
Bath CDT-PV modelling course

We will begin by modelling the motion of a particle undergoing a random walk. This is a fundamental process in
physics, whenever we consider a system subject to thermal fluctuations there is an element of random motion. This
is true of molecules in all phases of matter and of charge carriers moving through a conductor.

In Brownian motion we describe a larger particle moving in a thermal bath of much smaller solvent molecules. The
collisions with the solvent molecules jiggle the target particle around and it will diffuse randomly through the system.
We can imagine this as a series of “kicks” to the main particle that push it in random directions. Our question is
after many such kicks where does the particle end up?

Let us start by defining a white noise term that is a random source in the equations η(t). Restricting the walker
to a 2D square lattice, useful in our case because in organic semiconductors (OSCs) charges move through a series
of discrete hops from localised site to site, each jump is a in size. The walker can move up, down, left and right i.e.
η = (0, a), (0,−a), (−a, 0), (a, 0). The noise has a zero average, 〈η(t)〉 = 0 and has zero time correlation 〈η(t)η(t′)〉 =
δ(t− t′). The average distance moved, 〈r(N)〉, after N hops is:

〈r(N)〉 = N 〈η〉 = 0 (1)

so on average a particle’s displacement is zero, as many particle go up as go down as go left as go right etc.
A more meaningful value is the mean squared displacement,
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so the square root of the average of the distance moved squared is proportional to the square root of the number of
hops.

That was quite a mouthful, in more intuitive terms it means that random motion is very inefficient for transport.
If a charge needs to make 100 hops to cross between electrodes (i.e. d = 100a) then this would take 1002 hops, more
formally:
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this is very poor scaling for transport.
We will investigate these properties numerically using Python.

I. INTERACTIVE PYTHON TASK

We will write a python program to simulate the motion of a 2D random walker and look at the effects of asymmetry
in the different hopping rates. This will be done together by you and the demonstrators, there is nothing to download
ahead of time.

II. SIMPLE KMC MODEL

So that is OK for random motion but what about charge carriers? They have energetic interactions and as such
the probability of different moves depend upon the energy landscape. According to Boltzmann statistics, at thermal
equilibrium the probability of an event is:
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This describes Arrhenius processes, that is processes which can be considered as the system jumping over an energy
barrier, ∆E, due to thermal fluctuations. We can use this as a first step to modify the hopping rates of charges in
a KMC model. Starting with experimentally determined hopping rates for charges under zero field we can see how
applying a voltage across a sample would influence charge motion.

There is a simple 1D KMC model available for download (called ’onedkmc.py’). This is based upon description of
a square prism of OPV material with a cathode and anode at the ends. For this exercise we are not interested in
charge motion in the square plane, we only care about the charges escaping from the device through the electrodes.
Thus the model is one dimensional, electrons and holes can only hop along the long axis of the sample.

We will consider the device as a series of slices stacked next to one another, then rather than thinking about the
position of carriers individually in the continuum we will consider the charge density across the device. Practically
this is equivalent to the number of carriers inside each slice, we can “flatten” our system into a line of evenly spaced
points - each point holds a value of the electron and hole density. Hence the state of our system can be represented
by two arrays of numbers: one array stores the number of electrons in each slice, the other holds the number of holes.
When a carrier hops from one slice to another we only have to increase and decrease the relevant counters.

To calculate the change in energy of the system due to a hop we will start by only considering the effect of the
applied field. If we apply a voltage V across a device of length L then moving a charge q a distance d changes the
electrostatic energy of the system by ∆E = qdV/L. In our simple model we can consider M slices and, for nearest
neighbour hopping, the change in energy is ±qV/M

In the sample program we calculate the incremental change in field near the top of the program as dV = V/M and if
you look at the calculation of hopping rates you can see the Boltzmann factor being applied to the phenomenological
hopping rates. During the session we will go through the program closely to understand how it works, produce a J-V
curve and then consider possible improvements to the model.


