
 

Exploring the process-structure-property relationship of
organic solar cells by high performance computer simulations
Citation for published version (APA):
Negi, V. (2018). Exploring the process-structure-property relationship of organic solar cells by high performance
computer simulations. [Phd Thesis 1 (Research TU/e / Graduation TU/e), Applied Physics and Science
Education]. Technische Universiteit Eindhoven.

Document status and date:
Published: 26/09/2018

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 23. May. 2023

https://research.tue.nl/en/publications/57a4b32a-0760-4d3e-a432-1c756bd391ba


Exploring the

process-structure-property relationship

of organic solar cells by high

performance computer simulations

PROEFSCHRIFT

ter verkrijging van de graad van doctor aan de Technische

Universiteit Eindhoven, op gezag van de rector magnificus

prof.dr.ir. F.P.T. Baaijens, voor een commissie aangewezen door het

College voor Promoties, in het openbaar te verdedigen op woensdag

26 september 2018 om 16:00 uur

door

Vikas Negi

geboren te Haldwani, India



Dit proefschrift is goedgekeurd door de promotoren en de samenstelling van de

promotiecommissie is als volgt:

voorzitter: prof.dr.ir. G.M.W. Kroesen

1e promotor: prof.dr. P.A. Bobbert

2e promotor: prof.dr.ir. R.A.J. Janssen

co-promotor: dr. A.V. Lyulin

leden: prof.dr. F. Toschi

prof.dr.ir. J.M.V.A. Koelman

prof.dr. L.J.A. Koster (Rijksuniversiteit Groningen)

adviseur: dr. O. Wodo (University at Buffalo)

Het onderzoek of ontwerp dat in dit proefschrift wordt beschreven is uitgevoerd in

overeenstemming met de TU/e Gedragscode Wetenschapsbeoefening.



Exploring the process-structure-property

relationship of organic solar cells by high

performance computer simulations

Vikas Negi



Copyright © 2018 by Vikas Negi. All Rights Reserved.

NEGI, V

Exploring the process-structure-property relationship of organic solar

cells by high performance computer simulations by Vikas Negi.

Eindhoven: Technische Universiteit Eindhoven, 2018. Proefschrift.

This thesis was typeset using LATEX. Template adapted from Version 1.0

by Joos Buijs, Eindhoven, August 2014.

Front cover: Photo by Karsten Würth (@inf1783) on Unsplash

Back cover: Photo by Vikas Negi

A catalogue record is available from the Eindhoven University of Tech-

nology Library

ISBN: 978-90-386-4585-8

Printed by Gildeprint-Enschede.

The work in this thesis was carried out in the Molecular Materials

and Nanosystems (M2N) group of the Department of Applied Physics

and Chemistry at the Eindhoven University of Technology. This work

is part of the Industrial Partnership Programme (IPP) “Computa-

tional sciences for energy research” of the Netherlands Organisation

for Scientific Research Institutes (NWO-I). This research programme

is co-financed by Shell Global Solutions International B.V.



To my beloved parents





Contents

1 Introduction 1

1.1 The need for solar power . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 History of photovoltaics . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.1 The first solar cell . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.2 Second generation cells . . . . . . . . . . . . . . . . . . . . . 6

1.2.3 Emerging photovoltaic technologies . . . . . . . . . . . . . . 7

1.3 Organic solar cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.3.1 Device architecture . . . . . . . . . . . . . . . . . . . . . . . . 9

1.3.2 Working of a BHJ organic solar cell . . . . . . . . . . . . . . . 10

1.3.3 Performance characterization . . . . . . . . . . . . . . . . . . 12

1.3.4 Effect of photoactive layer morphology . . . . . . . . . . . . . 15

1.4 Motivation and outline of this thesis . . . . . . . . . . . . . . . . . . 16

2 Computational methods 29

2.1 Molecular dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.1.1 Modeling interactions between atoms . . . . . . . . . . . . . 30

2.1.2 Equations of motion and thermodynamic ensembles . . . . . 33

2.1.3 Coarse grained molecular dynamics . . . . . . . . . . . . . . . 35

2.1.4 MD simulation using GROMACS . . . . . . . . . . . . . . . . 39

2.1.5 Limitations of molecular dynamics . . . . . . . . . . . . . . . 41



vi CONTENTS

2.2 Phase field modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.2.1 Ternary phase field model . . . . . . . . . . . . . . . . . . . . 42

2.2.2 Numerical implementation . . . . . . . . . . . . . . . . . . . 45

2.2.3 Ternary phase diagram and visualization tools . . . . . . . . . 47

2.2.4 Limitations of the phase field model . . . . . . . . . . . . . . 48

2.3 Kinetic Monte Carlo . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

2.3.1 Simulation box . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.3.2 Physical processes and rate equations . . . . . . . . . . . . . . 53

2.3.3 The kMC algorithm . . . . . . . . . . . . . . . . . . . . . . . . 56

2.3.4 Convergence and sampling . . . . . . . . . . . . . . . . . . . 57

2.3.5 Limitations of kMC . . . . . . . . . . . . . . . . . . . . . . . . 57

3 Solvent-dependent structure formation in drying P3HT:PCBM films 65

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.2 Modeling polymer chains . . . . . . . . . . . . . . . . . . . . . . . . 68

3.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.3.1 P3HT and [60]PCBM density profiles . . . . . . . . . . . . . . 71

3.3.2 P3HT-[60]PCBM interfacial area . . . . . . . . . . . . . . . . 76

3.4 Summary, conclusions, and outlook . . . . . . . . . . . . . . . . . . . 77

4 Simulating phase separation during spin coating of a polymer-fullerene

blend 85

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.2 Discussion and results . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.2.1 Modeling solvent evaporation . . . . . . . . . . . . . . . . . . 88

4.2.2 Analysis of the simulated film morphology . . . . . . . . . . . 91

4.2.3 Effect of evaporation rate on the fullerene domain size . . . . 94

4.2.4 Origin of the dominant length scale . . . . . . . . . . . . . . . 96

4.3 Summary, conclusions, and outlook . . . . . . . . . . . . . . . . . . . 99



CONTENTS vii

5 Charge carrier recombination dynamics in organic solar cells 105

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.2 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

5.3 Kinetic Monte Carlo simulations . . . . . . . . . . . . . . . . . . . . . 108

5.4 Discussion and results . . . . . . . . . . . . . . . . . . . . . . . . . . 110

5.5 Summary and conclusions . . . . . . . . . . . . . . . . . . . . . . . . 113

6 Controlling phase separation via fluorination of donor molecules 119

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

6.2 Device performance . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

6.3 Calculating χi j from contact angle experiments . . . . . . . . . . . . 124

6.4 Discussion and results . . . . . . . . . . . . . . . . . . . . . . . . . . 125

6.4.1 Analysis of the film morphology . . . . . . . . . . . . . . . . . 126

6.4.2 Structure-property relationship . . . . . . . . . . . . . . . . . 130

6.5 Summary, conclusions and outlook . . . . . . . . . . . . . . . . . . . 133

7 Conclusions and outlook 137

7.1 Summary and major conclusions . . . . . . . . . . . . . . . . . . . . 138

7.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

7.2.1 Force fields for advanced molecular dynamics simulations . . 140

7.2.2 The next generation 3D phase field model . . . . . . . . . . . 141

7.2.3 Accelerating kinetic Monte Carlo . . . . . . . . . . . . . . . . 143

7.3 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146





Chapter 1

Introduction

In order to have a sustainable future, it is necessary that we gradually transition

from fossil fuel based power generation towards green energy sources. Solar power is

an abundant source of energy which is readily accessible around the world. Silicon-

based photovoltaic technology has matured a lot and dominates the current solar

power generation market. However, high costs of starting materials and restrictions

with design and flexibility have limited its application. Alternatives such as organic

solar cells are thin, flexible, allow for roll-to-roll processing on a large scale and are

cheaper to manufacture. This chapter begins with an introduction to the current

energy scenario in the world and stresses on why we need to consider a transition

towards clean energy. It is followed by a brief history of photovoltaics highlighting the

current developments in this field. The working of an organic solar cell along with the

importance of photoactive layer morphology is then explained. Finally, the motivation

behind our research and the layout of the thesis are summarized.



2 Introduction

1.1 The need for solar power

The major world economies are categorized into two blocks: (1) OECD (Organiza-

tion for Economic Cooperation and Development) consisting of US, Canada, Japan,

Australia and most of EU (2) Non-OECD which consists of China, India, Russia,

South America and the rest of Asia. The rapid growth of the Asian economies

in the last two decades has led to a massive surge in the overall energy demand.

Since 1990, total energy consumption in China and India has increased at a signif-

icant rate with both countries combined accounting for about 24% of total world

energy consumption in 2010. China is projected to consume more than twice the

energy compared to the United States by 2040.[1] Focusing on electric power gener-

ation (responsible for about one third of the global primary energy consumption),

the situation is no different. One report indicates that non-OECD electric power

consumption overtook the OECD already back in 2010.[1] A large fraction of elec-

tricity generation in non-OECD countries relies on fossil fuels. Coal still provides

the largest share of world electricity generation although it is expected to slightly

decline from 40% in 2010 to about 36% in 2040.[1] One of its major use lies in

thermal power plants. Not only is this process of energy generation inefficient, it

also contributes heavily to the rising CO2 levels in the environment. It is expected

that CO2 emissions will rise from 31.2 billion metric tons in 2010 to about 36.4 bil-

lion metric tons in 2020 and 45.5 billion metric tons in 2040, which amounts to an

increase of 46%. If the non-OECD countries continue to heavily rely on fossil fuels

to meet their energy needs, by 2040 they are expected to exceed OECD emissions

by 127%.[1]

Tackling the issue of climate change is now at the forefront of major technology

roadmaps that focus on sustainable development. The Paris climate agreement is

a step forward in this direction. The long term goal of this agreement is to keep

the increase in global average temperature to well below 2◦C above pre-industrial

levels. As of June 2018, 195 UNFCCC (United Nations Framework Convention

on Climate Change) members have signed the agreement and 178 members have
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become party to it.[2] It is imperative that we implement such policies primarily

aimed at reducing energy-related CO2 emissions. Renewable energy sources have

therefore become the inevitable alternative to using fossil fuels. Hydroelectric-

ity and wind are expected to be the two largest contributors to the increase in

global renewable electricity production by 2040.[1] However, these resources are

geographically constrained and require a huge initial investment, both in time and

capital. Hydroelectric power generation requires building dams, which has also

raised some concerns over their ecological impact on the river flora and fauna.

Solar energy is one of the most abundant energy resources available to us. It

is estimated that about 885 million terawatt hours (TWh) of solar power reach the

earth’s surface every year. This is roughly 6200 times the primary energy consumed

by mankind in 2008, and 3500 times the estimated energy that will be consumed

by 2050.[3] Different places on earth receive different yearly average amounts of

solar energy. The average energy received in Europe, for example, is about 1200

kilowatt hours per square metre per year (kWh m−2 y−1).[3] This is on par with

the Middle East, United States, Latin America, India and China, where the amount

varies between 1800 - 2300 kWh m−2 y−1. Photovoltaics (PV) devices are devices

that convert sunlight into electricity. Solar PV causes no greenhouse gas emissions

during operation, does not emit any pollutants and consumes little or no water at

all. It is undoubtedly one of the most reliable sources of clean and green energy.

Grid-connected PV systems can be built at various scales, ranging from a few kilo-

watts (kW) to hundreds of megawatts (MW). In Germany, 1.6 million solar power

plants provided about 40 TWh of power in 2017, accounting for 7.2% of the net

German electricity consumption.[4] Solar-based power generation is projected to

grow at a rate of about 18% for the non-OECD countries by 2040.[1] Some of the

largest solar power plants are already up and running in China and India. One

such example is shown in figure 1.1.

The cost of PV systems has fallen considerably during the last decade. Large

scale production of PV modules in Asia has led to global competition and therefore,
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Figure 1.1: The Kurnool Solar Park is the world’s second largest solar power station
with a capacity of 1000 MW. It is located in the Kurnool district of Andhra Pradesh,
India. The park uses about 4 million solar panels with capacities of 315 and 320
watts. During a sunny day, the park is able to produce more than 8 million kWh
of electricity. The annual carbon emission reduction is estimated to be about 1.8
million tons of CO2. Picture credits: Marco Topete, SYSCOM Blog.

further reduction in prices. Reports indicate that cost of solar PV modules in India,

China and many other emerging markets has gone down by two-thirds compared

to 2010.[5] Silicon-based PV has thus become more affordable and accessible than

before. It remains the most widely used technology for harnessing solar energy and

is expected to become competitive or even cheaper compared to fossil-fuel based

power generation by 2020 as shown in figure 1.2. [5] However, in many countries,

solar power (USD 0.10/kWh) is still not economically competitive with fossil fuels,

where energy costs for the latter can go as low as USD 0.03/kWh.[5] One of the

primary reasons are the high manufacturing costs of silicon-based modules, which

require high purity mono-crystalline (c-Si) silicon. Due to the presence of an in-

direct bandgap in silicon, the modules also need to be thick to allow for sufficient

light absorption. This makes them heavy and restricts their application to mostly

rooftop-type panels. Such limitations with flexibility and shape have also discour-

aged widespread use of silicon-based modules. Over the last two decades, a lot of

scientific research has therefore focused on new generations of solar cells which use
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cheaper starting materials and allow more freedom with shape and size. Most well

known of these are dye-sensitized, perovskite and organic solar cells. Photovoltaic

devices based on organic semiconductors (OPV) such as conjugated polymers have

the potential to become a cost-effective alternative to silicon-based technology.

Their other advantages include device flexibility, solution processability and suit-

ability for industrial-scale reel-to-reel production. The power conversion efficiency

(PCE) of both single-junction[6] and multi-junction[7, 8] OPV cells has steadily im-

proved over the years and recently reached the 17% mark.[9, 10, 11, 12, 13] In order to

compete with silicon-based photovoltaics, which can have a PCE close to 26%,[14]

a lot of progress still needs to be made.

1.2 History of photovoltaics

1.2.1 The first solar cell

The first solar cell was developed in 1883 by a New York-based inventor, Charles

Fritts.[15] He managed to coat selenium with a thin layer of gold, leading to a de-

vice with a power conversion efficiency of 1-2%. However, due to lack of proper

understanding of the functioning of such a cell, further development in this field

remained stagnant for many years. In contrast, Faraday’s previous work on un-

derstanding electromagnetic induction lead to the rapid development of electric

generators based on coal-fired steam or water. Further insight into the working of

solar cells was obtained as quantum physics developed in the early 1900s. Albert

Einstein’s discovery of the photoelectric effect in 1905 played a crucial role in un-

derstanding how light absorption in a material can create mobile charges. The first

Si-based solar cell was patented by an American engineer Russell Shoemaker Ohl

in 1941.[16] He had previously worked on the development of germanium-based

semiconductor diodes. Following Ohl’s work,[17] Gerald Pearson, Calvin Fuller and

Daryl Chapin created the crystalline silicon solar cell in 1954.[18] These early cells

had a PCE close to 4-6%. Solar cells using crystalline silicon are often called the
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Figure 1.2: Global levelized cost of electricity (LCOE) obtained from utility-
scale renewable power generation technologies, during the period 2010-2017.
The diameter of the circle represents the size of the project, with its cen-
tre being the value for the cost of each project shown on Y-axis. The thick
lines are the global weighted average LCOE value for plants commissioned
in each year. The shaded band represents the fossil fuel-fired power gen-
eration cost range. Data source: IRENA Renewable Cost Database. Fig-
ure has been reproduced from the report “Renewable Power Generation Costs
in 2017” published by the International Renewable Energy Agency and can
be openly accessed at http://www.irena.org/publications/2018/Jan/Renewable-
power-generation-costs-in-2017

first generation solar cells.

1.2.2 Second generation cells

Second generation cells have been developed by depositing thin films of PV mate-

rial on a substrate such as plastic or glass. The PV material consists of either cad-

mium telluride (CdTe), copper indium gallium diselenide (CIGS) or amorphous

silicon. The film thickness varies from few nanometres to tens of micrometres,

which is considerably thinner than first generation solar cells. This has allowed
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thin-film PV modules to be light weight and flexible. The highest PCE reported

for CdTe and CIGS cells in the lab is close to 21%.[19] However, these cells con-

tain scarce elements like indium, tellurium etc. and toxic elements like cadmium,

which has limited their widespread adoption.

1.2.3 Emerging photovoltaic technologies

Dye sensitized solar cells

The dye sensitized solar cell (DSSC) was invented in 1988 by Brian O’Regan and

Michael Grätzel at UC Berkeley. This work was later continued at EPFL, which led

to the publication of the first high efficiency DSSC in 1991.[20] A modern DSSC

consists of a mesoporous layer of titanium dioxide nanoparticles which are cov-

ered with a molecular dye capable of absorbing sunlight. The titanium dioxide

(TiO2) is immersed in an electrolyte solution, which has a platinum-based catalyst

on the top. The anode (TiO2) and the cathode (platinum) are placed on either

side of the liquid electrolyte. Sunlight passes through the transparent electrode

into the dye layer where it excites electrons that subsequently flow into the TiO2.

From TiO2, electrons move towards the transparent electrode where they are ul-

timately collected and generate current, which is used to power an external load.

The electrons are reintroduced into the cell via a metal electrode on the back. The

electrolyte transports the electrons back to the dye molecules. The DSSC is rela-

tively simple to make using conventional methods. However, it uses a number of

expensive materials such as platinum and ruthenium. Flexibility is limited and the

presence of a liquid electrolyte causes problems with the device stability and its

long term durability.

Perovskite solar cells

Metal halide perovskite solar cells are currently the center of a lot of attention due

to the record high efficiencies of more than 22%.[21, 22] This makes them the fastest
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growing solar technology till date. The ‘perovskite’ name refers to the ABX3 struc-

ture of the photoactive material. The most commonly studied material is methy-

lammonium lead trihalide (CH3NH3PbX3) where X is a halogen atom such as chlo-

rine, bromine or iodine. An important property of such material systems is that the

bandgap can be controlled by tuning the size of the cation or by choosing a differ-

ent halide or a combination of halides.[23] The materials also display a very large

charge carrier diffusion length, on the order of a micron both for electrons and

holes.[24, 25] It has also been reported that charge carriers in the perovskite material

are mostly free due to the low exciton binding energy.[26, 27] The major challenges

hindering further development of perovksite solar cells are related to their long-

term stability.[28] The devices are prone to degradation in moist environments due

to the high solubility of the organic component of the photoactive material. Many

studies have reported a hysteretic behaviour while measuring the J-V curves un-

der simulated solar illumination which results in spurious PCE values.[29, 30] The

use of lead in these cells poses an environmental hazard and further limits their

widespread adoption for commercial applications.

Organic solar cells

The first working organic solar cell was developed by Tang in 1986.[31] He used a

two-layer configuration consisting of copper phthalocyanine (CuPc) as the p-type

material and a perylene tetracarboxylic derivative as the n-type material. This

setup had an efficiency of about 1% under simulated illumination. Bilayer mor-

phologies restrict further improvements in the device PCE because only excitons

generated close to the interface can split into free charges. Most of the excitons

are simply lost due to recombination processes. This problem was solved by the

bulk heterojunction (BHJ) structure first proposed by Alan Heeger in 1995.[32] By

using a phase separated mixture of donor and acceptor materials, a high number

of excitons can reach the interface and then split into free charges. A good BHJ

structure has sufficient bi-continuous pathways connecting such interfaces to the
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two electrodes. BHJ morphologies have dramatically improved exciton dissocia-

tion and charge collection in organic solar cells under operating conditions. Much

of the development in the last two decades has focused on optimizing the phase

separation process so that well-balanced BHJ morphologies can be obtained. The

record efficiency for organic solar cells is now close to 17%.[9, 10, 11, 12, 13]

Figure 1.3: Device architecture of bulk heterojunction organic solar cells. (a) Stan-
dard configuration with the electron-collecting electrode on top of the device stack
(b) Inverted configuration with the electrode-collecting located on the transparent
substrate. Image adapted from ref. [33]. Copyright 2013 Elsevier.

1.3 Organic solar cell

1.3.1 Device architecture

The device structure of an organic solar cell using the standard and inverted design

is shown in figure 1.3. The cell is built on a transparent substrate coated with a

conductive and transparent electrode material. Indium tin oxide (ITO) is a pop-

ular choice for the bottom electrode, which acts as the hole-collecting electrode.

In the standard configuration, ITO is coated with a hole transport layer (HTL)

such as poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) also known as

PEDOT:PSS, or a thin oxide layer of MoO3. The active layer consists of the donor

and acceptor materials, which are spin-coated from a solution on top of the HTL.

The active layer is sometimes coated with an electron transport layer (ETL) con-
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sisting of ZnO or TiO2. LiF (1 nm)/Al (100 nm) is commonly used as the back

contact for such cells, which acts as the electron-collecting electrode.

In the inverted design, the transparent electrode coated on the substrate acts as

the electron-collecting electrode. Using an interfacial layer or by using transparent

oxides like ZnO or TiO2, a selective contact to the acceptor material in the active

layer is fabricated. A HTL like PEDOT:PSS is deposited on top of the active layer

followed by the deposition of a high work function electrode made of silver or

gold. The inverted design is easier to process and shows improved stability in open

environment due to the absence of a low work function electrode.[33]

Figure 1.4: Examples of some small band gap diketopyrrolopyrrole (DPP) polymers
with different aromatic substituents. Adapted with permission from ref. [34].
Copyright 2016 American Chemical Society.

1.3.2 Working of a BHJ organic solar cell

Most organic solar cells make use of two materials with different ionization poten-

tials and electron affinities so that electron transfer can occur from one material

(donor) to another (acceptor). The most commonly used donor materials are con-

jugated polymers or small molecules with specialized aromatic cores as shown in

figure 1.4.[35, 36, 37] The most commonly used acceptor is a derivative of C60 or

C70 fullerene. Photon absorption primarily occurs in the donor phase and causes
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an electron to excite from the highest occupied molecular orbital (HOMO) of the

donor to the lowest unoccupied molecular orbital (LUMO). The dielectric constant

of most organic materials is rather small (~3-4). Thus, the photoexcitation forms

a coulombically bound electron-hole pair, which is a type of Frenkel exciton. The

binding energy of such excitons (0.3-1.0 eV) is a lot higher than what is available

thermally at room temperature (0.025 eV).[38, 39] Therefore, these excitons cannot

be dissociated into free charges by thermal energy alone.

Figure 1.5: Sequence of events that occur in an operational organic solar cell. (a)
Generation of excitons by photon absorption in the donor. (b) Diffusion of exci-
tons to the donor-acceptor interface. (c) Dissociation of excitons into free charge
carriers. (d) Transport of charge carriers towards their respective electrodes. Loss
mechanisms have also been indicated: (1) Non-absorbed photons (2) Exciton de-
cay (3) Geminate recombination at the interface (4) Bimolecular recombination.
Reprinted with permission from ref. [40]. Copyright 2013 Elsevier.

Excitons diffuse in the donor material and their diffusion length depends on

their lifetime. Photoluminescence experiments of donor-acceptor bilayers as a

function of bilayer thickness have been used to estimate exciton diffusion lengths.

Such studies indicate a diffusion length of 3-9 nm for poly(3-hexylthiophene-2,5-

diyl), also known as P3HT, which is a conjugated polymer widely used as a donor

material, and 5-14 nm for PPV (poly(p-phenylene vinylene)) derivatives.[38, 41] The
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fate of an exciton is also determined by the morphology of the photoactive layer.

If the exciton reaches a donor-acceptor interface, the electron moves to the LUMO

of the acceptor forming a charge-transfer (CT) state.[42] As the electron moves fur-

ther away from the interface within the acceptor phase, charge carrier separation

occurs and the electron is essentially considered to be free. Excitons which do not

reach an interface can simply recombine and therefore do not contribute to the

photocurrent. Once separated, charge carriers move along their respective phases

and are collected at the electrodes. On their way, charge carriers can again meet

at an interface and recombine. This process is known as non-geminate or bimolec-

ular recombination and is considered to be a major loss mechanism in operational

organic solar cells. The series of events leading to photocurrent generation and the

various loss mechanisms have also been shown in figure 1.5.

To facilitate charge collection at the electrodes, interlayers between the pho-

toactive layer and the electrodes are often used. They serve to block the opposite

charge carrier from reaching the wrong collection electrode.

1.3.3 Performance characterization

The performance of organic solar cells is determined by measuring the output cur-

rent density (J) as a function of the applied voltage (V ). The J-V curves are mea-

sured when light from a solar simulator is incident on the PV device. Solar radia-

tion closely resembles a black body radiator at a temperature close to 5800 K. As

the radiation passes through the atmosphere, it gets attenuated due to absorption

and scattering. The air mass (AM) coefficient is defined as: AM = L/Lo where L is

the path length through the atmosphere and Lo is the path length normal to the

earth’s surface. AM1.5 corresponds to a solar zenith angle of z = 48.2◦ and is used

as an industry standard for testing and rating solar panels or modules. The official

AM1.5 spectrum intensity is set to 100 mW cm−2. In dark conditions, the J-V curve

for an organic solar cell shows a diode-like behaviour. This originates due to the

difference in the work functions of the two electrodes and their alignment with the
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energy levels of the donor and acceptor materials. Under illumination, photocur-

rent is generated and the J-V curve changes accordingly. Various performance

metrics can be extracted from a J-V curve which are also shown in figure 1.6.

The most important are the short-circuit current density (Jsc), open-circuit voltage

(Voc), maximum power point (Mpp) and the fill-factor (FF = JmVm/JscVoc).

- 0 . 5 0 - 0 . 2 5 0 . 0 0 0 . 2 5 0 . 5 0 0 . 7 5 1 . 0 0
- 7 . 5

- 5 . 0

- 2 . 5

0 . 0

2 . 5

5 . 0

Cu
rre

nt 
de

ns
ity 

(m
A c

m-2 )

V o l t a g e  ( V )

 L i g h t  V m � ×  J m
V O C  × J S C  

F F  =

P h o t o c u r r e n t

J S C

V O C

J m

V m

M p p

Figure 1.6: Typical current-voltage J-V curve for an organic solar cell measured un-
der dark and illuminated conditions. Jsc refers to the short-circuit current density,
Voc is the open circuit voltage, Jm and Vm are the current density and voltage mea-
sured at the maximum power point (Mpp). Adapted from ref. [43] with permission
from the PCCP Owner Societies.

Jsc is the measure of the current extracted from an organic solar cell under short

circuit conditions. A good solar cell will tend to have a high Jsc. As the forward

bias is increased, the current density drops and becomes zero at Voc. The external

electric field cancels the internal electric field and therefore no net current is ob-

tained. The product of Jsc and Voc is used to determine the nominal efficiency of

the cell. The actual efficiency is less, due to the fact that the cell temperature is not

0 K.[44] The maximum power point is used to determine the fill factor (FF). The

power conversion efficiency (PCE) of the cell is defined as: PCE = JscVocFF/Pinput .

The three most important performance metrics Jsc,Voc and FF crucially depend

on the material properties as well as the photoactive layer morphology.[45] The

Jsc depends on how many excitons dissociate at the interface and how efficiently
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they are collected at the electrodes. The Voc is primarily determined by the energy

difference between the HOMO of the donor and the LUMO of the acceptor. At nor-

mal operating temperatures, the Voc is reduced due to non-radiative recombination

of charge carriers. The FF determines how easy it is to extract photogenerated

charge carriers out of the device. It is strongly influenced by the morphology of

the photoactive layer. A high FF indicates that for a given applied bias, a higher

number of photogenerated charges can be collected at the electrodes.

R =

Figure 1.7: Transmission Electron Microscopy (TEM) images of DPP
polymer:PC71BM layers. Inset shows the structures of the π-conjugated segment,
the device PCE, fibril width and maximum EQE. The highest EQEs (60%) and PCE
(7.1%) are obtained for polymers which form fibrils with average width less than
12 nm. For blends with polymer fibrils wider than 12 nm, the EQE is lowered due
to limited exciton diffusion. Adapted with permission from ref. [34]. Copyright
2016 American Chemical Society.
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1.3.4 Effect of photoactive layer morphology

One of the most important factors known to limit the PCE of state-of-the-art or-

ganic solar cells is the nanostructure of the photoactive layer.[46, 47, 48, 49] The av-

erage domain size of the donor phase in a phase-separated morphology determines

how many excitons are able to diffuse towards the interface within their lifetime.

Typical exciton diffusion lengths lie in the range of 10-15 nm.[38, 41] Exciton disso-

ciation is also affected by the amount of available donor-acceptor interfacial area.

A coarser morphology with a high degree of phase separation will have less inter-

facial area compared to a finely intermixed morphology. Once an exciton dissoci-

ates into free charge carriers at the donor-acceptor interface, sufficient amount of

percolating pathways are needed to transport them towards their respective elec-

trodes. Therefore, optimum degree of phase separation is needed to fabricate a

well-balanced morphology, which has a large interfacial area along with sufficient

transport pathways to the electrodes.

As shown in figure 1.7, some conjugated polymers are also known to form crys-

talline fibrils with varying sizes which strongly influences the device PCE.[50, 47]

Some reports indicate that [6,6]-phenyl-C61-butyric acid methyl ester (a widely

used electron acceptor also known as [60]PCBM) crystallization enhances exciton

dissociation and is therefore beneficial for the OPV device.[51] Presence of mixed

donor phases within the morphology is another area of ongoing research.[52] So-

lution processing such as dynamic spin-coating is a popular method to fabricate

the BHJ morphology. During dynamic spin-coating, the donor and acceptor mate-

rials are dissolved in a volatile solvent and then deposited on a rapidly spinning

substrate. As the solvent evaporates, phase separation occurs between the two ma-

terials and a bicontinuous morphology is formed. Phase separation can proceed

via many different pathways. Liquid-Liquid (L-L) phase separation is commonly

observed in many OPV blends and usually results in the formation of suboptimal

morphologies.[53, 54] Using a less volatile co-solvent has been shown to disrupt L-L

phase separation, leading to devices with higher PCE.[54]
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1.4 Motivation and outline of this thesis

For a given donor-acceptor combination, the number of ways in which a device can

be fabricated is extremely large, resulting in an enormous optimization space.[45]

Trial-and-error based experimental approaches cost a lot of time and effort, and are

therefore detrimental to technological progress. The need of the hour is to develop

a rational design strategy that can help material scientists fabricate BHJ devices

with well-balanced morphologies. To achieve that goal, we first need a clear un-

derstanding of how phase separation leads to the formation of the photoactive layer

nanostructure.[54, 53] Visualizing morphology evolution of bulk-heterojunctions for

OPV cells in real time is challenging because of the required temporal and spatial

resolution.[55] Experimental techniques based on light scattering are usually lim-

ited by their spatial resolution.[54, 56, 57, 58] In addition to optical studies, in-situ

X-ray scattering and diffraction measurements have also been used to investigate

the kinetics of morphology formation during drying, covering smaller to longer

length scales.[59, 60, 61, 62, 63, 64, 65, 66] However, the X-ray signal is averaged over

a large area and needs further analysis when converting from reciprocal to real

space. Some studies have used direct imaging techniques to track the onset of

phase separation as the blend film thins over time during spin coating.[67, 68, 69]

In order to obtain clear images, the phase separating components need to have

sufficient contrast, which limits the applicability of such techniques. Moreover, the

early length scales associated with phase separation are too small to be tracked

with optical imaging methods.

Computer simulations can aid experiments to overcome these limitations and

help elucidate the role of processing conditions in determining the photoactive

layer morphology and, ultimately, the device efficiency. They further enable us

to visualize morphology evolution in three dimensions, which is currently beyond

experimental capabilities. The ability to perform automated high-throughput com-

putational analysis is also expected to make OPV device manufacturing cheaper

and much more efficient. Atomistic simulation techniques such as molecular dy-
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namics can be a starting point to study the dynamics of phase separation. This

method is explained in further detail in chapter 2.

The length and time scales involved in phase separation can be extremely

large. In order to speed up atomistic simulations, coarse-grained techniques are

routinely employed.[70] These have allowed us to simulate vertical phase segrega-

tion in poly(3-hexylthiophene-2,5-diyl):[6,6]-phenyl-C61-butyric acid methyl ester

(P3HT:[60]PCBM) based donor-acceptor blends upon evaporation of different sol-

vents. The main results from this work have been summarized in chapter 3.[71]

In recent years, a lot of experimental studies have focused on liquid-liquid phase

separation.[54, 53] This phenomenon occurs routinely for many small-bandgap poly-

mer systems and is known to result in the formation of sub-optimal morphologies.

Such morphologies consist of large PCBM droplets suspended in the polymer ma-

trix. A lot of effort has been put into suppressing liquid-liquid phase separation

and the use of co-solvents seems to be a promising approach. It is also necessary

to develop models for liquid-liquid phase separation which will provide further in-

sight into the phenomenon and possibly shed light on rational design of materials

with focus on process control and reproducibility. The large morphological fea-

tures seen due to L-L phase separation limit the use of coarse-grained molecular

dynamics. We, therefore, implement a continuum approach to model evaporation-

induced phase separation in a ternary OPV blend.[72] The model is discussed in

detail in chapter 2 and the main results from this work have been summarized in

chapter 4.

We have carried out three-dimensional kinetic Monte Carlo (kMC) simulations

to understand charge recombination dynamics in a disordered OPV blend. The

results from these kMC simulations are summarized in chapter 5. Depending on

the degree of phase separation, a particular morphology can have a distinct photo-

physical behaviour. If the donor-acceptor blend is too intimately mixed, separated

charges do not have sufficient pathways to either of the two electrodes. In such a

case, even if the efficiency of charge generation is high, the current remains low. If
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the blend has a high degree of phase separation, the interfacial area between the

donor-rich and acceptor-rich regions is reduced, resulting in lowering of the exci-

ton dissociation efficiency. Therefore, well-balanced morphologies with a sufficient

degree of phase separation and enough percolating pathways to both electrodes

are desired. Fluorination of donor molecules has been reported to enhance OPV

device performance.[73, 74, 75, 76] In chapter 6, we explore the effect of fluorina-

tion on the bulk heterojunction morphology of small molecule-based OPV devices

and establish its relationship to the observed device performance. To this end, we

perform 3D phase field simulations using in-house experiments to extract relevant

thermodynamic and kinetic input parameters. To quantify the behaviour of a given

morphology in an operational OPV device, charge transport simulations using ki-

netic Monte Carlo (kMC) are carried out. Finally, a brief summary along with the

main conclusions from this thesis are presented in chapter 7. We also discuss about

ways to improve upon the models that we have used and comment on the future

of computer simulations as an important tool in the field of OPV research.
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Chapter 2

Computational methods

This chapter serves as a basic introduction to the three main computational methods

used in this thesis. The first section is devoted to molecular dynamics (MD). After

a brief discussion of the history, the theory behind MD is explained, followed by its

application in this thesis and its limitations. The second section summarizes the phase

field method and how it has been efficiently implemented to study evaporation-induced

liquid-liquid phase separation in organic solar cells. The third and final section dis-

cusses about kinetic Monte Carlo (kMC) as an approach to study charge carrier dy-

namics in devices based on amorphous organic semiconductors. The theory behind the

method, the models used to describe the rates of various processes and the limitations

of kMC are also discussed.
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2.1 Molecular dynamics

Molecular dynamics (MD) is an atomistic simulation technique where the move-

ment of individual atoms is studied. The trajectories of the atoms are calculated by

dynamically solving Newton’s equations of motion for a system of interacting parti-

cles. The atoms in the system interact with one another via a predefined forcefield

which specifies the type and strength of interatomic potentials to be used for that

system. The first such simulations were carried out for hard interacting spheres

by Alder and Wainwright in 1957.[1] Simulations for more realistic systems such

as argon and water were performed later in 1964 and 1974, by Rahman[2] and

Stillinger,[3] respectively. A lot of progress has since then been made in this field.

With the advent of more powerful computers, it is now possible to carry out MD

simulations for millions of atoms at once.[4] These days, MD is being increasing

used to study problems related to protein folding and drug discovery.[5, 6, 7, 8]

2.1.1 Modeling interactions between atoms

In order to set up a MD simulation, we need to do the following: (a) Specify the

number of atoms and their types, generate initial positions and velocities for them

(b) Define potentials and forces that will act on each atom (c) Solve the classical

equations of motion for all the atoms, and update their positions as time progresses.

The classical Newton equation is written as:

#�

Fi(t) = mi
d2 #�ri

dt2 =−mi
dUtot(

#�r )
d #�ri

, (2.1)

where
#�

Fi(t) is the force acting on the ith atom at time t, mi and #�ri are the mass and

position of that atom. Utot is the total potential energy of the system and is obtained

as the sum of individual contributions from bonded interactions such as Ubond

(bond stretching), Uangle (angle bending), Udihedral (torsion of dihedrals), Uimpdihedral

(improper dihedrals) and non-bonded interactions namely ULJ (Lennard-Jones po-
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tential) and Uel (electrostatic interactions):[9]

Utot =U( #�r1,
#�r2,

#�r3....,
#�rn)= (Ubond +Uangle+Udihedral +Uimpdihedral)+(ULJ+Uel). (2.2)

The bond stretching (Ubond) is a two-body interaction usually modeled using a

harmonic potential:

U( #�ri ,
#�r j) =

1
2

ki j(li j− l0
i j)

2, (2.3)

where ki j is the force constant (also known as the bond strength), li j is the bond

length between atoms i and j, and l0
i j is the equilibrium bond length.[9] The angle

bending is a three-body interaction and is modeled using the following function:

U( #�ri ,
#�r j ,

#�rk) =
1
2

ki jk(θi jk−θ
0
i jk)

2, (2.4)

where ki jk is the force constant for the angle, θi jk is the angle between the three

atoms i, j and k and θ 0
i jk is the equilibrium angle between these three atoms. The

torsional potential is an interaction between four atoms and is defined as:

U( #�ri ,
#�r j ,

#�rk ,
#�rl ) =

1
2

ki jkl(1− cos
(
nφi jkl

)
), (2.5)

where φi jkl is the dihedral angle between atoms i, j, k and l. n refers to the number

of minima in the potential. The improper dihedral is again a four-body potential

and is used to maintain the planarity of molecules such as phenyl rings.[9] The

potential has the following form:

U( #�ri ,
#�r j ,

#�rk ,
#�rl ) =

1
2

kζ (ζi jkl−ζ0)
2, (2.6)

with ζi jkl is the dihedral angle between the planes consisting of atoms (i, j,k) and

( j,k,l) and kζ is the force constant of the improper dihedral.

The major contribution to the non-bonded potential comes from Van der Waals

type of interactions routinely modeled using a Lennard-Jones (LJ) potential and
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Figure 2.1: Lennard-Jones potential for a system of argon atoms. The parameters
are based on ref. [10].

electrostatic interactions modeled using the Coulomb potential. The LJ poten-

tial is a relatively simple approximation for interactions between a pair of neu-

tral atoms.[11, 12] Owing to its computational efficiency, the most commonly used

expression has the following form:

ULJ(
#�ri ,

#�r j) = 4ε

((
σ

ri j

)12

−
(

σ

ri j

)6
)
, (2.7)

where ε is the depth of the potential well and σ is the distance at which the poten-

tial is zero. The parameter ε gives an estimate about the strength of the interaction

whereas σ is related to the Van der Waals radius of the two atoms. The potential

has a minimum at rm = 21/6σ ∼ 1.122σ . The r−12 term describes Pauli repulsion at

short distances due to overlap of electron orbitals whereas the r−6 term accounts

for attraction at long ranges.

The long range electrostatic interactions are modeled using the Coulomb po-
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tential:

Uel(
#�ri ,

#�r j) =
1

4πεo

qiq j

εrri j
. (2.8)

An efficient numerical implementation for evaluating such interactions uses the

particle-mesh-Ewald (PME) summation method.[13] Here, the slowly converging

sum of electrostatic potentials is decomposed into two rapidly converging terms: a

direct sum of the short-ranged potential in real space and a summation in Fourier

space for the long-ranged part.[9] For a system of N particles, this algorithm scales

as N log(N) unlike the N2 scaling of standard Ewald summation.[14]

2.1.2 Equations of motion and thermodynamic ensembles

Different numerical methods are used to solve the equations of motion. In this

thesis, we implement the leapfrog Verlet algorithm. The positions #�ri of particles at

time t +∆t are calculated as:

#�ri (t +∆t) = #�ri (t)+ #�vi (t +
1
2

∆t)∆t, (2.9)

using velocities #�vi , which are calculated at time t + 1
2 ∆t:

#�vi (t +
1
2

∆t) = #�vi (t−
1
2

∆t)+
d2 #�ri

dt2 ∆t. (2.10)

The velocities at time t can be calculated as:

#�vi (t) =
1
2

[
#�vi (t +

1
2

∆t)+ #�vi (t−
1
2

∆t)
]
, (2.11)

which are used to calculate certain quantities such as the kinetic energy at time

t. The leapfrog algorithm is computationally less expensive and also requires less

storage than other traditional approaches.

MD simulations are performed in a specific ensemble, either isothermal-isobaric

(NPT ), canonical (NV T ), microcanonical (NV E) or grand canonical (µV T ). Here,
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N refers to the number of particles, P refers to the pressure, T refers to the tem-

perature, E refers to the energy and µ refers to the chemical potential of the sys-

tem. The MD simulations reported in this thesis have been performed in the NPT

ensemble. The pressure and temperature can be controlled by using barostats

and thermostats, respectively. We make use of the Berendsen barostat in our

simulations.[15] The system is coupled to a pressure bath with a fixed reference

pressure P0. The algorithm scales the coordinates and box vectors in such a way

that it has the effect of a first-order relaxation towards P0 according to:

dP
dt

=
P0−P

τp
. (2.12)

Here, τp is the time constant for the coupling. To correct for the deviations in

the pressure, the coordinates ( #�r ) and the box size (L) are rescaled according

to: #�r (x,y,z)→ η
#�r (x,y,z) and

#�

L (x,y,z)→ η
#�

L (x,y,z) where the scaling factor η

equals:[16]

η = 1− β∆t
τp

(P0−P). (2.13)

∆t is the time step used for integration and β is the isothermal compressibility of

the system. For water at 1 atm and 300 K, β = 4.6×10−5 bar−1. Due to the nature

of our simulations, we make use of a semi-isotropic Berendsen coupling with β = 0

for the z-direction and β = 1.0×10−5 bar−1 for the x- and y-directions.

Similar to the Berendsen barostat, a Berendsen thermostat implements weak

coupling to an external heat bath at a temperature T0 via first-order kinetics. Devi-

ations from T0 are corrected according to:

dT
dt

=
T0−T

τ
, (2.14)

where τ is the time constant of the exponential decay of the temperature deviation.

The Berendsen thermostat suppresses fluctuations within the kinetic energy. A

proper canonical ensemble is not generated this way. The error is known to scale
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as 1/N, so ensemble properties for large systems are not significantly affected. To

generate a correct ensemble, we make use of a velocity rescaling thermostat.[17]

The heat flow out of the system is changed by rescaling the velocities of each

particle either every step or every nTC steps, using a time-dependent factor λ , given

by:

λ =

[
1+

nTC∆t
τT

(
T0

T (t− 1
2 ∆t)

−1

)]1/2

. (2.15)

The parameter τT is similar but not exactly equal to the time constant τ of the

temperature coupling term. They are related as:

τ =
2CV τT

Nd f k
, (2.16)

where CV is the total heat capacity of the system at constant volume, Nd f is the

total number of degrees of freedom and k is the Boltzmann constant. In practice,

the scaling factor lies in the range 0.8 ≤ λ ≤ 1.25, which ensures that simulations

remain stable.

2.1.3 Coarse grained molecular dynamics

In chapter 3, we present results from coarse grained molecular dynamics (CGMD)

simulations of solvent evaporation from a supported poly(3-hexylthiophene-2,5-

diyl): [6,6]-phenyl-C61-butyric acid methyl ester (P3HT:[60]PCBM) film. The sim-

ulations are based on a model (see figure 2.2 and figure 2.3) in which the P3HT

unit is represented by three and the [60]PCBM molecule by five beads.[18] The sol-

vent molecules (chloroform (CFM), chlorobenzene (CLB) and orthodichloroben-

zene (oDCB)) are modeled as one single neutral bead. The beads represent clus-

ters of atoms, chosen in such a way that the coarse-grained potential accurately

reproduces properties of the atomistic system, see figure 2.4.

The starting configuration for each solvent system consists of 450 P3HT chains

and 3318 [60]PCBM molecules dissolved in the solvent such that both the P3HT

and [60]PCBM concentrations are 50 mg/ml for the P3HT:[60]PCBM:CFM (3.5:3.5
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Figure 2.2: Notations for bead types used for coarse-graining of P3HT. Figure re-
produced from ref. [18] with permission from the PCCP Owner Societies.

Figure 2.3: Notations for bead types used for coarse-graining of [60]PCBM. Figure
reproduced from ref. [18] with permission from the PCCP Owner Societies.

:93 wt %) and P3HT:[60]PCBM:CLB (4:4:92 wt %) systems, and 30 mg/ml for the

P3HT:[60]PCBM: oDCB (2.5:2.5:95 wt %) system. We note that the concentrations

for the CLB and oDCB solutions are below their solubility limits for [60]PCBM,

whereas for CFM the [60]PCBM concentration is above the solubility limit. Due

to the low solubility of [60]PCBM in CFM, we would need a very large number of

solvent beads (about 1.8 million) to start with a configuration below the respec-

tive solubility limit, which would greatly increase the computational workload. We

checked that for the oDCB and CLB systems the trend in the phase separation pro-

cess does not depend on whether the initial [60]PCBM concentration is below or

above the solubility limit. We expect this to be the same for the CFM system. Hence,

we chose to start evaporation from an equilibrated CFM solution at 50 mg/ml, as

for the CLB system. The P3HT and [60]PCBM components are always present in a

1:1 weight ratio.
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Figure 2.4: Simulated densities for an equilibrated bulk system containing 1000
solvent beads for each of the three solvents: chloroform (CFM), orthodichloroben-
zene (oDCB) and chlorobenzene (CLB). The temperature is set to 298 K and the
pressure to 1 bar. Each solvent molecule is modeled as one single neutral bead with
the Lennard-Jones interaction parameters set to ε = 3.00, 3.30, and 3.60 kJ/mol,
and σ = 0.465, 0.510, and 0.533 nm, for CFM, CLB, and oDCB, respectively. With
these parameters the known experimental densities of 1490, 1110, and 1300 kg
m−3, for CFM, CLB, and oDCB respectively, at room temperature and atmospheric
pressure are correctly reproduced.

In a first stage, the equilibration stage, the solution is equilibrated at a tem-

perature of 298 K and a pressure of 1 bar. We control the temperature using a

velocity-rescaling thermostat[17] with a time constant of 0.1 ps and implement an

isotropic pressure coupling using the Berendsen barostat[15] with a time constant

of 5 ps to control the pressure. A leap-frog integrator with a time step of 3 fs is

used to obtain the trajectory of the beads. The neighbor lists are built using the

Verlet cut-off scheme. Periodic boundary conditions in all three directions are used.

Typical box sizes in this stage are 50×50×50 nm3.

Once equilibrated, in a second stage, the evaporation stage, the system is placed

in a new elongated box with two walls at z = 0 and z = z(box) = 1160 nm and the
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simulation is continued. Before doing so, the periodic boundary conditions in the

z-direction are removed, completing molecules that are “broken” by the periodic

boundary conditions. The system is then put at a small distance above z = 0 to en-

sure that all molecules are within the new box. The periodic boundary conditions

in the x- and y-directions are kept. The wall at z = 0 acts like a substrate sup-

porting the blend, while the wall at z = z(box) determines the free space available

for evaporation of the solvent. The LJ parameters σ of the z-dependent interac-

tion between the top wall (z = z(box)) and all the individual beads are chosen in

such a way that the solvent can move into the free space (σ = 6 nm), while the

P3HT and [60]PCBM stay within the film (σ = 1100 nm). The parameters σWP,

εWP (wall-P3HT) and σWP′ , εWP′ (wall-[60]PCBM) with the bottom supporting wall

(z = 0) are set to σWP = σWP′ = 4 nm and εWP = εWP′ = 1 kJ/mole for both P3HT

and [60]PCBM, so that there is no preference for either of the two components to

move towards this wall.

The pressure in the elongated box is controlled using a semi-isotropic coupling

implemented with the Berendsen barostat with the compressibility set to 0 for the

z-direction and 1.0× 10−5 bar−1 for the x- and y-directions. Once the evaporation

stage starts, solvent beads begin to leave the film surface and fill up the empty

space between the film and the top wall. In order to allow for continuous evapora-

tion of solvent from the film, the existing vapor needs to be removed from the box.

To this end, the simulation is in a first cycle interrupted when the average vapor

density above a cutoff distance of 100 nm from the film surface has increased to a

value of 2.5 kg/m3 for each solvent. This happens after time intervals of about 5

ns for CFM, 10 ns for CLB, and 20 ns for oDCB. In the next removal cycles we use

these time intervals between successive interruptions. This procedure is repeated

until the solvent concentration in the film is below 2 wt %, resulting in total CGMD

simulation times of about 240 ns for CFM, 440 ns for CLB, and 540 ns for oDCB.

The different time intervals and total simulation times reflect the different volatil-

ities of the solvents, with CFM having the highest volatility and oDCB the lowest
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volatility. This way of vapor removal approximates a continuous evaporation pro-

cess, while at the same time limiting the number of interruptions. We note that

the evaporation speed in our simulations will be faster than under usual laboratory

conditions. However, our simulations correctly account for the different volatilities

of the three solvents and we therefore expect that the simulated trends in the film

formation process can be extrapolated to experimental time scales.

It should be noted that CGMD force fields lead to accelerated dynamics as com-

pared to atomistic force fields, because of a smoother potential energy surface.

For the CGMD scheme used by us, an acceleration factor of about 10 has been

reported.[18] Thus, the CGMD simulation time needs to be multiplied by this fac-

tor in order to obtain the equivalent atomistic simulation time. Figure 2.5 gives

a snapshot of the P3HT:[60]PCBM:CFM system during the evaporation stage after

about 110 ns of CGMD simulation time (about 1.1 µs atomistic time), when the

amount of P3HT and [60]PCBM is 14 wt % for each. The CFM beads are evaporat-

ing along the elongated z-axis. We note that since CLB and oDCB are less volatile

than CFM, it takes a longer time to reach the same stage for those solvents: about

150 ns for CLB and about 400 ns for oDCB.

2.1.4 MD simulation using GROMACS

The molecular dynamics simulations reported in chapter 3 have been performed

using the graphical processing unit (GPU)-enabled GROMACS (GROningen MAchi-

ne for Chemical Simulations) software package.[19, 20, 21, 22] It is currently one of

the fastest codes available and demonstrates excellent scaling capabilities. When

compiled properly, GROMACS is able to use various levels of acceleration and par-

allelization schemes based on the available hardware. The compute intensive parts

of the code (electrostatics, bonded force calculation, neighbor-list searching) make

use of intrinsic acceleration available within the central processing unit (CPU).

GROMACS makes use of message passing interface (MPI) to enable simulations

over multiple compute nodes. The package also supports parallelization within a
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node using multithreading, which ultimately results in the efficient use of modern

multi-core processors. When combined with GPUs which specifically handle the

non-bonded force calculation, we have an overall hybrid level of parallelization.

When a MD calculation is first started, a few iterations of tuning are executed dur-

ing the first 10-100 steps, which involves scaling the cutoff for electrostatics and

particle-mesh-Ewald (PME) grid spacing in order to achieve an optimal load bal-

ance between the CPUs and GPUs. Multiple GPUs, both within a single node and

across multiple nodes are supported using domain decomposition. Our simulations

start with about 2 million coarse-grained beads. The code scales quite well up to

20 compute nodes (16 CPU cores each, 2 Nvidia Tesla K40m GPUs/node). All the

simulations were carried out on the Dutch national supercomputer, Cartesius.

Solvent 

vapor

phase

P3HT (green):PCBM 

(red):CFM (ice blue) 

supported film

Figure 2.5: Snapshot of the P3HT:[60]PCBM:CFM system at the bottom of a 45×
45×1160 nm3 simulation box during the evaporation stage with 14 wt % of P3HT
as well as [60]PCBM.
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2.1.5 Limitations of molecular dynamics

Atomistic MD makes use of time steps on the order of 1 femtosecond. Hence, to

reach even only 1 ns of simulation time, 106 time steps need to be carried out. At

every time step, bonded and non-bonded force evaluations between all the parti-

cles in the system are required. This makes MD computationally very demanding,

especially for large systems. Coarse-grained molecular dynamics (CGMD) allows

us to use larger time steps and reduces the number of degrees of freedom in the

system. In chapter 3, we report results where the effective simulation time is on

the order of a few microseconds. This is sufficient to study the vertical segregation

profile seen for various donor-acceptor systems. However, for processes such as

liquid-liquid (L-L) phase separation, these timescales are still very short. L-L phase

separation is known to occur over extremely large length (100-200 nm) and time

scales (0.7-1.0 s). Hence, even CGMD is not sufficient to simulate such a process.

In the next section, we discuss a continuum-based modeling approach that will

allow us to deal with such problems.

2.2 Phase field modeling

Phase field methods based on solving the Cahn-Hilliard-Cook equations are quite

versatile and are widely used to represent complex morphologies.[23, 24, 25] We no

longer deal with individual particles in this method. Instead, we address volume

fractions of individual components distributed spatially in the simulation box. This

is a continuum-based approach which allows us to study liquid-liquid phase sep-

aration triggered by solvent evaporation in donor-acceptor blends. We set up the

model for a ternary system where the thermodynamic and kinetic input parameters

are obtained from experiments. The whole approach is summarized in figure 2.6.
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Figure 2.6: Summary of experimental and computational techniques used in chap-
ter 4 of this thesis. (a) Schematic illustration of an in-situ laser interference setup
used to determine the rate of change of film height as the film thins over time.
This rate determines the Biot number, which is a crucial input parameter for our
phase field model. (b) Contact angle measurements provide surface energy data
used to estimate the Flory-Huggins interaction parameters. This image (used as an
example here) has been reproduced with permission from ref. 26. Copyright 2018
The Royal Society of Chemistry. (c) Simulation snapshot showing solvent removal
from the top of the film as implemented in the phase field model, resulting in a
reduction of the height of the film. Evaporation-induced phase separation leads
to formation of PC71BM-rich droplets suspended in the PDPP5T matrix. The color
scale depicts the PC71BM volume fraction, with deep red representing the highest
concentration. The other components are rendered transparent for clarity.

2.2.1 Ternary phase field model

In chapter 4, we focus on a ternary system consisting of an electron donor (the con-

jugated polymer PDPP5T), an electron acceptor (the fullerene derivative PC71BM),

and a solvent (chloroform). We assume that the system is incompressible. The vol-

ume fractions of each of the components at every position~r = (x,y,z) in the system

are the order parameters φp, φ f , and φs, respectively, and satisfy φp + φ f + φs = 1.

Hence, we only need to keep track of two independent order parameters, e.g., φp

and φ f , and put φs = 1−φp−φ f . We now have to specify the free energy functional

F for the ternary system. In its basic form, F consists of an integral over the free
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energy density of mixing, f , and the interfacial free energy density, I:

F =
∫

V

[
f (φp,φ f )+ I(~∇φp,~∇φ f )

]
dV. (2.17)

The free energy density of mixing f , also known as the homogeneous free en-

ergy density, is constructed using a lattice-based approach pioneered by Flory and

Huggins,[27] widely used for polymer mixtures:

f (φp,φ f ,φs)=
RT
Vs

[
φp

Np
ln(φp)+

φ f

N f
ln(φ f )+

φs

Ns
ln(φs)+χp f φpφ f +χpsφpφs +χ f sφ f φs

]
,

(2.18)

where R is the gas constant, T is the temperature, Ni =Vi/Vs is the effective degree

of polymerization, with Vi being the molar volume of component i (i = p, f ,s), and

χi j is the Flory-Huggins binary interaction parameter between component i and j.

The first three terms in Equation (2.18) describe the entropic and the last three

terms the enthalpic contribution to the free energy density of mixing. The Flory-

Huggins interaction parameters χi j have been estimated by an approach previously

used by Moons et al.[28]

Np N f Ns χp f χps χ f s
87 5 1 1.0 0.1 0.9

Table 2.1: Flory-Huggins interaction parameters and degrees of polymerization
calculated for the PDPP5T:PC71BM:CHCl3 system[29]. We note that Kouijzer et
al.[29] estimate χps to be around 0.4 but report results using χps = 0.1, in which
case the entropic contribution χs is not considered (see Equation 7 in ref. 29). For
a fair comparison, we also use χps = 0.1 in this work. We tested χps = 0.4 and
found that this does not affect the conclusions from our simulations.

We make use of the values (see table 2.1) as given in literature.[29] The degrees

of polymerization Ni are estimated based on the molar volume of the polymer and

fullerene with respect to the solvent. The interfacial energy density I is described

using a square-gradient expression: I(~∇φp,~∇φ f ) = ∑i=p, f
ε2

i
2 | ~∇φi |2.[23, 30] In this

work, we set the interfacial parameters εp = ε f = εc.[23, 31, 32] There is little exper-

imental information about interfaces between PDPP5T and PC71BM. We therefore
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take the value ε2
c = 10−10 Jm−1, which is commonly used for organic systems.[23, 32]

Having defined the order parameters and the free energy of the system, we can now

set up the governing equations for the two independent volume fractions φp and

φ f , while the solvent volume fraction φs is known through the incompressibility

assumption. Mass transport is driven by gradients in chemical potentials of the

polymer and fullerene components. The chemical potentials for the polymer and

fullerene are defined as µp = δF/δφp and µ f = δF/δφ f . Using Fick’s law for diffu-

sion ~Ji =−Mi~∇µi and the continuity equation ∂φi/∂ t +~∇ · ~Ji = 0 for i = p, f , we get

the following Cahn-Hilliard-Cook (CHC) equations:[31]

∂φp

∂ t
+u

z
h(t)

∂φp

∂ z
= ~∇ ·

[
Mp~∇

(
∂ f (φp,φ f )

∂φp
− ε

2
c ∇

2
φp

)]
+ξp, (2.19)

∂φ f

∂ t
+u

z
h(t)

∂φ f

∂ z
= ~∇ ·

[
M f~∇

(
∂ f (φp,φ f )

∂φ f
− ε

2
c ∇

2
φ f

)]
+ξ f . (2.20)

In these equations, Mi = Di/
(
∂ 2 fideal/∂φ 2

i
)

links the mobility of a component to

its (self-)diffusivity Di, with fideal being the free energy density of an ideal solution

where the χi j have been put equal to zero.[27, 23] The second term (advection term)

on the left-hand-sides in Equations (2.19) and (2.20) accounts for the change in

height (thickness) of the film as solvent evaporates from the top surface. The frac-

tion z/h(t) equals zero at the bottom surface (z = 0) and one at the top surface

(z = h(t)), with h(t) being the height of the film at time t. The rate of change of

height is u = ∂h/∂ t. The last terms ξi on the right-hand-sides of equations (2.19)

and (2.20) are the Langevin force terms, which are related to the mobilities Mi of

the components by the fluctuation-dissipation theorem. We follow the implemen-

tation of the random Langevin forces by Shen et al.[33] in the case of space and

time discretization. These random forces are known to play an important role in

the early stages of spinodal decomposition.[34]
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Figure 2.7: (a) Top - Drying curve of a PDPP5T:PC71BM:CHCl3 film for a spinning
speed of 6000 rpm. The initial decrease in height is due to radial outflow of the
fluid on the spinning substrate. Thereafter, film thinning occurs primarily due to
evaporation. The rate of change of height dh/dt is obtained from a linear fit. The
starting height h(t = 0) in our simulation box is 1000 nm. Bottom - Laser interfer-
ence signals measured as the film thins over time. Knowing the final film thickness,
the height of the film at any instant is back-calculated, resulting in the drying curve
for a given evaporation rate. (b) Transmission Electron Microscopy (TEM) images
of dry films obtained using a spinning speed of 6000 rpm (top) and 500 rpm (bot-
tom). PC71BM regions appear darker and form droplet-like structures embedded in
the PDPP5T matrix. (c) Chemical structure of the polymer and fullerene derivative
used.

2.2.2 Numerical implementation

One of the major challenges in implementing solvent evaporation in a 3D phase

field simulation is to account for the change in the volume of the film. The film

height reduces by over 80% during the course of a simulation and using standard

remeshing techniques therefore becomes problematic. Instead, we introduce the

following coordinate transformation, which allows the CHC equations to be solved

in a simulation box with fixed boundaries:[31]

ϑ(t) =
z

h(t)
. (2.21)

Further details regarding the transformed equations can be found in the literature.[31]
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The CHC equations are split and solved using the Galerkin method. Streamline

upwinding Petrov-Galerkin (SUPG) stabilization terms are used to manage the ad-

vection terms. The CHC equations have previously been studied intensively from

a mathematical perspective.[35] It was shown that using cubic or quadratic basis

functions does not lead to significant improvements. Hence, we stick to linear ba-

sis functions for the variables φp, φ f , µp, µ f . We check for the number of Newton’s

iterations needed to solve the problem for the starting time step. If the number

is lower than 20, the size of the next time step is increased by 25%. Otherwise

it is reduced to 25% of the previous time step. If the solver is unable to find a

solution within 50 time steps, the step is discarded and the time step is reduced by

50%. Such a strategy allows the simulation to proceed with large time steps when

the morphology evolves slowly, such as in the beginning of the simulation. When

fullerene droplet formation is initiated after entering the spinodal region, the time

steps are adequately reduced. We did not face any convergence issues throughout

the simulations.

The 3D simulation domain is extremely large, consisting of several million

mesh points. We use the domain decomposition-based mesh partitioner ParMETIS

to divide and distribute the simulation domain across many compute nodes.[36]

The PETSc solver library is used to obtain parallel solutions to the relevant alge-

braic equations.[37, 38] The phase field code is written in C++ and compiled using

PETSc, ParMETIS, TalyFEM and Intel MPI.[36] The reported simulations were per-

formed on the Dutch national supercomputer Cartesius. For a single 3D evapora-

tion simulation with a mesh density of 125× 125× 250 elements, we made use of

40 compute nodes (960 Intel CPU cores) over a walltime of 48 hours. ParaView[39]

was used for the visualization of the phase field data which was done on a desktop

computer equipped with an Intel Core i7-4770 processor and 32 GB random access

memory (RAM).

Starting volume fractions for polymer and fullerene are attributed to the mesh

points according to Gaussian distributions with their respective means at these val-
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ues and a variance of σ2
v = 0.01. This mimics a randomly mixed starting configura-

tion. The value of σ2
v is conveniently chosen and small enough to not influence the

eventual morphology formation, which is driven by the random Langevin forces.

We define an effective Cahn number Cn = It/L, where It is a estimated interface

thickness and the initial height L = 1000 nm is the characteristic length of the film.

We use It = 1 nm, which gives Cn = 0.001 and provides a λm map that overlaps well

with the spinodal region within the ternary phase diagram for our system.

The thermodynamic parameters for our system are such that the equilibrium

solubilities of one component into another can become very low. The equilibrium

volume fraction of fullerene dissolved in the polymer, for example, can become as

low as 10−10-10−14. Our numerical solver of the CHC equations can efficiently track

changes in the volume fractions on the order of 0.1-0.9. When the volume fractions

approach the spinodal boundary, the time steps used for integration become very

small and the simulation becomes very inefficient. Following Saylor et al.[23], we

add a small term β = 10−4RT/Vs to the Flory-Huggins free energy. This addition

does not significantly affect the derivatives of the free energy densities appearing

in the CHC equation within the range 0.1≤ φi ≤ 0.9, while speeding up the simula-

tions. We have tested lower values of β and observed no discernible change in the

morphology evolution.

The noise terms in the CHC equations have a Gaussian distribution that is un-

correlated in space and time according to[33]

〈ξi(~r, t)〉= 0,
〈
ξi(~r, t)ξi(~r′, t ′)

〉
=

2MiRT
Vs

δ (t− t ′)∇2
δ (~r−~r′). (2.22)

2.2.3 Ternary phase diagram and visualization tools

The ternary phase diagram shown in figure 2.8 is obtained using a linear stability

analysis (LSA) based approach to investigate the behaviour of the solutions of a

set of two Cahn-Hilliard equations in a one-dimensional domain. LSA allows us

to find the fastest growing wavelength, λm, for a given composition of the ternary
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system.[32] The corresponding equations can be found in the supporting informa-

tion of ref. 32. We use gnuplot, a popular command-line driven graphing soft-

ware, to vary the composition over a range of values and generate the coloured

plot as shown in figure 2.8. The vertices of the triangle represent a volume frac-

tion of 1.0 (or 100% concentration) for the indicated components. As one moves

away from a given vertex, the concentration for that component decreases. The

black points are the values of the system composition (volume fractions of poly-

mer, fullerene and solvent) which are read from the phase field data files. Simula-

tions start at a solvent concentration of 90 vol. % close to the top vertex. At this

stage, the whole system lies outside the spinodal (unstable) region. The black data

points branch out, indicating that some regions in the simulation domain have

become fullerene-rich due to phase separation while the rest contain a mixture

of the polymer and solvent. The tools used for visualization in this work can be

obtained from the following links: 1) The ImageJ software can be downloaded

from https://imagej.net/Welcome. The PC71BM domain size has been esti-

mated using the ‘Radially Averaged Autocorrelation’ macro which can be obtained

from: http://imagejdocu.tudor.lu/doku.php?id=macro:radially_averaged_

autocorrelation. 2) The phase field data is visualized using Paraview which is

readily available from https://www.paraview.org/download/.

2.2.4 Limitations of the phase field model

Our model has the following limitations which should be kept in mind while draw-

ing conclusions from the simulated data:

1) We assume uniform evaporation by making use of a fixed Biot number, Bi.

It is based on the observation that most of the phase separation occurs during the

later stages of evaporation where the drying curve is almost linear. This may not

be true for all OPV blends. There can be instances when the evaporation rate is

non-linear, requiring the use of a time-dependent Biot number.

2) The relative diffusivities of PDPP5T and PC71BM are set to D̃p = Dp/Ds =

https://imagej.net/Welcome
http://imagejdocu.tudor.lu/doku.php?id=macro:radially_averaged_autocorrelation
http://imagejdocu.tudor.lu/doku.php?id=macro:radially_averaged_autocorrelation
https://www.paraview.org/download/
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Figure 2.8: Ternary phase diagram of PDPP5T:PC71BM:CHCl3. The colors indicate
the wavelength λm of the fastest growing instability, which is obtained from a linear
stability analysis (LSA).[32] The isocontour of λm = ∞ corresponds to the boundary
of the spinodal region. Outside this boundary, there exists no real, positive λm,
which indicates that the composition is stable. The smallest values of λm lie deep
within the spinodal region, indicating that the composition fluctuations with those
wavelengths are the most unstable. Left: The black data points represent the com-
position of the simulation domain corresponding to the starting configuration with
90 vol. % of solvent and a PDPP5T:PC71BM weight ratio of 1:2. Right: Solvent
evaporation leads to a quench into the spinodal region, after which the system
evolves to a composition as represented in the diagram.

0.001 and D̃ f = D f /Ds = 0.005, respectively. As solvent evaporates, the polymer

and fullerene concentration increases. Therefore, a more accurate representation

of the model should include concentration-dependent diffusivities.

3) Experiments have shown that fullerene droplets protrude out of the top sur-

face as the film thins over time.[40] However, our model makes use of a flat-surface

approximation, which helps to reduce the computational complexity involved in

a 3D simulation. We are therefore unable to capture the experimentally observed

surface topology.
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2.3 Kinetic Monte Carlo

As explained in section 2.1.5, molecular dynamics (MD) has limited applicability

when dealing with phenomena that occur on large length and time scales. On the

other hand, continuum methods such as phase field methods are quite useful for

solving problems in solid mechanics, heat transport, phase separation etc. but are

not sufficient to describe atomistic details. The Monte Carlo (MC) method is a gen-

eral approach used to explore kinetic or thermodynamic behaviour resulting from

sequences of arbitrary fundamental transitions. These fundamental processes can

be chosen with a lot of flexibility, thus allowing the MC method to span arbitrary

spatial and temporal scales. Such methods have been used to study a wide variety

of problems such as behaviour of stock markets, formation of clusters of galaxies,

grain growth etc.[41, 42, 43] Kinetic Monte Carlo (kMC) is a variant of the general

MC method where the time evolution of a system is simulated based on known

transition rates between different states. kMC is able to access regimes which are

beyond the scope of MD while retaining sufficient atomistic information.

The MC method as a tool to solve scientific problems was first discussed by

Stanislaw Ulam in his correspondences with John van Neumann.[44] In the early

days, the MC method was mostly used to numerically estimate complex integrals

by simply computing the energies of a model system in randomly selected states.

Metropolis improved this scheme by biasing the state’s selection.[45] The calcu-

lation thus became more efficient because less time is spent on configurations

that are unlikely. A variation of MC called the N-Fold Way (NFW) was intro-

duced by Bortz in 1975.[46] Here, state selection choices are biased according to

each transition’s likelihood, i.e., more probable transitions get chosen more often.

Implementations of the NFW method in different systems have been presented

elsewhere.[47, 48]

kMC simulations have been widely used to describe charge carrier motion in

disordered organic semiconductors.[49, 50] In such systems, charge transport mainly

occurs by hopping or tunneling of charge carriers amongst localized states. The
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most commonly used models are the variable range hopping, gaussian disorder

model (GDM) and the percolation model.[51, 52, 53, 54] In chapter 5, we present re-

sults from kMC simulations of charge carrier dynamics in organic solar cells. Vari-

ous physical processes are incorporated in the model. To set up a full kMC device

simulation, we need the following ingredients: 1) A simulation box with sites and

species 2) A set of physical processes along with their rates 3) An algorithm that

decides what events are chosen. These ingredients are explained in more detail

below.

2.3.1 Simulation box

A typical simulation box in our kMC setup is a simple cubic lattice consisting of[Lx
a

]
×
[

Ly
a

]
×
[

Lz
a

]
sites where Lx×Ly×Lz is the size of the box and a is the inter-

site distance. The sites represent molecules or parts of a large polymer wherever

applicable. The site density Nt is related to the intersite distance a as: a = N−1/3
t .

For bulk simulations, periodic boundary conditions (PBC) are used in all three di-

rections whereas for device simulations, electrodes are placed along the x-axis and

PBC are used only along y and z-axis. Each site is assigned properties such as

material type, energy levels, hopping prefactors and excitonic decay rates. The

distribution of the materials can be chosen to be either layered or random. In

chapter 6, we also present results using discretized 3D morphologies obtained

from phase field simulations which have been used as input to our kMC code.

Each site in our simulation box has four distinct energy levels: a highest occu-

pied molecular orbital (HOMO), a lowest unoccupied molecular orbital (LUMO), a

singlet energy and a triplet energy. We make use of the gaussian disorder model,

where the site energies E are sampled from a gaussian distribution with a certain

width σg.[53] The density of states g(E) then has the following form:

g(E) =
1√

2πσg
exp

(
− E2

2σ2
g

)
. (2.23)
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The width can be different for electrons and holes and represents the strength

of energetic disorder present in the system. Disorder can also be included for

excitons, with a width that is usually smaller than that of charge carriers because

as neutral objects they are less sensitive to electrostatic disorder. The HOMO and

LUMO energy levels can also be correlated. We do not use correlated energy levels

for the kMC simulations presented in this thesis.

The sites can be populated by electrons, holes, singlet or triplet excitons. The

processes that can occur in an operating device depend on the species in question.

Once excitons are generated, they can diffuse to another location over time. Ex-

citons can also recombine since they have a finite lifetime. If they encounter a

donor-acceptor interface as found in bulk heterojunction organic solar cells, they

can dissociate into a charge-transfer (CT) state. CT states are modeled as elec-

trons and holes residing on neighboring sites. Electrons or holes can also hop

to neighboring sites, the rate of which is determined by the attempt-to-hop fre-

quency and energy levels. The on-site energy of a charge carrier is also influenced

by Coulomb interactions with neighboring charges, Coulomb interactions with the

image charges present in the electrode and the applied electric field. In the sim-

ulations, only Coulomb interactions within a cutoff radius Rc are included. The

interactions outside Rc are included on a layer-averaged basis.[55] Previous studies

have indicated that a cut-off radius of Rc = 10a is a good balance between accu-

racy and computational efficiency.[56] The total energy at a site i for a hole can be

written as:

Ei = EHOMO,i + eφext. f ield(i)+ eφsel f (i)+ eφsr(i)+ eφlr(i)+ eφdisk(i), (2.24)

where φext. f ield is the electrostatic potential due to the applied voltage across the

device, φsel f is the contribution from the image charges in the electrodes, φsr is the

short-ranged Coulomb interaction within Rc, φlr is the long-ranged electrostatic

contribution calculated using the Poisson equation and a layer-averaged charge
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density, and φdisk corrects for double counting the contributions within the cut-off

radius.[55]

2.3.2 Physical processes and rate equations

Charge transport and role of electrodes

In an operational organic solar cell, charge carriers move from sites within the de-

vice towards the electrodes. As explained earlier, our kMC simulation box consists

of sites ordered as a simple cubic lattice. Charge carriers can hop from one site

to the other. The hopping rate between two sites is described using the Miller-

Abrahams formalism, and depends on the site energies (Ei, see equation 2.24) and

the distance between them.[57] The overall hopping rate from site i to site j is

described as:

rhop(i, j) =
√

ν0,iν0, jexp
(
−

2Ri j

λ

)
exp
(
−
|∆Ei j|+∆Ei j

2kBT

)
, (2.25)

where
√

ν0,iν0, j is the geometric mean of the intrinsic hopping attempt frequencies

of sites i and j, which is chosen to account for the wavefunction overlap between

the sites. λ is the wavefunction decay length, ∆Ei j = E j−Ei is the energy difference

between the sites, kB is the Boltzmann constant and T is the temperature. The form

of equation 2.25 ensures that hops upward in energy have a smaller rate and are

therefore less likely to occur than hops downward in energy. The wavefunction

decay length has values in the range of 0.1-0.3 nm.[53, 58, 59]

Injection of charges occurs from the electrodes into the device. For an oper-

ational organic solar cell, injection plays an important role when a positive bias

is applied. In our kMC setup, injection is simply a special case of charge trans-

port where electrons or holes are generated in the first layer of sites next to the

electrode. The rate of charge carrier injection to a site i is:

rin j(i) = kin jν0,iexp
(
−2a

λ

)
exp
(
−
|∆Ein j,i|+∆Ein j,i

2kBT

)
, (2.26)
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where kin j is an adjustable injection prefactor and ∆Ein j,i =Ei−Eelectrode with Eelectrode

being the workfunction of the electrode. Charge carriers are collected from the de-

vice when they hop from the photoactive layer into the electrode with a rate:

rcol(i) = kcolν0,iexp
(
−2a

λ

)
exp
(
−
|∆Ecol,i|+∆Ecol,i

2kBT

)
, (2.27)

where kcol is the collection prefactor and ∆Ecol,i = Eelectrode−Ei is the energy differ-

ence between the electrode workfunction Eelectrode and site energy Ei. Usually, the

injection and collection prefactors are set to the same value to preserve detailed

balance.[55]

Exciton dynamics

The exciton generation and dissociation are modeled as special cases of charge

carrier hopping. The exciton generation rate is given by:

rgen(i, j) =
√

ν0,iν0, jexp
(
−

2Ri j

λ

)
exp
(
−
|∆Egen,i j|+∆Egen,i j

2kBT

)
, (2.28)

where ∆Egen,i j = E j−Ei−Eb and Eb is the exciton binding energy.[55] Excitons can

also be generated through the absorption of photons, which is useful for simulating

photovoltaic devices. Absorption occurs at a random location within a layer if a

probability of absorption>0 is defined in the set of input parameters. The rate of

absorption (Γi) at a certain site i is given by:

Γi = PiF (2.29)

where Pi is the probability of absorption of photons for the material at site i and F

is the fluence expressed in the units of photons s−1 site−1. The exciton dissociation

rate is given by:

rdis(i, j) =
√

ν0,iν0, jexp
(
−

2Ri j

λ

)
exp
(
−
|∆Edis,i j|+∆Edis,i j

2kBT

)
, (2.30)
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with ∆Egen,i j = E j−Ei +Eb, Eb = Eb,S for singlets and Eb = Eb,T for triplets. In BHJ

organic solar cells, a large LUMO offset between the donor (D) and acceptor (A)

materials relative to Eb ensures that exciton dissociation is more likely to occur at

the D-A interface.

Once excitons are generated at a site, they can diffuse to neighboring sites via

the Förster resonant energy transfer (FRET) or the Dexter transfer mechanism.[60, 61]

The FRET efficiency η is the fraction of energy transfer event that occurs for ev-

ery excitation event. η depends on various physical parameters such as: 1) The

distance between the donor and acceptor molecules 2) Spectral overlap between

the donor emission and acceptor absorption spectrum 3) The relative orientation

of the donor emission dipole moment to the acceptor absorption dipole moment.

Förster transfer occurs through the exchange of a virtual photon via non-radiative

dipole-dipole coupling. η depends on the donor-acceptor distance as:

η =
1

1+
(

R
RF

)6 , (2.31)

where RF is the Förster radius and R is the distance between the two molecules. At

RF , the energy transfer efficiency becomes 50%.[62] RF is experimentally obtained

from the spectral overlap integral of the donor and acceptor. The rate of Förster

transfer for an exciton rF is given by:

rF = τ
−1
(

RF

R

)6

, (2.32)

where τ is the lifetime of the exciton. In our kMC setup, Förster transfer between

site i and site j is implemented as follows:

rF(i, j) = (Γr,i +Γnr,i)

(
RF,i j

Ri j

)6

exp
(
−
|∆Eex,i j|+∆Eex,i j

2kBT

)
, (2.33)

where Γr,i and Γnr,i are, respectively, the radiative and the non-radiative decay rates

for the exciton at site i, RF,i j is the Förster transfer radius between sites i and j, and
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∆Eex,i j = Eex, j−Eex,i is the difference between the excitonic energy levels of sites j

and i.[55]

Dexter transfer occurs by the exchange of electrons which requires an overlap of

the donor and acceptor wavefunctions. It therefore occurs on much shorter length

scales compared to Förster transfer.[55] The rate for Dexter transfer between two

molecules is given as:

rD =
2π

h̄
K2exp

(
− 2R

λex

)
J = kD,0exp

(
− 2R

λex

)
, (2.34)

where h̄ = h
2π

is the reduced Planck’s constant, K is a constant with the dimension

of energy, λex is the wavefunction decay length for excitons and J is the spectral

overlap between the donor and acceptor molecules. All the prefactors in equa-

tion 2.34 are condensed into kD,0, which becomes the Dextor prefactor for a given

site.[55] The Dexter transfer rate from site i to site j is then given as:

rD(i, j) =
√

kD,ikD, jexp
(
−

2Ri j

λ

)
exp
(
−
|∆Eex,i j|+∆Eex,i j

2kBT

)
. (2.35)

2.3.3 The kMC algorithm

The kMC algorithm allows us to simulate the time evolution of a system based on

the rates of various processes that are defined beforehand. The sequence of events

that occurs during a kMC simulation is as follows:

1) For each charge carrier and exciton in the simulation box, the rates are

calculated based on the supplied input parameters. Only sites within a predefined

cutoff radius are considered eligible as destination sites for hops. For each event i,

the rate ri is calculated. The total number of events is N.

2) The partial sum Si≡Σi
k=1rk is calculated for each event i and a random num-

ber u is drawn from the interval [0,1). The event m for which the condition

Σ
m−1
i=1 ≤ uΣN

j=1r j < Σm
k=1rk is satisfied gets selected. Such a condition ensures that

a faster event has a higher chance of getting selected than a slower one.[43]
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3) The position of the charge or the exciton on the lattice is updated. The

overall site energies are recalculated to account for the change in the Coulomb

interactions.

4) The time is then advanced by ∆t = − ln(v)
ΣN

j=1r j
where ∆t is the time elapsed

between the event prior to m and the event m itself. v is a random number evenly

distributed over the range [0,1) and N is the total number of possible events before

event m has occurred.[43]

2.3.4 Convergence and sampling

In a steady-state kMC simulation, the steps mentioned in the previous section are

repeated until equilibrium is attained. For an OPV device under operational con-

ditions, the highest (Jmax) and the lowest (Jmin) current density is monitored and

compared to the average (Jave) current density. Convergence is attained when the

minimum ( Jmin
Javg

) and maximum ( Jmax
Javg

) current ratio approach a value of 1. In case

of transient recombination simulations as reported in chapter 5, the simulations

are stopped after the required time interval has elapsed. The duration of the simu-

lations should be sufficient to allow comparison with relevant experiments.

kMC is a statistical method where the accuracy of the results depends on the

number of simulated events for a given system. The accuracy is therefore improved

by running multiple parallel simulations using different seeds for the random num-

ber generator. The final results are averaged over all such simulations. We com-

monly use a box size on the order of 100× 100× 100 nm3. The box size is chosen

to be large enough so that it is representative of a real organic sample.

2.3.5 Limitations of kMC

kMC allows us to study a wide range of devices under various conditions. However,

certain situations have proven difficult to simulate. For example, OPV device sim-

ulations near the open-circuit voltage (Voc) take extremely long to converge. The

simulation time also increases when charge injection from electrodes is included.
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In such a scenario, most of the time is used to simulate back and forth charge

hops between the photoactive layer and the electrodes. Since kMC is a statistical

method, it also takes a very long time to gather enough statistics for simulations

with many rare events. Experiments involving impedance spectroscopy with alter-

nating currents (frequency of 103-104 Hz) occur over varying time scales and are

therefore difficult to simulate using kMC.[55]
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Chapter 3

Solvent-dependent structure

formation in drying P3HT:PCBM

films

In this chapter, we present results from our study of evaporation-induced phase sepa-

ration in the donor-acceptor blend poly (3-hexylthiophene-2,5-diyl):[6,6]-phenyl-C61-

butyric acid methyl ester (P3HT:[60]PCBM) using coarse-grained molecular dynamics

simulations.1 We investigate the evaporation and phase separation process for three

different often-used solvents: chloroform, chlorobenzene, and orthodichlorobenzene.

Morphological properties of our simulated films match well with those of films fabri-

cated under laboratory conditions. We conclude that surface effects play an important

role in determining the vertical segregation of the P3HT and [60]PCBM components

in a solution-processed photoactive layer.

1Adapted with permission from: V. Negi, A. Lyulin, and P. Bobbert, "Solvent-Dependent Structure
Formation in Drying P3HT:PCBM Films Studied by Molecular Dynamics Simulations," Macromol. Theory
Simul., vol. 25, no. 6, 2016. Copyright ©2016, John Wiley and Sons.
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3.1 Introduction

Due to cheaper starting materials, photovoltaic devices based on organic semicon-

ductors such as conjugated polymers have potential as a cost-effective alternative

to silicon-based technology.[1] Other advantages are device flexibility, solution pro-

cessability and suitability for industrial-scale reel-to-reel production. Some of the

most promising organic photovoltaic (OPV) cells are based on the bulk hetero-

junction (BHJ) design in which two different organic semiconductors, an electron-

donor material (usually a semiconducting polymer) and an electron acceptor mate-

rial (usually a fullerene derivative) are blended together to form the photovoltaic

active layer. When coated onto a substrate, using solvent deposition techniques

such as spin coating or doctor blading, the two components phase separate to form

a heterojunction with a large internal interfacial area, which is crucial for the OPV

device performance.

The mechanism of power generation in an OPV cell is the following. Absorption

of a photon by the polymer leads to the formation of an exciton, which migrates

to the donor/acceptor (DA) interface. Here, electron transfer from the donor to

the acceptor takes place forming charge transfer (CT) excitons, which are disso-

ciated into free charges that are transported to the electrodes and generate the

photocurrent.[2] The exciton diffusion length, i.e., the distance an exciton diffuses

before it decays, is of the order 10 nm in most semiconducting polymers.[3] Thus,

it is crucial that a photogenerated exciton can reach a DA interface within this

distance.

The active layer in an OPV cell is usually 100-200 nm thick, which is much

larger than the exciton diffusion length. The problem of the resulting length

scale mismatch has fueled most of the research focused on fine-tuning the mor-

phology of BHJ-based devices. Various experiments have shown that many basic

electronic properties that determine the ultimate OPV device efficiency, such as

charge-carrier mobility and recombination rates, are strongly dependent on the

BHJ morphology.[4, 5] The BHJ morphology in turn depends, among other things,
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on the processing and drying conditions, the choice of solvents, and the molecu-

lar weight of the polymer.[6] Post-processing treatments, such as thermal [7, 8, 9] or

solvent-vapor annealing,[10] are known to enhance the device performance by al-

tering the BHJ morphology. It has also been shown that the addition of a co-solvent

can drastically alter the morphology, leading to improved device efficiencies.[11, 12]

Experiments suggest that the solubility of the electron acceptor component plays

a crucial role in determining the final film morphology, affecting the final device

performance.[13] The use of different solvents for the same DA combination can

lead to different vertical stratification profiles.[14] It is thus evident that predicting

the right processing conditions to obtain the best BHJ morphology is crucial for

improving the OPV device efficiency.

Computer simulations based on molecular dynamics (MD) can help to develop

a fully predictive atomistic model for the final film morphology. It can further help

establish a direct link between the factors determining the film morphology, like

the choice of solvents and the processing conditions, and the resultant OPV device

performance. Using MD simulations, we focus in this work on the role played by

the solubilities of the D and A components on structure formation in a drying film

of the well-characterized DA blend poly(3-hexylthiophene-2,5-diyl):[6,6]-phenyl-

C61-butyric acid methyl ester (P3HT:[60]PCBM). One of the earlier MD studies of

these blends has focused on the effects of annealing after film formation.[15] The

large-scale MD simulations in that work, spanning a time scale of a few microsec-

onds, demonstrate that it is possible to study effects of annealing on the DA phase

separation by MD simulations, despite the fact that experimentally the annealing

process typically takes a few hours. This observation is important for the present

work, because the entire solvent evaporation process occurring during spin coat-

ing, from a DA solution to the final dry film, occurs on time scales of usually a few

hundred milliseconds to a few seconds (the latter when using co-solvents).

Using a powerful supercomputer and a coarse-grained model, we can reach

a simulation time scale of a microsecond, which is sufficient to observe various
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interesting aspects of the phase separation process. We note that a previous MD

study of the effects of solvent evaporation on the morphology of a P3HT:[60]PCBM

blend[16, 17] focused exclusively on the bulk dynamics and ignored surface effects,

which are known to influence the final film morphology. Also, in the coarse-grained

(CG) model used in that work both the P3HT unit and the [60]PCBM molecule are

represented by only one bead, which might not be sufficient to capture the correct

phase separation dynamics in a drying film. By contrast, we simulate evaporation

of a solvent from a supported P3HT:[60]PCBM film including surface effects and

use coarse-grained molecular dynamics (CGMD) based on a model in which the

P3HT unit is represented by three and the [60]PCBM molecule by five beads.[18]

All MD simulations have been carried out using the GPU-enabled GROMACS sim-

ulation package[19, 20, 21, 22] The trajectory analysis and subsequent visualizations

have been done using visual molecular dynamics (VMD)[23] and open visualization

tool (OVITO).[24, 25, 26]

3.2 Modeling polymer chains

The procedure used to simulate solvent evaporation from a supported film has been

explained in section 2.1.3, chapter 2. Here, we discuss the model used to approx-

imate the behaviour of long P3HT chains. P3HT is one of the most widely studied

conjugated polymers and thus there exist various atomistic and CG models in the

literature. For our work, we choose a three-bead model for P3HT and a five-bead

model for [60]PCBM.[18] It has recently been established that a three-bead model

for P3HT gives more accurate predictions of experimental values for fluid phase

densities and various thermomechanical properties than a one-bead model.[27]

The authors of ref. [18] have performed an extensive test of their CG force field

parameters by matching several simulated and measured properties. They model

short-ranged bonded interactions, such as bond stretching, angle bending, and

torsional potentials, based on the harmonic approximation. Regarding long-range
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interactions, they use the Coulomb potential to model electrostatic interactions and

the Lennard-Jones (LJ) form to model the van der Waals interaction:

VLJ(ri j) = 4ε

((
σ

ri j

)12

−

((
σ

ri j

)6
))

. (3.1)

We model our solvent molecules CFM, CLB, and oDCB as single neutral beads

interacting via the LJ potential, see equation 3.1. The parameters σ (nm) and

ε (kJ/mol) have been tuned to yield the correct experimental densities at room

temperature (T = 298 K) and the boiling points of the solvents. Our P3HT polymer

chain length is set to 40 monomer units (7 kDa), corresponding to a length of 16

nm. Although this is rather small as compared to experimental polymer molecular

weights routinely used for fabricating OPV cells (30-40 kDa), such relatively short

chain lengths have shown good phase separation behavior in annealing studies

previously done using CGMD simulations.[15]

To further support our case for using shorter P3HT chains, we also estimate

their persistence length. The persistence length Lp is a mechanical property rou-

tinely used to quantify the stiffness of a polymer chain. For chain lengths shorter

than Lp, the chain effectively behaves like a rod. For chain lengths longer than

Lp, the properties are described statistically by using a three-dimensional random

walk. Lp is defined as the length over which the tangential correlations over a poly-

mer chain are lost. For an angle θ between a vector that is a tangent at a position i

and another vector which is a tangent at position j at a distance L from i, it can be

shown that
〈
cosθi j

〉
= e−L/Lp . The end-to-end distance of a fully stretched polymer

chain is referred to as the contour length Lc. Using a Kratky-Porod worm-like chain

model, the following relation between the persistence length Lp, the end-to-end

distance Hee, and the contour length Lc of the polymer can be established:[28]

〈
H2

ee
〉
= 2LpLc

(
1−

Lp

Lc

[
1− e−Lc/Lp

])
. (3.2)

Using this expression, we estimate the persistence length Lp for P3HT chains with
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n = 40 monomer units (Lc = 15.55 nm) using data obtained by simulating the poly-

mer melt at 600 K. Using the last 2 ns of a 100 ns molecular dynamics trajectory,

we obtain
〈
H2

ee
〉
= 70.07 nm2. Substituted in equation 3.2, this yields Lp = 2.73

nm, which is in good agreement with the reported experimental value of 2.4±0.3

nm.[29] Also, the contour length Lc = 15.55 nm is long enough compared to Lp,

yielding another justification for our use of 40 monomer units to model the P3HT

chains. Finally, as shown in figure 3.1, we measure the end-to-end distance, Hee,

and the radius of gyration, Rg, to determine the ratio r = 〈Hee〉2 /
〈
Rg
〉2 during a

simulation time of 100 ns. r is close to 6, which is the value for sufficiently long

chains.[30, 31]

It is difficult to estimate the right polymer solubility for such short chains. We

choose the interaction parameters εPS between the polymer (P) and each of the

three solvents (S) such that εPS− (εPP + εSS)/2 is about 0.2 kJ/mol. This corre-
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Figure 3.1: Average end-to-end distance 〈Hee〉, radius of gyration
〈
Rg
〉
, and ratio

r = 〈Hee〉2 /
〈
Rg
〉2 during a 100 ns trajectory of a system of 27 coarse-grained P3HT

chains consisting of n = 40 monomers at T = 600 K and a pressure of 1 bar. These
quantities are determined in intervals of 10 ns.
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sponds to the required “good” solvation behavior of the polymer in the three sol-

vents. We note that using a simple mixing scheme to determine the off-diagonal

parameters εP′S for [60]PCBM-solvent (P′S) interactions does not reproduce the

correct solubility behavior of [60]PCBM. The parameters εP′S are instead set to

values reproducing the experimental solubilities in the different solvents.[32] At a

[60]PCBM concentration close to the solubility limit for the solvent we see the

formation of small [60]PCBM clusters that grow in size as the concentration is in-

creased; see figure 3.2 for the case of [60]PCBM dissolved in CFM. We have not in-

cluded electrostatic interactions in our current simulations. Neglecting these inter-

actions seems to have no effect on the equilibrated properties (such as the density

and radial distribution function of a [60]PCBM system; see Supporting Information

S4 of ref. [33]) and greatly reduces the computational load, allowing us to probe

much longer time scales. Also, it has been recently established that for polymer

chains dissolved in a solvent, the van der Waals interactions play a much bigger

role in determining the chain conformations than electrostatic interactions.[34]

3.3 Results and discussion

3.3.1 P3HT and [60]PCBM density profiles

In figure 3.3, we show for the three solvents the vertical density profiles of P3HT

and [60]PCBM during evaporation, along the z-direction of the simulation box.

The results for the different solvents are ordered from left to right according to

their measured boiling points at atmospheric pressure (CFM: 61 ◦C, CLB: 131 ◦C,

oDCB: 180 ◦C).

We observe peaks in the density of both P3HT and [60]PCBM at the top surface,

which grow during evaporation. These peaks indicate the formation of a “crust”

that is rich in both [60]PCBM as well as P3HT and depleted of solvent. Crust

formation under evaporation has been described in the context of concentrated

polymer solutions.[35] It is identified as a non-equilibrium feature and is predicted
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by kinetic models for evaporation. Crust formation in MD simulations of a polymer

and a solvent has been reported before.[36] It is consistent with predictions from

various numerical kinetic modeling schemes.[37] Any experimental solvent deposi-

tion technique will also be a non-equilibrium process, where the final morphology

will be a kinetically frozen state. We therefore conclude that crust formation in the

deposition of OPV films should occur experimentally under evaporation conditions

that are sufficiently far from equilibrium. We note that the peaks at the bottom sur-

face in figure 3.3 also point at the formation of a crust at this surface. We attribute

these peaks to a quick “evaporation” of the small solvent molecules from the film

to a thin layer very close to the bottom of the simulation box that is inaccessible to

the larger [60]PCBM molecules and P3HT chains.

Whereas the previous studies of crust formation concerned binary mixtures,

we have in our case ternary mixtures. Therefore, crust formation will in our case

a b

Figure 3.2: (a) Snapshot of a simulation after reaching equilibrium of [60]PCBM
(red beads) dissolved in chloroform (CFM, not shown here for clarity) at a con-
centration of 20 mg/ml. Since the concentration is below the solubility limit of
[60]PCBM in CFM (28 mg/ml), the [60]PCBM is uniformly dispersed. (b) Snap-
shot for a [60]PCBM concentration of 40 mg/ml, which is above the solubility limit.
Clusters of [60]PCBM molecules are clearly visible. The same behavior is observed
for the other solvents. The sizes of the simulation boxes are (a) 40× 40× 40 nm3

and (b) 32×32×32 nm3.
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also be determined by the interplay between surface energies and differences in

solubilities of P3HT and [60]PCBM. It is clear from figure 3.3 that both the height

and the shape of the peaks is different for P3HT and [60]PCBM, showing that the

composition of the crust is not homogeneous. The thick red lines in figure 3.3 are

the density profiles for the almost dry film. We observe that the profiles for CLB

and oDCB in the almost dry film are rather similar, but deviate from those for CFM.

In order to obtain a better view on the composition of the film during drying

and the phase separation between P3HT and [60]PCBM, we plot in figures 3.4

- 3.6 for the different solvents the profiles of the density fractions of P3HT and

[60]PCBM in the film at three different stages in the evaporation process. The

phase separation can initiate from the top surface, bottom surface, or uniformly

across the film. The fluctuations in the density fractions give an indication about
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Figure 3.3: Evolution of the vertical layer-averaged density profiles of P3HT
(top panels) and [60]PCBM (bottom panels) during solvent evaporation for the
three different solvents: chloroform (CFM, left), chlorobenzene (CLB, middle),
and orthodichlorobenzene (oDCB, right). The different curves are for different
weight percentages of P3HT and [60]PCBM in the simulation box. The starting
P3HT:[60]PCBM:solvent weight percentages are 3.5:3.5:93 (CFM), 4:4:92 (CLB),
and 2.5:2.5:95 (oDCB). The profile for the almost dry film (2 wt % of solvent, 49
wt % of P3HT and [60]PCBM each) are indicated by the black lines.
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the instabilities present in the film during evaporation of the solvent. As can be

seen in figures 3.5 and 3.6, for the cases of CLB and oDCB the top region is rich in

[60]PCBM and poor in P3HT. This can favor OPV device efficiency, as the cathode

is usually deposited on the top surface. The final morphology has a thin P3HT

layer on the top surface, in agreement with experiments.[14] Its occurrence is a

result of the lower surface energy of P3HT[38] as compared to [60]PCBM and is

thus a thermodynamically driven effect. By contrast, figure 3.4 shows that for the

case of CFM the top region is rich in P3HT.

The enrichment of the top region by [60]PCBM for the cases of CLB and oDCB

and by P3HT for the case of CFM is fully in agreement with experiments.[14] These

experiments also demonstrate the impact on the performance of the final OPV cells.

We explain the differences in enrichment by the different solubilities of [60]PCBM
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Figure 3.4: Vertical profiles of the layer-averaged density fractions of P3HT
and [60]PCBM at three different moments in the evaporation process, for the
P3HT:[60]PCBM:CFM system. The corresponding weight percentages of P3HT and
[60]PCBM in the simulation box are indicated.
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in the three different solvents. The solubility of [60]PCBM in CLB and oDCB is

considerably higher than in CFM, which is reflected by a stronger attraction be-

tween the [60]PCBM and CLB or oDCB molecules as compared to CFM molecules.

As a result, while the solvent is moving upwards to replenish the evaporating sol-

vent at the top surface, it drags along the [60]PCBM more strongly for the cases

of CLB and oDCB than for the case of CFM. This finally leads to an enrichment of

[60]PCBM in the top layers for the cases of CLB and oDCB.

We now turn our attention to the different modes inducing the phase separa-

tion process between P3HT and [60]PCBM. For the cases of CLB (figure 3.5) and

oDCB (figure 3.6), at the intermediate stage of evaporation (middle panels) large

differences between the density fractions of P3HT and [60]PCBM are observed in

the interior of the film. This is compatible with a phase separation mode that pro-

ceeds via spinodal decomposition, starting from the top and bottom surface, as

observed in experiments on a P3HT:[60]PCBM:CLB system.[39] On the contrary,
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Figure 3.5: Same as figure 3.4, for the P3HT:[60]PCBM:CLB system.
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for the case of CFM (figure 3.4) no large differences between the density fractions

are observed in the interior of the film. This is compatible with a phase separation

mode initiated in the bulk of the film, which does not lead to significantly different

layer-averaged density fractions.

3.3.2 P3HT-[60]PCBM interfacial area

In order to make a connection to the OPV cell performance, we want to have a

measure for the P3HT-[60]PCBM interfacial area as well as the volumes of the

P3HT and [60]PCBM components for the almost dry films for the three different

solvents. To this end, we use the surface construction technique implemented in

the visualization tool OVITO.[24, 25, 26] This technique makes use of a polyhedral

mesh constructed on a set of points based on the Delaunay tesselation, and a probe

sphere determining a surface area and a volume of this set of points that depends

on the radius of the probe sphere. We apply this technique to quantify the P3HT-
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Figure 3.6: Same as figure 3.4, for the P3HT:[60]PCBM:oDCB system.
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[60]PCBM interfacial area and the volume occupied by these two components.

In figure 3.7 we show top snapshots of the almost dry film obtained with the

three different solvents. In the top panels, the P3HT beads are indicated in green

and the [60]PCBM beads in red. We observe that the top layers in the case of CFM

contain more P3HT than in the cases of CLB and oDCB, in accordance with the

analysis in the previous subsection. The bottom panels provide a three-dimensional

view of the [60]PCBM component as obtained with the surface construction tech-

nique, using as input the positions of the beads of the different components. The

radius of the probe sphere was chosen close to the first peak in the pair correlation

function of the C60 beads of the [60]PCBM and fine-tuned such that the obtained

volume of the [60]PCBM component is for all three cases 3.12× 103 nm3. In the

case of CFM the P3HT-[60]PCBM interfacial area is smaller than in the cases of

CLB and oDCB, which indicates a coarser phase separation. This observation is

in accordance with experiments demonstrating that a decreasing solubility of the

acceptor component leads to a coarser morphology,[13] and provides an explana-

tion for the general finding that OPV cells made with CLB and oDCB as solvents

perform better than those prepared with CFM.

3.4 Summary, conclusions, and outlook

We have investigated the P3HT:[60]PCBM film formation process during evap-

oration of a solvent using coarse-grained molecular dynamics simulations. We

considered three solvents with increasing boiling-point temperatures: chloroform,

chlorobenzene, and orthodichlorobenzene. During evaporation, we observed the

formation of a crust that is depleted of solvent, in which the aggregation of P3HT

and [60]PCBM occurs. Morphological properties of our almost dry films that are

crucial for the performance of the final organic photovoltaic devices match well

with those of films fabricated under laboratory conditions, such as the solvent-

dependent vertical P3HT-[60]PCBM segregation profile and the size of the P3HT-
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Figure 3.7: Top views of the almost dry film morphology obtained with the three
different solvents: chloroform (CFM, left panels), chlorobenzene (CLB, middle
panels), and orthodichlorobenzene (oDCB, right panels). In the top panels the
P3HT ([60]PCBM) beads are indicated by green (red) spheres with their corre-
sponding van der Waals radii. The bottom panels provide a three-dimensional view
of the [60]PCBM component, defined using the surface construction technique ex-
plained in the main text. The sizes of the areas shown is about 43×43 nm2 for CFM,
45×45 nm2 for CLB, and 48×48 nm2 for oDCB . The P3HT-[60]PCBM interfacial
areas obtained with the three solvents are 6.18×103, 7.35×103, and 7.24×103 nm2

with the corresponding probe sphere radii set to 0.8255, 0.8505, and 0.8895 nm,
respectively.

[60]PCBM interfacial area.

We conclude that surface effects play a very important role in determining the

aggregation of the P3HT and [60]PCBM components. P3HT always tends to move

towards a surface, because of its low surface energy, and in doing so competes

with [60]PCBM. For [60]PCBM, it is the solubility that determines how much of

it accumulates in the surface region. For a solvent with a high [60]PCBM solubil-

ity, like chlorobenzene and orthodichlorobenzene, more [60]PCBM is transported

to surface region than for a solvent with a low [60]PCBM solubility, like chloro-

form. By tracking the layer-averaged P3HT and [60]PCBM density fractions in

the vertical direction during evaporation we tried to obtain insight in the modes
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responsible for the P3HT-[60]PCBM phase separation. For the cases of chloroben-

zene and orthodichlorobenzene, we find an indication for a spinodal decomposi-

tion starting from the top and bottom surface, whereas for chloroform the phase

separation seems to be initiated in the bulk of the film. However, more information

is needed to form a complete picture of the phase separation process. For this, a

link has to be made with continuum approaches based on Flory-Huggins theory.

A possible pathway is to obtain the Flory-Huggins interaction parameters of our

P3HT:[60]PCBM:solvent systems from molecular dynamics simulations and to use

these in phase-field modeling studies.[40, 41]
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Chapter 4

Simulating phase separation

during spin coating of a

polymer-fullerene blend

In this chapter, we present three-dimensional simulations of evaporation-induced phase

separation in a diketopyrrolopyrrole-fullerene D-A blend, where we derive the simu-

lation parameters from in-situ laser interference and contact angle experiments.1 De-

pending on the drying rate, we see that phase separation initiates in different regions

of the thinning film. Using a linear stability analysis, we estimate the early-stage

length scale of phase separation and compare it with simulations. The experimentally

found power law dependence of the characteristic length scale of phase separation on

the normalized drying rate is reproduced with a matching exponent.

1Adapted with permission from: V. Negi, O. Wodo, J.J. van Franeker, R. A. J. Janssen and P. A.
Bobbert, "Simulating Phase Separation during Spin Coating of a Polymer-Fullerene Blend: A Joint Com-
putational and Experimental Investigation," ACS Appl. Energy Mater.,1(2), 2018. Copyright ©2018
American Chemical Society.
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4.1 Introduction

One of the key reasons for the rise in the power conversion efficiency (PCE) of

solution-processed OPV has been the development of low-band gap semiconduct-

ing polymers.[1, 2, 3] These polymers contain alternating electron-rich and electron-

deficient units in a so-called “push-pull” configuration.[4] Since the first publication

in 2008,[5] diketopyrrolopyrrole (DPP) has become a popular electron-deficient

unit for use in low-bandgap polymers. Such polymers allow fine-tuning of their

optical and electronic properties by selectively changing the aromatic substituents,

π-conjugated segments and the alkyl side chains.[6, 7, 8]

The morphology of the photoactive layer is critically dependent on the device

processing or post-processing conditions.[9, 10, 11] Solution-processing provides an

elegant way to fabricate a bulk heterojunction (BHJ) type of morphology for the

photoactive layer.[12] The degree to which phase separation occurs depends on a

variety of factors, such as the rate of evaporation, the solubility of the D and A

components, the D-A mixing ratio and the type of solvents used.[13] Therefore, for

a given D-A combination, the number of ways in which a device can be fabricated

is extremely large, which results in an enormous optimization space.[14] A ratio-

nal design strategy is necessary to develop the next generation of high efficiency

organic solar cells.

Computer simulations can provide more insight into the role of processing con-

ditions in determining the photoactive layer morphology and, ultimately, the device

efficiency. Due to the high spatial resolution required to study phase separation,

continuum-based simulation approaches are the most practical to use. Phase field

methods based on solving the Cahn-Hilliard-Cook equations are versatile in their

applicability and can easily be used to represent complex morphologies.[15, 16, 17]

Some progress has already been made using this approach.[18, 19, 20] However, the

reported simulations have either made use of model parameters[18, 19] or have been

restricted to a 2D domain.[20] Such morphologies therefore cannot be directly com-

pared with realistic OPV films. We present a computational framework based on
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3D phase field simulations that allows us to access the experimental length and

time scales associated with phase separation. The simulated morphologies are fur-

ther validated by comparing their dominant features with corresponding imaging

experiments.[21]

We focus our attention on modeling phase separation triggered by solvent evap-

oration in a ternary blend consisting of PDPP5T (diketopyrrolopyrrole - quinquethio-

phene) and PC71BM ([6,6]-phenyl-C71-butyric acid methyl ester) dissolved in chlo-

roform. Due to solvent removal during spin coating of the photoactive layer, the

blend enters the unstable region of the ternary phase diagram. In this region,

thermal fluctuations in the composition get amplified and result in the formation

of PC71BM-rich droplets in a PDPP5T-rich phase. These isolated droplets stay until

the film dries and are clearly visible in dry film TEM images.[21] In-situ experiments

have revealed that for a ternary system with chloroform as the solvent, liquid-

liquid (L-L) phase separation initiates around a solvent content of 80 vol. %.[21, 13]

Polymer aggregation for such blends happens later, close to a solvent content of

50 vol. %.[13] In such a scenario, the dominant length scale in the dry film is

mainly determined by the PC71BM-rich droplets that form at the onset of L-L phase

separation.[13] Polymer aggregation has been shown to influence phase separation

in blends with co-solvents such as ortho-dichlorobenzene.[13] However, simula-

tions with co-solvents is outside the scope of this work where we present a model

for a ternary system. We therefore exclusively probe the origin and evolution of

the dominant length scale due to formation of PC71BM-rich domains. Earlier work

based on the ternary phase diagram for a system of a donor, acceptor, and a solvent

are a starting point for our work.[20, 22, 23] Kouijzer et al.[20] have made important

observations regarding the phase separation process using two-dimensional (2D)

phase field simulations on the PDPP5T:PC71BM system. However, their strategy to

simulate an effective 2D top-view by removing solvent uniformly from the entire

simulation domain differs substantially from the actual film thinning process. It is

also difficult, if not impossible, to implement substrate or air-surface interactions



88
Simulating phase separation during spin coating of a polymer-fullerene

blend

in the followed approach. Also, vertical stratification, if present, would not be

revealed.[24, 25, 26]

In this work, we present results obtained using a realistic description of the

solvent evaporation process where we make use of a finite-element based ap-

proach to model the governing Cahn-Hilliard-Cook equations in three dimensions

(3D).[18, 19] The homogeneous free energy of the ternary mixture is described us-

ing the Flory-Huggins formulation, while the interfacial energy is obtained using

a square-gradient approximation.[18] Details regarding the model and its numer-

ical implementation have been discussed in section 2.2.1 and section 2.2.2 of

chapter 2, respectively. The kinetic input parameters for our simulations are ob-

tained from in-situ laser interference experiments,[21] whereas the thermodynamic

parameters are based on surface energy data.[20] Solvent is removed from the top

surface at a rate that is consistent with experimental spinning speeds.[21] Our sim-

ulations show that depending on the rate of evaporation, phase separation initiates

either in the top layers or uniformly across the thickness of the drying film. Using

Fast Fourier Transform (FFT)-based autocorrelation function (ACF) methods, we

are able to determine the average size of PC71BM domains in our simulated mor-

phologies. We accurately reproduce the scaling law between the dominant length

scale and the normalized evaporation, or drying rate, reported previously from

experiments.[21] Using linear stability analysis,[19] we establish that thermal fluc-

tuations are responsible for setting the early-stage length scales of phase separation

as the system crosses the spinodal boundary.

4.2 Discussion and results

4.2.1 Modeling solvent evaporation

In the experiments, a slightly defocused laser beam is incident on a spinning sub-

strate during spin coating.[21] The reflected signal is collected by a photodiode

positioned at a specular angle. The oscillating specular signal is due to the inter-
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ference between the reflections from the top and bottom surface of the film. As the

film height decreases due to solvent evaporation, its thickness satisfies conditions

for constructive and destructive interference repeatedly. The final thickness (hdry)

of the dry layer is measured independently using a profilometer. The thickness of

the film can then be back-calculated, thus providing the rate of decrease of height

dh/dt over time.

Height h(t) 

decreases 

over time

Film height 

at t = 0

Direction of solvent evaporation

(z-axis)

PC71BM-rich 

areas appear 

darker

PC71BM volume 

fraction color 

scale

3D phase field simulation

X
Y

ϕf

Phase

separation

Figure 4.1: Simulation snapshot showing solvent removal from the top of the film
as implemented in the phase field model, resulting in a reduction of the height of
the film. Evaporation-induced phase separation leads to formation of PC71BM-rich
droplets suspended in the PDPP5T matrix. The color scale depicts the PC71BM
volume fraction, with deep red representing the highest concentration. The other
components are rendered transparent for clarity.

We assume that solvent is the only component lost from the film. In our model,

it is removed from the top surface of the film at a uniform rate as shown in fig-

ure 4.1. This leads to a decrease of the film height over time. In-situ laser in-

terference experiments measure an initial rapid decrease in film height that is at-

tributed to radially outward fluid flow on the spinning substrate.[21] Thereafter,

film thinning occurs due to evaporation with a linear rate of change of height. Our

assumption of a constant solvent evaporation rate is therefore valid. As solvent is

removed from the top layer, the layer becomes enriched in polymer and fullerene

components. Solvent from the bulk of the film will therefore move to the top layer

to replenish the solvent lost due to evaporation. The effectiveness of this process
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depends on the rate of diffusion of the solvent towards the top layer compared to

the rate of solvent removal. To quantify this competition, we introduce the mass

Biot number,[18, 19] defined as:

Bi =
dh/dt
Ds/L

, (4.1)

where dh/dt is the rate of change of film height, Ds the diffusivity of the solvent,

and L a characteristic length, which we take to be the initial height of the film:

L = h(t = 0). We estimate dh/dt by determining the slope of the experimental

drying curve in the linear regime.[21] We start our simulations when the solvent

content is 90 vol. % which lies outside the spinodal region of the ternary phase

diagram. The drying curves indicate that the film thickness is close to 1000 nm at

this point. Using the characteristic length L = 1000 nm and Ds = 2.95× 10−5 cm2

s−1 for chloroform,[27] we calculate the Biot numbers for different drying speeds;

see table 4.1. The relative diffusivities of PDPP5T and PC71BM are set to D̃p =

Dp/Ds = 0.001 and D̃ f = D f /Ds = 0.005 respectively.

Spinning speed dh/dt Initial film height Biot number
(rpm) (nm s−1) (nm)
6000 21591 1000 0.0073
3000 15249 1000 0.0051
1500 9689 1000 0.0033
500 5755 1000 0.0019

Table 4.1: Biot number (equation 4.1) for different spinning speeds. The rate of
change of film height dh/dt is obtained from the slope of a linear fit to the linear
regime of the experimental drying curves.[21]

The governing CHC equations are solved using a finite-element approach.[18, 28]

We have performed 3D and, for comparison, also 2D simulations. As mentioned

above, the starting solvent fraction is φs = 0.90, which fixes the sum of polymer and

fullerene fractions due to the incompressibility assumption. Experiments indicate

that a polymer-fullerene weight ratio of 1:2 (w/w) leads to devices with the highest

power conversion efficiency.[21] We use the same in our simulations to enable a

direct comparison with experiments. Hence, using a polymer-fullerene weight ratio

of 1:2 and a polymer density ρp = 1.0 g cm−3 along with a fullerene density ρ f =
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1.5 g cm−3, we get φp = 0.043 and φ f = 0.057. For the 3D simulations, we use a

simulation box of size Lx = Ly = 500 nm and Lz = 1000 nm (the initial film height),

with a mesh of 125× 125× 250 elements. The mesh density is chosen such that

convergence is achieved for all time steps and the polymer-fullerene interface is

adequately resolved. Periodic boundary conditions are imposed in the x- and y-

directions. The rate u = ∂h/∂ t with which the film height decreases is proportional

to the flux of the solvent from the top layer into air above the film:

∂h
∂ t

=−VsJair
s , (4.2)

where Jair
s is the normal component of solvent molar flux into the air. The mass

balance for the moving air-film interface at z = h is set according to u(φ air
s −φs(z =

h)) =Vs(Ja
s −Js(z = h)) under the assumption that only the solvent evaporates from

the top surface and the solvent content in the air is very low (φ air
s � 1).[18] To

account for the enrichment of polymer and fullerene components in the top of the

film, we use von Neumann boundary conditions: Jp =−Jair
s φp and J f =−Jair

s φ f .[18]

4.2.2 Analysis of the simulated film morphology

We track the PDPP5T and PC71BM volume fractions both in the spatial and tempo-

ral domain. The 3D simulations are carried out at four different evaporation rates

corresponding to experimental spinning speeds of 6000, 3000, 1500, and 500 rpm.

All presented results are for room temperature. We use linear stability analysis

(LSA) to determine the fastest growing instability.[19] The ternary phase diagram

is obtained using the Flory-Huggins theory. As input for this calculation, the three

interaction parameters (χp f ,χps,χ f s) as well as the effective degrees of polymeriza-

tion (Np,N f ,Ns) from ref. [20] were used following the model described in ref. [19].

In figure 4.2, we show simulation results corresponding to a spinning speed

of 6000 rpm. Initially, the film appears homogeneous. As evaporation proceeds,

the film thins and the average solvent content decreases. The composition is now
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pushed into the unstable spinodal region. For the fast evaporation rate that corre-

sponds to this high spinning speed, we observe that phase separation initiates in

the top region of the film. As seen in the top panels of figure 4.2, PC71BM-rich

droplets start to form when the height of the film is reduced to about 700 nm.

The droplets are seen to grow over time. In figure 4.3, we show the results for a

drying rate corresponding to a spinning speed of 500 rpm. The evaporation is now

much slower than in the previous case. More time is therefore available for domain

coarsening. Hence, the average size of the PC71BM domains is larger, which is also

confirmed by experimental TEM images.

During evaporation of the solvent, the phase field composition traverses a path

within the spinodal region of the phase diagram represented by the collection of

black data points as shown in the bottom panels of figures 4.2 and 4.3. The noise

term in the CHC equations introduces random fluctuations in the composition field

that get amplified over time. The wavelength λm of the fastest growing fluctua-

tion sets the characteristic length scale for the initial phase separation. For the

fast evaporation occurring at 6000 rpm, the top layer of the film gets depleted of

solvent before it can be replenished from the bulk of the film. Hence, phase sepa-

ration initiates close to the top surface. This can also be seen from the composition

of the system (black dots) in the bottom panel of figure 4.2. At h = 700 nm, a large

part of the film is still outside the spinodal region. The top layers of the film cor-

respond to data points that form the branches within the spinodal region, whereas

the bulk and bottom layers correspond to the points outside the spinodal. Such a

mechanism for phase separation has previously been reported for a polystyrene-

polyisoprene blend using in-situ stroboscopic illumination techniques.[29] The time

scale of 20-50 ms during which the main features of the phase-separated morphol-

ogy arise matches well with the in-situ laser scattering data.[21] For a slow drying

rate at 500 rpm, see figure 4.3, the solvent has enough time to diffuse from the

bulk and replenish the depleted solvent content in the top layers of the film. Hence,

phase separation occurs uniformly in a bulk-like fashion. Due to the slower rate
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of solvent evaporation, the time scales (> 100 ms) for morphology evolution are

considerably larger.
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Figure 4.2: Top panels: 3D snapshots captured at different instances
during evaporation-induced phase separation in a ternary blend of
PDPP5T:PC71BM:CHCl3. The PC71BM volume fraction is highlighted using a
logarithmic color scale, with deep red indicating the highest concentration.
PDPP5T and CHCl3 are rendered transparent for clarity. The evaporation speed
corresponds to a spinning speed of 6000 rpm. The starting film height is 1000 nm,
with a solvent content of 90 vol.%. The lateral dimensions of the simulated film
are 500× 500 nm2. Bottom panels: Composition of the film represented by black
data points in the ternary phase diagram is shown for the respective film heights.

We see in figures 4.2 and 4.3 that PC71BM-rich droplets grow at the top surface.

In the current setup of our model, we make use of a flat surface approximation

and these droplets therefore do not protrude from the top surface. The PC71BM-

rich droplets have been the subject of experimental studies with in-situ grazing-

incidence small-angle x-ray scattering (GISAXS).[30] Protrusion of the droplets from

the top surface in the experiments is found from atomic force microscopy (AFM).[30]

From our simulations, we can determine the time at which these surface droplets

appear as compared to bulk droplets. When the composition enters the unstable re-

gion in the top layers of the film, PC71BM-rich bulk droplets start to appear. These

result in the off-specular scattering signal.[21] The surface droplets appear later and

result in the GISAXS scattering signal.[30] A time delay ∆t between the occurrence
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of the two signals has been experimentally established for polystyrene(PS)-based

films of PS:PC71BM:o-xylene during spin coating.[30] PS:PC71BM:o-xylene has a

similar ternary phase diagram as PDPP5T:PC71BM:CHCl3[30] and thus also shows

phase separation via liquid-liquid demixing. For the PS-based films, the average

inter-droplet distance does not change after the appearance of the GISAXS sig-

nal. Hence, it is argued that morphology development primarily occurs within

the time interval ∆t.[30] Our simulations indicate that a similar process occurs for

PDPP5T-based films. We estimate ∆t to be about 20-30 ms for a drying rate corre-

sponding to 6000 rpm and about 40-50 ms for a drying rate corresponding to 500

rpm. We note that these time intervals are smaller compared to what is experimen-

tally found for PS:PC71BM:o-xylene.[30] This can be readily explained based on the

fact that o-xylene is less volatile than CHCl3 and therefore solvent evaporation in

PS:PC71BM:o-xylene film occurs over a longer period of time.
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Figure 4.3: Same as figure 4.2, but for a spinning speed of 500 rpm, leading to a
much slower evaporation.

4.2.3 Effect of evaporation rate on the fullerene domain size

As explained in figure 4.4, the 3D dry layer morphologies are used to extract the

average domain size dav of the PC71BM-rich phase for four different evaporation
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Figure 4.4: Estimating PC71BM domain size from a simulated 3D morphology. (a)
3D rendering of a phase field morphology obtained at a drying rate correspond-
ing to a spinning speed of 3000 rpm, with PC71BM-rich regions highlighted in
red. (b) The image in (a) is converted to a stack of slices with a spacing of 1 nm.
(c) The images in the stack are converted to a binary format by choosing an ad-
equate threshold for each image. (d) The binarized stack is used as an input to
an ImageJ[31] ‘Radially Averaged Autocorrelation’ macro that calculates the radial
average of the pixel autocorrelation as a function of distance for every image in
the stack. The final autocorrelation function (ACF) is obtained as an average over
all the slices in the stack. The position of the first minimum of the ACF is used to
estimate the average PC71BM domain size.

rates. In figure 4.5a, we show the normalized autocorrelation function (ACF) of

the PC71BM-rich phase for the four different spinning speeds. The first minimum

of the ACF is used as an estimate for dav. The domain size is seen to become larger

for slower spinning speeds. This is again consistent with experiments where TEM

images reveal a similar trend. We note that the calculated average domain size

dav of PC71BM is smaller than what is observed in TEM images of films obtained

at a given spinning speed. This is because we only see the vertical projection

(widest cross section) of a PC71BM droplet in a TEM image. Our ACF analysis

involves averaging over 2D slices across the film height, including all the PC71BM

droplet cross sections. Instead of absolute length scales, we therefore focus on a

comparison of trends between simulation and experiment for various drying rates.
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In our earlier work, we have shown that the dominant length scale d in the

dry film, which can be defined in a number of ways, is related to the normal-

ized evaporation or drying rate α = dh
dt /hdry as d ∝ αb, where hdry is the dry layer

thickness.[21] In figure 4.5b, we plot the average PC71BM domain size dav as a

function of the normalized drying rate α. We recover the power law found in the

experiments and obtain an exponent b = −0.31± 0.02. This is in excellent agree-

ment with experiments,[21] where the value of b was found to be −0.33±0.01. We

conclude that dav is another proper measure of the dominant length scale: dav ∝ d.

The ACFs for the four different spinning speeds almost fall on top of each other

when plotted as a function of distance normalized by dav (see the inset of figure

4.5a), which suggests a scaling property of the ACF.

4.2.4 Origin of the dominant length scale

It has been suggested that the rate of quenching dφs/dt plays an important role in

determining the dominant length scale in dry layer morphologies.[25] In our case,

dφs/dt is proportional to the normalized drying rate: dφs/dt ∝ α.[21] The time tcoarse

available for coarsening of PC71BM droplets after their generation depends on the

normalized drying rate as tcoarse ∝ α−1.[21] The dominant length-scale d in the dry

films is therefore expected to depend either on the rate of quenching dφs/dt or on

the coarsening time tcoarse, or on both.[21]

As shown in figure 4.2, for fast spinning speed, phase separation initiates in the

top region of the film. Using our ACF analysis, we estimate the emerging length

scale during early stages of phase separation to be about 35 nm for the fastest dry-

ing rate corresponding to 6000 rpm, close to a film height of 700 nm as seen in

the top row of figure 4.2. This length scale is consistent with the fastest growing

wavelength λm determined using LSA as seen in the bottom panel of figure 4.2.

In figure 4.5c, we plot the average PC71BM domain size dav for spinning speeds

of 6000, 3000, 1500 and 500 rpm, as the film thins over time. The coarsening

kinetics at longer times for the case of 6000 rpm (high Biot number Bi) is seen to
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differ significantly from the Lifshitz-Slyozov-Wagner (LSW) theory, where the do-

main size is predicted to increase like t1/3 (dotted lines).[32, 33] We observe a faster

power-law like dependence with slope greater then 0.33, which indicates that there

is insufficient time available for the LSW kinetics to take over from the initial spin-

odal decomposition. We can therefore conclude that the dominant length scale

d for fast evaporation speeds such as 6000 rpm is primarily determined by the

early-stage processes of spinodal decomposition, which can be linked to the rate of

quenching dφs/dt.

For a slower evaporation rate, we expect the time tcoarse available for coarsen-

ing to play a more important role in determining the dominant length scale d. We

hypothesize that coarsening during later stages of drying for such a case should

more closely follow LSW kinetics. To test this hypothesis, we study dav as a func-

tion of time for spinning speeds of 3000 rpm, 1500 rpm and 500 rpm. As shown

in figure 4.5c, at longer times the growth of dominant length scale d approaches

the t1/3 behavior for a drying rate corresponding to the slowest spinning speed of

500 rpm. This indicates that for slower evaporation rates, coarsening proceeds

more in agreement with LSW kinetics and therefore lies in the regime of Ostwald

ripening.[34] Due to the slower evaporation rate, the system has more time avail-

able for coarsening. The larger tcoarse leads to a larger dominant length scale d

in the dry layer morphologies, differing significantly from the early-stage length

scales.

Our simulations therefore indicate that, depending on the rate of evaporation,

the key determinant of the dominant length scale d is either the early-stage spin-

odal decomposition processes depending on the rate of quenching dφs/dt (fast

evaporation) or late-stage coarsening processes depending on the time tcoarse avail-

able for coarsening (slow evaporation). In the latter scenario, the occurrence of

an exponent b = −1/3 in the relation d ∝ αb is readily understood,[21] but we are

not aware of any theory that explains the occurrence of this exponent in the first

scenario.
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Figure 4.5: (a) Autocorrelation function (ACF) for four different evaporation rates,
calculated using the procedure described in figure 4.4. The first minimum in the
ACF is used to estimate the average PC71BM domain size dav. The inset shows the
same plot, with the distance normalized to dav. (b) Dependence of the average
PC71BM domain size dav on the normalized drying rate α for the final film height
of 200 nm. The value of the exponent b in the power law is calculated as b =
−0.31±0.02, using a linear fit (shown as a dashed line) with R2 = 0.99 reflecting the
fit quality (closer to 1 is better). (c) Evolution of the average PC71BM domain size
dav as a function of time for evaporation rates corresponding to spinning speeds
6000, 3000, 1500 and 500 rpm. At time t = 0, the film composition for a given
evaporation rate enters the spinodal region of the ternary phase diagram. The final
film thickness is 200 nm for all evaporation rates. Dotted lines indicate a power law
dependence dav ∝ t1/3 as expected from Lifshitz-Slyozov-Wagner (LSW) kinetics.
For clarity, the data points for 3000, 1500 and 500 rpm have been multiplied by
the indicated factors.
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4.3 Summary, conclusions, and outlook

Using three-dimensional phase field simulations, we were able to simulate phase

separation triggered by solvent evaporation in a PDPP5T:PC71BM:CHCl3 blend.

Our simulations make use of realistic kinetic parameters obtained from in-situ

laser interference experiments[21] and thermodynamic parameters estimated us-

ing contact angle measurements. We successfully capture the phase separation

dynamics leading to liquid-liquid spinodal decomposition in the blends. A linear

stability analysis (LSA) shows that the early-stage length scales in the decompo-

sition are set by the instability with the fastest growing wavelength λm. We ob-

served that phase separation for fast drying rates proceeds in an inhomogeneous

manner, with PC71BM-rich droplets appearing first in the top of the film. We also

observed that PC71BM droplets first appear within the film (below the top sur-

face) and later on the surface of the film. This is similar to what has been observed

for polystyrene:PC71BM using grazing-incidence x-ray scattering (GISAXS).[30] Our

simulations suggest that the time window ∆t between the appearance of bulk and

surface PC71BM droplets is larger for slower drying rates.

We extracted an average size dav of the PC71BM domains from an analysis of a

compositional autocorrelation function (ACF). The dependence of dav in the dry

film on the normalized evaporation rate α is in excellent agreement with the

power-law dependence d ∝ αb of the dominant length scale d on α found in

experiments.[21] The precise origin of this power law remains elusive. For slow

evaporation rates, a late-stage coarsening process following the Lifshitz-Slyozov-

Wagner (LSW) theory appears to govern dav, from which the observed power law

could indeed be explained. However, for fast evaporation rates, dav appears to be

predominantly determined by the early-stage spinodal decomposition processes.

Understanding liquid-liquid phase separation is crucial for optimizing the film

morphology in OPV cells. The PC71BM droplet-like morphologies do not perform

well in OPV cells because the size of the droplets exceeds the exciton diffusion

length (about 10 nm) and because the droplets dispersed in the polymer-rich phase
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do not form optimal pathways to the electron-collecting electrode.[21] A solution

to this problem has emerged in the form of high boiling-point co-solvents (such

as ortho-dichlorobenzene).[13] When these are added, aggregation of the polymer

occurs before liquid-liquid demixing sets in. Also changing other process variables,

like substrate interactions, can potentially prevent liquid-liquid demixing and lead

to better performing morphologies. Extending the phase field model to describe

such effects should be further explored in the future.
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Chapter 5

Charge carrier recombination

dynamics in organic solar cells

In this chapter, we present results from 3D kinetic Monte Carlo (kMC) simulations of

charge carrier recombination in a highly disordered OPV blend consisting of the poly-

mer TQ1 (poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl])

mixed with PC71BM.1 We track the dynamics of charges over a timescale that is ac-

cessible to experiments. Our results conclusively establish that charge carrier ther-

malization is the main cause for dispersive recombination. The rate of change of the

recombination rate matches well with time delayed collection field experiments.

1Manuscript submitted: S. Roland, J. Kniepert, J. A. Love, V. Negi, F. Liu, P. A. Bobbert, M. Ke-
merink, A. Hofacker and D. Neher, "Thermalized carrier populations govern steady state non-geminate
recombination in disordered organic solar cells"
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5.1 Introduction

The power conversion efficiency (PCE) of bulk heterojunction (BHJ) solar cells has

steadily improved over the last decade. Development of low bandgap conjugated

polymers is partly responsible for this trend.[1, 2] It is already well established that

the nanostructure of the BHJ plays a crucial role in determining the device PCE.

In order to further improve device performance, it is also necessary to understand

the various loss mechanisms that occur in an operational solar cell. In particu-

lar, bimolecular recombination (also called non-geminate recombination or NGR)

is known to strongly influence the fill factor and the open-circuit voltage of the

device.[3, 4]

Bimolecular recombination is typically described using the Langevin model

where recombination occurs at every encounter of an electron and a hole. The

recombination rate is described using the following expression:

βL =
e(µh +µe)

ε0εm
, (5.1)

where e is the elementary charge, µh and µe are the effective charge carrier mo-

bility of holes and electrons, respectively, and ε0 and εm are the absolute and rel-

ative dielectric permittivity, respectively. Many BHJ blends exhibit a bimolecular

recombination rate (βexp) which is orders of magnitude lower than βL. The ra-

tio ζ =
βexp
βL

is commonly referred to as the Langevin prefactor. In the case of

annealed P3HT:PC61BM, ζ≈10−4 whereas for TQ1:PC71BM the value is close to

0.05.[5] These large differences in the ζ values are associated to the extent of

charge delocalization of opposite charges in the charge encounter complex. Mor-

phology changes such as ordering of the polymer phase allows for more delocal-

ization of charge carriers, which reduces the binding energy between an electron

and a hole, and ultimately enhances the dissociation of the encounter complex.[5]

The photoactive layer in bulk heterojunction (BHJ) organic solar cells contains

significant positional and energetic disorder. This leads to a variety of dispersive
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effects such as time-dependent mobilities, dispersive recombination, etc.[6, 7] In an

operational OPV, photogenerated charge carriers are usually created at higher en-

ergies in the disorder-broadened density of states (DOS) than in equilibrium. This

is followed by thermalization of the charges to lower energies in the DOS. Time-

resolved experiments have shown that charge carrier motion in an OPV device

under operational conditions is orders of magnitude faster than what is expected

from near-equilibrium mobilities.[8, 7] Since the mobilities show strong dispersive

behaviour, bimolecular recombination is also expected to become dispersive, where

the recombination rate should slow down over time.[9] We make use of time-

delayed collection field (TDCF) experiments combined with kinetic Monte Carlo

(kMC) simulations to probe recombination dynamics in a highly disordered blend

consisting of the polymer TQ1 (poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-

diyl-alt-thiophene-2,5-diyl]) mixed with PC71BM ([6,6]-phenyl-C71-butyric acid

methyl ester).

5.2 Experimental setup

TDCF is an opto-electrical pump-probe technique with an optical pump and an

electrical probe.[9] In TDCF, a short laser pulse is used to create charges at a set

pre-bias, Vpre. After a certain delay time tdel , the bias is increased to a high reverse

bias (Vcoll) in order to extract all charge carriers from the device, see figure 5.1a.

Varying tdel gives us the change of charge carrier density over time, see figure 5.1b.

This information is used to estimate the recombination rate as a function of time.

The laser system that was used for the experiments is a diode pumped, Q-switched

Nd:YAG laser (NT242, EKSPLA). The repetition frequency is 500 Hz and the pulse

duration is 6 ns. Vpre is set to 0.65 V, which is close to the maximum power point

of this device. To electrically probe the charges after variable delay times and to

apply a pre-bias, a pulse generator (Agilent 81150A) was used in combination with

a home-built amplifier. The currents were then measured via a 50 Ohm resistor and
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recorded with a Yokogawa DL9140 oscilloscope. The pulse generator was triggered

with a fast photodiode (EOT, ET-2030TTL).

TDCF experiments were performed with the delay time varying between 6 ns

and 6 µs. The transient recombination properties were estimated using two quanti-

ties measured as a function of tdel: 1) the density of photogenerated charge carriers

(npre) that exit the device before Vcoll is applied and, 2) the density of photogener-

ated charge carriers ncoll that are still present in the device at time tdel . The total

extracted charge carrier density ntot(tdel) = npre(tdel) + ncoll(tdel) is, therefore, the

density of charge carriers that have survived recombination between photoexcita-

tion and the onset of collection at tdel .

The recombination rate R is calculated using the density of photogenerated

charges that have survived recombination ntot during the delay time tdel using the

following relation: R = ∆ntot
∆tdel

where ∆ntot = ntot(t2)− ntot(t1).[10, 11, 12] The injected

charge under dark conditions ndk = 7± 1×1020 m−3 at a pre-bias of 0.65 V deter-

mined using dark BACE (Bias-assisted charge extraction) is much smaller than ntot

for all fluences and delay times reported here. The contribution to the recombina-

tion from dark-injected charge carriers is ignored in the rest of the thesis.

5.3 Kinetic Monte Carlo simulations

To gain further insight into dispersive recombination in a Gaussian DOS, the exper-

imental study is complemented by kMC simulations based on the Gaussian disorder

model.[13, 14] Such simulations have previously been used to describe charge car-

rier motion in a variety of disordered organic semiconductors.[15, 16, 17, 18] kMC

simulations were performed using the Bumblebee code provided by Simbeyond

BV. The simulation box consists of a fixed number of sites placed on a simple cubic

lattice. The site energies are randomly drawn from a Gaussian distribution with

a given width σg. The sites are randomly filled with electrons and holes at time

t = 0, such that the initial total charge carrier density (first data point in figure 1c)
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Figure 5.1: (a) Scheme of the TDCF experiment. Qpre and Qcoll are the photogen-
erated charges extracted during the delay at a pre-bias Vpre and upon application
of the collection bias Vcoll , respectively. (b) The total charge carrier density (ntot ,
solid symbols) is plotted as a function of delay time, tdel . Experiments were per-
formed for five fluences, with Vpre = 0.65 V and Vcoll = −3 V. Solid lines show fits
of the ntot(tdel) traces to a linear combination of stretched exponentials in order to
reduce the effect of noise. (c) Recombination rate R plotted against the photogen-
erated charge carrier density ncoll with delay times corresponding to figure 5.1b.
Thin solid lines connect R for the same delay time. Dotted lines indicate a recom-
bination order of two. (d) The recombination order δ derived from figure 5.1c by
power law type fits of the equitemporal R at each delay time.

corresponds roughly to the initial carrier density at different fluences used in the

TDCF experiment. The charge carriers are allowed to hop to neighboring sites with

a rate given by the Miller-Abrahams formalism.[19] The attempt-to-hop frequencies

for electrons (νe = 1013 s−1) and holes (νh = 1010 s−1) are similar to those used in

previous kMC studies of the TQ1:PC71BM blend.[8] Each site has a HOMO energy

of -5.7 eV corresponding to the donor (TQ1) and a LUMO energy of -4.1 eV corre-

sponding to the acceptor (PC71BM), both with a disorder width of σg = 150 meV.
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This is equivalent to an effective medium approach where every site is effectively

both an acceptor and a donor site, and recombination can take place at every site.

A similar approach has been successfully used in the past to simulate charge carrier

dynamics in intimately mixed OPV blends.[8, 7]

The total energy of a charge carrier at a given site takes into account the HOMO

or LUMO energy and the Coulomb interactions due to all other charge carriers

present in the box. An electron and a hole on neighboring sites form a charge-

transfer (CT) exciton which can recombine with a rate corresponding to a certain

lifetime. Based on other work, we set it to 10 ns .[8] As time progresses, charges

move within the simulation box, form CT states and recombine. We keep track of

the total number of charge carriers present in the box at any given time, which

is ultimately used to estimate the recombination rate and the carrier density. The

simulations are terminated after 10 µs. In order to ensure that we have enough

statistics, we average the results over 50 independent simulations, each with a

different site energy distribution. We also check for the independence of the results

on the simulation box size.

5.4 Discussion and results

Figure 5.1c shows the recombination rate R plotted as a function of the collected

charge carrier density ncoll , which is a measure of the photogenerated charge

present in the sample at time tdel . The data show all characteristics of dispersive

recombination in a Gaussian DOS, with NGR competing effectively with charge

carrier thermalization. We make the following observations. Firstly, R is an explicit

function of tdel , which approaches a common R(n) dependence at long delays. Sec-

ondly, the drop in R with decreasing n is most pronounced at early times (within

the first 100 ns) and is the steepest for the lowest fluence trace. This is due to the

fact that dispersive recombination depends on carrier density, n, through a time-



5.4 Discussion and results 111

dependent recombination coefficient γ(t) and recombination order δ (t) as:

R = γ(t)nδ (t) (5.2)

At low initial carrier densities, R decreases rapidly due to charge carrier thermal-

ization while giving the system not enough time to allow substantial decay of the

carrier density n. Higher carrier densities speed up recombination due to the power

law dependence (eq. 5.2) on n which competes with thermalization causing the

early time loss in ncoll in the high fluence traces. In figure 5.1d, we plot δ (t) ex-

tracted from power law-type fits to equitemporal recombination data, recorded at

the same delay time but with increasing fluence. During the time range when most

of the carrier thermalization occurs, δ (t) varies between 1.5 and 2.3 with possible

contributions from first order recombination at early times. An order of 2 is char-

acteristic of recombination of thermalized charge carriers in a Gaussian density of

states.

Using kMC simulations as described in section 5.3, we plot the recombination

rate as a function of charge carrier density for different fluences and compare our

results with experiments, see figure 5.2a. kMC is able to accurately reproduce the

drop in the recombination rate observed over three orders of magnitude within the

considered time window. The results also show a nearly second order recombina-

tion, like observed in experiments. Figure 5.3 shows the occupied density of states

(oDOS) of the HOMO for selected delay times and for the case of the highest and

lowest fluences. The energetic carrier distribution is narrow and moves to a lower

energy (for holes) over time. It should be noted that most of the thermalization

has occurred in the early time range. Recombination seems to cause a reduction in

the charge carrier density only at later times.

Having confirmed that recombination of charge carriers generated using a short

laser pulse is dispersive, more experiments have been performed to study the

steady state recombination properties. One such experiment is BACE (bias-assisted
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a)

Figure 5.2: (a) Recombination rate R as a function of charge carrier density (ncoll)
obtained from kMC simulations, compared to the measured TDCF data for the
same fluences and time range. Thin lines connect the equitemporal data points
in three different time ranges (orange: 6 to 100ns, blue: 100 ns to 1µs, purple:
1 µs to 8 µs.(b) R and n plotted as function of delay time for three characteristic
fluences.

charge extraction) where the solar cell is held at Voc under steady illumination by

a LED. After switching off the LED, the charge carriers present in the photoactive

layer are extracted via a high reverse bias pulse.[20, 12] The recombination rate is

calculated under the assumption that current densities at short circuit conditions
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Figure 5.3: Distribution of site energies occupied by holes at different time intervals
obtained from kMC simulations for: (a) lowest (0.2 µJ cm−2) and (b) highest (2
µJ cm−2) fluence. The delay time tdel , hole density and mean energy are shown on
the graphs. The black line is a guide to the eye and indicates energy relaxation as
time progresses.

represent the generation current density JG via JG(Voc) = JR(Voc). The dependence

of the recombination rate R on the steady state carrier density n is shown in fig-

ure 5.4. The dependence is characteristic of recombination of thermalized charge

carriers in a Gaussian DOS. Interesting to note here is that steady state recombi-

nation data match the transient recombination rates at long delay times, despite

the orders of magnitude faster recombination of non-thermalized carriers seen at

early times. We, therefore, conclude that ‘hot’ carrier recombination does not con-

tribute appreciably to the recombination of free charge carriers under steady state

illumination conditions.

5.5 Summary and conclusions

Using charge carrier extraction techniques, we have studied the transient and

steady state non-geminate charge recombination in a disordered polymer:fullerene

blend, TQ1:PC71BM. Charge recombination is shown to be dispersive, with a sig-
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Figure 5.4: Comparison between transient recombination rates deduced from
TDCF experiments (solid triangles, data taken from figure 5.2a), and the steady
state recombination rates extracted using BACE (orange circles).

nificant reduction of the recombination rate R over time. kMC simulations provide

further insight into the recombination dynamics by allowing us to observe charge

carrier thermalization over the experimental timescale. This thermalization seems

to be the main cause for the early time reduction in R. Experiments also suggest

that early time ‘hot’ carrier recombination does not contribute to the steady state

properties. We, therefore, conclude that thermalization outpaces non-geminate

recombination under operational illumination conditions.
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Chapter 6

Controlling phase separation via

fluorination of donor molecules

In this chapter, we explore how fluorination of donor molecules affects phase separa-

tion and the resultant photoactive layer morphology in a bulk heterojunction. Further-

more, we analyze the impact on the device performance.1 A series of diketopyrrolopy-

rrole-based small molecules with varying number of fluorine atoms were synthesized.

Solar cells with these donor molecules mixed with PC71BM were fabricated and char-

acterized. Use was made of in-house experiments to estimate various thermodynamic

and kinetic input parameters, which are used as input to our 3D Flory-Huggins-Cahn-

Hilliard-Cook phase field model. Our simulated morphologies show similar trends as

experiments. Using a graph-based approach, we analyze the simulated morphology

and extract descriptors for device performance. Finally, we make use of a 3D kinetic

Monte Carlo approach combined with the phase field morphology to simulate an op-

erational OPV device. Our simulations highlight the role played by the donor-acceptor

interfacial area in determining the maximum current output from the device.

1Manuscript in preparation: V. Negi, M. Wang, O. Wodo, F. Liu, R. A. J. Janssen and P. A. Bobbert,
"Controlling phase separation via fluorination of diketopyrrolopyrrole-based small-molecules in organic
solar cells"
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6.1 Introduction

Rational control of the degree of phase separation between the donor and acceptor

materials is crucial in order to obtain a well-balanced bulk heterojunction (BHJ)

morphology. One of the ways to attain this is by tuning the donor-acceptor interac-

tion energy. Introduction of fluorine atoms in the donor material has been explored

as a viable method to influence phase separation. Fluorinated polymers and small

molecules generally provide a higher Voc compared to their non-fluorinated coun-

terparts, mainly due to deeper highest occupied molecular orbital (HOMO) energy

levels. However, the fill factor (FF) and the short-circuit current density (Jsc)

can either increase[1, 2, 3, 4] or decrease depending on how fluorination affects the

morphology.[5, 6, 7] Hence, the overall effect of fluorination on the device perfor-

mance is not a priori clear.

Addition of fluorine atoms to the donor material lowers its surface energy and

is, therefore, expected to change the interaction energy with the acceptor mate-

rial. This is reflected by a change in the Flory-Huggins interaction (χi j) param-

eter calculated for such systems. As explained in section 4.2 of chapter 4, the

Flory-Huggins theory in combination with the phase field modeling framework can

be used to simulate evaporation-induced phase separation in drying organic pho-

tovoltaic (OPV) blends. Our systems of interest involve donors based on small

molecules in which two thiophene-flanked diketopyrrolopyrrole units (BisDPP) are

connected via a conjugated segment, where the number of fluorine atoms is var-

ied from 0-4 in steps of 2, see figure 6.1. When blended with [60]PCBM, these

fluorinated BisDPP molecules show varying amounts of phase separation, which

strongly affects device performance. In general, increasing the number of fluorine

atoms in the donor material leads to enhanced phase separation in dry films. We

attempt to explain this observation from the change in Flory-Huggins parameters

χi j (where i=donor and j=acceptor) upon fluorination. 3D phase field simulations

are performed to gain further insight into the mechanism of phase separation in-

volving fluorinated BisDPP molecules.[8, 9] The simulated morphologies are used
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as input to our 3D kinetic Monte Carlo (kMC) model, which is used to explore the

structure-property relationship for these systems.

Figure 6.1: Chemical structure of BisDPP-0F, BisDPP-2F and BisDPP-4F. The ad-
ditional fluorine atoms are highlighted in red. Image used with permission from
ref. [10].

6.2 Device performance

The three BisDPP molecules were used as electron donor in BHJ organic solar cells

with [60]PCBM as the electron acceptor. Photoactive layers spin-coated from chlo-

roform without any co-solvents performed the best. The following device architec-

ture was used: glass/ITO/PEDOT:PSS/Donor:Acceptor/LiF/Al. The best perform-

ing donor:acceptor ratio was 1:2 (w/w). Solar cells using BisDPP-0F:[60]PCBM as
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the active layer have the highest short circuit current density, Jsc. Jsc decreases for

the films with the fluorinated donor. The fill-factor FF is highest for the BisDPP-

2F:[60]PCBM and BisDPP-4F:[60]PCBM devices. The open circuit voltage Voc in-

creases as the number of fluorine atoms in the donor material is increased.
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Figure 6.2: (a)J-V measurements of optimized devices of BisDPP-0F, BisDPP-2F
and BisDPP-4F, each mixed with [60]PCBM. (b) EQE spectra of the devices. Image
used with permission from ref. [10].

J-V curves (see figure 6.2) indicate that for BisDPP-0F:[60]PCBM based de-

vices, the photocurrent has a strong bias dependence. This means that charge car-

rier extraction is difficult in these blends compared to the blends with fluorinated

donor molecules. The morphology of the photoactive layers has been studied using

transmission electron microscopy (TEM) and atomic force microscopy (AFM), see

figure 6.3. AFM images indicate that surface roughness of the photoactive layer

increases with the degree of fluorination in the donor. TEM images provide clear

evidence of increased phase separation in the bulk for fluorinated blends. The

alternate bright and dark areas indicate donor-rich and acceptor-rich regions, re-

spectively. The BisDPP-0F:[60]PCBM blend appears to be intimately mixed, which

is the likely explanation for the high Jsc observed for devices based on these blends.

Excitons generated by photon absorption easily find a donor-acceptor interface and

are therefore readily dissociated into free charges. However, due to the intimate

nature of the mixing, there is a lack of bi-continuous pathways to the electrodes.

As a result, the FF is low and charge extraction is strongly field dependent. The
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large donor-acceptor interface would most likely lead to enhanced bimolecular re-

combination, which will be a major loss channel in these devices.

Figure 6.3: (a-c) AFM height and (d-f) TEM images of BisDPP-0F:[60]PCBM,
BisDPP-2F:[60]PCBM and BisDPP-4F:[60]PCBM photoactive layers spin-coated
from a chloroform solution in a 1:2 (w/w) ratio. Image used with permission
from ref [10].

The increased phase separation in blends with fluorinated BisDPP molecules

leads to devices with a high FF but a lower Jsc. Devices fabricated using the

BisDPP-2F:[60]PCBM blend have the optimum phase separation and perform the

best. There is a strong connection between the morphology and device perfor-

mance for the series of blends studied here. The mechanism leading to coarser

phase separation in blends containing fluorinated donor is of prime interest. The

solubilities of the three BisDPP variants in chloroform are identical and XRD data

reveal only a moderate tendency for these molecules to crystallize.[10] The en-

hanced phase separation could be a result of the change in the interaction energy

between the fluorinated molecule and [60]PCBM. Flory-Huggins theory can help

us to quantify this effect by measuring the χi j interaction parameters.
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6.3 Calculating χi j from contact angle experiments

In order to obtain the Flory-Huggins interaction parameters, water contact angle

measurements were done on spin-coated films. The interaction parameter χi j be-

tween materials i and j is determined by the difference in the Hildebrand solubility

parameter δ in a common solvent:[11]

χi j =
vseg

RT
(δi−δ j)

2 +χs, (6.1)

where vseg is the molar volume of the solvent (for chloroform, vseg = 80.2×10−6 m3

mol−1), R is the gas constant, and T is temperature. The parameter χs takes into

account the entropic contribution, with the often used value of 0.34.[12] For apolar

materials, the following relation exists:[11]

δ = K
√

γ, (6.2)

where γ is the surface tension, and K is a proportionality constant with a value of

K = 115× 103 m−1/2 obtained from literature.[12] γ can be obtained from Young’s

equation:[10]

γsg = γsl + γlg cosθ , (6.3)

where γsg is the solid-gas, γsl the solid-liquid and γlg the liquid-gas interfacial

tension. For chloroform, γlg = 72.75± 0.06 mJ m−2. γsg is calculated using the

following:[10]

cosθ = 2
√

γsg

γlg
exp
(
−β (γlg− γsg)

2)−1, (6.4)

where β is an empirical constant with a value of β = 1.247×10−4 (m2 mJ−1)1/2.

As compared to the non-fluorinated molecules, the fluorinated derivatives show

larger water contact angles. This is caused by the lowering of the surface energy

upon addition of fluorine atoms. Consequently, the interaction parameter χi j be-

tween the BisDPP and [60]PCBM shows a gradual increase as the degree of fluori-
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nation increases. A larger χi j between two materials i and j indicates less tendency

to mix with each other. This can be a possible explanation for the increased phase

separation observed for blends containing fluorinated donor molecules. To ver-

ify that this is indeed the case, we have performed 3D phase field simulations for

blends consisting of fluorinated BisDPP molecules, [60]PCBM and chloroform.

Molecule θ (degree) γsg mJ m−2 δ (MPa1/2) χBisDPP:[60]PCBM
BisDPP-0F 91.70 28.13 19.29 0.47
BisDPP-2F 95.34 25.88 18.50 0.60
BisDPP-4F 94.48 26.41 18.69 0.562

PCBM 81.83 34.30 21.30 -

Table 6.1: Contact angle measurements and calculated interaction parameters for
the three BisDPP derivatives.

6.4 Discussion and results

We estimate the degree of polymerization for the BisDPP molecules and [60]PCBM

by taking into account their relative size w.r.t. the size of a solvent molecule. The

size estimation is based on approximate volume calculated using a molecular mod-

eling software Materials Studio. The χi j parameters (see table 6.2) are obtained

from water contact angle experiments as discussed in the previous section. The

rate of evaporation of chloroform for the experimentally used spin-coating speed is

known from our previous work.[9] For the 3D simulations, we use a simulation box

of size Lx = Ly = 500 nm and Lz = 1000 nm (the initial film height), with a mesh

consisting of 175× 175× 175 elements. The film thins over time due to solvent

evaporation from the top surface. The simulation methodology is similar to what

we have previously discussed in chapter 4.

2It is difficult to spin-coat smooth and uniform films of BisDPP-4F. The measured contact angle is
affected by the presence of pinholes in the film and therefore appears to be smaller than expected. For
our simulations, we use a value of χBisDPP−4F :[60]PCBM = 0.75, which follows the expected trend.
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Nd N f Ns χd f (0F),χd f (2F),χd f (4F) χds χ f s
19 11 1 0.47,0.60,0.75 0.34 0.70

Table 6.2: Flory-Huggins interaction parameters and degrees of polymerization
calculated for the BisDPP-nF (d):[60]PCBM ( f ):CHCl3 (s) system (n=0, 2, 4).
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Figure 6.4: Ternary phase diagram of (a) BisDPP-0F:[60]PCBM:CHCl3 (b) BisDPP-
4F:[60]PCBM:CHCl3 blends calculated using the Flory-Huggins theory.[12, 13] The
input parameters are summarized in table 6.2. The binodal (blue line) separates
the single phase and coexistence regions. The spinodal (green line) indicates the
limit of instability. Tie lines connect the binodal compositions with equal chemical
potential. The slope of the tie lines indicates the preference of the solvent to reside
in the BisDPP-rich phase rather than the [60]PCBM phase. The spinodal region
bounded by the green lines represents the unstable composition space. The donor
molecules become increasingly incompatible with [60]PCBM upon fluorination,
which is reflected by a larger χd f for the BisDPP-4F blend compared to the BisDPP-
0F blend. The corresponding spinodal region for the BisDPP-0F blend is therefore
larger. The red dot indicates the critical concentration below which the mixture
becomes unstable. The dotted line indicates the change in blend composition due
to solvent evaporation.

6.4.1 Analysis of the film morphology

Liquid-Liquid (L-L) phase separation can be a possible pathway for morphology

evolution in the fluorinated blends as shown by the ternary phase diagram in fig-

ure 6.4. The single phase region covers only a small part of the overall phase

diagram. The unstable spinodal region (bounded by green lines in figure 6.4)

dominates the composition space, with its spread becoming more pronounced for

the fluorinated blend. The binodal appears to be more symmetrical compared to

previously published phase diagram of a PDPP5T:PC71BM:CHCl3 blend.[12] This is
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due to the fact that the size difference between donor fluorinated small molecules

and [60]PCBM is considerably less (see table 6.2) than that between PDPP5T and

PC71BM (see table 2.1 in chapter 2). Close to the critical point, a significant frac-

tion of [60]PCBM lies in the region of the BisDPP-dominated branch for both the

blends, which indicates that the BisDPP-rich phase is not pure. However, as the

blends are quenched deeper into the spinodal region due to solvent evaporation,

the BisDPP and [60]PCBM phases become relatively pure. Our phase field simu-

lations proceed to a fairly advanced stage of drying. Therefore, we do not expect

significant amount of residual [60]PCBM in the BisDPP-rich phase for sufficiently

dry films. Explicit treatment of a mixed BisDPP-phase is thus not considered in this

work.
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Figure 6.5: (a) Snapshot of the simulated morphology for the BisDPP-0F:[60]PCBM
blend formed after evaporation of chloroform. The evaporation rate corresponds
to a spinning speed of 1500 rpm. The dimensions of the film are 500× 500× 500
nm3. Dark red regions are rich in [60]PCBM. The donor phase is rendered trans-
parent for clarity. (b) Distribution of material in the donor phase (transparent in
the left figure) as a function of distance from the donor-acceptor interface. Exci-
tons generated within 10 nm from the interface are most likely to dissociate and
therefore contribute to the photocurrent.

In figure 6.5, we present results from 3D phase field simulations using param-

eters for BisDPP-0F:[60]PCBM as summarized in table 6.2. Figure 6.5a shows

a phase separated morphology resulting from liquid-liquid (L-L) phase separa-

tion. We do not observe the droplet-type morphologies previously reported for
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PDPP5T:PC71BM blends (see chapter 4). This indicates that L-L phase separation

for small molecule-based blends proceeds somewhat differently than for DPP-based

conjugated polymers. Experimental TEM images (see figure 6.3) reveal a finely

intermixed morphology for the BisDPP-0F:[60]PCBM photoactive layer. Our sim-

ulated morphology appears coarser in comparison, which is due to the fact that

we make use of similar interfacial energies as reported in section 2.2.1 of chap-

ter 2. There is not enough information currently in the literature about interfacial

donor-acceptor energies in small molecule-based OPV blends to draw a definite

conclusion here. In view of this limitation, we focus on the differences between

simulated morphologies obtained as the number of fluorine atoms in the donor

molecule is increased.

In figure 6.5b, we have used a graph theory based framework to analyze the

distribution of the donor phase as a function of distance from the donor-acceptor

interface.[14, 15] In this approach, the simulated 3D phase field morphology is dig-

itized and represented using a weighted, undirected graph. Each voxel in the 3D

morphology becomes a graph vertex with an appropriately labeled phase(either

donor or acceptor). Each vertex is further connected to its neighboring vertices us-

ing edges along with distance-dependent weights. Using highly optimized graph al-

gorithms, information regarding the connectivity between different vertices (either

donor or acceptor), pathways to a particular electrode (hole or electron-collecting)

or the distance distribution towards a donor-acceptor interface can be obtained.

This information is used to carry out a detailed characterization of the morphol-

ogy. Such insights cannot be obtained using the autocorrelation approach previ-

ously used in chapter 4. The fraction of donor phase of which the distance to

the interface is less than 10 nm (the typical exciton diffusion length) is considered

to be ‘useful’ since excitons generated in this part will be able to reach the inter-

face and dissociate into free charges. Excitons generated in the rest of the donor

phase will be lost by intrinsic decay mechanisms. In figure 6.6, we show results

for blends using BisDPP-2F as the donor. The phase separation is coarser as com-
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pared to the previous case. This is clearly seen in figure 6.6b, where the fraction of

donor phase with distance greater than 10 nm from the interface has increased. In

such a morphology, a smaller number of excitons will contribute to photocurrent

generation.

0 5 1 0 1 5 2 0 2 5 3 0 3 5 4 00 . 0 0
0 . 0 2
0 . 0 4
0 . 0 6
0 . 0 8
0 . 1 0
0 . 1 2
0 . 1 4
0 . 1 6

( b )

 

 

Fra
ctio

n o
f d

on
or

D i s t a n c e  t o  i n t e r f a c e  ( n m )

B i s D P P - 2 F : [ 6 0 ] P C B M

Figure 6.6: (a) Snapshot of the simulated morphology for the BisDPP-2F:[60]PCBM
blend formed due to evaporation of chloroform. The evaporation rate corresponds
to a spinning speed of 1500 rpm. The dimensions of the film are 500× 500× 500
nm3. Dark red regions are rich in [60]PCBM. All other components are rendered
transparent for clarity. (b) Distribution of donor material as a function of distance
from the donor-acceptor interface.

Blend Interfacial area (nm2)
BisDPP-0F:[60]PCBM 3.60×106 nm2

BisDPP-2F:[60]PCBM 3.16×106 nm2

BisDPP-4F:[60]PCBM 2.96×106 nm2

Table 6.3: Estimated interfacial area between the donor and acceptor phases cal-
culated using a graph theory based framework.[14, 15]

Additionally, we estimate the interfacial area between the donor and acceptor

phases for all three blends, see table 6.3. Due to enhanced phase separation upon

fluorination of the donor molecules, the interfacial area is reduced. This means

that for blends with coarser morphology, the exciton dissociation rate is reduced

by the limited availability of interfacial sites. Finally, in figure 6.7, we show results

for the BisDPP-4F:[60]PCBM blend. As expected, the phase separation is further

enhanced. The fraction of donor phase with distance to the interface greater than
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10 nm further increases (see figure 6.7b) and the corresponding donor-acceptor

interfacial area is reduced (see table 6.3). This can be a potential reason for the

observed decrease in Jsc in fluorinated blends, as shown in figure 6.2a.
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Figure 6.7: (a) and (b) Same as figure 6.5 and figure 6.6 but for the BisDPP-
4F:60PCBM blend.

As discussed earlier, our simulated morphologies do not explicitly account for

the presence of donor phases mixed with acceptor molecules. For blends where

such a mixed donor phase does exist, exciton dissociation will occur throughout the

mixed phase. Charge carriers generated close to the donor-acceptor interface are

transported easily since electrons travel via the pure acceptor phase and holes can

easily move via the donor-rich phase. Electrons generated further away from the

donor-acceptor interface will be lost mainly to bimolecular recombination. There-

fore, device characteristics involving such blends depend on the transport of free,

photo-generated electrons from the donor-rich phase to the [60]PCBM-rich accep-

tor phase.[16, 17]

6.4.2 Structure-property relationship

In order to quantitatively understand how morphology relates to device perfor-

mance, we have carried out 3D kinetic Monte Carlo (kMC) simulations using the

phase field morphology as input. The simulation setup is similar to what we have
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previously described in chapter 5. However, there are some key differences. We

no longer make use of an effective medium approach. Instead, sites are designated

as either donor or acceptor depending on which of them has a higher volume frac-

tion φi at a given site in the simulation box. The 3D mesh used for the phase field

simulation is thus converted into a simple cubic lattice while preserving the spatial

characteristics of the morphology. The HOMO and LUMO energy levels used for

the BisDPP molecules have been determined previously.[10] Energy levels used for

[60]PCBM are based on values used in literature.[18, 17] Site energies are sampled

from a gaussian distribution with a width σg = 0.1 eV.[19] The attempt-to-hop fre-

quencies for electrons (νe = 1013 s−1) and holes (νh = 1010 s−1) are similar to those

used in previous kMC studies of the TQ1:PC71BM blend.[20] In order to simulate an

operational device, we generate singlet excitons in the donor phase by absorption

of photons. The excitons have a finite lifetime of 1 ns. They can diffuse via Förster

transfer.[21] The Förster transfer radius is set to 1.5 nm. As an exciton approaches

a donor-acceptor interface, it can dissociate due to the energy offset between the

HOMO and LUMO of the two materials. An electron-hole pair on neighboring sites

forms a charge-transfer (CT) state which has a lifetime of 10 ns.[20] Electrodes are

placed along the x-axis, which collect charges. We also make use of hole and elec-

tron blocking layers with a thickness of 5 nm, which is sufficient to simulate their

function without increasing the computational load. We apply a bias potential over

the electrodes. Since we are mainly interested in the charge collection behaviour

for various morphologies, we carry out all kMC simulations under conditions of

reverse bias.

The electrodes collect free charges, which results in the flow of photocurrent

through the device. The simulations are performed under steady-state conditions,

which means that photons are continuously absorbed at random locations within

the donor phase. Once the simulations are converged, we calculate the current

density. The results are shown in figure 6.8. The BisDPP-0F:[60]PCBM blend shows

the highest current density under reverse bias conditions. The current density de-
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creases for the fluorinated BisDPP blends. As explained in section 6.4.1, blends con-

sisting of fluorinated BisDPP derivatives show coarser phase separation with larger

domain size (of the donor) and a smaller interfacial area. This should lead to a

reduction in the number of excitons that can dissociate at the donor-acceptor inter-

face, which ultimately reduces the photocurrent. Our simulations verify that this is

indeed the case. Interestingly, the BisDPP-2F:[60]PCBM and BisDPP-4F:[60]PCBM

systems show similar current densities. From table 6.3, we see that both these

blends have similar interfacial areas. Hence, we can conclude that compared to

donor domain size, donor-acceptor interfacial area plays a more crucial role in

determining the charge collection efficiency under reverse bias conditions.
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Figure 6.8: J-V curves calculated for different BisDPP-nF:[60]PCBM blends using
steady-state kMC simulations (n=0, 2, 4). The results have been obtained by aver-
aging over five different disorder configurations, for each voltage point and every
blend. The error bars indicate 95% confidence intervals.
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6.5 Summary, conclusions and outlook

We have explored the process-structure-property relationship for small molecule-

based OPV devices. Fluorination of BisDPP molecules changes their interaction en-

ergy w.r.t. [60]PCBM, which affects phase separation during solvent evaporation.

We determine the Flory-Huggins interaction parameters χi j from water contact an-

gle experiments for fluorinated BisDPP molecules. These χi j are then used as input

in our 3D phase field model. Using a graph-based analysis, we conclude that an

increase in the average domain size of the donor-phase and a reduction in the in-

terfacial area can play an important role in reducing Jsc in highly phase separated

blends consisting of pure donor and acceptor phases. This conclusion is further

supported by 3D kMC simulations.

Understanding structure-property relationships in organic solar cells is chal-

lenging from a simulation-based perspective. Our approach to connect phase field

and kMC simulations is a step towards the development of a fully-predictive multi-

physics model. However, a lot of improvement is still needed. Further investigation

regarding the role of mixed donor phases in L-L phase separated morphologies is

required. Full J-V simulations using kMC will be able to provide more insight

on how FF depends on the morphology of the photoactive layer. For kMC simula-

tions under forward bias, it becomes necessary to include injection from electrodes.

However, a lot of time is spent on ‘useless’ charge carrier hops back and forth be-

tween the photoactive layer and the electrodes. This greatly increases the compu-

tational time required to achieve convergence under steady-state conditions. We

aim to explore possible solutions in a future work.
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Chapter 7

Conclusions and outlook

In this chapter, we summarize the main results and conclusions from our research.

We discuss how they align with our initial motivation. In an outlook, we propose

ways to improve the various computational models used in our work. We finish with

a message which we hope will inspire a new generation of researchers to develop and

apply cutting edge computational tools in their work.



138 Conclusions and outlook

7.1 Summary and major conclusions

In chapter 1, we have emphasized the role of solar energy in the much needed

transition towards clean and green energy. The history of solar cells along with

the current state-of-the-art has been discussed. Organic photovoltaics (OPV) has

shown great potential as a cost-effective alternative to current silicon-based tech-

nology. However, the efficiency of OPV is lagging behind that of silicon cells. The

parameter space for optimization of OPV devices is large and rather complex. A

trial and error based approach to fabricating high efficiency OPV devices will be

time consuming and therefore slow down technological advancement. Predictive

computational models can help speed-up screening of candidate materials for OPV

and test a variety of processing conditions within a short period of time. This

has set the motivation for this thesis. We have made an attempt to apply various

computational techniques to better understand the dependence of morphology on

processing conditions, and its impact on OPV device performance.

In chapter 2, we present an overview of the three main computational methods

used in this thesis. The basic theory behind the techniques used, their application

to understand phase separation and its effect on device performance, and their

limitations have been discussed. In chapter 3, we summarize results from coarse-

grained molecular dynamics (CGMD) simulations of solvent evaporation from sup-

ported P3HT:[60]PCBM films.[1] The role of different solvents in determining the

vertical segregation profile of either the donor or acceptor is explored. We ob-

serve that P3HT competes with [60]PCBM in their tendency to move towards the

surface. We conclude that for [60]PCBM, the solubility in a particular solvent de-

termines how much of it accumulates in the surface region. For a solvent with

a high [60]PCBM solubility, like chlorobenzene and orthodichlorobenzene, more

[60]PCBM is transported towards the evaporating surface compared to a solvent

with a low [60]PCBM solubility, like chloroform. Care should therefore be taken

in choosing the right solvent, which ensures that the acceptor(donor) component

enriches the region next to the electron(hole)-accepting electrode. We also found
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indications of spinodal decomposition starting from the top and bottom surface for

the cases of chlorobenzene and orthodichlorobenzene whereas for chloroform, the

phase separation initiates in the bulk of the film. The application of techniques like

CGMD is still restricted in length and time scales. Therefore, to explore phenom-

ena such as liquid-liquid (L-L) phase separation, we introduce a phase field based

simulation approach in chapter 4. Using the Flory-Huggins-Cahn-Hilliard-Cook

framework, we are able to link in-house experimental data to various thermody-

namic and kinetic input parameters required for the simulation.[2] Our simulated

morphologies show features that closely resemble experimental trends. We observe

that compared to slow evaporation rates, faster evaporation leads to the formation

of smaller PC71BM domains. We also track the evolution of length scales as they

evolve over time within the drying film. This analysis further helps us conclude that

for slow evaporation, the average PC71BM domain size follows an expected power

law dependence w.r.t. time, whereas for faster evaporation, early-stage spinodal

decomposition plays an important role.

Moving on, in chapter 5, we make use of a kinetic Monte Carlo (kMC) ap-

proach to model charge carrier recombination dynamics in a highly amorphous

TQ1:PC71BM blend. Our simulations match closely with experiments, thus pro-

viding unprecedented insight into the fate of charge carriers from the moment of

their creation in an operational OPV device. Our work conclusively establishes that

charge carrier relaxation is the primary reason for dispersive recombination in an

operational OPV device. In chapter 6, we combine the phase field approach and

kMC to explore process-structure-property relationships in small molecule-based

OPV devices. We conclude that addition of fluorine atoms lowers the surface en-

ergy of the donor and leads to an increase in the Flory-Huggins (χi j) parameter for

the interaction between donor and acceptor. Phase field simulations indicate that

the increase in χi j is the primary cause for the enhanced phase separation observed

in blends using fluorinated donor molecules. Additionally, we use the simulated 3D

morphologies as input for our kMC code to perform device simulations. Our anal-
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ysis suggests that an increase in the average domain size of the donor phase along

with a reduction in the donor-acceptor interfacial area affects the current output

from the device under specific conditions.

The results presented in this thesis are the first steps towards building a predic-

tive multiphysics model for fabricating high-efficiency OPV devices. Starting from

the processing step, a researcher should be able to model the obtained morphol-

ogy. The morphology can then be used as input to a charge transport model which

will determine the performance of the device. Our aim is to make this workflow

as efficient and accurate as possible. Such a model does not intend to replace ex-

periments entirely. The goal is to support and accelerate experimental work and

occasionally provide data which are beyond the resolution of current experimental

techniques. Any computational model is only as good as the approximations that

it is based on. It is crucial that we acknowledge and understand these limitations

before we make any striking conclusions from simulated data. Physical phenomena

that occur in nature are immensely complex and computer simulations still need

to catch up. In the following sections, we highlight the main areas where a lot of

progress still needs to be made. This would set the pace for future work in this

field.

7.2 Outlook

7.2.1 Force fields for advanced molecular dynamics simulations

In chapter 3, we have made use of a coarse-grained model developed for P3HT

(donor) and [60]PCBM (acceptor). P3HT still remains one of the most widely

studied polymer systems for application in OPV devices. However, there are newer,

more promising state-of-the-art conjugated polymers and small molecules which

have resulted in devices with record power conversion efficiencies (PCE).[3, 4] Re-

ports indicate a near to 100% exciton dissociation efficiency in many of such

systems.[5] Molecular dynamics can be an important tool to understand the na-
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ture of donor-acceptor interfaces and how it influences charge separation. There

is, however, a large lack of available force fields for such polymers and small

molecules. More research is therefore needed to develop accurate and efficient

atomistic force fields for materials used in modern OPV blends. The next step will

then be to parameterize a coarse-grained model using such an atomistic force field.

A recent study has implemented the MARTINI force field to study phase separation

due to solvent evaporation from the bulk of a P3HT:PCBM film.[6] This is a wel-

come step and we hope that it will pave the way for further development of a

MARTINI-like framework linked to popular molecular dynamics engines such as

GROMACS.[7, 8]

7.2.2 The next generation 3D phase field model

In this section, we present some ideas which can be used to extend the current

3D Flory-Huggins-Cahn-Hilliard-Cook phase field model so that it can simulate

other interesting phenomena which occur during phase separation in OPV blends.

We envision that incorporating our suggestions will accelerate the development of

next-generation simulation tools.

Addition of a co-solvent

In chapter 4, we presented 3D phase field simulations for solvent evaporation

from a ternary system consisting of a modern DPP-based donor polymer PDPP5T

and PC71BM, both dissolved in chloroform. However, the morphologies obtained

for such systems are suboptimal. Experiments have shown that adding a co-solvent

can disrupt L-L phase separation and lead to morphologies with a high PCE.[9, 10]

It is therefore desirable to extend the 3D phase field model to account for the

presence of a co-solvent. However, this makes the model more complex and com-

putationally even more demanding. Since the main solvent evaporates quickly,

phase separation in the later stages of drying occurs exclusively in the presence of

only the co-solvent. We suggest that a time dependent Flory-Huggins interaction
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parameter (χi j(t)) can be used to reflect the change in the solvent while retaining

the ternary model. This approach should be explored in the future.

Crystallization and formation of fibrils

The free energy functional F described in section 2.2.1 of chapter 2 takes into

account only the homogeneous free energy of mixing and the interfacial energy.

There is no description which can account for crystallization of the donor or accep-

tor materials during phase separation. Some experiments report the formation of

polymer fibrils during phase separation, see figure 7.1.[11] The size of these fibrils

is crucial for the OPV device performance.[12] The free energy functional F should

therefore be modified in a way so as to account for formation of crystalline domains

in the OPV blend. Some progress in this regard has already been made by addition

of a term to F which provides an energy barrier for transition between crystalline

and amorphous states.[13, 14] We suggest that such an implementation should also

be tested to account for polymer or PCBM crystallization in relevant OPV systems.

Surface topology and concentration dependent mobility

Our 3D phase field model does not include a description for surface topology. Ex-

periments indicate that during L-L phase separation, PCBM droplets can protrude

outside the top surface, see figure 7.2.[15, 16] It is therefore important to extend

the model such that, instead of a sharp surface, we have a gradual transition from

film to solvent vapour phase. Such an approach has been demonstrated for solvent

evaporation in a 2D system.[17] We recommend that this should be explored in a

future study. Furthermore, the mobility should have a concentration-dependent

form to account for the solidification of the film as solvent evaporates. This could

potentially have significant impact on the scale of formation of donor or acceptor-

rich phases. The effect of time or concentration-dependent mobilities needs to be

further investigated.
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Figure 7.1: TEM images of P00:PC71BM solar cells processed from chloroform with
different co-solvents: ortho-dichlorobenzene (oDCB), 1-chloronapthalene (CN), di-
iodooctane (DIO) and diphenyl ether (DPE). Solar cells processed using DIO or
DPE have higher PCE (4.4 %) compared to those using CN (PCE of 2.8%) or oDCB
(PCE of 2.5%). The increase in PCE is attributed to a change in the length scale of
fiber networks. Figure reproduced with permission from ref. [11]. Copyright 2015
American Chemical Society.

Role of hydrodynamics

Fluid flow can play an important role during phase separation in a drying OPV

blend. Although hydrodynamics did not appear to play a major role in determining

the morphology of blends studied in chapter 4, many studies indicate that it can be

crucial for other OPV systems.[18, 19, 20] Hence, the effect of hydrodynamics should

be explored in depth.

7.2.3 Accelerating kinetic Monte Carlo

In chapter 5 and chapter 6, we have presented results for transient and steady-

state kMC simulations, respectively. The transient simulations are computationally

not so expensive. However, steady state simulations take a long time to converge.
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Figure 7.2: Cross-section TEM image of a Si wafer with a layer stack of
PEDOT:PSS|PDPP5T:PC71BM|LiF|Al and covered with Pt for thin (about 100 nm,
top image) and thick (about 200 nm, bottom image) films. The PC71BM droplets
can be seen to protrude outside the film. Figure reproduced with permission from
ref. [15]. Copyright 2013 American Chemical Society.

In this section, we discuss some ideas that can be implemented to accelerate kMC

simulations.

Aggregate Monte Carlo

In OPV device simulations under forward bias, charge carrier injection should be

enabled to accurately model the device properties. However, a lot of time is then

spent on charge carrier hops between the photoactive layer and the electrode. In-

creasing the injection barrier to a large value somewhat mitigates the problem but

can potentially lead to injection-limited behaviour. Such problems also arise when

charge carriers hop between two sites of almost equal energy. In order to reduce the

computational overhead which results due to these ‘useless’ hops, some researchers

propose the use of an aggregate site containing properties of both sites.[21, 22] The

introduction of such sites has no impact on device physics. We suggest that their

role should be further explored with application to OPV device simulations.



7.2 Outlook 145

Graphical processing unit acceleration

In chapter 3, we have presented results where molecular dynamics simulations

were carried out using the GPU-enabled GROMACS package. A GPU consists of

thousands of processing cores linked to high-speed onboard memory. It easily sur-

passes a conventional CPU when dealing with parallel routines related to matrix

multiplication and linear algebra. In recent years, GPUs have become immensely

powerful and are being used in a variety of scientific applications. NVIDIA’s Volta

GPUs are used to power Summit, which is the fastest supercomputer in the world

as of July 2018, with a peak performance of 200 petaflops.[23] GPUs can also be

used to parallelize kMC simulations; some of them have reported a speed-up of up

to 150 times compared to serial execution on a single CPU-core.[24, 25] Koster et al.

have implemented a parallel lattice based kMC scheme that uses a GPU to simu-

late charge transport in organic semiconductors.[26] This approach is particularly

impressive because it also accounts for long range Coulomb interactions. Modern

GPUs also have fairly large onboard memory (up to 16 GB), thus allowing the use

of large simulation boxes, which is particularly useful for device simulations. We

think that more effort should be put into developing kMC code tailored to take full

advantage of the parallel architecture within a GPU.

Combining kMC with a master equation approach

A 3D Master equation (3DME) based approach has previously been used to describe

charge carrier transport in disordered organic semiconductors.[27, 28] Under the

right operational conditions, 3DME can be faster than kMC for device simulations.

We suggest that a hybrid approach can be developed where results from a 3DME

simulation are used to initialize a kMC simulation. We expect that kMC should

converge faster in such cases.
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7.3 Future work

In this thesis, we have laid the foundation for the development of a multiphysics

modeling approach where use is made of different simulation techniques to con-

quer challenges related to large length and time scales. The individual models

have their own limitations, which have been thoroughly discussed. Keeping these

limitations in mind, a lot of insight can already be gained into the process-structure-

property relationships that exist for OPV devices. However, this is only the begin-

ning. We have made various suggestions to improve upon the models and incorpo-

rate additional realistic physical processes. These steps will ensure that simulations

are able to come closer to a full description of all the essential device physics rele-

vant for OPVs. We hope that our work will inspire future researchers to appreciate

the importance of computer simulations and consider using them for their own

research.
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Summary

Exploring the process-structure-property relationship of organic

solar cells by high performance computer simulations

Photovoltaic (PV) technology has shown tremendous growth over the last two

decades. It is considered as a crucial part of the solution to the problem of meeting

the ever increasing energy demand without adversely affecting the environment,

especially in the developing countries. Organic photovoltaics (OPV) based on mix-

tures of a polymeric or molecular organic electron donor and a fullerene acceptor

can become a cost-effective alternative to the current silicon-based PV technology.

Additional benefits include the ability of processing on flexible substrates via a

roll-to-roll facility making use of abundant and non-toxic materials. However, the

power conversion efficiency of organic solar cells is still below that of silicon-based

PV, one of the key reasons being the suboptimal morphology of the photoactive

layer. The morphology in turn crucially depends on the various device processing

conditions such as choice of solvents, rate of solvent removal during spin-coating

and donor-acceptor weight ratios. A trial-and-error based approach to scan the

enormous optimization space is extremely time consuming and therefore is an im-

pediment to technological progress. There is a strong need to develop predictive

computational models that can assist OPV device developers in choosing the op-

timum set of processing conditions that will eventually lead to high-efficiency or-

ganic solar cells with tailored morphologies. Through the research presented in

this thesis, we have gained valuable insight into the process of phase separation

and charge dynamics in solution-processed organic solar cells by using high per-

formance computer simulations. Chapter 1 serves as an introduction to the field

of OPV and highlights the challenges currently faced by the research community,

which sets the motivation for our work. In chapter 2, we introduce the three main

computational methods used in this thesis and discuss their implementation to the

problem of interest. The reader is also made aware about the limitations of each
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of these methods.

The photoactive layer of the cells is fabricated using spin-coating, where evapor-

ation-induced phase separation leads to the formation of a bulk heterojunction

(BHJ) morphology that contains an interpenetrating network of donor and accep-

tor domains. Conjugated polymers or molecules are widely used as electron donors

(D) whereas fullerene derivatives are used as electron acceptors (A). In chapter 3,

we discuss the use of coarse-grained molecular dynamics to explore how the choice

of solvents affects vertical segregation of the D and A components in spin-coated

films of P3HT (poly (3-hexylthiophene-2,5-diyl)) and [60]PCBM ([6,6]-phenyl-

C61-butyric acid methyl ester). Our simulations show that P3HT always tends to

accumulate on the top surface due to its low surface energy whereas accumulation

of PCBM in the top layer depends on its solubility.

In order to access larger length and time scales than achievable with molec-

ular dynamics, we have made use of a finite element based phase field method

that involves solving the Flory-Huggins-Cahn-Hilliard-Cook equations in three di-

mensions. The investigated system was the polymer PDPP5T (diketopyrrolopyr-

role–quinquethiophene) mixed with PC71BM, a state-of-the-art OPV blend exten-

sively studied in our research group. Many of the input parameters for our model

were obtained from in-house optical experiments. In chapter 4, we present simu-

lated morphologies obtained using different evaporation rates, resulting in PC71BM

domain sizes comparable to experiments. We were also able to reproduce the ex-

perimentally found power law dependence of the dominant length scale of phase

separation on the rate of solvent evaporation. Simulation allows us to track the

evolution of small length scales at the onset of liquid-liquid phase separation in a

drying D-A film, which is difficult to achieve using standard optical imaging ex-

periments. Our analysis suggests that for slow evaporation rates, the dominant

length scale in the film is governed by a late-stage coarsening process, whereas for

fast evaporation rates early-stage spinodal decomposition determines the dominant

length scale.
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Absorption of photons in the donor phase leads to the formation of excitons

that diffuse towards a D-A interface, forming charge transfer states and eventu-

ally free charges. These free charges are then transported through the D and

A phases towards the electrodes. Recombination of free charges is a major loss

mechanism in OPV devices, reducing the device efficiency. Using a kinetic Monte

Carlo (kMC) approach, we have carried out simulations of charge recombination

in a highly disordered TQ1 (poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-diyl-

alt-thiophene-2,5-diyl]):PC71BM blend, which are summarized in chapter 5. We

track the dynamics of charge carriers over a timescale that is also accessible to

experiments. The kMC simulations accurately capture the effect of charge ther-

malization, which has been independently probed using Time Delayed Collection

Field (TDCF) experiments. Our results conclusively establish that charge carrier

thermalization is the main cause of dispersive recombination, which is observed in

the TQ1:PC71BM blend.

In chapter 6, we explore how fluorination of donor molecules affects phase

separation and the resultant photoactive layer morphology in a bulk heterojunc-

tion. To this end, a series of diketopyrrolopyrrole-based small molecules with

varying number of fluorine atoms were synthesized. Solar cells with these donor

molecules mixed with PC71BM were fabricated and characterized. In-house con-

tact angle and optical experiments were used to estimate various thermodynamic

and kinetic input parameters respectively, which are later used as input to our 3D

Flory-Huggins-Cahn-Hilliard-Cook phase field model. Our simulated morphologies

show similar trends as experiments. Using a graph-based approach, we analyze

the simulated morphology and extract meaningful descriptors to quantify the de-

vice performance. Finally, we make use of a 3D kinetic Monte Carlo approach

combined with the phase field morphology to simulate an operational OPV device.

Our simulations highlight the role played by the BHJ morphology in determining

the maximum current output from the device.

The thesis ends with chapter 7 which is a summary of the main conclusions
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from our work. We also discuss the limitations of our computational approach and

provide an outlook where we suggest ways for further improvement. We hope that

this thesis will encourage future OPV researchers to use computational tools and

help accelerate further advancement in this field.
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