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CLONE THE PYTHON LIBRARY

RESOURCES

• The python resources for this module are hosted online. 

• To prevent computebility problems we will use a python workbook 
server (https://notebooks.azure.com). All you need to do is create 
a free account and we will all have the same python toolkit. 

• Once you have registered clone the library found at (https://
notebooks.azure.com/IanRThompson/libraries/CDT2018) to your 
own library. 

• Then clone the library (https://notebooks.azure.com/
IanRThompson/libraries/CDT2018-2D-walk) for tomorrow’s tasks.

https://notebooks.azure.com
https://notebooks.azure.com/IanRThompson/libraries/CDT2018
https://notebooks.azure.com/IanRThompson/libraries/CDT2018
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https://notebooks.azure.com/IanRThompson/libraries/CDT2018-2D-walk
https://notebooks.azure.com/IanRThompson/libraries/CDT2018-2D-walk


HOW ARE THEY DIFFERENT?

ORGANIC PV

• In fact very similar. 

• Most simply everything is 
now discretised. 

• There is no longer a 
continuous band - Instead a 
set of molecular orbitals. 

• This means that variation in 
the molecules leads to a 
bumpy energy surface.

Conduction band

Valence band
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HOW ARE THEY DIFFERENT?

ORGANIC PV

• Heavily pitted surfaces are 
detrimental to transport. 

• Defects can be a different 
molecule or one in a radically 
different environment. 

• Defects can trap charge 
carriers, or promote light 
absorption/emission. 

• The variation in energy levels 
and their distribution in 
space is key.

Highest Occupied 
Molecular Orbital

Lowest Occupied 
Molecular Orbital



MESOSCOPIC SCALE

Microscopic

Individual atoms and molecules.  
Quantum mechanics, DFT, 
electronic structure

Macroscopic

Device scale, described by bulk  
materials properties. Drift-diffusion, 
diode theory

0.1Å to 1nm 1𝜇m to 1cm



MESOSCOPIC SCALE

Microscopic
0.1Å to 1nm

Macroscopic
1𝜇m to 1cm

MESOSCOPIC
1nm to 100nm

Charge carriers are  
localised

Multiple molecules, atomic 
positions still present

Positions of molecules are fixed. 
QM interactions don’t change.

Interested in the interaction 
between carriers and sites.



MESOSCOPIC SCALE
Microscopic
0.1Å to 1nm

Macroscopic
1𝜇m to 1cm

MESOSCOPIC
1nm to 100nm

Mobile particles can only exist at certain points on the 
molecules, hence they are localised in space. 

To move between these sites is a discrete process - a”hop”. 

This discrete nature is the key to modelling these devices. 

A PV device is a static network of sites with fixed 
interactions between them.



WHAT IS GOOD FOR?

MESOSCOPIC MODELLING

• Model the transport of 
individual charges. 

• Input from ab initio models. 

• Can observe the effect of 
individual defects and 
particle interactions. 

• See the interaction of many-
body, many phenomena 
physics: EM, QM, QC, 
electrostatics, organic 
chemistry, cond. mat.

QM

QC

MORPHOLOGY

ORGANIC  
CHEMISTRY
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MANY PARTICLE PV 
MODEL



WHAT IS THE 
BEST MODEL?



STATISTICAL MECHANICS

⇡i = probability of state i Pij = transition probability i ! j

⇡iPij = ⇡jPjiDetailed balance states that between two states:

This means there is a stationary distribution that is time-reversal invariant.

The stationary distribution is well-defined as are it moments.

In physics we define an ensemble as the set of states that a system could be in. 
Alternatively you can imagine the set of results if you measured many identical systems.

The distribution of observables in an equilibrium ensemble is stationary 
and obeys detailed balance.

The same formalism can be applied to non-equilibrium systems but the 
Liouville equation is horrible.



A SIMPLE FLUID

• A fluid of 𝑵 particles in 
volume 𝐕 at temperature 𝑇. 

• Consider all possible 
arrangements of particles. 

• The probability is dictated by 
the Boltzmann distribution.

P (r) =
e

E(r)
kBT

Z

E(r) =
X

i 6=j

�(ri, rj)

E

P(E)

The distribution of the observable is Gaussian.

hEi

E(r)

P(r)

hEi

e�1

There is a typical energy for a fixed temperature.



THINGS TO NOTICE

• This description of a system does not require a complete system 
description, we do not need momenta. 

• Instead we describe individual microstates of the system and 
imagine that over time an experiment would sample them. 

• The nature of how the system moves between states is not 
relevant to the final result. 

• This allows us flexibility in the modelling.



GENERAL IDEA

MONTE CARLO SAMPLING

S0

We begin in one of many states of the system.

We consider similar states that can be reached by a small 
change. (Not necessary in general but see later)



GENERAL IDEA

MONTE CARLO SAMPLING

S0

We can examine each nearby state and calculate its probability.

It follows that we can calculate the probability of moving 
between two states in the same ensemble.

P01

P02

P03

P04



GENERAL IDEA

MONTE CARLO SAMPLING

S0

In Monte Carlo simulations the system moves between states in 
accordance with their probabilities.

P01

P02

P03

P04

Pchange(�E) = min
h
1, e

��E
kbT

i



GENERAL IDEA

MONTE CARLO SAMPLING

S0

Hence there is a rate between any two states.

R04

R03

R02

R01

By limiting the search to similar states we can associate a 
change in state to a dynamic process.



GENERAL IDEA

MONTE CARLO SAMPLING

S0

Need a physical model for the probability of moving between states.

N.B. It is a Markov process, the back rate is not special. 

S1

R45

R46

R43

R40



MONTE CARLO SAMPLING

• One simulation is not much use, need to take averages. 

• We should average over initial conditions and morphologies. 

• Each simulation is one possible trajectory of the system. 

• Not the most likely trajectory, just the one we picked. 

• A large body of underlying mathematics (stats) and physics 
(statistical mechanics). 

• Important for us to understand the validity of the model.

IMPORTANT POINTS



WHEN IS MC VALID?

• Statistical mechanics is strictly true for infinite systems at thermal 
equilibrium. 

• It also relies on the principle of ensembles of states. 

• For our purposes an ensemble can be thought of as a single set of 
parameters and a set of morphologies with the same macroscopic 
properties. 

• Averaging over simulations from the same ensemble is valid and 
necessary. 

• The physical nature of moves between states is irrelevant.



KINETIC MONTE CARLO

• A variant of MC simulation is 
Kinetic Monte Carlo. 

• In this form we calculate the 
probability of all possible 
moves, then use this 
information to pick one. 

• It is rejection-free, every 
proposed move is accepted. 

• It was first used in 1966 to 
simulate the motion of 
charges on an ionic surface.

x

y

ION

DEFECT 
SITES



KINETIC MONTE CARLO

• In this simulation we need to 
be able to tabulate all 
possible moves efficiently. 

• It only really works for 
systems that can be 
discretised in space. 

• The rejection-free element 
means that it is good for 
slow, unlikely processes. 

• It is perfect for organic PV.

x

y
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DEFECT 
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HOW DOES IT WORK?

• In this situation there are 4 
possible moves. 

• We calculate the rate of each 
move. 

• To pick the event we actually 
do we sum the rates. 

• We then pick one at random 
according to the fraction of 
each event in the sum.

R04

R02

R01

x

y

ION

DEFECT 
SITES

R03



HOW TO PICK AN EVENT

KINETIC MONTE CARLO

Rtotal =
X

j

Rij

Rtotal0

Generate a random number between 0 andRtotal

The random number will fall in an interval and that’s the event we do.

R01 R01 +R02 R01 +R02 +R03



HOW TO PICK AN EVENT

KINETIC MONTE CARLO

Rtotal =
X

j

Rij

Rtotal0

Generate a random number between 0 andRtotal

This method means that events with the largest rates are more 
likely to be picked.

R01 R01 +R02 R01 +R02 +R03



HOW TO TREAT TIME?

A rate is the probability of an event per unit time, we can flip 
this to get the average time per event.

So now we have an event, how much time does it take?

The wrinkle is that we picked one event out of many, we need 
to consider the number of possible events.

The time for an event is distributed around the mean rate as an  
exponential distribution.

P (twait = t) = Rtotale
�tRtotal



LET’S MAKE A MODEL

PUT IT TOGETHER

We have a method to model physical systems, particularly those that 
can be represented as a series of discrete events. 

Let’s try a random walk:

A particle can hop left or right at each time step, after many time 
steps the motion of the particle will represent diffusion.

RL RR



TO THE BOARD…



NOW A DEVICE



WE WILL NEED

• A morphology. 

• A p and n type material. 

• Some hopping rates. 

• Particle interactions. 

• Photons.



WE WILL NEED

• Start with a lattice bilayer. 

• Start with parameters that 
describe F8BT and PFB. 

• Use Marcus rates and a hop 
rate derived from the zero-
field mobility (diffusion). 

• We will consider Coulomb 
interactions and orbital 
energies. 

• Photon absorption is uniform 
assuming 1 sun of 460nm light.



SPACE IS DISCRETISED TO A REGULAR SHAPE

LATTICE MODELS

Lattices are the simplest way to 
discretise space (cubic more so). 

However they force the entire 
space to conform to one shape. 

Mathematically nice to treat. 

Fine detail of the structure is 
lost down to a max error of:

Lx = Nxa

Ly

Lzr
3a2

4



TWO STRUCTURES

A simple bilayer, two semi-infinite 
planes of n and p type material.

An interdigitated structure, long 
columns of n and p type material.

Both structures are periodic in the plane of the board. 
Fixed length into the board with electrodes front & back.

(Cross section)



LOTS OF THEM

PARAMETERS

• HOMO/LUMO & mobility of 
each material. 

• Lattice spacing, lattice size. 

• Incident power, absorption. 

• Hopping radii. 

• Localisation and polarisation 
energy of molecules. 

• Disorder and defects.



LOTS OF REPEATS

ROBUSTNESS

It is a very good idea to get a 
handle on how sensitive your 
model is to changes in each 
parameter. 

Both to test extreme, unrealistic 
cases and to get a feel for your 
model. 

The sensitivity is often 
unintuitive, there are too many 
processes happening at once.



INTRODUCING DISORDER

SITE ENERGIES

• In an ideal device the energy 
level of a material is flat. 

• In reality changes in orientation 
and environment lead to 
disorder. 

• We model this as a Gaussian 
distribution of energies around 
the average. 

• Even a small amount of disorder 
has a drastic effect on efficiency.

Inherent energy Gaussian distribution

Combine to give a  
disordered energy surface.

At room temperature kBT ⇠ 1eV

40



CHARGED PARTICLES

INTERACTIONS

• We model charges explicitly 
using Coulomb’s potential: 

• The supplied model treats 
singlets as objects with no 
energetics, you could add it.

Ei = V (ri) +
X

i 6=j

Vij

Energy of charged particle 𝑖 is:

Vij =
qiqj

4⇡✏r2ij

0 20 40 60 80 100
N

0

1000

2000

3000

4000

5000
N
(N
-1
)/2

This method scales badly with system size.
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PHOTON ABSORPTION/EMISSION

INTERACTIONS

• We need to consider the 
absorption of photons as well 
as their creation. 

• To begin with we assume 1 
sun of 460nm light. 

• Convert this to photons per 
area per time. 

• Absorption is uniform 
throughout the device - can 
definitely be improved. 

• Emission is simply annihilation.

Energy of a photon, wavelength 𝜆:

Beer’s law describes light attenuation.

E =
hc

�

I(d) = I0e
�↵d

�(P ) =
Psun

E�

The photon full depends on the power as:



FASTEST REACTION METHOD

ONE WRINKLE

• In 1976 Daniel Gillespie 
published the fastest reaction 
method. 

• He showed that choosing the 
fastest event is equal to 
picking one at random. 

• The key is generating a time 
per event, rather than picking 
based  on rate.

Rtotal0 R01 R01 +R02 R01 +R02 +R03

Used to pick a point along the line… 

..and generate one time with Rtotal

Now we generate a time for each event using: 

t(ij)wait =
� ln(µ)

Rij
Then sort them and perform the fastest.

t(02)wait

t(01)wait

t(04)wait

t(03)wait

[ ]twait = min

TIMES ARE NOT DETERMINISTIC



TAKE AWAYS

• Mesoscopic modelling is more concerned with the relative roles 
and interplay of many processes over any one in particular. 

• Often the best way to explain emergent phenomena seen in 
experiments. 

• In practice we need to collaborate with other areas of research. 

• As good as the model is detailed - efficiency?!  

• Even simple models show behaviour that cannot be obtained 
either micro- or macroscopically.



PROPERTIES OF 
THE MODEL



GOOD NEWS! 😊

LET’S MODEL! 😳😨

https://github.com/irt21/CDT_Bath.git

Go to this address and download the new 3D code.

All you have to do is tinker with the kmc_constant.py file now.

It runs similar to last time but a lot slower. 
Start with options ``S 2000 5”

Now change the disorder to 0 and repeat, it should run faster.  
Look at the change in J and the HOMO-LUMO file.

For fun make the n- and p-type disorder different and run again. 

Hopefully you should be seeing the effect that tiny changes have.



SIMULATION

IDEAS

The simulation as given is 
missing quite a lot, you could 
add: 

• Singlet energies. 

• Beer’s law. 

• Exciplex particles. 

• Carrier injection.

Alternatively you could 
investigate: 

• Morphology effects. 

• Traps. 

• Large parameter variation.

BUT DON’T

Unless you’re Alex


