconductor Semiconductor
Vg=0 V<0 V>0

Figure 12. Schematic energy diagrams of p and n channel organic thin film transistors. E; and WF,
represent the Fermi level and work function of source and drain metal electrodes. IP and EA denote
the ionization energy and electron affinity of semiconductor.

However, after applying a potential difference at the electrodes a very small
current (~ 1 pA) will flow between them due to very low density of charge carriers.
Now, if we apply voltage to the gate electrode the subsequent electric field in the
dielectric medium will shift the energy levels of active channel (semiconductor), which
make electrons or holes be injected from source and drain electrodes to the active
channel and increase the density of free charge carriers in the active layer so that the
current will increase. If a positive gate voltage is applied the HOMO and LUMO

orbitals of active channel will shift down and Fermi level of metal electrode lines up
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