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III. SUMMARY

This report consists of three major chapters. These contain the layout of the programm used for the simulations.
The results found for the introduction of coulombic interactions and further tweaking of said interactions. Finally
the influence of the bias stress effect is discussed and two theories about the phenomenon are simulated. The Monte
Carlo simulation method is used in this thesis. Here the Miller Abraham hopping rates are calculated to determine
the movement of the charge carriers. The energy level of the sites are determined by a gaussian DOS with a width of
σ0.11. Coulomb forces are introduced which result in a far better insight in the behavior of the charge carriers in the
OFET. Afterwards the introduction of the bias stress effect follows, which is simulated with two different theories in
mind, trapping and proton creation. The last simulations are about the behavior of the mobility with the effects of
the proton creation implemented. These simulations give the best results. The trend of the behavior of the mobility
is corresponding to the simulations.
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IV. INTRODUCTION

The invention of Silicon based Field effect transistors (FET) undoubtedly revolutionized the field of electronics with a
wide spectrum of applications. These inorganic transistors are manufactured using sophisticated processing techniques
which incurs a high cost of production. Organic field effect transistors do not perform nearly well as inorganic
transistors when comparing the mobility of charge carriers and operational stability. Despite the limitations, the cost
effectiveness of fabrication process and readily available technology to print organic circuits on flexible substrates
make OFETs promising candidates for widespread commercial application like active matrix display and contactless
transponder. Moreover, with advance in polymer processing techniques, mobility values of 1 have been achieved in
certain semiconducting materials which compare well with the thin film silicon transistors. Despite the progress in the
material processing, stability issues have severely limited the life-time of OFETs. In particular operational stability of
OFETs is limited by an effect known as the bias-stress effect. Under prolonged gate bias the threshold voltage shifts
gradually towards the imposed gate bias, called stressing of the OFET. This effect is known to be reversible. So after
turning of the gate bias the threshold voltage shifts back to the initial value before stressing and de-stressing took
place. This reverse process is referred to as ”recovery”. Experimental and theoretical studies have focused primarily
on the mobility of charge carriers in organic devices. In all such devices it has been observed experimentally that
despite the device in off state, mobility degrades over time. Although the mechanism behind such degradation is not
well understood, environmental factors are known to play an important role. This change in mobility is irreversible in
nature. On the other hand, there is a reversible change in the mobility occurring during the operation of the transistor.
It has been observed that the mobility of charge carriers in OFETs also decreases for higher densities during operation
as shown in Fig. 1 This effect, seen for higher densities of charge carriers, is equivalent to the decrease in mobility for
higher gate voltages. In this report a study into this mobility behavior is described. Owing to the reversibility of this
effect, it can be said that the seen behavior could be related to the bias-stress effect, hence making it interesting for
a more in-depth study.
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Figure 1: Characteristic transfer curves of the mobility in an OFET

The conduction in OFETs is predominantly uni-polar, meaning that only one type of charge carrier can be trans-
ported in the organic semiconductor. Few organic materials are known to show bi-polar conduction but most of the
research has focused on unipolar case. On the theoretical side, research has been focused on extracting mobility
of charge carriers by studying their motion in a disordered material. Details about the modeling of the disordered
material and the conduction mechanism will be presented in the next chapter. Here we summarize about the previous
research. Earlier studies have extracted the mobility by performing numerical simulations. The simulations have
assumed bulk setting in which charge carriers move into a 3-dimensional energy landscape under the application
of an applied electric field. Pasveer et al1 showed that the behavior of the mobility in a bulk 3D-simulation. The
study includes mobility dependence on temperature, density and applied electric field. This was done by numerically
solving the master equation for hopping transport in a disordered energy landscape with a Gaussian density of states.
Zhou et al2 progressed on these findings. Their study takes a new approach to the subject, using a Monte-Carlo
simulation method instead of use of the master equation. Important in this study is the inclusion of coulomb forces
and site exclusion. This resulted in remarkable findings of non-linear dependencies of mobility towards these coulomb
interactions. Demeyu et al.3 applied the Monte carlo technique to studying the conduction in OFET geometry which
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differs markedly from the bulk settings. They investigated the dependence of mobility on the density and applied
source-drain electric field.

In this report we address the issue of mobility variation with charge carrier density in simplified OFET geometry.
Simplified OFET geometry means the simulations are done for a 2-dimensional interface. This makes the comparison
between the results of this report and the studies described above harder, although a qualitative comparison will be
presented. Experiments have shown that unlike in OLEDs, the mobility in OFETs does not keep increasing with
increasing charge carrier density but rather decreases after a certain density which is only of the order of 1 till 5%.
This effect is also perfectly reversible in nature. Owing to the reversible nature of this effect, we explore the possible
relation between the operational instabilities in OFET namely bias-stress effect and the non monotonous behavior of
mobility. The investigation proceeds in the following way: First we looked into the existing possible explanations for
the observed decrease in mobility, this to rule out any overseen effects that weren’t taken into considerations in the
already done studies. Linking back to the bias-stress effect we then looked into possible explanations for the effect.
This results in two main-stream theories, first by Sirringhaus4 and the trapping/de-trapping theory and second off
the created proton theory of Sharma5.
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V. MONTE CARLO SIMULATIONS

The motion of charged particles in disordered materials can be numerically simulated. The motion of particles
in disordered materials is primarily via hopping. Hopping occurs between the segments of chains (polymers). The
particle can hop from one monomer unit to another on the same underlying chain or hop to another monomer unit
on a different chain. Hopping transport assumes that particle is localized on a unit and the rate of hopping depends
on the energy difference between the two units and the distance between them. Due to the disordered nature of
material, both the distance and energy difference between the units are treated as random variables. In most of the
numerical simulations, structural disorder is disregarded and the underlying structure of polymer is represented as a
uniform 3-dimensional lattice. Each monomer unit is represented as a site and is assigned an energy randomly drawn
from an appropriate statistical distribution. Further details are presented in the next sections where we describe the
methodology of simulation.

A. Monte Carlo

Mobility in OFETs can be numerically extracted using two different methods. These two methods are namely
the master equation method and the Monte carlo simulation. In previous research both methods have been used
extensively1–3,6. Pasveer et al. used the master equation approach to calculate mobility and came up with an
analytical expression which is successfully applied to modeling current in OLEDs1. Master equation approach allows
an accurate calculation of the final value of the current. A severe limitation associated with master equation approach
is that it is not straightforward to allow for inter-particle interaction (coulombic). Monte carlo method on the other
hand allows for inclusion of such interactions. Within the framework of monte carlo method, the underlying energy
landscape in which the particle hop is constantly updated with every monte-carlo step depending on the interaction
between the particles. This results in a very powerful tool to see the effect of applied forces on the mobility in the
simulated OFET.

Therefor this simulation method was chosen, represented in this chapter will be the basic structure of the program
and the logic used in it. Furthermore the validation of the code will be shown, this is done with checks with already
known simulation values of Pasveer et al. and Zhou et al.1,2 also basic checks are done on the created energy fields
and DOS.

B. The Program

The focus of this study is the transport of holes in the channel of an OFET. To a very good approximation, the
channel can be assumed to be 2-dimensional because most of the holes reside in the first two monolayers of the
organic semiconductor. The mobility behavior with increasing gate bias has been observed even in OFETs where
the conduction occurs precisely in a single monolayer citehelp. This is achieved by growing self-assembled monolayer
on the gate dielectric. Finding the same behavior in monolayer OFETs greatly simplifies the parameters of the
simulations planned. Instead of a time costly 3-dimensional simulation a much faster 2-dimensional one can be done.
The sites to which the carriers can hop are explained in the first paragraph of this chapter. These polymer units can
be simulated with a normal lattice of equidistant points7. These points are laying in a sheet that represents the first
or only layer of an OFET channel.

The implementation in the program is done by creating an array. This 2D-grid is represented with a 100 by 100
lattice with periodic boundaries in the plane field of the OFET. In the simulations the number of sites is therefore
fixed to a total of 10.000 sites. Depending on the applied gate bias VG, the number of charges in the channel can be
calculated using

Nh = Nsites
CoxVG

q
, (1)

where Nh is the number of holes in the channel, Cox is the capacitance of gate dielectric per unit area and q is the
elementary charge.

The hopping sites in the polymer have a certain energy which is determined by the properties and the position
in said polymer. These sites corresponding to the created lattice, have a distribution of energies that is taken to be
Gaussian. This representation of the energy landscape has become customary in OFET research1–3,6. The Gaussian
DOS used here is

ge =
Nsites√
2πσ2

exp(− e2

2σ2
) (2)
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Where ge is the number of sites with a certain energy e, Nsites is the total number of sites. This is needed to
transform the normalized Gaussian to represent the right amount of polymer hopping sites. σ is an important factor
in this equation, it determines the width of the Gaussian DOS. Every polymer has a slightly different value for σ
corresponding to the difference in energy values found in that polymer. It will be expressed in units of KbT Here a
σ value of 0.11 is chosen. This means the standard deviation is roughly 10 times smaller than a normal Gaussian
distribution. The rate of hopping is directly correlated with this value. In units of KbT this results in a value of
4.3KbT .

The model is now ready for static purposes. Now the carriers need to be able to move in the lattice. Again multiple
options can be chosen, in this study the most common hopping rates are used2,3,8. The hopping of a charged particle
from one site to the other is modeled using the Miller-Abraham formulation.

νij = ν0 exp(−αrij) exp
(
− (Ej − Ei

kT

)
, Ej > Ei (3)

= ν0 exp(−αrij) Ej < Ei

In this equation νij is the jump rate from site i to site j, using ν0 as the intrinsic chance to jump from a site. In
the first exponential term the dependency on the distance is shown. This is because of the nature of the hopping of
the charge carriers. This is a tunneling effect that is made possible by overlap of the wave function while it is on a
specific site. The pre factor ν0 gives the escape rate. The second term only applies if the energy of the site where
the charge is tunneling too is higher than the energy of the site where it is coming from. The energy barrier makes
it less likely for the charge to hop, an additional phonon is needed for it to happen. The chance of this to happen
is also determined by an exponential term. This is the basis of the program. The energy landscape is created in a
lattice and the way the charges move within this lattice is determined. The program is ready to receive the holes
that the gate field induces. Already stated is that the coupling between the gate field and the holes is removed in
this research. The amount of holes are placed in the program by a simple density parameter that can be altered.
The program reads this density and determines the amount of holes that need to be created. This is done by looking
at the array of energies and select by a random number generator a site and place a hole on that site. This is than
done up until the point that all holes are created. After creation of the holes the system isn’t in equilibrium. To
reach this equilibrium two steps are made, first the system is annealed. This artificially raises the temperature by a
large amount and afterwards rev it down by steps. This results in a natural selection of the energy levels that are
lowest, making sure no weird non existing trapped states are filled. This could happen in the case of strange low lying
states between high energy states that are never reached. After these steps equilibration is taken care of. This is done
by merely letting the program run under set conditions reaching the states that would naturally be reached. The
force driving the holes into a certain directions is the source drain field (sd field) that is applied. This field is easily
configured into the hopping rates. This is because the sites that are generated can easily be altered by an amount of
energy that is determined by the sd field. This sd field is given in a potential energy that is applied to the energy
landscape. The coulomb forces are directly recalculated in the energy landscape. The magnitude of this force has an
infinitive range of interaction. This is hard to include in the program, therefor a cutoff distance is needed. This can
be set in the program and results in a range in which the coulomb forces are calculated in the lattice. After each
hop, step, the program takes these forces and are recalculated and the energy levels changed in the according array.
These last forces are the ones that make up the basis and the main working part of the program. In this report other
parts of the program are added, these however are not completely written out here. They will be in the additions and
accessible for evaluation.

C. Program verification

This program is tested for its validity in several ways. First it can be checked if the occupation of the sites is conform
the fermi dirac potential. The energy levels of the sites are determined by a Gaussian distribution, the occupation of
these sites should be following the fermi dirac statistics. This can be done by checking the occupation time of each
site, the sites up until the fermi dirac potential should be filled when no source-drain field is applied. This sd field
is mentioned to be a gradient potential energy in the energy landscape. It is therefor measured in the same units
as the energy background. Which is all in KbT or eV depending on what you live to use. In Fig. 2 the occupation
rate of these site is shown. Here can be seen that the program fills the sites in the expected way, ensuring fermi
dirac statistics are met. This ensures the validity of the used hopping rates, for standard settings, and the correct
implementation of it in the program.
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Figure 2: Filling of the Gaussian DOS

Pasveer et al. showed the behavior of the mobility where there are no coulomb forces interacting1. These results
are compared to simulations done with the Monte Carlo program used here. The behavior of the mobility matches
the behavior found by Pasveer et al. Those can not be completely overlapping because of the different modeling
methods being used. The dimensions of the simulations are different too, the comparison is made for the behavior of
the mobility and not for the absolute values. The results from our simulation is shown in Fig. 3 .
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Figure 3: Monte Carlo simulation of a 2D OFET system

These two basic tests show that the program is working as intended. For implementation of new physics checks are
harder to make. It is tried to couple these new simulations to work previously done by other research. Also qualitative
explanations are given where possible. One has to take into account the slight differences in interpretation used for
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mobility and current. Therefor the absolute values can look completely wrong in order of magnitude, it is tried to be
as consistent as possible.
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VI. MOBILITY OF HOLES IN PRESENCE OF COULOMB INTERACTION

The mobility of holes in a disordered material depends on the temperature and applied electric field. At higher
temperatures, hopping of holes to a site having high energy becomes more probable. Similarly, with increasing
electric field, hopping of holes in direction of applied field becomes energetically favorable. These two factors lead to
an increased mobility. Besides temperature and electric field, mobility also depends on the density of holes, charge
carriers. When the hole density is low, only the tail states of the density of states are filled up. On increasing the
density of holes more states become accessible because the number of states increases rapidly with increasing energy.
This leads to an increase in the mobility of charge carriers. This increase in mobility occurs only if (i) the density is
not too high i.e. state-filling effects do not play any role and, (ii) the underlying energy landscape is not modified due
to the coulombic interaction. In this chapter both these factors are explored in detail. We first study the impact of
increasing hole density in a given DOS without taking coulombic interaction into account. We contrast the obtained
results with the case when we take the coulombic interaction between holes into account. We will show that the
coulombic interactions between holes in the 2-dimensional geometry lead to a decreasing mobility for hole densities
which are not high enough for state filling effects to play any role.

A. Simulations with Coulomb Forces

B. Only Coulomb Forces

Coulomb forces between particles in disordered material determine the behavior of mobility for relatively high
densities of charged particles. There have been many studies into the mobility of holes in disordered materials where
coulomb forces were taken into account2,3. Primarily the investigation has been focussed on Organic light emitting
diodes (OLEDs) where the underlying geometry is 3-dimensional and can therefore be considered as a bulk setting
3-dimensional system. OFETs on the other hand can not be represented by a bulk settings. The impact of coulombic
interaction between charged particles on their mobility depends on the underlying geometry of the system. In a
3-dimensional system, presence of coulombic interaction will, in general, make some of the hopping sites energetically
inaccessible. These sites no longer belong to the conducting path and therefore a drop in mobility occurs. On the
other hand, in a 2-dimensional system, presence of coulombic interaction will also make some of the hopping sites
inaccessible but the blocked sites will have a more pronounced effect on the conducting paths. This happens because
in a 2-dimensional system the number of conducting paths are less than those in a 3-dimensional system. Simulations
are done over a wide range of hole density. We found out that the mobility drops dramatically for high densities, in
the range of 20 percent. This is shown in Fig. 4 Also shown in Fig. 4 is the comparison between mobility behavior
when coulomb forces were neglected.
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Figure 4: Simulation of a 2D OFET system with coulombic interactions
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The same simulations are done for several values of the with of the Gaussian disorder for the energie levels. This
is done to generate a greater insight in the behavior of the mobility for different kinds of sigma values. Results for it
can be found in Fig. 5 It shows that the mobility itself changes in magnitude, but the behavior of the mobility acts
roughly the same for every value of disorder in the energy landscape.
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Figure 5: Mobility curves for different values of Sigma over KbT used

The densities at which the drop in mobility occurs are very high and never reached in real OFET settings. The
drop in mobility is apparent but for density levels well above the experimental values. Those experimental values are
in the order of a few percent of carriers. We considered the following modifications to our model in order to account
for the density dependence of the mobility. These changes aren’t verified if they would be possible in real OFETs.
The reason was to better understand the behavior of the mobility on its surroundings.

C. Coulomb Forces: further

Instead of the uncorrelated Gaussian disorder a correlated background energy landscape is chosen. This is done
because a correlated disorder creates fewer but broader correlating paths for the charge carriers to follow. It would
result that the blocking of those paths due to the coulombic interactions is much more significant than in the uncor-
related setting. In Fig. 6 is shown that the difference is counter intuitive. The blocking seems to have no effect up
until the point where the mobility drops significantly. This already hints to a more difficult behavior shown by the
coulombic interaction.
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Figure 6: Simulation with a correlated Gaussian DOS

Adding positional disorder has a different effect on the mobility. This change has been made to again reduce the
number of percolating paths and thereby increasing the blocking effect of the coulombic interaction. In Fig. 7 is shown
that the behavior of the mobility does not change, only the magnitudes of the values. The allowed positional disorder
is of the order of 10 percent. This is done because the size of the molecules is not precisely square. The difference
can be up to the chosen 10 percent. Even larger disorders can be imagined, but these can not be simulated with the
Monte Carlo procedure that is used. It chooses with a random factor the highest probable jump, and does that again
for every step taken. Two sites lying very close together will have such a high change of hopping that this will be the
only thing taken place during the simulation. The observation that only the magnitude changes is because of the fact
that the percolation paths are slightly fewer. The obstructions to their own paths is still there but the effect is not
enough to make it change the behavior drastically to make it more density dependant. Therefor this alteration of the
simulation, although most probably true, isn’t investigated any further.
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Figure 7: Simulation with positional disorder included

The dependance on the applied source drain field is written down by Demeyu et al.3 It shows a non-linear behavior
with a strong dependance towards high disorder. Therefor the source drain field used here is very low and in the so
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called linear regime. In this regime the behavior towards the sd field is linear. This should ensure no effects, other
than scaling, from the chosen source drain field. The contradictions with the results of Zhou et al. stated before
suggest otherwise2. The answer is searched in the difference of sd-fields, although one could think this is the result
from the conversion from 3D to 2D. The sd-field used by Zhou et al. is also in the lineair regime that lies between
0.01 and 1 E(σ/ea). (0.6) For the work of Zhou and 0.1 for this work. In Fig. 8 the results are shown for 0.1 and
1. A value of 1 is chosen to make the effect more visible. Now a positive instead of a negative effect created by the
coulomb forces is shown. Where positive means that the coulomb forces increase the mobility of the holes and negative
decreases it. In the linear regime of the sd-field it seems that the contribution of the coulomb forces changes totally.
This discovery is not important for the OFET configuration because the magnitude of the sd-fields required are not
reached in a real OFET. It does however show that the contribution of the coulomb forces can be seen as two different
effects. One increasing and one decreasing the mobility. The decreasing mobility effect can be split down into two
different parts with one being the hindering of the percolation paths of the free charge carriers. And the other being
for higher densities which result in a total standstill that comes from total coulomb blocking. The increasing mobility
effects are, for now, all speculations. It can be in the direction of an increased effective density, which results in a
higher mobility because of the increased amount of states in the DOS. It can however also be something completely
different.
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Figure 8: mobility results for different source drain bias

These three different settings didn’t produce any usable results. The increase in insight into the problem however
does. In the next chapter new insights will be shown, founded while keeping these results in mind.
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VII. POSITIVE SCATTERING SITES

The means of transport is examined in the first two chapters. This resulted in a decent insight in the motion of the
hole charges in an OFET. The filamentary nature of the transport is important to keep in mind for the next chapter.
Only coulombic interactions can’t explain the discrepancy between experiments and simulations as is shown in the
chapters two and three. It is tried to alter the nature of the filamentary paths by changing the background in which
the holes are moving. As is shown in three this does not have a large effect. There is however another known proces
in polymers, trapping is a proces in which charges will become locked in a specific site. This trapping occurs when
the energy on that site is much lower than on other site. Therefor the chance of the charge hopping to a neighboring
site is negligible. This is shown by Eqn. 4 It shows a exponential decay in the hopping rate from that site. The low
hopping rate results in a trapped state.

νij = ν0 exp(−αrij) exp
(
− (Ej − Ei

kT

)
, Ej > Ei (4)

= ν0 exp(−αrij) Ej < Ei

Now we can combine this trapping with the knowledge of filamentary percolation paths. This should result in an
earlier coulombic blocking of these paths, because in contrast with changing the energy landscape the charges are
fixed. Without fixed holes the sheer amount of holes in the percolating path causes the blocking effect. With a trapped
charge in the percolating path this blocking should occur much earlier. These trapped states can be programmed in
several ways. Here is chosen for an easy implementation to test the relevance to the subject. The number of states
that should be trapped are chosen upfront. These sites are occupied with a charged hole and the energy on that
specific site is raised a lot. These sites are also removed from the possible sites that can hop, thereby fixing the charge
on that site. The only thing that is calculated with respect to that site is the change in coulomb energy forced on
surrounding sites. With very simple programming this site is now essentially trapped. The amount of trapped sites
can be varied simply as a parameter in the programm.

The DOS is than changed from a Gaussian DOS to a delta peak trapped states with the old, but with slightly less
states, Gaussian DOS. In Fig. 9 is shown how this energy wise would look like. It can be debated if this representation
can really happen. This isn’t interesting at the moment because of the effect that is studied here. It doesn’t matter
how the trapping occurs and at which energies this happens, it only matters that the trapping takes place.
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Figure 9: Delta peek traps with Gaussian DOS

A. Trapping

The reasoning behind using trapped states is explained above. In Fig. 10a the results are shown. At first sight the
results are good. The Mobility drops at a lower occupation level and the drop in mobility is more gradually as can
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be seen in experimental data. Fig. 10b shows the corresponding experimental transfer curves found at t=0 and after
a period of stressing resulting in 2% traps.
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Figure 10: Simulated and experimental transfer curves for alleged 2% and 0% trapping

Now a new problem arises. With the occupational rate of traps being slow, the transfer curve at zero seconds
stressing time should be the same as without any trapping occurring. This is clearly not the case in the experimental
data, the transfer curve should have a ever changing characteristic. The experimental transfer curves clearly shows
a steady trend that only shifts to higher occupancy levels. This can not be explained with the trap theory. Because
there would not be a stress effect if all the trapped states would be filled very fast. Then the device would never work,
this because each gate voltage would be instantly negated trough the filling of the traps. Resulting in zero current
flowing. Or there would be a steady transfer curve over time, which is not the case.

B. Bias stress effect

Here the easy comparisons stop. A new piece of theory should be introduced, namely the bias-stress effect. The
effect is shown in Fig. 11b, the experimental transfer curves show that there is an offset in the gate bias emerging
over time. It is widely accepted that this is caused by the screening of the gate bias of some sort. however many
conventional theories say trapping is the thing this screening is caused by4. In the last paragraph it is shown that
this is becoming less likely. There is however another theory5,9.

The screening of the gate bias is caused by protons created in the top layer of the dielectric of the OFET. The
creation of these protons is fast, therefor a certain number of protons are at the surface of the dielectric even at the
very start of the stressing process. Essentially creating the same potential blocking the traps do. Without losing
myself in an in depth discussion about this theory, the main points will be given here. The theory is used to justify
the simulations done. To be as summier as possible a list will be given of the main points.

• The production of protons is a fast process.

• The amount of protons is determined by an equilibrium at the surface of the polymer and the dielectric.

Np = α ·Nh (5)

Where Np the number of protons, and α is the equilibrium term and Nh the number of holes in the OFET.

• The protons drift into the dielectric making room for more protons to be formed at the surface because of the
equilibrium that has to be kept.

• The production of protons will not stop until the gate bias is totally screened.
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Without looking into the details of the theory many things can be said about the implications for the mobility.
Because of the equilibrium at the surface of the polymer and dielectric the amount of ’trapped’ states is the same
for every amount of screening that is already there. Therefor the bias-stress effect doesn’t change the behavior of the
mobility but it behaves like an offset value. While looking at figure Fig. 11b this seems to be the case in experiments.
When shifting the curves with their respectively bias-stress offset value, they show the same behavior as one another.
It is not a complete match, but that is for later concern.

C. Proton introduction

The above mentioned theory will be implemented in almost the same way as the trapped state are. The only
difference is that the amount of ’trapped’ carriers will be determined by a fraction of the total amount of carriers as
is shown in Eqn. 5 α Is freely chosen, this is because the value of α is not known for the polymers and the dielectrics
used. It seems logical that this will vary for different materials. But this is simply not known.

In this paragraph two different representations are shown. The familiar mobility curves, and also the current curves,
this is done to be complete in the final results shown in this report. The transfer curves are made for various values
of α, it is shown in Fig. 11a. In this figure most of the combined results are shown. From here on the data will be
explained.

This figure shows that time doesn’t have an effect on the transfer curve. This is logical because the creation of
protons is a fast proces. This equilibrium is kept throughout the stressing of the OFET. Another thing that can be seen
is the shift in the density corresponding to the maximum mobility reached. The amount of coulomb blocking seems
to make this logical. Another clear observation is the absolute value of the mobility. This mobility drops significantly.
Up to a factor of two between an α value of 5% and 40%. The actual value that corresponds to experiments is very
hard to derive. Behavior of the transfer curve is the most important thing to compare.

Is one of the fits found in Fig. 11a matching with the experimental data in Fig. 11b? The answer will be no. One of
the important differences can be explained in the different way the mobilities are calculated. It can be calculated by
deriving the current with respect to the density. And by manually calculating the different mobilities at each point
in time. The difference is that in the case of experimental values a derivation isn’t included in the value resulting in
a significant shift in extreme case scenarios, which a maximum is. Therefor the actual maximum in the mobility is
quite a lot higher than can be seen in Fig. 11b The maximum is more or less between 5%and10%. The same as can
be found in Fig. 11a.
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Figure 11: Simulated and experimental transfer curves

Fig. 12a and Fig. 12b show the simulated and the experimental curves for the current flowing trough the OFETs.
These values are not calculated and therefor not subject to different interpretations. A real maximum is however
much harder to see. And therefor much harder to compare. There is only the rough behavior that can be checked.
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These look very similar with a current that increases rapidly in the beginning and become steady for higher number
of charge carriers present in the OFET.
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VIII. CONCLUSIONS AND OUTLOOK

In this thesis the gate-voltage dependence of the mobility in OFETs is simulated. This resulted in some remarkable
conclusion. Theoretical proposals for the effects seen in the OFETs mobility dependency are invalidated and others
are strengthen by the results found in the simulations.

The Monte Carlo method is ideal for the simulations used in this thesis. The flexibility of the programm was
the most important feature that was used. Changes to the programm where easily implemented and tested for
functionality. Results for the simulations with the programm stripped from everything but the hopping are compared
with results found in literature. These results show that the basic concept of the programm is working as intended.
Not all adjustments that are tried are reported in the thesis, some where not working as intended or had different
results than what was hoped for. The most important ones are still reported.

Coulombic interaction was not enough to explain the decrease in mobility at around 5 percent. Two types of
coulombic contribution where found. One positive for the mobility and one negative. The coulomb shielding of
certain sites is positive because it increases the effective density. While the negative effect is found in the blocking
of the percolating paths in the polymer. Furthermore there where no significant improvements while adjusting the
system parameters and environmental circumstances. Therefor the theory of the bias-stress effect is included. The
most widely spread theory about this phenomenon is that of trapping. This is invalidated in this thesis with the
comparison between simulations and experimental data. It shows that trapping can not be the cause of the bias stress
effect.

A second theory is about the creation of screening protons in the dielectric of the OFET. These simulations show
a matching trend towards the experimental data. The highest mobility is at about 7 percent charge carrier density.
Further simulations are needed to confirm the validity of these claims. Not everything in the experimental data can be
explained. These simulations would result in almost the same transfer curves right after stressing the OFET and after
stressing it for a substantial time. This is not completely the case. Reason for the discrepancies between simulations
and experiments can be as trivial as contaminations in the experiments. It is too early to neglect or discard any other
theories. Although the results warrant extensive research for furthermore confirmation.

Directly following this research is the research into 3D-systems, although this is discarded up until now. Better
understanding of the implementation of the proton creation theory is also mandatory. This could result in slightly
different mechanics of the creation and the behavior of these protons.

Ending with the title of this thesis ”Gate-voltage dependence of the mobility in OFETs”. This dependence is well
described by the simulations presented here.
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