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Abstract 
 

In this thesis a scaling relation for the charge carrier mobility in disordered organic semiconductors is 

introduced. Using an analytical expression for the correlation length it is possible to scale systems with 

different disorder strengths in such a way that the correlation length exponent   can be extracted. This 

scaling relation will be applied to simulations of two- and three-dimensional random-resistor networks 

which represent organic semiconductors. In the 3D calculations, the value for the correlation length 

exponent extracted in this way corresponds within a margin of error to the well-known value of this 

exponent. For the 2D case the value does not correspond to the known value, but it does have the same 

order of magnitude.  
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Chapter 1 -  Introduction 
 The first commercial OLED (organic light-emitting diodes) product came available in 1997; a 

monochromatic car display. Since then the use of OLED has only grown. Nowadays they are widely used 

in mobile telephone displays and this year the first OLED television became available on the consumer 

market. OLEDs have potential advantages over other solid-state technology. OLEDs have a high energy 

efficiency, cheap roll-to-roll production an excellent color rendering. Besides that they are very thin and 

can be made flexible. 

In this thesis we investigate the charge carrier mobility – or conductivity – of organic semiconductors as 

a function of the size, or typical length scale of this organic semiconductor. The charge carrier mobility is 

the average velocity of a charge carrier divided by the electric field strength. Charge transport in organic 

semiconductors is typically analyzed in term of this charge carrier mobility. Due to the disordered nature 

of organic semiconductors we cannot treat all finite size organic semiconductors as continuous media. 

When the size is below a certain length the conductivity of a organic semiconductor will vary from 

device to device. If the size is large enough – larger than a typical length - the organic semiconductor can 

be treated as a homogenous medium. This typical length is the so called correlation length 

When producing OLEDs one is interested in this length. One wants to be able to predict the charge 

carrier mobility and possible deviations due to the finite size of an OLED and therefore one needs to 

know how the size of this OLED will affect its properties.  

The objective of this research is to identify the correlation length in organic semiconductors and use it to 

scale systems of different disorder strengths in such a way that they “look” the same. Using this scaling 

approach it should be possible to extract the correlation length exponent  . The value found for this 

exponent can then be compared with values found in other research [7, 10].  

This thesis heavily relies on the work done by J. Cottaar [11]. We use the program he wrote to simulate 

the charge transport in three dimensions. The theoretical framework of this thesis is an extension of the 

theory developed by Cottaar. 
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Chapter 2 - Theory 
In this chapter an overview of the theory used in the rest of the report will be presented. The chapter 

starts off with a short introduction into charge transport in organic semiconductors and how this charge 

transport can be modeled.  The chapter continues with an introduction into percolation. Then, the 

correlation length and the corresponding critical exponent will be explained followed by the 

introduction of an analytical expression for the correlation length in the systems under study in this 

thesis. Finally a scaling relation for the charge-carrier mobility will be presented. 

Charge transport and the hopping model 
Charge transport in organic semiconductors takes place by hopping of charge carriers. The carriers – 

electrons or holes – hop between discrete localization sites. These sites can be polymer segments or 

small molecules. Two charge carriers cannot occupy one site due to Coulomb interactions. While organic 

semiconductors are disordered material we will assume that the sites are ordered on a simple-cubic (SC) 

lattice.  

The energy of a carrier    depends on the site   it is occupying. It is common to assume that the 

distribution of site energies – which is described by the density of states (DOS) – is approximately 

Gaussian. The Gaussian DOS is given by: 

      
 

    
     

  

   
  (2.1) 

 

   

with   the standard deviation of the DOS. For organic semiconductors typically         . The site 

energy does not include effects of electrostatic interactions with other charge carriers. In this work we 

assume that site energies are not correlated with the site energies of nearby sites.  

We will only consider hopping (tunneling) between nearest neighbors, and thereby neglect long distance 

effects. We don’t consider variable-range hopping. To describe the hopping of charge carriers between 

two adjacent sites two different hopping models are being used. On the one hand Miller-Abrahams 

hopping and on the other Marcus hopping. In both cases the rate     for a carrier to hop from an 

occupied site   to an unoccupied site   is of the form 

                            (2.2) 
 

where    is Boltzmann’s constant and   the temperature. The type of hopping is specified by the 

prefactor                  . The Miller-Abrahams hopping rate is based on phonon assisted hopping. 

For a jump upwards energy is supplied by absorption of a phonon, while for a jump downwards in 

energy a phonon is emitted. The hopping rate proposed by Miller and Abrahams [8] is given by: 

                                (2.3) 
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In the model proposed by Marcus polarons are used to descripe hopping. A polaron is a combination of 

a charge carrier and the deformation of the lattice caused by the presence of the carrier. The 

reorganization energy    is the energy associated with this deformation. The hopping rate in this model 

is given by [9]: 

                      
         , (2.4) 

where    is not constant but depends on    and  : 

    
  
 

 
 

 

     
     

  

    
  (2.5) 

 

To simulate hopping in a organic semiconductor we make use of the 3D master equation approach used 

by Cottaar et al. [3]. This master equation approach states that the amount of carriers hopping away 

from a site must equal the amount of carriers hopping onto the site: 

                             

 

  (2.6) 

 

  

where    is the probability that a site   is occupied by a charge carrier. As shown in the work of Cottaar 

et al.  this model can be reformulated in terms of a random-resistor network. Following this work the 

bond resistances between two adjacent sites are given by 

     
         

     
    

      
     

    
 

          
. (2.7) 

 

The Fermi energy is determined by solving the following Fermi integral for the desired charge carrier 

concentration. In this way the charge carrier concentration can be fixed. 

    
    

      
      

   
 
  

 

  
. (2.8) 

 

Determining the charge-carrier mobility   is now equivalent to determining the conductance of the 

random-resistor network         . The relationship linking the two is straightforward: 

   
  

        
        . (2.9) 
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Percolation 
In this section a very brief introduction into percolation theory will be given. For a more rigorous 

explanation we refer to the book written by Stauffer [2] on this subject. 

Suppose we have an infinite two- or three-dimensional lattice. Assume that the bonds between two 

adjacent sites are either open or blocked with a certain probability  . If     all bonds are open and we 

are able to reach from any starting point in the lattice. Similarly, if     all bonds will be closed and no 

other site can be reached from the site we start on. In an infinite lattice the fraction of open bonds will 

be equal to   and the fraction of closed bonds will be equal to    . For every   there are two 

possibilities. We can reach a finite or infinite number of sites from the initial site. The outcome depends 

on the fraction of open bonds and the choice of the initial site. 

If we consider finite lattices it is intuitively clear that if the probability   that a bond is open or closed, 

there is only a very tiny chance of having a percolating cluster between two opposite boundaries. For a 

probability   close to one it is almost sure that there exists a percolating network. A cluster is a set of 

bonds connected by nearest neighbor distances. 

The percolation threshold    is defined as the probability (concentration)   at which an infinite cluster 

appears for the first time in an infinite lattice.  

Instead of formulating the percolation problem in terms of bonds, we can also formulate the percolation 

problem in terms of sites. In that case we imagine a quadratic lattice like a chessboard. A site (a box on 

the chessboard) is either occupied or empty. Let now   be the probability that a site is occupied. We can 

now define the percolation threshold in the same way as in the bond problem, but this time a cluster is 

defined as a set of occupied sites connected by nearest neighbor distances.  

The percolation threshold is different for both formulations of the percolation problem. For the bond 

problem we will denote the percolation threshold by      , for the site problem by      . 
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Correlation length 
The correlation length   is a typical length scale of a system. It defines the length at which microscopic 

variables in a system are correlated with each other. In critical phenomena this correlation length 

diverges when a system reaches a critical point. An example is the phase transition in a liquid-vapor 

mixture. At this critical point fluctuations occur at all length scales and the system becomes scale 

invariant: the correlation length is infinite. It does not matter at which scale one looks at the system, it 

will appear similar for al length scales. 

For a length scale below the correlation length,     , the system is strongly inhomogeneous and 

appears fractal. Intensive quantities like the conductivity scale in a non-trivial manner with the length  . 

Beyond the correlation length the system becomes homogeneous and intensive quantities take their 

macroscopic value (the macroscopic average conductance          ,  for example, with   

independent of  ). In this case the system can be divided into independent subsystems, with a size equal 

to the correlation length. The only relevant length scale in the system is the correlation length   . 

In percolation theory one also encounters a correlation length. The correlation length    is defined by 

the length scale of the largest cluster and diverges when     . The correlation length exponent   is 

defined by 

          
   for      . (2.10) 

 

This critical exponent   does not depend on any property of the system, only on the dimensionality. In 

two dimensions the correlation length exponent is     (den Nijs’ conjecture) [10]. In three dimensions it 

is found to be       [7]. 

Using the percolation model it is possible to find an analytical expression for the correlation length in 

the systems that are being studied in this thesis. Closely following the reasoning of Shkolvskii  and Efros 

[1] we will find that we can express the correlation length in terms of the disorder strength of the 

system under study.  

Consider an infinite lattice of resistances with exponentially broad distribution:               , 

where     depends on site energies   ,    of two adjacent sites. Suppose that in this lattice all resistors 

with       are cut off. Let the conductivity of this network be       When   is small the unbroken 

resistances form isolated clusters, and therefore       . If   is slowly being increased it reaches a 

threshold value, the critical resistance     for which the unbroken resistances form an infinite 

(percolating) cluster. The critical resistance and the percolation threshold are therefore related through 

        

  

  

       (2.11) 

 

where   is the probability density function of  . When we increase   from    to         the 

conductivity will rapidly increase due to the presence of an infinite percolating network. At the same 
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time the number of parallel resistors increases. This causes the conductivity to saturate at      

    . The cluster that know is formed is called the critical subnetwork. This critical subnetwork is 

defined as the network of resistances with            . 

Combing Eq. (2.1) and Eq. (2.7) we see that for the Gaussian distribution of site energies characterized 

by the width  , the distribution of     has a width of order      . Now we can find an expression for 

the correlation length in this system: 

 
              

            
  

  
 

  

           
 

   
 

  

 

  

 

 

(2.12) 

so 

       
 

   
 

 

       (2.13) 

 

where    is the lattice constant and where we define the disorder strength   as   
 

   
.  

Again we consider a lattice of resistances of the form            . This time with    a random 

variable uniformly distributed in the interval          , where    is an arbitrary chosen value 

representing the amount of disorder in the distribution of resistances (instead of the more general case 

explained above). Using the same argument as before we find the following expression for the 

correlation length: 

        
  (2.14) 

 

We conclude that for any exponentially wide distribution of resistances we can write the correlation 

length as: 

       
  (2.15) 

 

where   is a measure of the width of the distribution, in other words the amount of disorder. 

Scaling 
As stated before we can find two well-defined regions when we examine the conductivity of a lattice as 

a function of the length scale. For      the system is inhomogeneous and the conductivity   depends 

on the size   of the system. For a system much larger than the correlation length,     , the 

conductivity   saturates at a value determined only by the correlation length of the system. Therefore 

we could describe the average conductance of a system as follows. 

      
               

      
         

 . (2.16) 
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The two regimes meet each other at the correlation length   . It is common practice to talk about the 

charge carrier (or electron) mobility instead of the conductivity. There is a straightforward relation 

between the electron mobility    and the electrical conductivity  , 

        (2.17) 
 

where   is the number density of the electrons and   the elementary charge. Using Eq. (2.16) and Eq. 

(2.17)  we can now construct the following scaling relation for the average charge-carrier mobility: 

 
      

      

         
   

 

  
    

 

    
  

 

(2.18) 

In this expression we used the previously derived expression for the correlation length    in terms of the 

width of the distribution of resistances  . If we plot the variable 
      

         
 

      

         
  on the vertical 

axis and on the horizontal axis we use the scaling variable          
   the data should collapse on 

one single master curve. We scale the different systems in such a way that they all “look” the same. It is 

expected that this data collapse is independent of the type of hopping or the charge carrier 

concentration.  

The scaling approach we use is the similar to the approach used by Angulo and Medina [5]. Except in 

their case they consider random-resistor networks on different lattices than a SC lattice. 

Let’s summarize the foregoing theoretical analysis. First we have motivated that the problem of 

determining the conductivity/charge carrier mobility of an organic semiconductor can be reduced to 

determining the conductivity of a random-resistor network specified by certain properties of the organic 

semiconductor. The charge carrier mobility of systems of different size and disorder can be scaled using 

the correlation length. In turn, this correlation length can be expressed in terms of the width of the 

distribution of resistances and the correlation length exponent. Finally this leads to the scaling relation: 

 
      

         
   

 

    
    (2.19) 
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Chapter 3 - Numerical methods 

3D simulations 
For the periodic boundary calculations (PBC) in three dimensions the 3D master equation (3D-ME) 

approach is being used. The program, written and used by J. Cottaar, uses a modified version of the 

method of Yu et al. to solve the master equation.  

2D simulations 
To solve the 2D problems the algorithm developed by Deridda [4] is being used. This method uses 

transfer matrices to solve the conductivity of semi-infinite two-dimensional strips of different 

thicknesses. We will provide a short overview of how the algorithm works. For a more in depth 

explanation one should consider reading the original article.  

 

Figure 1: Schematic overview of how the resistor strip is constructed recursevily. 

The matrix    characterizes the effect of the semi-infinite strip between    and column  . The 

resistors are gradually added for each column  . 

By definition the matrix    gives the currents    as a function of the   . 

  

  
  
 
  

     

  

  

 
  

   (3.1) 

 

The matrix      is given by a recursion relation: 

                 
   (3.2) 

 

where the matrix   characterizes the effect of the horizontal resistors    at column  . 
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           (3.3) 
 

The tri-diagonal matrix   represents the effect of the vertical bonds    at column     

                                                   (3.4) 
 

The conductivity   per unit length of strip of height   is given by: 

          
       

 
. (3.5) 

 

There is no analytical method to obtain this limit. Therefore we simply perform enough iterations 

numerically for long enough strips so we approach the limit. 
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Chapter 4 - Results 
In this chapter we will present the results from the numerical simulations.  

Introduction 

Introduction 3D simulations 

We have simulated systems in both two and three dimensions. In 3D we simulated layers of different 

layer thicknesses. The layers have size         where the thickness   is varied from   up to   . 

Both the Miller-Abrahams hopping model and Marcus hopping model are used for the hopping rates. 

The disorder strength         is varied from   up to  , the experimentally relevant regime for 

OLEDs is           . 

Because we are simulating finite size systems the charge carrier mobility will vary for different 

realizations of the same system. Therefore we simulate a sufficient large amount of realizations. We 

then take the mean of the sample. To justify what is “a sufficient large amount” we use the following 

argument. We assume that the charge carrier mobility has a Gaussian distribution, which is justified by 

the central limit theorem. The question now is; how good do we estimate the mean of this distribution? 

To answer this question we can use a t-test with a certain power, or we can use the            

confidence interval for the average charge carrier mobility    : 

           
 

   
           

 

   
   (4.1) 

 

where      is the    th quantile of the t-distribution,   is the standard deviation of the sample and   

the number of observations in the sample. If we use this definition of the error with      , the error 

bars in the plots in this chapter are much smaller than the marker sizes. 

 Introduction 2D simulations 

In addition to the 3D simulations we also simulated two dimensional systems. Instead of calculating the 

electron mobility of 3D layers, this time we calculate the conductivity of semi-infinite strips of random-

resistor networks. The height   of the strips is (again) being varied from   up to    whilst the lateral size 

(the width)   of the strips stays constant at         . Because we take the lateral size much larger 

than the height of the strips we can treat the strips as semi-infinite, 
 

 
  . 

 Although the two-dimensional semi-infinite strips are not of practical relevance to organic 

semiconductors, this approach can be used to check whether or not the scaling approach we use is valid. 

The main difference is that this time the lateral size of the system approaches infinity whilst in the 3D 

case we study finite size layers (         versus        ). This means that in the 3D case the 

electron mobility will vary from one realization to another, but in the 2D case we will find one value for 

the electron mobility for each height   of the strip. The critical exponent   for the correlation length is 

also different in 2D from the exponent in 3D. The arguments for the scaling relation remain valid 

independent of the dimensionality of the system. 
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This time we use two different ways to model the resistances in the random-resistor network. 

(i)            , with    a random variable uniformly distributed in the interval        

  . 

(ii)     
         

     
    

      
     

    
 

              
         

, with    a random variable normally distributed with a mean 

equal to   and a variance  . The Fermi level is fixed at     . 

The first model is exactly the same as the model used by Shklovskii and Efros which is used in chapter 2 

to derive the theoretical background that is used in this thesis, we will refer to this model as the SE-

model. The second way to model the resistances is very similar to the Miller-Abrahams hopping model 

used in the 3D simulations, but this time the Fermi level is fixed instead of the charge carrier 

concentration. We do this because it was not possible to build Eq. (2.8) into the computer program. The 

Fermi level is fixed at     . Both approaches lead to an exponentially wide distribution of resistances. 

Table 1 summarizes the different systems we used in the simulations. 

Dimension Hopping/Resistor model 
Simulation 

method 
Disorder 
strength 

Charge carrier 
concentration   

System size 

2 
SE-model 

                          
Derrida    -          

2 
Miller-Abrahams (fixed Fermi 

level,     ) 
Derrida   

 

   
 -          

3 
Marcus (fixed charge carrier 

concentration) 
3D-ME   

 

   
                        

3 
Miller-Abrahams (fixed charge 

carrier concentration) 
3D-ME   

 

   
                   

Table 1: Summary of the different systems that are used in the simulations. For all systems the size   is being varied from   up to   . 

 

Simulation results 

3D Simulations 

In Figure 2 the normalized electron mobility                  is plotted as a function of the layer 

thickness  . Scaling is not yet applied to this data. To improve the readability, we only plot the data for a 

charge carrier concentration       . The plots for the other charge carrier concentrations all look the 

same, and can be found in the appendix. From Figure 2 we can see that there is a different trend for 

every disorder strength  .  
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Figure 2: The normalized charge carrier mobility as a function of the layer thickness   for different disorder strengths   and a charge carrier 

concentration of        for both Miller-Abrahams and Marcus hopping. This data is not yet scaled. To improve readability we only plot 

the data for a charge carrier concentration       . 

We now recall chapter 2 where we derived the following scaling relation:  

 
      

         
   

 

  
    

 

     . (4.2) 

 

Using this relation we can scale the data. Figure 3 shows the scaled data for different values of the 

correlation length exponent  . By looking at the graphs for different values of   one could guess the 

optimal   for which we have the best data collapse. But without a method to quantify the “goodness of 

collapse”, picking the right value for   would be left to the eye of the beholder.  

The problem that we encounter when we want to quantify the “goodness of collapse” is that the 

function      in Eq. (4.2) is unknown. Therefore we do not know on which master curve the data should 

collapse. In order to quantify the “goodness of collapse” we use a measure proposed by Bhattacharjee 

and Seno [6]. The procedure they suggested is the following. First we pick a  . The data set 

corresponding to this   is then used for estimating the function     . By interpolating the values in this 

set, the values for other sets in the regions that overlap (on the horizontal axis) can be estimated. To 

interpolate a cubic spline is being used. Then the residuals are calculated. Since we can pick any   the 

procedure is repeated for all values of  . We must be careful here, because for small   we cannot 

expect the scaling to hold true. This then leads to the following measure: 

     
 

     
            

      
        

 

            

 

 
. (4.3) 
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Figure 3: Plot of the scaled charge carrier mobility using the scaling relation Eq. (4.2) with different values of the correlation length exponent 

  for both Miller-Abrahams and Marcus hopping. The plots for        and        and the plots for       have an offset on the 

vertical axis of      and      respectively. To improve readability we only plot the data for a charge carrier concentration       . 

In this expression    is the cubic spline interpolating the values of set  . The innermost sum over   is 

carried out over the overlapping points. The value of   can be any number, but in this thesis the simple 

case of     is being used.  

Figure 4 shows the residue    as a function of the correlation length exponent  . The residue    reaches 

a minimum for both hopping models and for all charge carrier concentrations. The minimum lies 

approximately at the same place for all five systems. It is unknown why there is a sudden drop when the 

critical exponent reaches  . Because we are dealing with continuous functions – the charge carrier 

mobility – we do not expect this discrete behavior. Unfortunately there was a time limit to this project, 

so we could not investigate this further. 

 By minimizing the quantity    over the exponent  , the optimal value of the correlation length 

exponent   can be obtained. This can be done with a minimization algorithm. 

The estimates of errors are obtained from the width of the minimum. Using an expansion around the 

minimum at    we estimate the width as:  

           
          

      
 

    

 (4.4) 

 

for a given  . The final estimate of the correlation length exponent now is       with the error bar 

reflecting the width of the minimum at    level. We take       , so the error bars represent the 

width of the minimum at the    level.  



19 
 

 

 

Figure 4: Plot of the residue    in Eq. (4.3) with     as a function of the correlation length exponent   for both Miller-Abrahams and 

Marcus hopping with different charge carrier concentrations  .  

The values of the correlation length exponent are summarized in Table 2. It is verified that the critical 

exponent is independent of the hopping model. In Figure 3 we have also plotted the collapsed data, 

using the values from Table 2. Comparing this figure with Figure 2 it is clearly visible that the scaled data 

for the different values of   now collapses on a master curve.   

 

2D Simulations 

For the 2D simulations we repeat the same procedure. Because we calculate the conductance of the 

network instead of the charge carrier mobility we alter the scaling relation to the following: 

 
           

              
   

 

  
    

 

    
  (4.5) 

 

where          is the conductance of the semi-infinite two-dimensional random-resistor network. We 

now use a function      to emphasize that this function is different from the function      that is used 

in the scaling relation in 3D. Also, we don’t take averages because the network is semi-infinite. There is 

only one realization for each system. 

Figure 5 shows plots of the unscaled data. Just like in the 3D simulations we find different trends for 

different values of the disorder strengths   and   .  
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Figure 5: The normalized network conductance as a function of the strip height   for different disorder strengths   and    Miller-Abrahams 

hopping (with fixed Fermi level) and the SE-model. This data is not yet scaled. 

The plots in Figure 6 show the data scaled using different values for the correlation length exponent  . 

From this figure we can see how the exponent   influences the scaling. 

 

Figure 6: Plot of the scaled and network conductance using the scaling relation Eq. (4.5) with different values of the correlation length 

exponent   for both Miller-Abrahams hopping (with fixed Fermi level) and the SE-model. . The plots for       and       and the plots 

for       have an offset on the vertical axis of      and      respectively. 
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In order to find the optimal value for the exponent   we use the same method as used for the 3D 

simulations. We again quantify the “goodness of collapse” using Eq. (4.3). A plot of the residue   is 

shown in Figure 7. For both models the residue reaches a different minimum. The optimal values and 

error estimates are summarized in Table 2. In Figure 6 the data is also scaled using the optimal values for 

the exponent  . If we compare this figure to Figure 5 it is clearly visible that we can effectively scale the 

data. The data points for the different disorder strengths now lie on a single master curve. 

 

 

Figure 7: Plot of the residue     in Eq. (4.3) with     as a function of the correlation length exponent   for both Miller-Abrahams hopping 

(with fixed Fermi level) and the ES-model. 

 

Dimension Hopping Charge carrier concentration                  

2 MA (fixed Fermi level) -             

2 
SE-Model 

                          
-             

3 MA                     

3 MA                     

3 Marcus                     

3 Marcus                     

3 Marcus                     

Table 2: Correlation length exponent  , and estimates of the errors extracted by minimizing Eq. () for the different systems discussed in this 

chapter. 
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Chapter 5 Conclusions and Discussion 
 

3D Simultations 

For both Miller-Abrahams and Marcus hopping we found a value for the correlation length exponent  , 

respectively        and       . These values lie within a margin of error from the value of the well 

known value         in 3D [7]. 

We expected that there would be a clear difference between two regimes, the regime where the system 

size   is below and the regime where it is above the correlation length. Looking at Figure 2 we must 

conclude that these two regimes are indistinguishable. There is no abrupt transition. 

Furthermore we showed that using the scaling relation Eq. (2.19) it is possible to scale systems with 

different disorder strengths in such a way that the data collapses on a master curve. When comparing 

Figure 2 with Figure 3 one clearly sees that we can scale the data.  

The 3D master equation approach uses periodic boundary conditions in all directions. One could argue 

that this isn’t the proper way to consider percolation. When looking at charge carrier mobility in a 

percolation perspective the only thing that matters is that a charge carrier is able to move from one side 

of the layer to the other side of the layer. We tried to establish this issue by using a trick. In the program 

used to simulate the layers we manually raised the hopping rates on the two outside planes of the layer. 

In this way the outside planes would be similar to conducting planes. When the difference between the 

hopping rates in the outside “conducting” planes and the hopping rates in the material becomes too 

large this will causes numerical issues because due to for example rounding errors because we are 

comparing numbers that differ several factors of order. If the number we use to multiply the hopping 

rates in the outside layers is too small, the layers do not resemble “conducting” planes. This leaves us 

with a trade-off between higher hopping rates in the outside plane and numerical precision. 

Unfortunately we could not solve this problem. The results from these calculations were unusable.  

2D Simulations 

For the 2D simulation we encounter the same behavior as in the 3D simulations. We can scale the 

systems for different disorders strengths. This is visible when comparing Figure 5 with Figure 6. The 

optimal values we find for the correlation length exponent are       for the Miller-Abrahams hopping 

model with fixed Fermi level and       for the ES-model. These results do not lie within a margin of 

error of the value of        in [10]. The order of magnitude is the same. 

We will try to give an explanation why in 2D we do find different values for the correlation length 

exponent. When we compare Figure 2 and Figure 5. we see that the normalized charge carrier mobility 

in the 3D systems converges much quicker to   than the normalized network conductance in the 2D 

systems. This may indicate that the largest system we simulated in 2D is not large enough, and therefore 

we may not use the approximation                          . Theoretically this makes 

sense. Because         we have that           and thus that the correlation length in a 2D system 

will be larger than in a 3D system for the same disorder strength. In 2D we need to have a larger system 

in order to meet     . To check this, larger systems should be simulated in 2D. 
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Recommendations for further research 

In order to simulate the charge transport in organic semiconductors we made a few simplifications. 

These simplifications reduce the calculation time and make the models easier to handle. We will discuss 

these simplifications and present solutions how we can check if we did not oversimplify the model. 

First, we only considered uncorrelated disorder. Remember that we took the site energies    

independently from a Gaussian distribution. In practice site energies are correlated with each other. To 

investigate the effect of these correlations one could simulate systems with correlated disorder. A good 

method would be the dipole-correlated disorder used by Cottaar et al. [3].  

The second simplification is that we only considered nearest neighbor hopping on SC lattices. This 

approximation might be too simple. In a real organic semiconductor can be very close together and 

there may be large voids. Therefore one maybe should consider other lattices. For example a face-

centered-cubic lattice in addition to the SC lattice. By only considering nearest neighbor hopping we 

neglected long distance interaction. In addition one could consider variable-range hopping. 
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Appendix A 

 

Figure 8: Figure 9: The normalized charge carrier mobility as a function of the layer thickness   for different disorder strengths   and 

different  charge carrier concentrations     for both Miller-Abrahams and Marcus hopping. This data is not yet scaled.  
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Figure 10: Plot of the scaled charge carrier mobility using the scaling relation Eq. (4.2) with different values of the correlation le ngth 

exponent   for both Miller-Abrahams and Marcus hopping for different charge carrier concentrations  . The plots for        and 

       and the plots for       have an offset on the vertical axis of      and      respectively.  
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