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ABSTRACT 

Kinetic Monte Carlo (KMC) simulations have emerged as an important tool to help improve the 

efficiency of organic electronic devices by providing a better understanding of their device 

physics. In the KMC simulation of an organic device, the reliability of the results depends 

critically on the accuracy of the chosen charge-transfer rates, which are themselves strongly 

influenced by the site-energy differences. These site-energy differences include components 

coming from the electrostatic forces present in the system, which are often evaluated through 

electric potentials described by the Poisson equation. Here, we show that the charge-carrier self-

interaction errors that appears when evaluating the site-energy differences, can lead to unreliable 

simulation results. To eliminate these errors, we propose two approaches that are also found to 

reduce the impact of finite-size effects. As a consequence, reliable results can be obtained at 

reduced computational costs. The proposed methodologies can be extended to other device 

simulation techniques as well. 
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Organic electronic devices are promising light-weight, flexible devices for low-cost 

applications. 1-4 However, to take full advantage of these attractive features and have such 

devices integrated into consumer products, further improvements in performance and lifetime are 

needed. A deeper understanding of the microscopic processes taking place upon operation of the 

devices can go a long way in achieving these goals. In this context, kinetic Monte Carlo (KMC) 

simulations have emerged as a very useful tool 5-11 and have been applied to the description of 

organic solar cells (OSCs) 12-17, organic light-emitting diodes (OLEDs) 18-21, and organic field-

effect transistors (OFETs) 22-26. In order for such simulations to play a useful role in improving 

our comprehension of the device physics and efficiencies, it is critical that the KMC results are 

reliable. 

KMC simulations describe the time evolution of the microscopic processes taking place upon 

device operation. Therefore, the accuracy obtained for the rates of these processes largely 

determines the accuracy of the KMC simulations themselves. In organic electronic devices, a key 

process is the motion of the charge carriers. For the vast majority of organic molecular 

semiconductors, such motions can be depicted as hops of the charges among neighboring 

molecules 27, 28; the associated rates for hops between molecule i and molecule j are usually 

described by either the Miller-Abrahams equation 29 or the Marcus equation 30 :  
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where v0 denotes the effective (phonon) vibration frequency; γ, the inverse localization radius; 

Rij, the distance from site i to j; Ei and Ej, the site energies; T, the temperature; kB, the 

Boltzmann constant; h, the Planck constant; λ, the reorganization energy; and t, the charge 

transfer integral. Since the site-energy difference (Ej-Ei) appears in the argument of an 

exponential term, its accuracy will have a strong influence on the accuracy of the calculated 

charge-transfer rates, which in turn greatly impact the actual simulation results. 

The site-energy difference has an “internal” component coming from the intrinsic energy levels 

of the molecules (Ein) in the solid and an “external” component coming from the electric field 

(Eex):9 

( ) ( ), , , ,j i in j in i ex j ex iE E E E E E− = − + −        (3) 

Multiple charge carriers need to be considered when simulating the device and the electric 

potential within the device at any given time can be described by the Poisson equation. The 

electric potential is usually re-evaluated at every simulation step since it evolves with the carrier 

motion. The electric potential values obtained for a given distribution of the charges (at a given 

voltage) have been used to evaluate directly the external component Eex,j-E ex,i: 9, 21, 22, 31 

( ), ,ex j ex i j iE E q j j− = −          (4) 

where q is the charge of the carrier and φi and φj denote the electric potential at sites i and j. 

However, this procedure –based on the distribution of charges prior to a given hop– neglects the 

fact that the electric potential changes in the course of the hopping process. (We note that, while 

KMC simulations mainly consider the motions of charge carriers, they do not necessarily imply 
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that other properties of the system remain unchanged). The use of Equation 4 does not account 

for the image-charge forces 32, 33 and includes an error due to carrier self-interactions. While the 

former issue can be alleviated by explicitly considering the image charges 9, the self-interaction 

error has remained unaddressed. In this Letter, we discuss how it is possible to better evaluate the 

site-energy difference component in order to suppress the self-interaction error in KMC 

simulations of charge transport in organic electronic devices. 

For the sake of simplicity, we define Equation 4 as corresponding to the “raw” method, where 

the electric potential for the initial configuration is directly used to calculate the external part of 

the site-energy difference. To properly take into account the evolution of the electric potential 

and suppress the carrier self-interaction error, the electric potential corresponding to the final 

carrier occupation can be explicitly considered. More specifically, the Poisson equation needs to 

be solved when considering every possible hopping process. We denote this procedure as the 

“exact” method (where the “exact” terminology has to be taken relative to the other methods 

discussed here). 

At first sight, the computational cost could be expected to be extremely high. If we use n and k to 

denote the number of carriers and the number of allowed neighbors for a hopping process, 

respectively, the Poisson equation would need to be solved up to nk+1 times at each KMC step. 

Here, we propose a simple, yet very efficient, approach to achieve the same outcome while 

eliminating the need to solve the Poisson equation multiple times at each KMC step, where the 

energy difference due to the electric field writes as:  

( ) ( )( ) ( ), ,
i j

ex j ex i j j j iE E q j j j j − = − + −         (5) 
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where φj
(i) denotes the electric potential at site j due to the presence of a single carrier at site i, 

which is obtained by solving Poisson’s equation for a single-carrier system (under the same 

boundary conditions with the boundary values set to 0); 26 φj
(j) denotes the electric potential at 

site j due to a single carrier at site j. 

In order to suppress the self-interaction error, it is also useful to look at another case, where the 

site-energy difference coming from the electric field is evaluated from the electric-potential 

difference in the absence of the hopping carrier. This procedure would reduce the error 

associated with the “raw” method, while eliminating the need to consider two different carrier 

configurations for a hopping process. We denote this procedure as the “exclusion” method. In 

principle, this method requires solving the Poisson equation n times at every KMC step. In a way 

similar to the approach adopted for the “exact” method, an alternative solution can be used to 

reduce the computational cost: 

( )( ) ( )( ), ,
i i

ex j ex i j j i iE E q j j j j − = − − −         (6) 

where φi
(i) denotes the electric potential at site i due to the presence of a single carrier on this 

site. 

Because φi
(i), φj

(i) and φj
(j) can be obtained and stored prior to running the full KMC simulation, 

the increased computational cost of the “exact” or “exclusion” method is minimal, as it only 

requires the additional operation of retrieving two variables from memory when evaluating the 

site-energy difference for a hopping process. In our benchmark calculations, we find an increase 

in the overall simulation time by only about 4%-10% compared to the “raw” method (see Figure 

S1).   
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The comparison of the three methods to calculate the site-energy difference from the electric 

field is shown in Figure 1a. We use two different devices in order to illustrate the various 

approaches: (i) a diode (Figure 1b); and (ii) an OFET (Figure 1c). The KMC simulation process 

follows the same path as in our previous works; 26, 34, 35 thus, we only briefly recall it here. Each 

simulated device has a dimension of Lx × Ly × Lz. Different components of the devices 

(electrodes, organic semiconductors, and insulators) are represented by lattice sites in three-

dimensional space (nx×ny×nz); the site spacing is 1 nm. For the diode, nx=ny=50, nz=101; 

periodic boundary conditions (PBCs) are applied in both x and y directions; the [z=1] and 

[z=101] sites correspond to the electrodes; the other sites represent the organic semiconductor. 

For the OFET device, nx =50, ny=17, nz=257; PBCs are applied in the x direction; the regions 

[9≤y≤16, z=1], [9≤y≤16, z=257] and [y=1] represent the source, drain, and gate electrodes, 

respectively; the channel length (L) and the insulator dielectric thickness (d) are 256 nm and 8 

nm, respectively. 

The site energy is assumed to have a Gaussian distribution typical of organic semiconductors; the 

density of electronic states (DOS), g(E), writes as: 5 

2

22

1( ) exp
22
Eg E
σpσ

 
= − 

 
         (7) 

where σ is the energetic disorder. Typical values of the energetic disorder in organic 

semiconductors are in the range of 50-150 meV. 36, 37 In this study, we vary σ between 51 and 

128 meV, which is chosen to correspond to 2kBT-5kBT range at room temperature. We note that 

the charge carriers are forbidden to hop into the sites representing the dielectric and that no 

injection barrier is considered. The rates for charge transport (here, we deal with hole transport) 

and injection/collection are both described by the Miller-Abrahams equation. 38  
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The diode has a sandwich structure, and the charge carriers mainly drift in the direction 

perpendicular to the electrode plane. If the electric-potential difference along this plane is 

neglected, the electric potential in the device can be described by the 1D Poisson equation: 9 

2

2
0rz

j r
ε ε

∂
= −

∂
          (8) 

where ρ represents the charge density; ε0, the vacuum permittivity; and εr, the relative 

permittivity; the latter is set to 4, a value often found in organic materials. 39 

On the other hand, the OFET device has a pseudo-two-dimensional (pseudo-2D) structure, and 

its components remain uniform in the direction normal to the 2D plane. The electric potential in 

the device can be described using the 2D Poisson equation: 26 

2 2

2 2
0ry z
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ε ε

∂ ∂
+ = −

∂ ∂
         (9) 

All the calculated current values are based on the average of at least 16 simulations to obtain a 

converged result. 

Figure 2 illustrates that, for a diode device, the currents derived from all three methodologies are 

similar. However, the OFET case is very different. As can be seen in Figure 3, the transfer 

currents estimated via the “raw” method are significantly higher than those derived with the 

other two methods; this difference is most prominent at high energetic disorders. On the other 

hand, the results obtained with the “exact” and “exclusion” methods remain very similar. The 

same trends are also found for the output currents (see Figure S2 in the Supplementary 

Information, SI). 
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The differences observed in the transfer and output currents are mainly caused by the self-

interaction error of the “raw” method. Because Poisson’s equation gives a lower electric 

potential at a site adjacent to a hole (Figure S3), the energy barrier for the hopping process is 

lowered. However, this lowered barrier is artificial, since its origin is related to the hopping 

carrier itself. Thus, the “raw” method leads to increased carrier motions and overestimated 

currents. For the OFET case, the error in the currents can be as large as 400% (Figure 3d), 

within our investigated parameter range. On the other hand, neither the “exact” method nor the 

“exclusion” method includes this error when evaluating the charge-transfer rates; it is therefore 

reasonable that the results using these two methods are close to each other, and are more reliable. 

We have identified three factors that influence the extent of the self-interaction error: 

(i) The dimensionality of the Poisson equation. The electric potential along the z direction in the 

devices when a single charge carrier is present can be found in Figure S3. Within the 

investigated parameters, the electric-potential difference between adjacent sites can be as large as 

38 mV for the case of the 2D Poisson equation, while the largest value for the case of the 1D 

Poisson equation is only 1.5 mV. This explains the reason why the “raw” method results in larger 

errors in the OFET case than in the diode case. 

(ii) The size of the system. The potential difference between the site where the hopping carrier is 

located and an adjacent site also depends on the system dimension perpendicular to the electric 

field. When the 1D [or 2D] Poisson equation is used, the carrier density is layer-averaged [or 

line-averaged]. As a result, when reducing nx, this electric-potential difference (Figure S3a and 

S3b) increases. The error in the “raw” method is, therefore, expected to be larger in the case of 

smaller device dimensions. Indeed, significant differences in the currents appear for the three 
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methods, even for the diode device, when reducing both nx and ny (Figure 4a). On the other 

hand, when increasing the channel width (W) for the OFET device, the differences in the currents 

evaluated using the three methods become smaller (Figure 4b). 

(iii) The effective energetic disorder. For materials with high energetic disorders, the carriers are 

essentially trapped at low-energy sites and the (artificial) enhancement on the carrier motion 

from the “raw” method is then also larger. Thus, this explains the larger error derived with the 

“raw” method at higher energetic disorders (Figures 3 and S2). As carriers fill the low-energy 

levels, a higher carrier density, which can be the result of an increased gate voltage, leads to 

decreased effective energetic disorder; therefore, the error due to the “raw” method is larger at 

lower gate voltages (Figure 3). 

For the “raw” method, the currents have been found to increase at smaller device dimensions. 

Such a phenomenon was usually rationalized in terms of finite-size effects as insufficient 

sampling leads to reduced apparent energetic disorder; this, in turn, results in more efficient 

charge transport. However, single-carrier calculations show that within the investigated 

parameters, nx and ny have little influence over the charge mobilities (Figure S4). The 

implication is that the system size here is large enough for sufficient sampling. Thus, decreasing 

the system size does not necessarily lead to increased currents (or at least this tendency is 

reduced) when the self-interaction error is suppressed (Figures 4a and 4b). These results suggest 

that the self-interaction error can be an important reason producing overestimated currents in 

device modelling, which can be corrected using the “exact” or “exclusion” method (Figures 4a 

and 4b). Therefore, reliable results can be obtained at reduced system sizes, which translates into 

more affordable computational costs, since the KMC simulation time depends significantly on 

the system size. 



 12 

Interestingly, the currents from the “exact” method are found to increase when first increasing 

the system size (Figures 4a and 4b). One reason can be understood as follows: The Poisson 

equation predicts that when charge carriers move through the device, they first experience an 

elevated energy barrier, then a reduced one (see Figure 4c). Since the carrier motion in the first 

part of the device is usually the limiting process due to the non-uniform electric field, 26, 34, 40 the 

elevated energy barrier also leads to slower carrier motion. When reducing the device 

dimensions, these effects are more significant (Figure 4c), which leads to decreased currents. On 

the other hand, this energy barrier is absent in the “exclusion” method, which is why the results 

from this method are higher than those using the “exact” method. It is thus reasonable that larger 

differences are found between these two methods at small device dimensions (Figures 4a and 

4b) and when the electric field in the OFET device is weak at low gate voltages (Figure 3). 

In our discussion, we have considered the 1D and 2D Poisson equations in order to illustrate our 

methodologies in a simple manner. In such simulations, the short-range electrostatic forces are 

not fully taken into account and the 3D Poisson equation can be used to achieve a more accurate 

description of the electric potentials in the device. We note that the electric potential in diode 

configurations has been considered in KMC simulations by using a hybrid approach:9 short-

range electrostatic interactions are explicitly evaluated using Coulomb’s law, while long-range 

interactions are calculated in a layer-averaged way. In this instance, however, abrupt changes in 

the electric potential at the cutoff positions can result in fluctuations that influence the accuracy 

of the simulations. The way to reduce this error is to use a large cutoff, which, however, greatly 

increases the calculation cost. Based on the methodology proposed in this Letter, both short-

range and long-range electrostatic potentials can be consistently described using the 3D Poisson 

equation while suppressing the self-interaction error (see Figure S5a). 
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Conceptually, for a diode-structure device, when the 3D Poisson equation is used, the “exact” 

method is similar to the hybrid approach with explicit consideration of image-charge forces.9 

However, we note a difference when considering the image charges: the Poisson solver uses the 

potential value at the electrodes as the reference, while when considering image-charge forces, 

the reference is taken for a charge infinitely away from the electrodes; as a result, the electric 

potentials at the electrode/organic semiconductor interface derived from the 3D Poisson equation 

using the “exact” method, are different from those usually evaluated in the presence of image-

charge forces (see Figure S5b). On the other hand, the image-charge forces can still be explicitly 

considered when the “exclusion” method is used. In such a case, the simulation results can 

actually be close to those obtained using the hybrid approach with a large cutoff in the presence 

of image-charge forces (see Figure S6). 

We would like to point out that the self-interaction error is also present in device simulations 

using techniques other than KMC (for example, the master equation approach 41). To suppress 

the self-interaction error in such device modellings, the “exclusion” method can be generalized 

by incorporating the occupancies of charge carriers into Eq. (6): 

( ) ( )( ) ( ) ( )( ), ,
i j i j

ex j ex i j i j j j i i i j iE E q j β j β j j β j β j − = − − − − −      (10) 

where βi and βj are the occupancies of charges at sites i and j, respectively. 

In conclusion, we have shown that the carrier self-interaction error present in the evaluation of 

the site-energy differences can result in substantial inaccuracies in kinetic Monte Carlo 

simulations of organic electronic devices. The extent of this error depends on several aspects: (i) 

the dimensionality of Poisson’s equation; (ii) the system size; and (iii) the energetic disorder 
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present in the system. Within the parameter range investigated in this work, inaccuracies in terms 

of current can be as large as 400%. To eliminate this error, two methods have been proposed: the 

“exact” method, which takes into account both the initial and final carrier distributions / 

configurations, and the “exclusion” method, where the electric potentials are evaluated in the 

absence of the hopping carrier. These two approaches have been shown to increase the accuracy 

of the results and to reduce the finite-size effects in the simulations of diodes and organic field-

effect transistors, which allows reliable results to be obtained at reduced computational costs. 

Based on the methodologies developed in this Letter, consistent descriptions of both the short- 

and long-range electric potentials can be achieved using the 3D Poisson equation while 

suppressing the self-interaction error. Importantly, the “exclusion” method can be generalized for 

device modelling using techniques other than KMC such as the master equation approach. 
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Figure 1. (a) Illustration of the carrier occupations used to determine the electric potentials at 
sites i and j in the “raw”, “exact”, and “exclusion” methods; blue spheres represent charge 
carriers. Illustration of (b) the diode device and (c) the bottom-gate bottom-contact OFET device 
simulated in this work. 
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Figure 2. Current vs. voltage for the simulated diode device as a function of energetic disorder 
(σ) for the three KMC methodologies. 



 22 

 

 

Figure 3. Calculated transfer currents for the OFET device at energetic disorder of: (a) 51 meV; 
(b) 77 meV; (c) 103 meV; and (d) 128 meV. The insets show the errors of the “raw” method and 
the “exclusion” method relative to the “exact” method. The drain voltage is -5 V. 
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Figure 4. (a) Calculated current densities (J) of diode devices of different dimensions (Ly= Lx in 
all cases) for σ = 128 meV and V= -5 V; (b) calculated current (IDS) as a function of width of the 
OFET device W for σ = 51 meV and gate and drain voltages = -3 V; (c) difference between φj

(j) 
and φi

(i) at different positions in the diode device; site j is the site adjacent to site i along the 
direction of the electric field. 


