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Abstract—The hole mobility of amorphous tridecane (a model 
of amorphous polyethylene) is simulated using a parameter-free 
approach which combines density functional theory, molecular 
dynamics and kinetic Monte Carlo methods. We observe large 
variations of the current density in the samples, typical to 
materials with large energetic disorder. The obtained mobility 
values are of the same order of magnitude as the highest 
experimentally reported values. By introducing carbonyl groups, 
we assess the effect of material oxidation and find that the 
mobility is reduced by an order of magnitude already at 
moderate concentrations of these groups.  
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I. INTRODUCTION 

The performance of dielectrics, determined by their 
breakdown strength, dielectric loss, and conductivity, strongly 
depends on the underlying chemical composition, morphology, 
and post-processing of the material [1-3]. For polymeric 
insulators, such as polyethylene (PE) and cross-linked PE 
(XLPE), the cross-linking by-products [4, 5] and oxidation [3, 
6] are known to affect the conductivity. Phenomenological 
effective models are often employed to understand observed 
phenomena [7-9]. They, however, require experimental input 
in order to deduce model parameters and do not provide a 
direct link to the chemical composition, making it difficult to 
design new compounds.  

On a molecular scale, diffusion of molecules/ions and 
electron/hole traps has been used to explain experimental data. 
These explanations can be assisted by parameter-free 
modeling, such as density functional theory (DFT) 
calculations, which can be used to determine the trap depth of 
different dielectrics, in particular in PE and oxidized PE [10-
12]. On the atomic level, a link between the semi-crystalline 
structure of PE [13-15] and its conductive properties can be 
elucidated by means of molecular dynamics (MD) simulations, 
capable of generating geometries of solid dielectrics [14, 15]. 
There are also a few studies on the charge dynamics (mobility) 
of electrons and holes in these dielectrics [14, 16-18].  

In this paper we use a computational approach, initially 
developed to study charge transport in organic 
semiconductors, in order to evaluate conductivity of 

dielectrics. In a nutshell, MD is used to simulate amorphous 
material morphologies, DFT and polarizable force-fields to 
evaluate charge transfer rates, and kinetic Monte Carlo (KMC) 
to perform charge transport simulations. The charge mobility 
is therefore obtained without any a priori assumptions about 
the system.  

A comprehensive model of the PE morphology is 
challenging: PE shows crystalline regions and segregation as 
well as amorphous regions. Effects like chain folding make 
the morphology very sensitive to the temperature and to the 
production procedure. The morphological properties have 
been an important topic for over 50 years and are beyond the 
scope of this work [19]. Here we therefore limit our 
investigation to the amorphous phase which is modeled by an 
amorphous phase of n-tridecane (TRI). TRI has previously 
been used in experiments as a model of PE [20]. In particular, 
we investigate the hole mobility and current density and how 
it is affected by oxidation. Effects of oxidation are modeled by 
introducing a certain percentage of carbonyl groups into TRI 
molecules.  

It has been suggested that holes are the dominating charge 
carriers in PE at low fields [21, 22], which is why we limit our 
investigations to hole transport. Our model system (tridecane 
instead of PE) obviously lacks the contribution to the mobility 
due to transport along polymer chains. Hence, it provides the 
lower bound for charge mobility, taking into account only 
inter-chain charge transport. 

Experimental investigations report a charge density in the 
order of 1015-1016 m-3 at fields below 5 kV/mm [23] and 1018-
1019 m-3 at fields 15-20 kV/mm [8] in low density PE (LDPE). 
Due to these low values we can neglect effects of carrier 
interaction in our charge transport simulations. Reported 
mobility values in LDPE differ depending on experimental 
method and field. Typical values are in the order of 10-15-10-9 
m2/Vs [8, 24, 25]. The wide range of values of reported charge 
densities and mobilities indicates the complexity of the 
problem and motivates our simulation study of hole mobility 
in solid dielectrics. 
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II. METHODOLOGY 

The key points of the methodology used in this work are 
described in this section. A detailed description can be found 
in [26, 27]. 

A. Morphology 

The initial guess of the amorphous morphology is obtained 
by using the “Amorphous Builder” of Materials Studio, which 
uses a Monte Carlo based technique to pack the molecules at a 
given density, here set to 0.9 g/cm3 [28]. We use a quadratic 
box of 512 molecules with 5.8 nm side length in the final 
configuration. The geometries are then optimized and relaxed 
using MD and the COMPASS force field in Materials Studio. 
The initial energy minimization stage is carried out using the 
Conjugate Gradient method. Finally, the structure is relaxed 
with MD simulations in the NVT ensemble at 298 K, and then 
in the NVE ensemble for about 5 ps. The final densities are 
around 0.85 g/cm3, which is higher than reported experimental 
values for TRI, but is close to the density of the amorphous 
phase of PE, 0.86 g/cm3. The obtained structures are used to 
study hole transport as summarized in the next section. 

B. Charge Transfer 

In amorphous organic semiconductors and insulators 
electronic states are localized on a single molecule. This 
allows to use the non-adiabatic approximation for charge 
transfer, where the electronic coupling between two diabatic 
states is small and the molecular rearrangement after a charge 
transfer, described by the reorganization energy, λij, plays an 
important role. Here we use the “high-temperature” limit of 
the charge transfer theory which neglects tunneling effects at 
very low temperatures. The charge transfer rate in this limit is 
given by the Marcus rate expression [29, 30] 

 B exp B  (1) 

where  is the temperature,  is the transfer integral,  is 
the reorganization energy and Δ  is the site energy 
difference. All molecules closer to each other than 0.5 nm are 
added to a neighbor list. Charge transfer can occur for all 
molecules in this list, for which charge transfer rates are 
evaluated. The electronic coupling, , between two localized 
states is calculated using DFT in NWChem [31] using the 
PBE functional, the 6-31G basis set, and the dimer projection 
method [32]. 

The site energies entering the Marcus rate are calculated 
using the expression 

 ·  . (2) 

Here is the ionization potential of the molecule, evaluated 
by a DFT calculation (PBE-631G) in the gas phase.  is the 
electrostatic energy, evaluated using Coulomb interaction of 
partial charges with a maximal interaction length of 3 nm. The 
last term describes the effect of an external electric field, E. 

The reorganization energy, , is the change in the energy 
of a system due to its geometric relaxation upon charging or 
discharging. Here we neglect the “outersphere” contribution to 
the reorganization energy which is due to relaxation of the 
environment. The intramolecular contribution is evaluated in a 
gas-phase using DFT from four molecular states.  

C. Charge Mobility 

Charge transport is described by the Master equation. We 
solve it using a KMC algorithm [27] with periodic boundary 
conditions. A single charge carrier is used in the KMC 
simulations, which is justified by the low charge concentration 
in the investigated systems. The hole mobility, μ , is calculated 
directly from the KMC trajectory as / , where  is the 
travelled distance in the field direction,  is the absolute value 
of the field and  the simulated time. The simulation is 
stopped after 108-1010 steps depending on the energetic 
disorder in the system. Mobilities are averaged over 50 runs 
each. In small systems with low carrier density and high 
energetic disorder one faces the problem of artificially 
increased mobilities at room temperature. We therefore apply 
an extrapolation procedure [33], that consists of simulations at 
increased temperatures, fitting to a mobility–temperature 
relation, and subsequent extrapolation down to room 
temperature.  

 

 Left: System of TRI with 1 w% carbonyl groups. Right: Radial Fig. 1.
distribution function of oxygen content of the 1 w% and 5 w% system, 
respectively. 

III. RESULTS 

We study pure TRI as well as several systems with varying 
content of carbonyl groups. Carbonyl groups have been 
identified as the origin of deep energetic traps for both 
electrons and holes in several computational studies. Hence, it 
is expected that at a low carbonyl concentration charges are 
trapped at the carbonyl groups. At higher concentrations, 
however, direct hopping between carbonyl groups is possible 
due to a decreased distance and an increased charge transfer 
between the carbonyl sites.  

A. Geometries 

Fig. 1 shows an exemplary geometry of amorphous TRI 
with 1 w% of carbonyl groups. The concentration values are 
calculated as the fraction of the atomic mass of one carbon 
and one oxygen atom to the total number of atoms. Since the 
transfer integral between two sites is distance dependent, it is 
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of interest to analyze the average distance between carbonyl 
groups. This is done by calculating the radial distribution 
function (RDF) of the oxygen atoms. For 0.1 w% the distance 
is large, in the order of 1 nm. In Fig. 1 RDFs of the 1 w% and 
5 w% systems are shown. The shortest distances between 
oxygen atoms are around 4.5 Å in the 1 w% system and 3.0 Å 
in the 5 w% system. Transfer integrals for the systems are 
shown in Fig. 2. For the 0.1 and 1 w% system there is a 
reduction in the lower values compared to the pure TRI 
system. At 5 w% the mean value of the transfer integrals is 
significantly shifted downwards. To gain an understanding of 
this effect, the inset in Fig. 2 shows the highest occupied 
molecular orbitals (HOMO) of oxidized TRI (oTRI) and TRI. 
The HOMO of oTRI is localized on the carbonyl group while 
the HOMO of TRI is delocalized over the entire molecule. 
This, of course, leads to different conditions for the HOMO 
overlap. An improved model would include a random 
positioning of the carbonyl groups on the molecule instead of 
the approach here where all oTRI are the same and the 
carbonyl is positioned in the middle of the molecule. 

 
 Histogram of calculated transfer integrals for different carbonyl-Fig. 2.

group concentrations. Inset: HOMO of TRI with carbonyl group (top) and 
TRI (bottom), respectively.  

Fig. 3 shows site energy distributions for different 
carbonyl concentrations. Between the pure TRI system and the 
system with the lowest carbonyl concentration there is only a 
small difference. At higher concentration the distributions 
widens, clearly showing deep traps of carbonyl groups. The 
hole trap level for carbonyl in PE is calculated to be around 
0.8 eV [11, 12]. At 5 w% the standard deviation decreases 
even more as compared to the 1 w% case, since now the 
majority of molecules is oTRI (377 out of 512). Hence, for the 
1 and 5 w% system one can expect a significant reduction of 
the mobility due to the large energetic disorder. 

 

 
 Distribution of site energies in the different systems.  Fig. 3.

B. Charge dynamics 

The simulation of hole mobility was performed using 
KMC and electric fields in the range of 1-100 kV/mm. The 
pure TRI system shows a weak field dependence and values of 
the mobility of 1.7×10-6 m2/Vs. For the 0.1 w% system the 
mobility values are in the range of 10-7-10-6 m2/Vs. The 
mobility decreases to ~10-14 m2/Vs for the 1 w% system. At 5 
w% the mobility becomes extremely low, ~10-35 m2/Vs, 
indicating that the charge transport in dielectric liquids with 
trap densities at this level is mainly governed by ionic 
conduction. In a polymer the mobility could be higher due to 
transport along the polymer backbone. 

We should also note that small simulation systems may 
lead to artificially increased mobility values  [33]. To account 
for finite-size effects, mobility simulations are performed at 
elevated temperatures, where the mobility is not affected by 
the size of the simulation box. The temperature threshold, TND, 
where this is the case is obtained from the relation 
(σ/kBTND)2=-5.7+1.05 ln N, where σ is the standard deviation 
of site energies and N the number of molecules. The values for 
TND for the systems are 350, 750, 10000 and 5500 K for 0.0, 
0.1, 1.0 and 5.0 w%, respectively. Simulations are performed 
above these temperatures up to 50000-75000 K. The structure 
is kept fix at its room temperature configuration. The obtained 
values are used to extrapolate to room temperature mobility of 
1.7×10-8 m2/Vs and 1.8×10-9 m2/Vs for the 0.0 w% and 0.1 
w% systems, respectively, at 10 kV/mm. In Fig. 4 the scaled 
mobility at room temperature (298 K) is shown as function of 
the applied field for the pure TRI and with 0.1 w% CO, 
respectively. The almost constant mobility for the pure TRI 
system could be a result of the low energetic disorder in the 
system. With 0.1 w% of CO a clear Poole-Frenkel field 
dependence, exp √ , can be seen, indicating trap-
limited hopping conduction. The curve for the 0.1 w% 
provides the upper limit of experimentally reported values for 
the hole mobility in PE. This strengthens the hypothesis that 
holes are the main charge carriers in PE. 
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 Hole mobility in TRI with different concentrations of CO at 298 K Fig. 4.

(extrapolated values from high-temperature simulations to avoid finite-size 
effects).  

 
 The region with highest current density in the 0.1 w% system at 60 Fig. 5.

kV/mm. The arrow shows the direction of the applied electric field. 

Finally, we briefly analyze the current density, in 
particular its spatial distribution. The current density is 
obtained by from the average hole velocity, which is evaluated 
from the occupation probabilities provided by KMC runs [26]. 
Note that accurate absolute values of the current density can 
only be obtained if the correct charge density is used in the 
KMC simulations. In the present study, with only one charge 
carrier per simulation box, only relative values are obtained. 
In Fig. 5 the regions with highest current density are shown 
for the system with 0.1 w% CO at 298K and at 60 kV/mm. 
The isovalue of the surface is chosen such that the charge 
percolating paths can be visualized. Note that all carbonyl 
groups are located outside the volume with the high current 
density. The lowest and highest values of the local current 
density differ by ca 3 orders of magnitude. 

IV. CONCLUSIONS 

In conclusion, we used a multiscale computational scheme 
to study hole transport in pristine and oxidized TRI. At 
moderate concentrations of oxidized states, modeled by 
carbonyl groups, the mobility in the system decreases by an 
order of magnitude. The field-dependence of the mobility 

shows a typical Poole-Frenkel relation. At the highest carbonyl 
concentration the mobility is extremely low, indicating that 
ionic conduction will dominate in the system. The expected 
transition to a situation where charges percolate through 
carbonyl groups did not occur in this model. A more accurate 
oxidation model with random positioning of the carbonyl 
groups might allow observing this effect. TRI was studied 
since it can be seen as a model for the amorphous phase of PE. 
For TRI with a low trap concentration the mobility is in the 
same order of magnitude as the highest reported values for PE, 
which strengthens the hypothesis that holes dominate transport 
in PE. The 3D current density was analyzed for an exemplary 
system with low carbonyl concentration. A region with high 
current density could be observed with carbonyl groups located 
outside this volume. Finally, we conclude that the approach 
used here, combined with a more accurate morphology, will 
allow to study the mobility in PE in great detail. 
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