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Abstract

In this thesis, polymer:fullerene bulk heterojunction photoactive films and the correspond-

ing solar cells are investigated for photovoltaic applications. The morphology of the active

layer is widely recognized as a key factor influencing the overall photovoltaic performance

of polymer-based solar cells. Thus, the focus of the present work is to elucidate the re-

lationship between morphology and power conversion efficiency by intentionally varying

external parameters during the processing. Both real and reciprocal space investigation

techniques are applied in order to obtain the resulting representative morphology models.

It is observed that the active layer morphology of the investigated PTB7:PC71BM bulk

heterojunction system can be easily manipulated by a slight chemical modification of the

used polymer, the usage of host solvent, or an additional solvent treatment, consequently

leading to different device efficiencies. The reason for this sensitive alternation is mainly

addressed in the present work.

Zusammenfassung

In dieser Arbeit werden Filme mit Polymer:Fulleren Bulk-Heteroübergang und die zugehö-

rigen Solarzellen im Hinblick auf Anwendungen in der Photovoltaik untersucht. Die Mor-

phologie der aktiven Schicht ist als wichtiger Faktor bekannt, der die photovoltaische

Leistung polymerbasierter Solarzellen beeinflusst. Deshalb liegt der Fokus dieser Arbeit

darin, die Beziehung zwischen Morphologie und Wirkungsgrad durch gezielte Beeinflus-

sung der Prozessparameter zu untersuchen. Durch Untersuchungstechniken sowohl im

realen, als auch im reziproken Raum, werden repräsentative Morphologiemodelle erstellt.

Dabei wird beobachtet, wie die Morphologie der aktiven Schicht in dem untersuchten

System eines PTB7:PC71BM Bulk-Heteroübergangs durch leichte chemisch Veränderun-

gen des Polymers, der Nutzung von Änderung des Hauptlösemitteln oder zusätzlicher

Lösemittelbehandlung beeinflusst werden kann und somit zu unterschiedlichen Effizienzen

der Bauteile führt. Der Hintergrund dieser empfindliche Änderungen ist Hauptgegenstand

der vorliegenden Arbeit.
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Chapter 1

Introduction

In order to harvest the natural energy sources, tremendous investigations on renewable

energy have expanded into various fields, ranging from solar electricity, fuel, biomass,

wind, tides, waves and geothermal energy. Among all, solar energy is considered as the

largest renewable source without producing greenhouse gases and therefore a potential

key to meet future energy needs.[1] Statistics show that the total solar energy received

on earth in one hour is more than the total energy consumption all over the world in

one year.[2] Many technologies have been explored to make use of solar energy, such

as solar heating, solar thermo-electricity and solar photovoltaic (PV). Since electricity

already has a well-established distribution network in most parts of the world, and thus

can be easily transported, which has paved solid foundations for the development of PV

technology. At present, the PV market is mostly dominated by inorganic systems such as

thick polycrystalline silicon devices, as they show advantages in both efficiency in excess

of 20% and the operation lifetime of more than 25 years.[3] However, the high energy

consumption and consequently the high manufacturing cost become the hurdle for the

wide implementation of polycrystalline silicon PV devices.

Organic photovoltaic (OPV), emerged as a relatively new PV technology. It has

experienced rapid progress regarding the device efficiency and lifetime in the past two

decades. OPV is based on organic molecules, which is widely used for organic thin-film

transistor (OFET), organic light emitting diode (OLED) and photodetectors as well.[4]

OPV demonstrates its competence by the dramatic improvement on device performance,

promising potential to fabricate the solar cells at low cost with roll-to-roll technique, and

rapid energy payback time.[5] Furthermore, the excellent mechanical flexibility and the

light weight bring more conveniences for daily use.

In general, OPV mainly refers to polymer:fullerene solar cells, polymer:polymer solar

cells, polymer:small organic molecules solar cells, and pure small organic molecules solar

1



2 Chapter 1. Introduction

cells. As one of the main components of OPV, polymers are commonly known as insulating

materials. In 19th century, a striking discovery of conductive polymer polyacetylenes was

made by Shirakawa et al.,[6] who were awarded with Nobel prize in Chemistry in the year

2000. Ever since the announcement of this significant discovery, researches on the use and

understanding of conductive polymers has grown intensively. Considering the architecture

of OPV, Yu et al. firstly employed only one conductive polymer as the photon-induced

electricity layer, which gave rise to very low power conversion efficiency (PCE).[4] This

issue was addressed soon by Sariciftci et al. with introducing the second organic material

in a bilayer geometry, which greatly promoted the overall PCE due to a more efficient

charge separation process.[7, 8] However, due to the short exciton diffusion length (10-20

nm), the thickness of this bilayer geometry device is limited within 20 nm to assure a

high charge separation rate. As a result, the amount of photons absorbed by this ultra-

thin active layer is not optimized. To overcome this problem with sustaining the high

excition separation rate realized by the interfaces, a bulk heterojunction (BHJ) concept

of blending two organic materials is tested and shown to be the most successful geometry

in an active layer to date.[9, 10] However, it is challenging to control the film morphology

of a BHJ active layer as it is based on a self-assembly solution drying process. It is

widely recognized that the final device efficiency is directly determined by the intrinsic

property of used materials and solvents, the preparation conditions, as well as additional

post-treatment such as thermal annealing or solvent treatment. The theoretical ideal

geometry for higher PCE organic photovoltaic is the interdigitated two components with

the length scale on the order of the excition diffusion length such as 10 nm.

In order to optimize the efficiency of polymer solar cells and cross the 10% PCE

threshold for commerical appplication of this technique, rapid development especially in

chemicial synthesis field has been evident. PCE around 0.1% was firstly obtained from

poly(p-phenylene-vinylene) (PPV) system, and further reached about 4% for prototype

P3HT:PCBM (poly(3-hexylthiophene-2,5-diyl):[6,6]-phenyl-C61 butyric acid methyl es-

ter) BHJ system, until the recent success in synthesizing low bandgap polymers with

reaching almost 10%, an increase in efficiency was gained.[11, 12, 13] The presence of

low bandgap polymers has greatly drawn the efficiency chart of OPVs to a promising

region. Poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl][3-fluoro-2-

[(2-ethylhexyl)carbonyl]-thieno[3,4-b]thiophenediyl]], denoted as PTB7, represents one of

the highly efficient low bandgap polymers. Although the efficiencies of solar cells made of

PTB7 has proved its speciality, the understanding on PTB7 system are still very limited.

In order to better understand this newly ermerged polymer and the mechanism behind

its excellent efficiency, PTB7 is selected as the p-type electron donor material throughout

the whole investigation.
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Figure 1.1: Schematic illustration of an organic solar cell (center). Clockwise, an overview

of the different material combinations investigated within the framework of this thesis. More

details regarding each topic are introduced in the text.

In Figure 1.1, an overview of the different projects investigated in this thesis is illus-

trated. In the center an exemplary polymer based solar cell is schematically displayed.

A polymer based solar cell typically has a multilayer architecture, which consists of an

active layer, electron/hole blocking layers, and electrodes. As it is well recognized that the

morphology of the active layer is of utmost significance for the overall device efficiency of

OPV, several general questions are to be elucidated in this thesis: What parameters can

affect the PCE of the organic solar cells? To what extent can these parameters influence

the film morphology? What is the property-morpholgy-efficiency relationship? Is there a

golden rule to optimize the PCE of PTB7:PCBM BHJ organic photovoltaic? To answer

the questions, the access of the whole photoactive film morphology based on the nanos-

tructure is highly important. However, traditional imaging techniques cannot provide the

information of inner film, where the main energy conversion process occurs. Therefore,

advanced X-ray or neutron scattering techniques are particularly included to solve this
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challenging problem. An exemplary X-ray scattering setup mainly used in this thesis is

depicted on the left corner of Figure 1.1. Consequently, the device performance of the

novel PTB7:PC71BM BHJ system and its dependence on the molecular structure of the

polymers, the selection of the host solvent, and post solvent treatment are systematically

investigated. The focus of this thesis is to correlate the different efficiencies with the

resulting morphology induced by above mentioned parameters.

To start with, the theoretical background covering the working principle of OPV,

properties of polymers, phase diagram of the used materials and solvents, as well as

scattering basics are illustrated in chapter 2. All the involved characterization techniques

and the sample preparation procedures are introduced in chapter 3 and 4, respectively.

The highlight part of this thesis, namely, the investigation results based on PTB7:PC71BM

BHJ system with different focuses are presented from chapter 5 to 7 consecutively. The

corresponding representative sketch of each investigated theme is placed clockwisely in

Figure 1.1.

First, the used polymer is varied by modifying the amount of fluorine content along

the polymer backbone, whereas other components are kept unchanged such as the used

fullerene part (PC71BM) and the host solvent (chlorobenzene). Accordingly, active layers

spin-coated from the blend of polymer PTB7-Fxx:PC71BM without and with solvent

additive DIO are thoroughly investigated. The impact of fluorine content is therefore

correlated with the corresponding device performance as detailed in chapter 5.

Second, the influence of the used host solvent on the solar cell performance is stud-

ied by using polymer PTB7-F40 blended with PC71BM. Three commonly used solvents:

chlorobenzene, 1,2-dichlorobenzene and 1,2,4-trichlorobenzene are tested without and

with the addition of the solvent additive DIO on the pure polymer PTB7 and PTB7:PC71B-

M BHJ system, respectively. The best solvent for particular PTB7:PC71BM BHJ solar

cells is identified, and the resulting morphology-efficiency relationship is addressed as well.

The corresponding investigation is presented in chapter 6.

Third, to further improve the solar cell efficiency of the PTB7:PC71BM BHJ system,

additional facile solvent treatments are applied and shown to be an effective method. For

the first time a systematic study of the effect of solvent treatment with a series of four

different alcohol solvents on the polymer solar cell efficiency is reported. The reason for

the efficiency enhancement induced by alcohol solvent treatment is addressed in detail in

chapter 7.

In the end, the conclusion completes the whole systematic investigation and addition-

ally the outlook points out the direction for the future researches concerning the OPV as

present in chapter 8.



Chapter 2

Theoretical aspects

Prior to the introduction of the specific topics investigated in this thesis, the theoretical

background applied throughout the thesis is presented in this chapter. In section 2.1,

the basic working principles of organic solar cells starting from the preliminary light

absorption to the final charge extraction are explained systemically. In section 2.2, the

theories about relatively new low bandgap polymers used in this thesis are introduced;

Moreover, the physical phenomena which are typical for low bandgap polymers in the thin

film state such as phase segregation and polymer crystallization are also discussed. In

section 2.3, the advanced X-ray and neutron scattering techniques in the grazing incidence

mode used for structure investigations of thin polymer films are elucidated.

2.1 Organic photovoltaics

Photovoltaics represent the type of optoelectronic devices which convert solar radiation

into electricity. By using organic materials (i.e. carbon-based polymers or compounds)

instead of traditional silicon based materials, organic photovoltaics have attracted tremen-

dous attention in the past decades. Literally, organic photovoltaics comprise all types of

solar cells where organic materials are included in the light absorbing layer, e.g. polymer-

fullerene solar cells, polymer-polymer solar cells, and hybrid solar cells (organic-inorganic

solar cells). In this thesis, organic photovoltaics only refer to polymer-fullerene BHJ

solar cells. This section is structured in the following way: First, an overview of or-

ganic photovoltaics including the device physics and the photo-induced charge carriers

generation process is presented in section 2.1.1; Next, the commonly recognized charge

carriers generation is illustrated in detail, that is, light absorption and exciton genera-

tion (section 2.1.2), exciton diffusion (section 2.1.3), exciton dissociation (section 2.1.4),

5



6 Chapter 2. Theoretical aspects

Figure 2.1: Representative sketch of polymer-based solar cell.

charge carrier transport (section 2.1.5), and charge carrier extraction (section 2.1.6). In

addition, a summary of possible loss mechanisms in organic photovoltaics is discussed in

section 2.1.7.

2.1.1 Basic principles

Organic photovoltaics are typically multilayer devices as seen in Figure 2.1. A polymer-

based solar cell normally consists of one active layer, two electrodes, and functional layers.

The active layer is responsible for the light conversion process, which is based on the

semiconducting nature of the used polymers. Transparent conducting oxides such as ITO

(indium tin oxides) or FTO (fluorine doped tin oxide) are commonly used as one electrode,

whereas ultra-thin metal materials like aluminum, silver, or gold are the counter electrode.

Between the electrodes and the active layer, the optical spacer (TiOx), and the electron

(PEDOT:PSS) or hole blocking layer (PFN) are sometimes applied to enhance the light

absorption and assist the charge transport efficiency.[14, 15] The fabrication procedure of

the whole polymer solar cell can be found in Chapter 4.3.

As the most crucial layer in the organic photovoltaic device, the active layer converts

the light into electricity by the semiconducting properties of the carbon based materi-

als, which are, in our case, made from the mixture of conducting polymers and fullerene

derivatives. It is well-known that most polymers are insulators such as polystyrene. How-

ever, some insulating polymers like polyacetylene can become semiconducting or even
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conducting by doping due to increased number of free charge carriers. Consequently,

binding and anti-binding states are generated in the conducting polymers, which results

in the highest occupied molecular orbital (HOMO) level and lowest unoccupied molecular

orbital (LUMO) level with an energy bandgap of Eg. Details about polymer band gap

can be found in section 2.2. In Figure 2.2, a multi-step electricity generation process of a

polymer solar cell is depicted.

+ - + -

+- +-

+

-
-

+

(a) (b) (c) (d) (e)

- +

Figure 2.2: Illustration of the solar energy conversion process from light to electricity:

(a) light absorption and exciton creation, (b) exciton diffusion, (c) exciton dissociation, (d)

charge transport and (e) charge extraction. The blue and red colors represent the polymer

and fullerene in the active layer, respectively. In this thesis, the bottom electrode corresponds

to ITO and top electrode to aluminum.

2.1.2 Absorption

To start the light conversion process, light must be absorbed by the photoactive layer

of organic photovoltaics. By receiving the photon energy E from the light (E ≥ Eg),

an electron is excited from the HOMO level to the LUMO level in the conductive poly-

mer. Simultaneously, an electron-hole pair, namely, a Frenkel exciton is generated in the

polymer phase with high binding energy on the order of 0.5 eV. In contrast, the binding

energies of Wannier-Mott excitons in inorganic semiconductors are only around 25 meV

and can be overcome at room temperature. Due to the significantly higher binding energy

of the Frenkel excitons than the thermal energy, additional forces are required to separate

the charges. Such forces can be provided by the donor/acceptor interfaces.
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Figure 2.3: Energy profiles for ground and excited states, including harmonic molecule

vibrations according to the Franck-Condon principle. The radiant transition is depicted via

straight arrows, and non-radiant transition is indicated as the wavy arrows.

Moreover, the shape of the absorption spectrum as a function of the wavelength of light

is mostly determined by the monomer of the used polymer. For organic molecules, broad

bands of absorption due to vibrational excitations are observed, leading to an energetic

fine structure. In Figure 2.3, two different electronic states are presented: ground state

and excited state. The Franck-Condon principle assumes that electronic transitions are

significantly faster than the motion of the nuclei. Accordingly, the electronic transitions

are depicted as straight lines perpendicular to the vibrational excitations state illustrated

as horizontal lines. Once the photon with energy of hv is absorbed, in an organic molecule

the excitation occurs from the vibrational ground state S0,0 to the corresponding excited

state S1,3. After the excitation, the electron transits down to lowest electronic level of

the same excited electronic state S1,0 via vibrations in the form of non-radiant relaxation,

which are indicated by the wavy arrows. The transition probability is determined by the

overlapping area of the initial and final state wave functions. The electronic excitation

then transits back to the initial electronic ground state but a higher vibronic state S0,3 via

the emission of a photon. In the end, the electron transits again within the same excited

electronic state down to its initial state S0,0 by sending out non-radiant energy hv*, i.e.

thermal energy. So far, only singlet electron transition is introduced as it is the dominant

transition compared to triplet one.

In addition, for conjugated polymers the conjugation length defines the position of

absorption spectrum. The conjugation length represents the length of undisturbed π − π
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delocalized electron system in a polymer chain, which is smaller than the length of the

polymer chain due to the inevitable defects, like kinks. It has been observed that an

increased conjugation length arising from an extended π electron system results in a red-

shift of the absorption spectrum, which can be realized by increasing the number of the

monomers, a proper crystallization route, and so on.

2.1.3 Exciton diffusion

In the case of organic photovoltaics, exciton diffusion contains two main processes to

complete the energy transfer, including the trivial energy transfer and Förster transfer

(also known as FRET, fluorescence resonance energy transfer). In the case of the trivial

energy transfer, which is also referred as photon reabsorption, describes the process that

fluorescence emitted by a donor material and reabsorbed by an acceptor material, thus

generating a new exciton. The trivial energy transfer mainly occurs if the distance between

donor and acceptor molecule R > 10 nm. Thereby it lengthens the apparent lifetime (up

to a factor of 2) of the exciton. The relation between the transfer rate KET
D→A and R is

described as follow:

KET
D→A ∝ R−2 (2.1)

The Förster transfer, also known as resonant transfer, is a non-radiant energy transfer

from a donor to an acceptor via dipole-dipole coupling.[16] It dominates for short ranged

energy transfer with R < 10 nm. The transfer rate for Förster energy transfer is given

by:

KFRET
D→A =

1

τD

(

R0

R

)6

(2.2)

In general, the exciton diffusion process including multi energy transfer steps can be

understood as a random walk of the exciton via hopping from one polymer site to the

next. Due to the random nature of the diffusion, the absolute exciton diffusion distance

is smaller than the overall walked distance:

lD =
√

ZDτD (2.3)

An exciton diffusion length of 4-14 nm is proved for conjugated polymers such as P3HT,

[17, 18] whereas a relatively larger exciton diffusion length of 14-40 nm is found for the

fullerene C60.[19, 20]
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2.1.4 Exciton dissociation

Ideally, the excitons arrive at the interface between the donor and acceptor without re-

combination. The exciton dissociation describes mostly exciton generation in the donor

material as electron transfer instead of hole transfer dominates in polymer:fullerene sys-

tems. This is due to much more photons are absorbed by the used polymer where absorp-

tion typically takes place in the visible light regime. However, exciton dissociation with

equivalent charge (hole) transfer is also possible in the acceptor phase.

As soon as an exciton reaches the interface between two electronically matching donor

and acceptor materials, exciton dissociation takes place on the time scale of about 10 fs

for polymer:fullerene systems. From now on, to differentiate the excitons at the interface

with other quasiparticles, especially those excitons under other surroundings, a new term

polaron pair is used instead of excitons. Polarons describe quasiparticles, i.e. charges

(e− or h+) in combination with a distorted environment. Consequently, a polaron exists

within a polaron pair (intermediate step from exciton to a pair of free charge carriers)

or as subsequent individual polarons. In order to describe the polaron pair dissociation,

the Braun-Onsager model is applied, which describes the separation of Coulomb-bonded

charges under assistance of an external electric field.[21, 22] Under the electronic field,

either the bonded polaron pairs dissociate with a rate Kd, or they recombine with a rate

of Kr back to the ground state. Therefore, the dissociation probability can be described

by:

P (F ) =
kd(F )

kd(F ) + kr
(2.4)

and the field-dependent dissociation rate is given by:

kd(F ) =
3γ

4πr3pp
exp

(

−Eb

kT

)

J1
(

2
√
−2b

)

√
−2b

(2.5)

where γ = qµ/ǫǫ0 is the Langevin recombination factor [23] with the elementary charge

q, the sum of hole and electron charge carrier mobilities µ and the effective dielectric

constant of the organic semiconductor system ǫǫ0. rpp is the initial polaron-pair radius,

Eb ∝ 1/rpp the Coulombic binding energy of the polaron pair, kT the thermal energy,

J1 the Bessel function of first order and b the reduced external electric field with b =

q3F/(8πǫǫ0(kT )
2). As the polaron-pair separation yield P (F ) strongly depends on the

charge carrier mobilities µ and the polaron-pair lifetime τf , the polaron pair-separation

yield P (F ) can be alternatively written as:

P (F ) =
µκd(F )

κd(F ) + (µτf)
−1 (2.6)
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2.1.5 Charge transportation

Followed by the exciton dissociation, the polarons need to be transported through the

active layer toward each electrode. The charge transport is closely related to the conduc-

tivity of the respective materials as well as the imbalanced hole and electron mobilities.

For crystalline semiconductors, charge carriers can transport easily along valence band

and conduction band, which is unlikely for organic semiconductors due to their highly dis-

ordered system. In the latter, charge carriers are predominantly transported via hopping

among the adjacent energy states. Hopping is a thermally activated tunneling process,

and the contribution of both thermal activation and tunneling effect are described by the

Miller-Abrahams hopping rate:[24]

νij = ν0 exp (−γ′rij)







exp
(

−∆Eij

kT

)

∆Eij > 0 (hopping up),

1 ∆Eij ≤ 0 (hopping down)
(2.7)

where ν0 is the maximum hopping rate, γ′ is the inverse localization radius, and rij is the

distance between the site i and j. However, this model can only simulate the mesoscopic

hopping transport.

In order to describe the macroscopic charge transport, additional methods such as

the Master equations and Monte Carlo simulations need to be included.[25, 26, 27] To

describe the charge transport in an organic semiconductor, the Gaussian disorder model is

applied.[28] In Figure 2.4, the hopping transport is illustrated. The spatial and energetic

disorder existing particularly in organic materials is approximated by a Gaussian distri-

bution of the density of states (DOS) with a width σ. The charge density is defined by

−σ2/kT , resulting in a defined transport energy as indicated with the horizontal dashed

line in Figure 2.4. The free charge carriers are transported in space under an external

electric field and relax from an initial higher energy state to a quasi-equilibrium state.

Depending on the external energy (e.g. thermal energy KbT ) of a charge carrier, it can

hop towards higher energy states or relax towards lower energy states. As for kbT > 0,

the charge carriers are transported around the transport energy level with hopping up

possible as depicted in Figure 2.4. If kbT = 0, meaning no external energy is available,

the charge carriers can only hop towards lower energy states until they get immobile and

do not account for charge transport any more.
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0
s

s
2

k Tb

-

E

x, t

transport
energy

charge generation

relaxation

T=0K

T>0K

charge density

density of states

Figure 2.4: Sketch of the hopping transport process: A Gaussian distribution of the density

of states (red curve) and of the charge density (blue curve) are assumed. The free charge

carriers transport via hopping in time t and space x under an external electric field. The

original presentation can be found in reference [28].

Moreover, it is worth to mention that the charge carrier mobility in crystalline re-

gions of the polymer is much higher than in the amorphous regions due to the hindrance

among different highly disordered polymer chains. Overall, the charge carrier mobility for

polymer material with hopping transport mechanism is about µ ≥ 10−2 cm2/V·s, which
is several magnitudes lower as compared with metals of µ ≥ 102 cm2/V·s where band

transport takes place.

2.1.6 Charge extraction

The free charge carriers need to be collected by the corresponding electrodes once they

are transported to the interfaces between the active layer and each electrode. The ac-

cumulated charge carrier concentration at the interface, the device architecture, as well

as the applied electric field (e.g. the direction) strongly influence the charge extraction

rate. For instance, interlayers can be applied between the active layer and two respective

electrodes to assist the charge extraction process. Interlayers have been proved to have

several functions in a polymer solar cell: (1) they can act as an intermediate media to

adjust the work function between the electrode materials and the organic materials in the

active layer, thus lowering the energy barrier for efficient charge extraction. (2) they can

reduce the charge recombination rate at each electrode by forming selective contacts for

different types of charge carriers. It is suggested that an electron blocking layer (or a hole
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conducting layer) installed next to the bottom ITO electrode and a hole blocking layer

(or an electron conducting layer) next to the top metal electrode are beneficial for charge

extraction.[29, 30]

So far, a field-dependent charge generation mechanism and drift-diffusion photocurrent

without a field-dependent model are commonly used to obtain information on the charge

carrier extraction. For the field-dependent charge generation model the charge carrier

generation also depends on the electric field, which has been shown by Mihailetchi et

al.[31] In combination with the Braun-Onsager model (section 2.1.4) and the Sokel and

Huges model,[32] the photocurrent is given by:

Jph,SH = Jph,max

(

exp(qV/kT ) + 1

exp(qV/kT )− 1
− 2kT

q

)

(2.8)

where Jph,max is the maximum photocurrent, V the internal voltage and kT/q the thermal

voltage with the elementary charge q. It is noticed that the photocurrent in equation (2.8)

depends on the voltage across the device.

Due to certain limitations of the field-dependent charge generation mechanism, a nu-

merical drift-diffusion model is used to investigate the influence of injection barriers, selec-

tive contacts, different recombination mechanisms, and series resistances on the competi-

tion between charge extraction and nongeminate recombination of free charge carriers.[33]

The current densities for electrons Jcontact,n and holes Jcontact,p (including extraction, in-

jection, and recombination) are given by:

Jcontact,(n,p) = qS(n, p− n0, p0) (2.9)

implying that the contact behavior is determined by the surface recombination velocity S

and the charge-carrier equilibrium concentrations n0 and p0. As they are related to the

electron and hole injection barriers φn and φp via Boltzmann approximation (kbT ), the

equilibrium concentrations n0 and p0 locate at the position x = d (device thickness) are

written as:

n0(d) = Nc exp

(−φn

kbT

)

(2.10)

p0(d) = Nv exp

(−Eg + φn

kbT

)

(2.11)

where Nc, Nv are the effective densities of states (DOS) of LUMO and HOMO, respec-

tively.
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This model shows its consistency with published experimental data without the need

of a field dependent exciton dissociation mechanism or other additional parameters. It

reduces different experimental observations to a single, fundamental mechanism in solar

cells with intrinsic absorber layers: position dependent equilibrium concentrations and

lifetime of the charge carriers.[33] Other factors such as imbalanced hole and electron

mobilities or surface recombinations also affect charge carrier extraction.[28, 34]

2.1.7 Loss mechanisms

So far, we only focus on the light-electricity conversion processes which contribute to the

final electricity generation. However, the investigation of loss mechanisms of an organic

solar cell is as well crucial. To sum up, different loss mechanisms (i-vi) exist as presented

in Figure 2.5, mainly involving charge recombination at different stages and charge carrier

trapping.

+ -

- +

(i)

(ii)

(iii)

- +

(iv)

(vi)

(v)

Figure 2.5: Illustration of the possible loss mechanisms (i) exciton recombination, (ii) ger-

minate recombination, (iii) non-germinate recombination, (iv) a trap assisted recombination,

(v) surface recombination occurring in an organic solar cell with an electron acceptor (blue)

and donor (red), (vi) charge extraction at wrong electrodes. Recombinations are depicted as

yellow arrows.

As depicted in Figure 2.5, the photon-induced excitons can recombine immediately

after their creation (i) or diffuse mostly within the polymer phase. During the diffusion

process, they can either recombine if they cannot reach the interface within the exciton
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lifetime (typically in the range of ns) or possibly form triplet excitons.[35] Triplet excitons

have a total spin S = 1, and they are partially responsible for the reduced photocurrent

with the radiative recombination.[36] Such exciton recombination during exciton diffusion

are called germinate recombination (ii), which occurs between the positive or negative po-

larons originating from a common exciton. For those excitons which successfully diffuse

to the donor-acceptor interface, exciton dissociation occurs. Consequently, free charge

carriers are created and transported through each phase. During the charge transport

process, the dominant loss mechanism - nongeminate recombination (iii) of separated free

charge carriers from different precursor excitons takes place.[37] Moreover, a trap assisted

recombination (iv) could happen when the free charge carriers are tropped or hop into

an isolated electron or donor phase. Finally, surface recombination (v) at the contacts

or charge extraction at wrong electrodes (vi) can also jeopardize the photovoltaic perfor-

mance. To avoid the loss of the latter case hole/electron blocking layers as mentioned in

section 2.1.6 are used as interlayers to create selective contacts.

In an organic solar cell, before recombination a polaron-pair is formed by Coulomb

force between a negative and positive polarons. The recombination process can be de-

scribed as a two step process with the primary finding of the partners (step I) followed by

the actual recombination (step II). Due to the low carrier mobilities in organic materials,

the recombination rate is limited by step I. In total, the recombination dynamics depend

on the amount of the mobile charge carriers, the electron and hole mobilities, and the

dielectric constant of the organic materials.

2.2 Polymer nanomorphology

A polymer and a fullerene derivative are used as the two major components in the photoac-

tive layer. The basics of conducting low bandgap polymers are discussed in section 2.2.1.

Followed by the description of polymer crystallization in section 2.2.2, which greatly af-

fects the mobility of the free charge carriers. It is known that the mobility in polymer

crystalline regions is several orders of magnitudes higher than that in the amorphous

phase.[38] Other general aspects of organic photovoltaics regarding material solubility,

miscibility, and the ternary phase diagram of polymer and fullerene blends are introduced

in section 2.2.3.
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2.2.1 Basics of Low bandgap polymers

Most polymers were widely recognized as insulators before the discovery of conducting

polymers, e.g. doped polyacetylene in 1977. Since then, the conducting polymers open up

broad applications in many fields. The conductivity is realized by the movement of charge

carriers along one polymer chain and from chain to chain, which differs in crystalline and

amorphous parts of polymers. In the following, first the band structure of polymers is

introduced, followed by the description of the development of low band gap polymers,

which is used as one of the main components investigated in this thesis.

σ+

σ-

π+

π-

Pz Pz

SP2 SP2

π-bond

π-bond

σ-bond

Pz-orbitalPz-orbital

plane of the sp -orbital2

(a)

(b)

Figure 2.6: Scheme of (a) the orbitals and (b) the bonds for two sp2-hybridised carbon

atoms.[39]

Band structure of polymers

The bonding of sp2-hybridised carbon

Organic Semicoductors are based on the special properties of the carbon atoms. For

certain configurations, the so-called sp2-hybridisation takes place and forms a triangle

sp2-orbitals within a plane, which is perpendicular to the pz-orbitals plane as shown in

Figure 2.6. Due to the axially overlapping sp2-orbitals of two carbon atoms, a σ-bond is

formed between them. The resulting energy difference is quite large between the occupied

binding orbitals and the unoccupied anti-binding orbitals. Besides, a π-bond is also

formed due to the pz-orbitals in the sp2-hybridisations. The energy difference of π-bonds
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is much smaller, enabling strong absorption in the visible spectral range. The alternating

single and double π-bonds are mainly responsible for the semiconducting properties.

Small-molecule organic semiconductors

For small molecule based on carbon atoms, the π-bonds tend to be delocalized and form a

π-system extending over the molecule. With benzene rings as the basic unit (particularly

for the polymer PTB7 investigated in this thesis), delocalization implies the electron-pair

bonds of six neighboring atoms instead of only two (localized). Due to the π-bonds

delocalization (can be found everywhere else), the energy gap between occupied and

unoccupied states becomes smaller as shown in Figure 2.7, resulting in the absorption and

fluorescence in the visible spectral range. Delocalization of π-bonds is also responsible

for the color of many organic molecules. These small molecules can exhibit remarkable

transport properties due to the close coupling of the π-system.

Pz

SP2

LUMO Ec

HOMO Ev

delocalized π-electrons

(π*)

(π)

(a)

(b)

Figure 2.7: Scheme of (a) a benzene ring and (b) the energy structure of small-molecule

organics.[39]

Polymer organic semiconductors

For the case of long polymer chains with a large amount of bonded carbon atoms, the π-

bonds are delocalized along the polymer chain, forming a 1D electronic band with certain

band width (on the scale of an eV). Polymer organic semiconductors have a filled valence

band and an empty conduction band, which is associated with HOMOs and LUMOs,
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n*8x Pz

n*24x SP2

n
conduction band Ec

valence band Ev

(π*)

(π)

Figure 2.8: Scheme of energy structure of polymer organics.

respectively (as shown in Figure 2.8). The energy level difference between the HOMO

and the LUMO in a polymer is the corresponding bandgap.

Low bandgap polymers

Low band gap polymers are roughly defined as polymers with a band gap below 2 eV,

which can absorb the light with wavelength longer than 620 nm, i.e. red and infrared light.

Due to a better overlap of their absorption spectrum with the solar spectrum, low band

gap polymers have the possibility to improve OPV device performance, and therefore

are strongly needed for a maximum photon harvesting in OPV devices. For instance,

well studied P3HT (poly(3-hexylthiophene)) has a band gap of 650 nm (1.9 eV). As

a consequence, it has the possibility to harvest up to 22.4% of the available photons,

resulting in a maximum theoretical current density of 14.3 mA/cm2 on the assumption of

only singlet excitons exist. In comparison, extending the band gap to 1000 nm will allow

for absorption of 53% of the available photons with a maximum current density of 33.9

mA/cm2 (note that the theoretical current density may increase for a BHJ device due to

the contribution of the acceptor).[3]

In order to optimize device performance, besides an increase of current density, a high

Voc given by a low band gap polymer is also an effective strategy.[40, 41] It is widely

accepted that Voc is determined by the difference of the HOMO of the polymer and the

LUMO of the fullerene. Thus, an optimum alignment of the energy levels in OPV is

of utmost significance. In Figure 2.9, a schematic illustration of the energy levels in a

polymer BHJ solar cell is shown.
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E

LUMO

HOMO

low band
gap polymer PCBM

ß

α

∆E

Figure 2.9: Alignment of energy levels in bulk heterojunctions with a low band gap polymer

(LBG) and PCBM. HOMO and LUMO are represented with blue lines. The acceptable range

of energies for the HOMO level of the donor is shown as a shading. α represents the energy

difference between the LUMO of the polymer and the LUMO of PCBM. β represents the

minimum acceptable value for Voc. When knowing the band gap of the polymer and the

acceptable levels of a and b it is possible to estimate the energy range that is acceptable for

the HOMO level of the donor according to ∆E = Eg-α-β.[3]

LUMO

HOMO

LUMO

HOMO

reduced

band gap

donor acceptorD-A

Energy

Figure 2.10: An example of controlling the molecular orbital energy levels through the

hybridisation of donor-acceptor intramolecular interactions.[42]

To obtain an efficient low band gap polymer, several factors that influence the band

gap of a conjugated polymer need to be considered: (1) intra-chain transfer (2) bond-

length alternation (3) aromaticity (4) substituents effects (5) intermolecular interactions

(6) conjugation length.[3] By following these design considerations, and especially by use
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of alternating donor-acceptor units (shown in Figure 2.10), the most efficient low band gap

polymer published so far PTB7 was synthesized,[13] which is used as a major component

in this thesis. The HOMO level of the donor and the LUMO level of the acceptor are close

in energy, resulting in a reduced low band gap polymer with using electron withdrawing

groups (fluorine atom for the case of PTB7) on the acceptor part and electron donating

groups on the donor part.

2.2.2 Molecular order and crystallinity

Polymers are long molecular chains comprising repeating chemical units, which form irreg-

ular, entangled coils in the melt. Some of them are able to crystallize upon cooling from

the melt, mechanical stretching or solvent evaporation. Crystallization affects optical, me-

chanical, thermal, and electrical properties of the polymer. However, the entanglements

result in high entropic activation barrier, which hinders a full crystallization of polymers,

thus crystallized polymers mostly exist in a semicrystalline state instead of large single

crystals. Additonally, polydispersity is also responsible for partly crystallized polymers.

The properties of semicrystalline polymers are determined by the degree of crystallinity,

and the size and orientation of the molecular chains. The crystallinity has profound im-

pact on the charge transport properties of conducting polymers. As an example, the

charge carrier mobility and consequently conductivity in the crystalline region is orders

of magnitudes higher than that of the amorphous region.[38] The crystallization process

of a polymer can be described with a multistage model proposed by Strobl,[43, 44] which

is widely accepted but still under debate.

Nucleation

Defects like chain ends, entangled chains, and impurities are located only in the amor-

phous region. With the assistance of the thermal fluctuations, crystallite embryos form

at these spots if they grow fast enough. Polymer crystallization starts with embryos,

and followed by the formation of nuclei. The nucleation rate τ−1
nuc yields an exponential

function of the temperature.[45]

τ−1
nuc ∝ exp

(

−∆U +∆Fc

kbT

)

(2.12)

where ∆U represents an activation energy barrier for diffusion across the phase boundary,

which is dominant due to the low mobility of the polymer at low temperatures. At high

temperatures the critical free energy barrier for primary nucleation, ∆Fc, takes over due

to the formation of nuclei, resulting in a gain in free energy.[46] kb is the Boltzmann

constant and T is the temperature. As a result, a maximum nucleation rate is found at

intermediate temperatures which change with chain length.[47]
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Experimentally, the nucleation rate is proportional to the volume v of the crystallized

domain:[48]

τ−1
nuc ∝ v (2.13)

Growth kinetics

After the formation of the nuclei, polymer crystals start to grow. The growth of polymer

crystals is always perpendicular to the chain direction with a lateral expansion up to

micrometers. Branching, splaying, and symmetry growth give rise to so-called spherulite

structures, as indicated in Figure 2.11(d). However, these relatively large polymer crystals

are not desirable for organic photovoltaics due to the short exciton diffusion length (about

10 nm). Therefore, only the early stages of polymer crystal formation which are commonly

observed in organic photovoltaics are detailed in this section.

(a) (b) c)

dc

( (d)

Figure 2.11: The crystallization process in the multistage model is devided into three

steps (a) growing of a mesomorphic layer, (b) solidification by core crystallization, and (c)

stabilization by surface ordering by Strobl.[43] (d) A spherulite structure is formed in the

case of branching and splaying.

Polymer crystallization is not the reverse process of melting of polymers or vice versa.

It has been demonstrated that polymer crystallization and melting of polymers in bulk can

be described by different laws using three characteristic temperatures: T∞

am, T
∞

ac , and T
∞

mc.

T∞

am describes the transition from the amorphous (melt) to the mesomorphic phase (an

intermediate state between liquid and crystal), T∞

ac is the transition from the amorphous

to the crystalline phase (equilibrium melting point) and T∞

mc represents a virtual transition

between the mesomorphic and the crystalline phase whereas

T∞

am < T∞

ac < T∞

mc. (2.14)



22 Chapter 2. Theoretical aspects

In Figure 2.11, the crystallization process described by a multistage model is presented.

A thin mesomorphic layer (b) stabilized by epitaxial forces grows out of the melting phase

(a). The core region solidifies when a critical thickness is reached and a crystal block

(c) is formed. The crystal thickness dc is determined by the crystallization temperature.

Consequently, the polymer crystals stabilize after the chains at the surface of the block get

ordered.[44] Due to high inner chain mobility, defects can be excluded from the mesophase

while a thicker mesomorphic layer is formed spontaneously.

According to this multistage model, a thermodynamic phase diagram is constructed by

Strobl as shown in Figure 2.12.[49] In this phase diagram, different stable phases and the

transition line between the adjacent phases are plotted as a function of the inverse crystal

thickness 1/dc and temperature T. The Gibbs-Thomson equation is used to describe the

effect of surface free energy and transition temperatures. The generalized equation can

be applied to different equilibrium stage:

Txn = T∞

x (1− 2σx
n∆hx

) ∝ 1

dc
(2.15)

where x is the coexistence for all lines, i.e., x could be ac, representing for the theoretical

melting lines, mc for crystallization and recrystallization lines, or am for the transition

from the melt to the mesophase. σx is the surface free energy and ∆hx the heat of fusion.

melting line

recrystallization linecrystallization
line

Xn Xs

T

1/n

Tmcn
Tmcs

Tacs
Tacn

Tam

Tmc

8

Tac

8

Tam

8

Figure 2.12: T/n−1 phase diagram of layered polymer crystals in an amorphous melt after

Strobl’s work.[43] Four phases are separated by the transition lines, namely (a) melt, (m)

mesophase, (cn) native crystals and (cs) stabilized crystals are described by equations (2.15).
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Growth rate

The crystallization temperature sets the crystal thickness dc, while the lateral dimension

of the crystallite lamellae, containing several crystalline blocks merged together during

growth, is proportional to the crystal thickness dc but not limited. The growth rate of

the crystalline v is given by Vogel-Fulcher law:

v = v0 exp

(

−T
∗

A

T

)

exp

(

− TG
Tzg − T

)

. (2.16)

where T ∗

A is the effective activation temperature, TG is the glass transition temperature,

and Tzg is the zero-growth temperature (a characteristic temperature for a given poly-

mer). Therefore, the growth rate of the crystallite is highly temperature dependent. At

low temperatures, the growth rate is dominated by the first exponential due to the decisive

segmental mobility of the melt, and it follows an Arrhenius law. At high temperatures, an

activation barrier expressed as the second exponential dominates. As the crystal surface

can be destabilized and additional segmental mobility is introduced at higher tempera-

tures, the growth rate is observed to reach a global maximum.

Secondary crystallization

At the end of a primary isothermal crystallization process, further changes in polymer

structure associated with a density increase occur. This density increase is called sec-

ondary crystallization. Secondary crystallization is realized by lamellar insertion in the

amorphous areas and results in a spatial homogenization of the crystallinity at a given tem-

perature. The inserted lamella thickness is decreasing with decreasing temperature.[44]

The extent of secondary crystallization is affected by the perfection of crystalline structure

produced during primary crystallization.[50]

2.2.3 Other aspects

An optimized BHJ nanomorphology is recognized as an important key to achieve higher

efficiency for organic photovoltaics.[51] The BHJ film morphology strongly depends on

thermodynamic and kinetic aspects during the film formation process. The kinetics of

the system is mainly influenced by the solvent properties such as the solvent vapor pressure

(speed of evaporation) and solubility properties, whereas the thermodynamics is primarily

determined by the intrinsic properties of the used materials such as their miscibility.

Vapor pressure

The arrangement of the materials from the liquid to the solid states can be influenced by

the drying kinetics. For the well-investigated P3HT:PCBM system, it was often observed
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that solvents with lower vapor pressure give rise to higher device performance.[52, 53]

During solvent evaporation, the drying kinetics competes with the thermodynamics of

the film. Solvents with lower vapor pressure allow polymer chains to self-assemble within

a longer time frame. In the case of highly volatile solvents (high vapor pressure), the

speed of evaporation is faster than that of the crystallization. However, there is not much

fundamental thermodynamic and kinetic knowledge about the effect of solvent vapor pres-

sure on the morphology formation.[54]

Solubility

Since solubIlity is one of the decisive parameters for processing the active layer and there-

fore obtaining better device performance, different approaches have been used to deter-

mine the solubility of a material. The mostly used method is the Hansen solubility theory

using Hansen solubility parameters (HSPs), which describes the interactions between a

solvent and a solute. Three components are considered for HSPs: dispersion interactions

σD, permanent dipolar-permanent dipolar molecular interactions σP , and hydrogen bond-

ing interactions σH . The solubility “distance” RA between the HSPs of the solvent and

the HSPs of the solute is calculated using the equation as below:

RA
2 = a (σD2 − σD1)

2 + b (σP2 − σP1)
2 + c (σH2 − σH1)

2 (2.17)

where RA is the solubility “distance” parameters, σD2 is the dispersive component for

the solvent, σD1 is the dispersive component of the solute, and a, b, c are the weighting

factors. Hansen sets a = 4 and b = c = 1 based on empirical testing. In order to differ-

entiate between “sufficient” and “nonsufficient” interactions from a solubility standpoint,

a boundary of solute’s solubility is needed. As a consequence, in the Hansen solubility

space of a solute is treated as a sphere with the HSPs as the coordinates of the center of

the sphere, and R0 is introduced as the radius of the sphere representing the boundary

of solubility. By comparing RA and R0, the relative energy difference (RED) is obtained

using the equation:

RED =RA/R0 (2.18)

where a good solvent is expected with Red between 0 and 1, and a poor solvent when

RED is higher than 1.[54] Such prediction theory of solubility has been proved to be a

very powerful tool to reduce the expensive and time-consuming experimental efforts.[55]
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Miscibility

Besides the solubility of each component of the active layer, the miscibility between poly-

mer and fullerene is another determining factor for organic photovoltaics applications.

From a thermodynamic point of view, the change in free energy due to mixing, “Gibbs

free energy” is usually used to describe the miscibility. Depending on Gibb’s free energy,

blends of two components can either form a homogeneous mixture as one phase or phase

separation as multiphase systems. Since the Gibbs free energy cannot be determined di-

rectly, Flory and Huggins came up with a mean-field theory to study the thermodynamics

of polymer solutions and polymer blends. The free energy ∆Gm can be expressed by the

sum of the change of entropy ∆Sm and the change of enthalpy ∆Em due to mixing of A

and B.

∆Gm = −T∆Sm +∆Em (2.19)

(a) (b)

Figure 2.13: Lattice model of a mixture of (a) two low molecular components and (b) two

polymers.

To estimate the change in the entropic part, a lattice model where all sites are fully

occupied with no repeating entry of each lattice site is applied (Figure 2.13). Consequently,

the change of entropy ∆Sm due to mixing is derived from S = kBln(Ω) with Ω as the

number of possible configurations and kB the Boltzmann constant .

∆Sm = SAB − (SA + SB) = −kBn
[

φA

NA

lnφA +
φB

NB

lnφB

]

(2.20)
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where Ni is the degree of polymerization, φi is the volume ratio of component i ∈ [A,B],

and n is the total number of molecules on the lattice. The entropy increases after mixing

as the combinatorial possibility of the mixture is higher than a pure component. The

entropy increase of polymer-polymer mixtures is lower than the increase of mixing two

low molecular weight components due to the significant lower number of possible config-

urations as seen in Figure 2.13.

Together with the enthalpic contribution to the Gibbs free energy (accounts for the

interaction between the monomers of two components), the resulting Flory-Huggins theory

is obtained as:

∆Gmix = RT

[

φA

NA

lnφA +
φB

NB

lnφB + χφAφB

]

(2.21)

where R = kBN is the gas constant, N is Avogadros number, and χ is the Flory-Huggins

interaction parameter. It should be noticed that in the mean-field formalism of the Flory-

Huggins model, an incompressible system is assumed, and thus χ is independent of pres-

sure, composition, molecular weight, and chain architecture. However, experimental re-

sults suggest further correction of χ is needed due to an additional entropic contribution

χS. As a result, the empirical Flory-Huggins interaction parameter χ can be expressed

as:

χ = χS + χH/T (2.22)

with the enthalpic contribution χH .

Ternary phase diagram of polymer, fullerene, and solvent

Taking all the above mentioned factors into account, it is concluded that there is a sub-

tle interplay between many parameters in the ternary system of polymer, fullerene and

solvent. In order to optimize the film morphology, the combinatorial impact of several

parameters need to be considered at the same time: the chemical compatibility between

polymer and fullerene, the miscibility and solubility of both in the solvent and appropriate

drying behavior at solvent extraction during the film formation process.

To illustrate the relationship of all related parameters, the ternary phase diagram of

polymer, solvent and fullerene at a constant temperature T and a constant pressure p is

suggested by Hoppe et al. as shown in Fig 2.14.[56] In a solution (located at the top of the

triangle phase diagram), the amount of polymer and fullerene are relatively much less than
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Figure 2.14: Schematic ternary phase diagram of a polymer-fullerene-solvent system at

constant temperature T and constant pressure p. CP,i, CF,i, and CS,i are the initial con-

centrations of polymer, fullerene, and solvent in the solution, which increase according to

the arrow direction. During film formation a transition from the blend solution towards a

solid-state blend takes place. Upon extraction of the solvent, film morphology is eventually

determined by the combinational effects of solvent volatility, solubility and miscibility of both

components. The original graph can be found in reference [56].

that of the solid film state. The solvent then can be regarded as a compatibilizer where

the mixing of the two components occurs. During the film drying process (transition

from solution state to solid film state), the amount of solvent is decreasing, resulting in

more repulsive interactions between polymer and fullerene. Subsequently, temperature

dependent phase separation or spinodal decomposition will take place. In the case of

highly volatile solvent (high vapor pressure), i.e. chloroform, a mixed state of polymer-

fullerene blend are formed (the two phase regime in the ternary phase diagram), and the

system is quenched into a metastable state which phase separation cannot proceed at

lower temperatures due to their low mobility. Reactivation of phase separation can be

realized with the assistance of external treatment such as thermal annealing or solvent

vapor annealing. As a result, the molecule mobility increases, thus both polymer and

fullerene start to diffuse or crystallize, depending on the conditions. In contrast, for the

solvent with low vapor pressure, the polymer and fullerene molecules are mobile for a

longer time during the drying process. Therefore, phase separation of both materials can

immediately take place, forming larger coarsened domain structures.
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Besides the volatility of the solvent, the solubility of both components also plays

a significant role upon film formation. Within the limited film drying time, fullerene

molecules tend to precipitate into pure large fullerene domains. The onset for fullerene

precipitation is when the ternary system steps into the two phase regime (corresponding to

the yellow region in Figure 2.14) where the solubility limit of the fullerene is reached upon

solvent evaporation. For the PTB7:PCBM system investigated in this thesis, additional

solvent additive with different volatility and solubility is used for some samples. Due to

the complexity of the case of additional solvent additive, it is not included in this ternary

phase diagram but discussed in details in chapter 6.

2.3 Scattering techniques

As explained in section 2.1, the nanomorphology of the active layer directly affects the

final PCE of the polymer solar cell. In order to probe the film morphology, namely, the

nanomorphology formed by phase separation and crystallization described in section 2.2,

X-ray and neutron scattering techniques are applied in this thesis as they can offer statis-

tical information of a large volume of the investigated films compared with the traditional

real space imaging techniques. First, the basic scattering principles for X-ray are dis-

cussed in section 2.3.1, which can also be applied for neutrons. The physical background

of X-ray reflectivity measurement is detailed in section 2.3.2; Followed by the introduc-

tion of GISAXS and GISANS measurement in the time-of-flight mode in section 2.3.3,

which are the main techniques applied in this thesis for probing the structure formed by

phase separation; In the end, GIWAXS measurement as widely used to probe crystalline

structures of the active layers is explained in 2.3.4.

2.3.1 General principles

The physical definition of scattering is that an electromagnetic wave or a particle deflects

at an object or in matter with a different refractive index.[57] In the following part, the

scattering basics generally applied both for X-rays and neutrons are introduced. The

positon dependent electric field vector ~E(~r) of an electromagnetic wave traveling through

a medium with the position dependent refractive index n(~r) is described by the Helmholtz

equation:[57]

∆ ~E(~r) + k2n2(~r) ~E(~r) = 0 (2.23)
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depending on the the modulus k of the wave vector ~E of the electromagnetic wave and

the position ~r, the refractive index can be expressed as:

n(~r) = 1− δ(~r) + iβ(~r) (2.24)

in relevance with the dispersive part δ and the absorbing part β. In this thesis, the

refractive index n of a material is assumed to be positon independent, thus the dispersion

and absorption of a material are simplified as δ and β. For a homogeneous medium far

away from absorption edges, δ and β are dependent on the wavelength of the beam, and

can be expressed as:

δ =
λ2

2π
ρe, (2.25)

β =
λ

4π
µ, (2.26)

where ρ represents the scattering length density (SLD) and µ is the absorption coefficient.

The SLD of investigated materials interacting with X-rays is determined by the classical

electron radius re = 2.814 ·10−5 Å and the electron density of the investigated material ρe,

which is written as ρ = reρe. In comparison, the SLD of neutron experiments is affected

by the number density of atoms N and the coherent scattering amplitude of a bound atom

b, and thus described as ρ = Nb. Typically, for hard X-rays dispersion δ is in the order of

10−6 and absorption β in the order of 10−8, whereas for neutrons, dispersion δ = O(10−6)

and β = O(10−12).[57] Consequently, the absorption plays a minor role for neutrons and

is mostly negligible.[58] Scattering experiments with X-rays or neutrons strongly depend

on the difference in scattering length densities, i.e. for X-rays the difference in electron

density of the investigated materials, which is also referred as scattering contrast.

In Figure 2.15 a standard scattering setup including specular scattering and diffuse

scattering is presented. The coordinate system is defined by the sample plane and the

plane of the incident beam ~ki and exiting beam ~kf . As a result, the scattering plane is

expanded to 3-dimensional coordinates with the x, y and z axes. The incident beam ~ki

impinges on the sample surface with an incident angle αi. It can reflect or transmit in a

specular geometry in the xz plane, or diffuse in the xy plane. The specular beam and the

diffuse scattered beam ~kf exit with the angle αf , and the transmitted beam as ~kt with

refracted angle αt. αt can be calculated via Snell’s law of refraction, which can be found

everywhere else. For the case of diffuse scattering in the xy plane the exit out-of-plane

angle ψf and the exit angle αf are additionally included. The momentum transfer (used

to analyze the interaction), also named as scattering vector ~q is defined by

~q = ~kf − ~ki. (2.27)
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scattering plane

Figure 2.15: Scattering setup is depicted in reflection geometry with incident beam ~ki and

and exiting beam ~kf . The incident angle αi and exit angle αf originating from specular

scattering as well as the refracted angle αt lie in the xy scattering plane, the out-of-plane

angle ψf arising from diffuse scattering exists in the xz scattering plane.

In this thesis, only elastic scattering is considered for both X-rays and neutrons, i.e.

the wavelength, and therefore the energy of the beam is conserved during the scattering

event. Therefore, the scattering vector only describes a change of direction whereas its

modulus remains the same. For a beam with wavelength λ, the modulus of the wave

vector is k = 2π/λ. Since δ > 0, the refractive index n < 1, meaning that X-rays or

neutrons enter from the air with higher refractive index than the investigated film. As a

result, a total reflection occurs in a small angle approximation when the incident angle

αi is smaller than the critical angle αc, which is given by

αc = αi ≈
√
2δ = λ

√

ρ

π
. (2.28)

For this case, the intensity at penetration depth Λ is reduced to 1/e of its original intensity

(≈ 37%). However, a so-called escape depth has to be considered due to the second

damping on the way from the scattering event to the film surface. Therefore, the scattering

depth Λ can be estimated to be approximately half of the penetration depth for most

materials (in the order of 50 Å).[59, 60] However, for the case of αi > αc, the penetration

depth is commonly observed in the order of hundreds of nanometers, which is only limited

by absorption.
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2.3.2 X-ray reflectivity

For X-ray reflectivity (XRR) measurements, only the specular scattering as a function

of the incident angle αi is recorded, i.e. αi = αf and the out-of plane angle ψf = 0.

Consequently, the scattering vector ~q is normal to the sample plane and therefore only

the qz component is different from 0.[57]

~qz = ~kf − ~ki =
4π

λ
sin(αi) (2.29)

As a result, the electron density distribution in the vertical direction is detected. To

analyze the reflectivity curves, the simple assumption of one interface is not sufficient

for the reason that typically the polymer films investigated in this thesis often contain a

certain inner layering. Therefore, a model with N layers whereas the refractive index nj(z),

the thickness as well as the roughness of each layer i are used to simulate the reflectivity

data. For most cases, air and the sample substrate (i.e. silicon) are used as the confining

layers with infinite layer thickness. In addition to the absorption, at each single interface

between two layers with different refractive index the incident beam is partially reflected

and partially transmitted. The reflectivity and transmission are defined by RF = |rF |2
and T F = |tF |2,[57] and the ratio of the amplitudes of the reflected and transmitted beam

is given by the Fresnel reflection coefficient rF and the Fresnel transmission coefficient

tF , respectively. For the interface between layer j and j+1 the ratio of reflectivity and

transmission Xj = Rj/Tj is calculated under the condition of RN+1 = 0 (representing

zero reflection at the interface N+1). As a consequence, R1 can be obtained as the final

reflectivity using a matrix formalism by Abelès.[61]

However, an equivalent but numerically more efficient model developed by Parratt is

more widely used.[62] The finally reflected intensity at the top layer is calculated iter-

atively by a recursive algorithm. Up to now, the formalism assumes perfectly smooth

interfaces and thus interfacial roughness are considered as zero. In reality, however, the

interfaces show certain roughness leading to a change of the refractive indices. The rough-

ness of an interface σrms is commonly described by the root mean square roughness ρ:

σrms =

√

√

√

√

1

Nσrms

Nσrms
∑

i=1

∆z2i (2.30)

Where Nσrms
is the number of sampling points along the interface and ∆zi is the deviation

from the mean interface at the sampling point i. The roughness can be included in the

Parratt algorithm using an exponential function called N-C factor based on the assumption

of a Gaussian distribution of the height at the surface. It is realized by correcting the
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Fresnel reflection coefficients by an additional factor. This correction reaches its limit

when the roughness is also in the range of the layer thickness. However, this problem

can be solved by dividing the corresponding layer into multiple sub-layers, which is called

slicing procedure.[63] More details regarding the theoretical background of XRR can be

found elsewhere.[57]

Δqz

PTB7

silicon

Figure 2.16: Measured reflectivity data of a PTB7:PC70BM film spin-coated of solvent

mixture trichlorobenzene:DIO on a silicon substrate. The critical qz values of PTB7 and

silicon are highlighted. The distance between the minima of the Kissing fringes is ∆qz.

As an example, the measured XRR data of a PTB7:PC70BM film on a silicon substrate

is presented in Figure 2.16. At low incident angles (αi < αc), the normalized intensity is 1

due to total reflection. For αi = αc, an intensity minimum in the reflectivity and a strong

intensity decay with q−4 for αi > αc(Si) are observed. For a thin film on a substrate, in

addition to the Fresnel reflectivity function, so-called Kiessig-fringes are observed due to

interference effects.[64] The amplitude of the fringes decreases with increasing interfacial

roughness σrms. The distance between two interference maxima ∆qz is directly determined

by the layer thickness d via d ≈ 2π/∆qz.[64]. Information including layer thickness,

interfacial layer roughness, and especially the scattering length density profile is extracted

when the experimental data is fitted using the recursive algorithm model introduced by

Parratt.[62, 65]
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2.3.3 Grazing incidence small angle scattering

Besides the specular reflection measured in XRR, the interfacial roughness included in

the last section can cause diffuse scattering in the sample plane (xy plane). Moreover,

for the case of polymer films, statistically regular lateral structures also give rise to dif-

fuse scattering, which is beyond the contribution of the simple interfacial roughness.

In this thesis, the diffuse scattering is measured in grazing incidence geometry with a

fixed incident angle αi < 1◦ so that a large scattering volume can be measured. For

a given sample-detector distance (SDD), the scattered intensity is recorded with a two-

dimensional detector whereas each pixel corresponds to certain out-of-plane angle Ψf and

certain exit angle αf . The scattering vector is ~q is:

~q = (qx, qy, qz) = ~kf − ~ki (2.31)

With each component:

qx =
2π

λ
(cosαf cosΨ− cosαi)

qy =
2π

λ
cosαf sinΨ

qz =
2π

λ
(sinαf + sinαi)

(2.32)

whereas the qx component is negligible as the angles are generally very small in the graz-

ing incidence geometry. The qy component is mainly attributed to the lateral structures,

and the vertical structures parallel to the film yield diffuse scattering in qz direction. A

special intensity oscillation along the qz direction due to correlated roughness is observed

for some thin films.[66, 67] Correlated roughness occurs when certain length scales are

replicated from the film underneath, and more details can be found in chapter 6.1.

To analyze the GISAXS data, the distorted wave Born approximation (DWBA) is

commonly used as the ideal framework, where the scattering process is treated as a per-

turbation of an ideal system with flat interfaces.[68, 69] Consequently, first-order pertur-

bation theory is applied, in which the roughness and lateral structures are included as the

disturbance. Depending on the value of the scattering vector ~q and the roughness σrms

of the sample surface, as well as the intensity distribution in the region of total external

reflection, the differential cross section is described by:

∣

∣

∣

∣

dσ

dΩ

∣

∣

∣

∣

diff

=
Cπ2

λ4
(

1− n2
)2 |Ti|2 |Tf |2 P (~q) ∝ P (~q) (2.33)
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in which C is the illuminated surface area, λ is the applied wavelength, n is the refractive

index, Ti, Tf are the Fresnel transmission functions determined by the incident and exit

angle, and P(~q) is the probed diffuse scattering factor. When the the incident angle is

equal to the critical angle of the investigated material, the transmission function has its

maximum value observed as Yoneda peak.[70] The out-of-plane cut is therefore performed

at this position in order to achieve the highest material sensitivity.

In total, the diffuse scattering factor can be expressed as follows for N identical and

centro-symmetrical objects with a random orientation:

P (~q) ∝ NF (~q)S (~q) (2.34)

where P(~q) depends on the form factor of the individual objects, F(~q), and the structure

factor S(~q). The form factor F(~q) is the Fourier transform of the particle shape.[71] Note

that in this thesis only scattering factors in qy direction are particularly assumed with

such a model. Accordingly just the information of lateral structures such as the object

size and the structure distance is extracted, which is commonly referred as the effective

surface approximation.[72]

To analyze the scattering data, the qy relevant horizontal line cuts at a specific Yoneda

peak need to be fitted with a one-dimensional paracrystal model within the frame of the

DWBA as mentioned above. Actually the DWBA includes four terms as a product of

both scattering and reflection: simple scattering (i), reflection on the substrate followed

by scattering (ii), scattering followed by reflection (iii) and first reflection followed by

scattering with another reflection on the substrate (iv). The four terms in the DWBA are

included through a final corrected form factor by the sum of all contributions.

The 1D paracrystal model further includes more influential contributions such as the

object shape and the object size distribution, and additionally defines the spatial arrange-

ment of the objects by the structure factor S(~q). To simulate the scattering, cylinders

or spheres are used as they can provide the typical orientation insensitive isotropy of

the investigated polymer films. In a paracrystalline lattice, the objects exhibit only a

short-range order due to the deviation of the theoretical object position is increasing with

increasing distance from the origin of this lattice. As for the object size distribution, a

typical local monodisperse approximation (LMA) is used. It is assumed in LMA that local

domains have the size of the coherence length of the beam, meaning that each object only

scatter with those with the same size, thus objects with different sizes are independent

of each other. The effective interface approximation assumes that the scattering occurs

at only one surface, allowing the decoupling of the height and the radii of the scattering

objects.[73] As a result, a one-dimensional paracrystal model containing maximum three

form factors (cylinder or sphere) and three corresponding structure factors together with
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three independent 1D paracrystal lattice distributions is applied.

GISANS

In analogy to GISAXS experiments, neutrons can be used to replace X-ray, and the

theory introduced above is still applicable to GISANS due to the similarities between

the Helmhlotz equation used for X-ray and the Schrödinger equation used for neutrons.

In this thesis, GISANS is performed additionally in a time-of-ight (TOF) mode, which

describes the pulse of neutron is separated with a chopper system and thus the neutrons

with different velocities can be detected with a time-resolved 2D detector. Thus, TOF-

GISANS provides sets of scattering data with varying wavelengths simultaneously. The

wavelength of neutrons λ is defined by the deBroglie wavelength:

λ =
h

p(vn)
(2.35)

where h is Planck’s constant, and p(vn) is the momentum of the neutrons depending on

the velocity of the neutrons vn. According to this formular, neutrons with low velocity

give rise to a long wavelength, which are greatly affected by the gravity. Due to the

influence of gravity on these slow neutrons, they travel to the detector with a parabola

track along qz direction. However, as the whole measurement is performed in small angle

approximation with an incident angle less than 1◦, the influence of gravity on several

characteristic feautures (such as exit angle, specularly reflected peak and direct beam

positions) can be neglected.

2.3.4 Grazing incidence wide angle scattering

As explained in section 2.2.2, crystalline structures are one influential factor governing

the charge carrier mobility. To gain information about the crystal structure of polymer

films at nanometer length scale, wide angle scattering in grazing incidence mode is applied.
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Figure 2.17: Illustration of X-rays (black solid lines) scattering at two lattice planes (gray

dotted lines) with a distance of dhkl (green). The path difference of X-rays between two

planes is indicated as S (blue).

A monochromatic X-ray beam impinges at different lattice plane of a crystal with a

grazing incident angle αi. The incident angle is chosen above the critical angle of the

investigated materials so that the X-ray beams can penetrate the whole polymer films.

The scattered X-rays interfere and yield a maximum intensity if several lattice planes

fulfill Bragg’s law (as shown in Figure 2.17), which is given by:

nλ = 2dhkl sin θ (2.36)

where dhkl is the distance of the hkl-lattice planes.

In principle, a GIWAXS setup is in analogy to GISAXS but with a much shorter SDD.

Therefore, scattering signals with large angles are detected rather than small ones as com-

pared with GISAXS. As a consequence, information about lattice constants, the degree

of crystallinity and crystallite sizes are obtained from the scattering data under certain

assumptions (i.e. small crystallites). In the 2d GIWAXS data, the Bragg reflections are

detected as a function of qxy and qz. Due to the very short SDD and fixed incident angle

αi, in a GIWAXS measurement one cannot access the full q-range. In Figure 2.18, the

original scattering data recorded from a 2D detector and the scattering data as a function

of qxy and qz are presented, respectively. The inaccessible q-range is marked within the red

curves. For measuring the Bragg peaks with qz being the only non-zero component, the

Bragg peak has to fulfill αi = αf or an additional XRD measurement has to be performed.

The measurement under αi = αf condition is only necessary for a pole figure analysis.

For polymer films investigated in this thesis, one measurement at a constant incident

angle is sufficient. This is because the investigated polymer (PTB7) in the prepared films

have a very low crystallinity of 20%.[74] We assume that a missing crystal population

extracted from the inaccessible region in Fig 2.18 is unlikely. Therefore, the data analysis
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Figure 2.18: (a) Original 2d GIWAXS data of a low crystalline PTB7 film spin-coated

of solvent mixture trichlorobenzene:DIO as recorded by a 2d detector. (b) The same 2d

GIWAXS data as a function of qxy and qz with the inaccessible q-range highlighted by two

red curves.

is proceeded on the original 2D detector images for particularly this system as commonly

done in many other works.[75, 76] Furthermore, additional intensity corrections have to

be applied due to the flat instead of spherically shaped 2D detector, which allows for an

absolutely constant SDD distance for the whole measurement.

As all films investigated in this thesis are an assembly of semicrystallites embedded in

an amorphous matrix, with the restriction of thin film configuration, the polymer crys-

tallites show certain preferential orientation depending on the type of polymers. Hence,

the resulted Bragg reflections presented in a GIWAXS pattern are more arc-like. In com-

parison, a ring-like Bragg reflection can be observed for isotropically orientated organic

molecules such as fullerenes used in this work. From the analysis of these arc-like Bragg

peaks, the prominent orientation of the crystallites can be extracted.





Chapter 3

Characterization methods

To address the morphology-property relationship of polymer thin films, characterization

of their spectroscopic behavior, lateral and vertical structure, and the photovoltaic per-

formance are performed in this thesis. In this chapter, all the involved experimental

techniques are presented and the fundamental mechanisms are explained.

3.1 Spectroscopic and device characterization

Spectroscopic characterization methods like UV/Vis spectroscopy (section 3.1.1) is used to

record the wavelength dependent absorption behavior of the investigated films. Moreover,

electronic property such as the photovoltaic response (section 3.1.2) of the solar cell devices

is explored by current-voltage measurements.

3.1.1 UV/Vis spectroscopy

In this thesis, a Lambda 35 UV/V is spectrometer by PerkinElmer Ltd. is used to obtain

the absorption spectra of polymer thin films. The light comes from a halogen and a

deuterium lamp with complementary spectra, covering the ultraviolet and visible light

range with a wavelength range from 190 nm to 1100 nm. The halogen lamp is switched to

the deuterium one at the wavelength of 326 nm. The light beam generated from the lamps

is modified as a monochromatic beam after passing through an optical grating and splitted

into two beams, which will transmit through the investigated polymer thin film and the

reference glass substrate separately. By subtracting the difference of two transmission

signals, the transmission spectrum of the polymer thin film is obtained. The slit width

can be varied to control the spectral resolution of each measurement. In general, smaller

39
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slit widths yield greater spectral resolution but at the cost of total beam intensity that is

transmitted through the monochromator.

The software UV WinLab by PerkinElmer is used to operate the spectrometer.

An auto-zero measurement is carried out before the samples are measured in order to

perform 100% transmission by eliminating the influence of the experimental equipment.

An acid cleaned glass substrate is used as a reference sample. In this thesis, all absorption

measurements are performed above the wavelength of 260 nm due to the classic signal-

to-noise problem. Each absorption curve is recorded with a velocity of 120 nm/min and

a slit width of 2 nm. The interval wavelength is 0.1 nm. Based on Beer-Lambert law, the

transmission signal detected by a photo diode is converted to the wavelength dependent

absorption spectra presented below:

A(λ) = − log10

(

It(λ)

I0(λ)

)

= α(λ)h log10 e (3.1)

whereas A(λ) is the wavelength dependent absorbance factor, It(λ) and I0(λ) are trans-

mitted beam intenisty and original incoming beam intensity, respectively. Using Beer-

Lambert law, the fomular can be written in the form of absorbance as a function of film

thickness h and absorption coefficient α(λ). Therefore, a simple thickness control method

of different films made of the same material combination can be realized by the measure-

ment of absorption curves of each film. Instead of using time-consuming film thickness

measurement such as X-ray reflectivity, from the measured absorption spectrum A(λ) one

could easily obtain films with roughly the same thickness by adjusting film absorption.

Moreover, one could extract the linear absorption coefficient α(λ) for samples with known

film thickness h.

3.1.2 IV characterization

To characterize the photovoltaic behavior of polymer solar cells, a solar simulator Solar -

Constant fromK. H. Steuernagel Lichttechnik GmbH is used as the illumination source.

A metal halide lamp provides an irradiation spectrumm similar to the solar spectrum,

which is AM1.5 with a standard light intensity of 1000 W/m2. This standard spectrum

is calibrated with a reference silicon solar cell WPV SRS − ID 3 by FraunhoferISE.

In addition, a Keithley 2400 sourcemeter together with a readout software based on

Testpoint v6 are applied to record the light induced photovoltaic performance, namely,

current-voltage (IV) curves.

The solar cell device is placed 320 mm above the light source. Before starting the

measurement, sweeping voltage instead of sweeping current is selected and the sweeping
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Figure 3.1: Exemplary IV curve measured in dark (black solid line) and under standard

illumination AM1.5 (red solid line) conditions. The maximum power point (yellow circle),

Voc and Jsc are depicted. The rectangle area colored with light pink indicates the maximum

output power, and the grey rectangle area represents the product of Voc and Jsc, and the

ratio between these two area defines FF.

range is defined between -1 V and +1 V with an interval of 0.01 V in the software

Testpoint. To assure that only the probed pixel of the solar cell is exposed to the light

during the measurement, a shadow mask is applied. The size of each pixel is individually

measured with optical microscopy and not just taken from the size of the shadow mask.

From the IV curves under dark and illumination conditions, the electronic characteristics

about the solar cell are obtained. Particularly from the IV curve recorded under standard

AM1.5 spectrum, detailed parameters such as the open circuit voltage Voc, the short

circuit current Jsc and the fill factor FF are extracted.

The overall power conversion efficiency is determined by following equations:

η =
Pout

Pin
=
Voc ∗ Jsc ∗ FF

Pin
(3.2)

FF =
Jm ∗ Vm
Jsc ∗ Voc

(3.3)

Here, Pout is the output power and Pin and input power, which is calibrated as 1000

W/m2. Jm and Vm are the current and voltage values at the maximum power point. The

decisive parameters regarding the solar cell efficiency are Voc and Jsc, which are obtained

by the intercept of the IV curves with the voltage and current axises, respectively. FF is
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the ratio between the maximum output power and the product of Voc and Jsc, as depicted

in Figure 3.1, which is easily visualized by the slope of the obtained IV curve under

illumination.

3.2 Structural characterization

3.2.1 Optical microscopy

As one of the most fundamental imaging techniques, optical microscopy is used to assure

the sample quality and study the sample surface morphology in this thesis. Moreover, it

is used to calculate the electrode size of the solar cells in order to obtain the power con-

version efficiency. An Axiolab microscope (including a lamp Halogen 100) by Carl Zeiss

is used and the images are captured via a PixeLink USB Capture BE 2.6 CCD camera.

In general no polarization filters are used. Five different object lenses with five differ-

ent magnifications: 1.25×, 2.5×, 10×, 50×, 100× can be selected, leading to different

resolutions.

In this thesis, magnification of 1.25× and 100× are mostly used, giving resolution

of 12.2 µm and 570 nm, respectively. The low magnification 1.25× is mainly used to

check the overall film quality and to evaluate the pixel size of solar cells. The higher

magnification 100× is used to investigate the film surface morphology in micrometer

length scale. During the measurement of one set of samples, it is recommended not to

change the light intensity.

3.2.2 Atomic force microscopy

Atomic Force Microscopy (AFM) is widely used to explore the surface topography, the

phase contrast and the roughness of polymeric, biological and metallic materials. An

Autoprobe CP Research AFM instrument (Thermomicroscope - Veeco, California, USA)

is in use. For this type of AFM set-up, there are three main parts: the scanning part, the

monitor part (including an optical microscopy), and the operating software.

Generally, the scanning part consists of an AFM tip, the laser system including a

photodiode, a sample holder with a noise-damping system, and a feedback software. The

tip used in this thesis is a conical shaped silicon tip covered with gold and has a curvature

radius of 10 nm. It is attached to the bottom side of a triangle silicon microcantilever.

The resonance frequency of this tip is between 40 kHz and 90 kHz.
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Figure 3.2: Typical AFM setup is shown. Image taken from reference [77].

Depending on the sample-tip distance and operation conditions three scanning modes

are commonly used: contact mode, tapping mode and non-contact mode. When contact

mode is in use, the sample-tip potential is measured in the repulsive region based on

the Lennard-Jones potential, while the attractive potential dominates when tapping or

non-contact modes are selected. In this thesis, our samples are made of soft polymers

compared with hard silicon tip in use, therefore, tapping or non-contact mode is preferred

to assure the sample surface is in a safe condition. However, in tapping mode the tip is

occasionally touching the film surface.

Generally, four images are recorded for each measurement: two topography images

with opposite scanning direction, one phase image and one error image. Phase images

are particularly useful for materials such as the diblock polymers with different hardness

for each block, or polymer embedded with metal nanoparticles due to the sharp contrast

between each phase of the sample. For polymer-fullerene system investigated in this

thesis, topography images are mainly used because the topographical characteristics are

sufficient to provide the required information about the surface structure. The frequency

is set slightly above the resonance frequency of the tip (40 kHz to 90 kHz) for tapping

mode. All images are scanned 5% larger than the required scan size to assure the image

quality. The overall two dimensional scan images contain 256 lines where each line contains

256 data points. For each sample, different spots are measured to obtain representative

information, and at each spot images with different scan sizes from 1×1 to 8×8 µm2 are

taken. By applying the radial average and a Fourier transformation on these 2d images

with different scan sizes, the power spectral density (PSD) function is obtained, which
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provides statistical evaluation of the structure size of the film surface with the relevance

to the reciprocal space. Consequently, the characteristic film surface structure revealed

by PSD curves can be easily compared with the inner film structure obtained from X-ray

scattering data.[78] Moreover, the roughness of the measured area can also be determined

from the AFM data using the software IP 1.3.

3.2.3 X-ray reflectivity

As most properties of thin films are thickness dependent, the determination of the film

thickness at a high precision is of utmost significant. X-ray reflectivity (XRR) measure-

ments are very well suited to detect the film thickness from 2 up to 200 nm (determined

by the angular range and resolution of the used XRR setup) at a very high precision of

about 1-3 Å. The experiments are performed at a Siemens D5000 diffractometer at the

Chair E21. The X-ray beam with a wavelength of λ = 0.154 nm is generated from a Cu

target with a working voltage of 40 kV and current of 30 mA. The sample is mounted on

a vacuum stage and a tantalum knife edge collimator is placed right above the sample (as

shown in Figure 3.3) to cut off the large footprint of the X-ray at low incidence angles.

A lead glass door is used to block the radiation of the X-ray in the direction of the oper-

ator. The collimated X-ray beam is obtained through a slit system, and impinges on the

sample at an incidence angle θ. The reflected X-ray beam is guided through a graphite

monochromator and recorded by a scintillation counter. An automatic absorber is used to

reduce the X-ray intensity by a factor of 100, preventing the saturation on the detector.

Figure 3.3: Typical XRR setup using the θ/2θ operation mode. A knife edge collimator is

placed right above the sample to cut off the large footprint of the X-ray at lower incidence

angle.

XRR intensity is recorded as a function of the incident angle θ in the specular reflection
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θ/2θ mode. Due to different electron densities of different layers in the probed films, the

reflection at the surface and interfaces occurs. For most materials the critical angle αc is

below 0.3◦. If the incident angle is lower than the critical angle, total external reflection

occurs. Above αc the reflection from the different interfaces gives rise to interference

fringes, which are measured as the oscillation in the XRR profiles. The thickness and

roughness information of the layer is directly related to the period of the interference

fringes, the height of the intensity and the slope of the curve. Normally the incident angle

θ is varied from 0 to 7◦. For the XRR measurements in this thesis, each measurement

is divided into three angular ranges. For the measurement taken in the low incident

angles range, an automatic beam absorber is selected to protect the detector from over

saturation, whereas for higher angle measurement, the beam absorber is removed. The

obtained data from three angular ranges are normalized and merged in a single XRR

master curve. By fitting this curve with the software Parret 32, an iterative calculation

is performed within the algorithm and compared with the measured reflectivity data.

Therefore, the film thickness, the roughness of the surface and the interfaces, and the

scattering length density values of the layers are extracted.[65]

3.2.4 Grazing incidence scattering

To detect buried structures of polymer thin films, grazing incidence X-ray scattering or

neutron is used because it can deliver average statistical information over the illuminated

area, and it can monitor possible phase transformations in real time without ultra-high

vacuum conditions or any specific gas atmosphere. Thus, it gains tremendous attentions

and popularity as an advanced technique to probe the structure of polymer thin films.

In order to achieve the highest possible sensitivity, a grazing incidence angle is chosen

depending on the system under investigation. The grazing incidence mode, by changing

the sample-detector distance (SDD), different length scales are resolved as explained in

section 2.3. In Figure 3.4, the principle setup of a grazing incidence scattering experiment

is presented.

Grazing incidence wide/small angle X-ray scattering

The GIWAXS/GISAXS experiments are carried out at different beamlines. For the sam-

ples studied in Chapter 5, the GIWAXS/GISAXS experiments are performed at the P03

beamline at the third generation synchrotron ring PETRA III, DESY, Hamburg.[79] For

those studied in Chapter 6, the scattering measurements are performed at the BW4 beam-

line at DESY, Hamburg. The X-ray beam of the P03 beamline is 750 times (12.8 keV)

more intense than that of the BW4 beamline.[80] At BW4, the size of the X-ray beam is

defined as 30 × 40 µm2 by an assembly of several beryllium compound refractive lenses.
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Figure 3.4: Schematic presentation of the grazing incidence X-ray scattering setup. The

X-ray beam (red) impinges on a sample with a grazing incident angle αi and reflected with

an angle of αf . The 2d detector records the scattered intensity. Depending on the sample-

detector distance different measurements are taken, consequently different length scales are

resolved. Exemplary scattering data from PTB7-F100:PC71BM BHJ film (more details in

Chapter 5) for grazing incidence wide angle X-ray scattering (GIWAXS) and grazing inci-

dence small angle X-ray scattering (GISAXS) setups are shown.

The X-ray beam with a wavelength of 0.138 nm irradiates on the sample and the scat-

tering beam intensity is recorded by a MARCCD detector, which has 2048× 2048 pixels

with pixel size of 79.1× 79.1 µm2. For P03, a small sized X-ray beam (20× 40 µm2) with

a wavelength of 0.0969 nm is used. Moreover, a three segments 2D detector Pilatus 300

K with no read-out noise is applied. It has in total 487 × 619 pixels with a pixel size of

172 × 172 µm2. Nevertheless, the GIWAXS/GISAXS setups for both beamlines are in

principle the same as depicted in Figure 3.4, the SDD is about 10 cm and 200 cm for GI-

WAXS and GISAXS measurements, respectively. The incident angle is selected according

to the investigated materials. In general, the incident angle αi is chosen above the critical

angle of the investigated materials so that the X-ray beam can certainly penetrate the

whole polymer film.[81] The direct and specular beams are shielded by two beamstops to

avoid oversaturation on the detector.
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From GIWAXS scattering data shown in Figure 3.5(a), information about molecular

orientation, polymer backbone spacing, and crystal size of the investigated materials

is revealed. To access the crystallinity information, further quantitative evaluation is

realized by the vertical and horizontal sector integrals of the 2D GIWAXS images as

shown in Figure 3.5(a). Moreover, the obtained data curves are fitted with a Gaussian

function and evaluated with Scherer equation. As for analyzing the GISAXS data, vertical

(a) (b)

Figure 3.5: (a) Exemplary GIWAXS sector integrals and (b) GISAXS line cuts. Scattering

data are obtained from sample PTB7-F100:PC71BM BHJ film (more details can be found

in Chapter 5).

line cut at qy = 0 and horizontal line cut at Yoneda peak postion are performed as

indicated in Figure 3.5(b). From the vertical line cuts, information like enrichment layer,

correlated roughness can be obtained, whereas from the horizontal cuts, lateral structure,

spatial correlation, and structure distribution can be extracted from the fit based on 1D

paracrystal model within the frame of distorted wave Born approximation.

1D paracrystal model

For analyzing the GISAXS data, 1D paracrystal model is used to fit the horizontal line

cuts at the Yoneda peak position. In this model as shown in Figure 3.6, two form factors

(cylinder or sphere) and two structure factors with different polydispersity are considered.

In addition, a resolution function fitted with a Lorentzian function at position zero (qy

= 0) and a constant background are also included. Despite of this model is based on a

simplified mathematical approach and many other factors like the roughness effect and

the population of each structure size are neglected, the extracted structure sizes are fairly
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acceptable and in a good agreement with those obtained from real space characterization

techniques.
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Figure 3.6: 1D paracrystal model fitted with (a) different size of cylinder structure within

the film and (b) an exemplary fit of an horizontal cut at the Yenoda peak position. The

bigger form and structure factor at low qy values are indicated by the yellow solid and dash

line, respectively. The smaller form and structure factor at high qy values are shown by the

pink solid and dash line, respectively. The resolution function (the green dash line) is fitted

with a Lorentzian function at low q region.

Time of flight - grazing incidence small angle neutron scattering (TOF-

GISANS)

Neutron scattering is used with grazing incident mode to provide structural information

of the films investigated in Chapter 7. Neutron scattering techniques are advantageous

due to its high penetration depth compared with X-ray scattering techniques. Moreover,

it has a low risk of damaging the sample compared with X-rays and is especially suitable
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for measuring the air/water interface. Superior to X-ray, neutron scattering can be par-

ticularly used to distinguish the deuterated component from the protonated component

for the bulk heterojunction film and provide a sharp contrast between the investigated

materials. Time of flight (TOF) refers to the different speed of each neutron and therefore

different arrival time to the sample. By recording the arrival time of each neutron and

scattered position on the detector, TOF mode allows for rebinning of various data in or-

der to obtain the best tradeoff between resolution and intensity. With the TOF-GISANS

technique, both buried structure inside the film and the characteristic structure on the

film surface can be simultaneously probed.

The TOF-GISANS experiments are performed at the REFSANS beamline at Forschun-

gs-Neutronenquelle Heinz Maier-Leibnitz (FRM II) in Garching. The wavelengths of the

neutron beam in use are variable from 2 to 20 Å, and it has a resolution of 10%. To

record the scattered neutron signals, a multiwire 2D detector made of 3He with an active

area of 500 mm2 is used. The 3He detector contains 200 × 200 pixels with each pixel

size of 2.92× 2.92 mm2. In addition, a double-chopper system with the required rotation

speed is applied to define the neutron pulses. By varying the wavelength of the neutrons

during one measurement instead of varying the incident angle, the TOF-GISANS data

provide direct information covering a large q range with full penetration of the film from

a single incident angle. For the TOF-GISANS experiments performed in this thesis, a

wavelength range from 2 to 14 Å is selected. The SDD is set to be 10.5 m to obtain a

reasonable q range. A fixed incident angle αi = 0.45◦ is chosen to access the structural

information of the bulk film at short wavelengths, and in addition only surface sensitive

information at long neutron wavelengths. In one word, one can access both inner film

and film surface morphology simultaneously with TOF-GISANS measurements. Due to

relatively low neutron flux, a large silicon substrate of 60 × 60 mm2 is needed, and 24

hours data acquisition time for each sample are necessary to obtain sufficient statistics.

The fitting procedure of the GISAXS profiles is used for fitting of the GISANS pro-

files as well, and the structure information is extracted from the fits. Besides, a precise

determination of the SLD of the investigated material can be obtained from the evalua-

tion of the wavelength-dependent critical angles. The determination of SLD is realized

by identifying the critical angles from the vertical cuts at different wavelengths, and the

extracted critical angles versus the wavelengths are fitted with a linear function, resulting

into the SLD profiles along the normal to the sample surface, namely, the vertical material

composition of the film.





Chapter 4

Sample preparation

The routine of preparing all investigated samples is described in this chapter. In the

first part, all involved materials and solvents are introduced (section 4.1). Next, polymer

film production on either glass or silicon substrates (section 4.2) for X-ray or neutron

scattering investigations is described. Last, the fabrication procedure of solar cell devices

(section 4.3) is presented as the device performance is essential for discussing the influence

of the installed morphology in this thesis.

4.1 Materials and solvents

All involved materials can be classified into five categories: electron donors, electron accep-

tors, electron blocking polymers, solvents, and solvent additives. The low bandgap copoly-

mer PTB7 based on the thieno[3,4-b]thiophene-alt-benzodithiophene unit were selected as

electron donors while the fullerene derivatives [6,6]-phenyl-C71-butyric acid methyl ester

(PC71BM) were selected as electron acceptors. Moreover, poly(3,4-ethylenedioxythiophene):

poly(styrenesulfonate) (PEDOT:PSS) was applied as electron blocking layer to enhance

the power conversion efficiency by defining the current direction. In this thesis, halo-

genated solvents chlorobenzene, 1,2-dichlorobenzene and 1,2,4-trichlorobenzene as well

as solvent additive 1,8-diiodooctane (DIO) were used to prepare the polymer solution.

Halogen-free solvents methanol, ethanol, 2-propanol, 1-butanol were used as post treat-

ment after the deposition of the organic photovoltaic layer. The parameters of all the

involved polymers in this thesis such as the molecular weight (Mw), polydispersity (PDI),

solubility and the source are listed in table 4.1.

51
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material source Mn Mw PDI purity

PTB7-F00 1-material Inc. 32380[a] 68000 2.1 n.a.

PTB7-F40 1-material Inc. 37083[a] 89000 2.4 n.a.

PTB7-F60 1-material Inc. 36800[a] 92000 2.5 n.a.

PTB7-F100 1-material Inc. 44760[a] 94000 2.1 99.99%

PC71BM 1-material Inc. 1030.93 n.a. - 98.5%

PEDOT:PSS-PH1000 Ossila n.a. n.a. n.a. 99%

Table 4.1: Information about all involved polymers such as the source, the molecular weights

Mn and Mw, the polydispersity PDI and the purity of the organic compounds used in this

thesis offered by the suppliers. The molecular weight is given in g/mol. [a] The molecular

weight Mn of all polymers were determined via the formular Mn = Mw/Pd.

Electron donor

Poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethy-

lhexyl)carbonyl]-thieno[3,4-b]thiophenediyl]] commonly known as PTB7, has demonstrated

the highest efficiency among all the reported polymers so far.[15, 82, 83] The chemical

structure of PTB7 is shown in Figure 4.1. PTB7-Fxx represent slightly different types

of PTB7 with varied ratio between fluorinated thienothiophene unit and non-fluorinated

thienothiophene unit. The chemical structure of different PTB7-Fx still stays similar.

Compared with well studied P3HT, the relatively lower band gap of PTB7 makes its

absorption coefficient higher and blue shifted. Consequently, it shows a much broader ab-

sorption spectrum. Besides, a higher hole mobility of 5.8×10−4 cm2/V·s is also observed

for PTB7.[41]

Electron acceptor

The second component of the blend system is [6,6]-phenyl-C71-butyric acid methyl ester,

denoted as PC71BM, the derivatives of the C71 Buckminsterfullerenes.[84] The chemi-

cal structure of both are shown in Figure 4.1. It acts as efficient n-type semiconductor

material well soluble in organic solvents. PC71BM is an electron-conducting organic com-

pound and has an electron mobility of 1×10−3 cm2/V·s.[85] It absorbs visible light more

efficiently than well studied PC61BM due to its upshifted LUMO level.[86]
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Figure 4.1: The chemical structures of the investigated polymers and fullerenes.

Electron blocking polymer

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is a semi-trans-

parent mixture of two polymers: PEDOT (94%) and PSS (6%) (see figure 4.2), dispersed

in H2O at the ration of 1:2.5. The density is approximately 1 g/cm3. PEDOT:PSS-

PH1000 used in this thesis not only provides high conductivity up to 1000 S/cm (approx.

200 Ohm/sq), but also high transparency and stability. PEDOT:PSS is applied due to

its electron-blocking property as well as its easy processability. It can define the current

direction by allowing only holes going through to improve the power conversion efficiency.

PEDOT PSS

Figure 4.2: Chemical structure of the electron blocking polymer PEDOT:PSS.
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Solvents

Chlorobenzene, is an aromatic organic compound with the molecular formula C6H5Cl.

The colorless, flammable liquid is a common solvent and widely used as intermediate in

the manufacture of other chemicals. The boiling point of chlorobenzene is 131◦C, and its

density is 1.11 g/cm3 at 25◦C.

1,2-dichlorobenzene, is a derivative of benzene, a common colorless organic compound

with molecular formula C6H4Cl2, which consists of two adjacent chloride substituents. Its

boiling point is higher than chlorobenzene, that is, 180◦C, and the density is 1.31 g/cm3

at 25◦C.

1,2,4-trichlorobenzene, is also a derivative of benzene with three chloride substituents,

and the molecular formula C6H3Cl3. It appears also as colorless liquid with a boiling

point of 214◦C and density of 1.46 g/cm3 at 25◦C.

Apart from the halogenated solvents mainly used as host solvents to dissolve poly-

mers and fullerene, halogen free solvents methanol, ethanol, propanol, butanol are used

as post solvent treatment after the deposition of the active layer, meaning that additional

spin-coating procedure is applied at certain optimized spin-coating parameters with these

alcohol solvents. The effect of the solvent treatment will be deliberately investigated and

explained in chapter 7. The chemical structure of all involved solvents is presented in

Figure 4.3.

Solvents additive

1,8-diiodooctane (DIO), has a relative density of 1.84 g/cm3 at 25◦C. The molecular

weight is 366.02 g/mol, and its initial boiling point range is 332.49◦C at 760 mmHg. It

is purchased from Sigma-Aldrich and used as supplied. It was firstly reported by Peet

et al. that processing additives could promote the performance of several high efficiency

low bandgap polymers.[87] Followed soon by the discovery that with the introduction of

additive DIO into the host solvent, the device performance of PTB7:PC71BM solar cells

can be dramatically improved due to its selective solubility of fullerene molecules.[41, 88]

4.2 Polymer thin films

A polymer-based solar cell device has an architecture with several layers, which makes

it difficult to probe the film morphology by e.g. X-ray scattering due to the scattering
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Figure 4.3: The chemical structure of used solvents and processing additives.

background from rough ITO substrates or other materials underneath the polymer blend

layer. Also, the multi-layer device makes it impossible to focus on the absorption fea-

tures arising from the most interesting active layer. In order to better concentrate on

investigating the active layer properties, polymer thin films are prepared on alternative

substrates such as glass or silicon instead of ITO substrates. With different techniques,

the requirement for the sample size is different: generally silicon or glass substrate is cut

with size 22×22 mm2; For investigation with neutron scattering, however, large silicon

substrate with size of 60×70 mm2 is required to assure the statistics of the measurement

due to the relatively low neutron flux. All substrates are cleaned with hot acid bath at

80◦C for 15 mins with components as below:[89]

� 54 mL deionized water (H2O)

� 84 mL 30% hydrogen peroxide (H2O2)

� 198 mL 96% sulfuric acid (H2SO4)

Afterwards, these acid-cleaned substrates are thoroughly rinsed with deionized water and

dried with oil free nitrogen. To make the morphology of the active layer comparable on

different substrates, PEDOT:PSS is applied on silicon substrate exactly as is used for
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ITO substrates, referred as PEDOT:PSS modified silicon substrate, which is mostly used

as X-ray scattering technique in this thesis. However, when glass substrates are used to

compare the absorption behavior of the polymer blend films, PEDOT:PSS is excluded in

order to rule out the possible influence introduced by the PEDOT:PSS layer.

Solution preparation

Both polymer PTB7 and the organic compound PC71BM are poorly soluble in the organic

solvents at room temperature. In comparison, the solubility of PC71BM is higher than

that of the high molecular weight polymer PTB7. To prepare the polymer blend film,

the PCBM powder is firstly dissolved into the used solvent until complete dissolution,

and then the required amount of pristine PCBM solution is added to the corresponding

amount of polymer according to the required total solution concentration. To start the

solution preparation, 400 µL selected solvent measured with a pipette is poured into

a glass container with proper volume to remove all the possible dirts out of the glass.

Afterwards, the glass container is dried with oil-free nitrogen, and labled with detailed

information such as the material, solvent, and sample name. After mixing the polymer

and fullerene solution, the sample bottle is sealed with parafilm to avoid evaporation

of the solvent. Then the mixed solution is stirred overnight at 60◦C in a sandbath to

achieve better homogenity. After being fully dissolved, the mixture of the polymer blend

(PTB7:PC71BM) solutions are ready to fabricate solar cells on the next day. Note that

it is extremely crucial to perform the whole solution preparation process in the glove box

filled with nitrogen atmosphere.

Spin coating

All polymer films investigated in this thesis are prepared by the spin-coating method. 200

µL solution is applied on the top of the substrate with a size of 100-1000 µL pipette. The

cap of the spin-coater is immediately closed to avoid splashing solution spots, and the

“start” button is pressed immediately after solvent deposition. During this process, most

of the solution is thrown off the substrate, and only a thin layer is formed. The polymer

thin film gets thinner due to the evaporation of the solvent while spin-coating. There are

three adjustable parameters for the spin coating equipment as shown in table 4.2. The

relationship between film thickness and other factors is described with equation [90]:

d = A

(

1950 rpm

ω

)1/2 (
c0

20 gL−1

)(

Mw

100 kg mol−1

)1/4

(4.1)
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material rotation speed ω (rpm) acceleration time (s) time (s)

PEDOT:PSS 3000 9 60

PTB7:PC71BM 1000 9 60

alcohol solvents 2500 9 120

Table 4.2: Spin-coating parameters for preparation of thin films.

where d is the fabricated film thickness. A is a parameter of unit length describing the

influence of the experimental setup and the ambient conditions. The film thickness is

controlled by solution concentration c0, the molecular weight Mw of the used material,

and the rotation speed ω. In this thesis, all the detailed spin-coating parameters for

different layer fabrications (PEDOT:PSS layer, PTB7:PC71BM layer, and post treatment

with alcohol solvents) are listed in Table 4.2.

4.3 Solar cell fabrication

Solar cells are multiple layers devices, which contain basically a photovoltaic layer sand-

wiched between two electrodes with different work function. For the type of polymer

based BHJ solar cell investigated in this thesis can be found in previous chapter in Fig-

ure 2.1, a thin transparent layer of indium tin oxide (ITO) serves as the anode whereas

an ultra-thin aluminum layer functions as the cathode. In between, the PEDOT:PSS

blocking layer and an active layer consisting of a mixture of polymer and fullerene deriva-

tive are spin-coated, respectively. A proper polymer blend film thickness is achieved by

adjusting the solution concentration and other parameters of the spin-coater.

The standard solar cell fabrication procedure in a lab scale is presented in Figure 4.4. All

the samples are prepared on glass-ITO substrates, purchased from SOLEMS with the

size of 2.2×2.2 cm2. Part of the ITO layer is chemically etched away by zinc paste and di-

luted hydrogen chloride solution and rinsed with deionized water in order to avoid possible

short circuit in the solar cell. All patterned substrates (as shown in Figure 4.4 S1) are then

cleaned in an ultrasonic bath with alconox solution and three organic solvents (ethanol,

acetone, and isopropanol for 10 minutes, respectively). After every wet cleaning step, the

substrates are dried with oil free nitrogen gas. Oxygen-plasma treatment is performed on

the cleaned ITO substrates for 10 minutes to increase the hydrophilicity of the surface.

Before spin-coating the PEDOT:PSS layer, the PEDOT:PSS solution is dissolved in an

ultrasonic bath for 10 minutes to untangle the polymer chains and immediately filtered

through PVDF filters (0.45 µm), then spin-coated for 60 s at 3000 rpm rotation speed
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spin coating
of PEDOT:PSS

annealing at
150 ºC in air

deposition of
Al contacts

spin coating of
polymer solution

S1 S2

S3

S4

S5

Figure 4.4: The schematic representation of the individual steps of the functional stack

build-up for standard polymer-based solar cells used in the present investigation.

(Süss MicroTec Delta 80 spin-coater) under ambient conditions, corresponding to step S2

in Figure 4.4. The obtained PEDOT:PSS layer is annealed at 150 ◦C for 10 minutes on

a copper plate in air to remove the residual water, depicted as S3.

A homogeneous active layer is achieved by spin-coating, seen as S4 in Figure 4.4. The

parameters of acceleration and rotation time are listed in table 4.2. For the effect of solvent

treatment on PTB7:PC71BM BHJ blend films investigated in chapter 7, additional solvent

treatment of the active layer in a nitrogen atmosphere is applied before the evaporation

of the aluminum electrode. Solvent treatment is newly discovered to effectively enhance

efficiency of polymer solar cells by removing the residual processing additives.[91, 92] The

devices are completed with a thermal deposition of an aluminum layer under vacuum

conditions (3.8×10−5 mbar), depicted as S5. The deposition process is monitored by

a quartz crystal ratemeter purchased from Inficon. The deposition rate starts from

0.1 Å/sec and speeds up to 20 Å/sec, and it is manually stopped when the film thickness

reaches 100 nm. The effective area of the devices as determined by the overlap of aluminum

and ITO electrodes is about 15 mm2. For each piece of ITO substrate, eight pieces of

mini solar cells are fabricated.



Chapter 5

Fluorination induced morphology of

PTB7:PC71BM BHJ system

The number of articles in the field of conducting polymers has risen exponentially in the

past few decades. Considerable efforts have been devoted to developing low bandgap

polymers in order to promote the efficiency of the electronic devices, e.g. OPV and

OLED.[93, 94, 95] In this aspect the fluorination of conducting polymer is particularly

attractive due to its unique resulting features: (1) It has a strong influence on inter- and

intramolecular interactions; (2) The incorporation of fluorine could tune the energy levels

of the polymers; and (3) It has elevated resistance to degradation (e.g. the enhanced

hydrophobicity, great distinguished thermal and anti-oxidative stability), all of which

enable fluorinated polymers hold exceptional promise in enhancing the efficiency as well

as lifetime for polymer-based solar cells.[96, 97, 98]

To date, polymer-based solar cells made of highly efficient copolymer PTB series,

based on thieno[3,4-b]thiophene-alt-benzodithiophene unit and PC71BM in a bulk het-

erojunction geometry have been developed and recieved high attentions. In this chapter,

a branch of these polymers, PTB7-Fx with incorporation of different amount of fluorine

atoms at the same position of submonomer thieno[3,4-b]thiophene blended with PC71BM,

is thoroughly investigated to address the relation between the film morphology and de-

vice performance. The main aim of this work is to study the effect of varied degree of

fluorination on the resulting device performance. The film surface structure is investi-

gated by direct imaging techniques such as optical microscopy and AFM. The inner film

structures, crystal orientation as well as the crystal behaviour are probed by advanced

scattering techniques such as GISAXS and GIWAXS. By combining all the probed infor-

mation, a representative length scale model of the active layer is obtained and the reason

for the efficiency variance as a function of the degree of fluorination is identified. The

59
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work in this chapter has been published as an article in the journal Advanced Energy

Materials.[99].

The chemical structures of investigated polymers and fullerene can be found in Fig-

ure 4.1. PTB7 with varied degree of fluorination, denoted as PTB7-Fx, is synthesized

by the substitution of hydrogen atoms at the thieno[3,4-b]thiophene unit along PTB7

chain with fluorine atoms. The ratio between fluorinated thieno[3,4-b]thiophene unit and

non-fluorinated one defines the X in PTB7-Fx.

5.1 Solar cell performance

In Figure 5.1, the device performance of PTB7-Fx:PC71BM (1:1.5 by weight) solar cells

with 3 vol% DIO as solvent additive is presented. In order to elucidate the potential

influences induced by additional interlayers, the simplest device configuration with iden-

tical processing procedure is adapted for all the samples, which consists of only one ative

layer, one electron blocking PEDOT:PSS layer and two electrodes. Most significantly,

as mentioned above, the main focus of this work is to address the fluoriantion induced

morphology-efficiency relationship instead of fabricating the best performed polymer solar

cells, easier device configuration is thus preferred in present work. It should be noticed

that only the IV curves of solar cell devices with solvent additive DIO are presented

as it is already well-known that only DIO containing devices give rise to decent device

performances for particularly PTB7:PC71BM BHJ system.[41, 100]

The characteristic parameters of the corresponding solar cells are listed in Table 5.1.

In general, PCE increases from 2.69% to 3.86% with increasing fluorine content. For each

parameter, Jsc remains rather similar (about 14 mA/cm2) for PTB7-F00, F40, and F60,

and it gets improved up to 17.44 mA/cm2 for solar cells made of PTB7-F100. The FF,

stays almost constant (45±1.5%) for devices made of all four polymers. Voc, however, is

observed to increase continuously, which is therefore mainly responsible for the enhanced

PCE as a function of fluorination content. Particularly for solar cell made of PTB7-F100:

PC71BM, the improvement of PCE is ascribed to a simultaneous enhancement of both

Voc and Jsc.

Although the values of Voc and FF in our devices are relatively low as compared to the

highest efficient solar cell published for the same material, a comparable or even higher

values of Jsc is obtained especially for those devices made of PTB7-F100:PC71BM (17.2

mA/cm2). The reason for the relatively low Voc and FF may possibly arise from the trace

impurities in organic solar cells, the absent hole blocking layer or optical spacing layer

(T iOx layer), as well as the negative influence of normal ambient air conditions.[30, 82, 101]
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Figure 5.1: IV curves of PTB7-Fx:PC71BM solar cells made from polymers with different

degree of fluorination: PTB7-F00 (black), PTB7-F40 (red), PTB7-F60 (green), and PTB7-

F100 (blue) with 3 vol% DIO. The measurements are performed under standard spectrum

AM 1.5 with the illumination intensity 1000 W/m2.

Among all, the ambient air condition is assumed to be the key issue limiting the device

performance, as it is widely recognized that the low bandgap polymer PTB7 has much

lower air stability as compared to other commonly used semiconducting polymers, e.g.

P3HT. Further improvements of FF and Voc are feasible by controlling the above men-

tioned negative factors, however, the optimization of the final device performance will not

cause a change in the morphology of the active layers and the trend of Voc with increasing

fluorine content. Therefore, the obtained results are sufficient to provide a comprehensive

understanding on a more fundamental level about the effect of material property on the

device performance.[102, 82]

sample Jsc (mA/cm2) Voc (V) FF (%) η (%)

PTB7-F00:PC71BM:DIO 13.94 0.42 46.2 2.69

PTB7-F40:PC71BM:DIO 13.93 0.43 43.6 2.61

PTB7-F60:PC71BM:DIO 14.03 0.47 45.6 3.02

PTB7-F100:PC71BM:DIO 17.73 0.51 43.6 3.86

Table 5.1: Characteristic parameters of solar cells prepared from PTB7-Fx:PC71BM dis-

solved in chlorobenzene with the 3 vol% additive DIO.
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5.2 Optical properties

The UV/Vis absorption spectra of neat PTB7-Fx films and PTB7-Fx:PC71BM blend films

spin-coated from solvent mixture CB:DIO are normalized and plotted in Figure 5.2 (a) and

(b), respectively. For neat PTB7-Fx films in Figure 5.2(a), all films show similar shape

of absorption spectrum, indicating that the introduction of fluorine along the polymer

backbone has no significant impact on the absorption properties. A dominant absorption

peak with a shoulder between the wavelength range of 600 nm and 750 nm is assigned

to polymer PTB7. Moreover, a relatively weak absorption peak arising from PTB7 as

well is visible at about 410 nm, and it appears as a shoulder in blend films in Figure

5.2(b). Furthermore, a blue-shift effect is observed from PTB7-F00 to PTB7-F100 with

introducing more electron-withdrawing fluorine atoms.[103] The blue-shift is caused by

a decreased conjugation length of the polymers as a result of a reduced electron density

out of the thiophene ring with increasing the amount of electron withdrawing fluorine

atoms.[103] However, the blue-shift effect is relatively weak for low degrees of fluorination

as compared with that of the fully fluorinated PTB7-F100.

In Figure 5.2(b), for PTB7-Fx:PC71BM films spin-coated from solvent mixture CB:DIO

multiple absorption peaks are observed. The absorption peaks at about 370 nm and

460 nm occurring in the blend film are identified as the contribution from PC71BM,

which absorbs mainly in the lower wavelength range of the measured spectra. The over-

all absorption spectrum of PTB7-Fx:PC71BM BHJ film follow a linear superposition of

the absorption spectrum of individual material PC71BM and PTB7. As a consequence,

PTB7-Fx:PC71BM BHJ films exhibit broader absorption spectra, which directly promote

the exciton generation rate and consequently an enhanced device performance. Similar

blue-shift phenomenon is observed again for PTB7-Fx:PC71BM BHJ films with an in-

creasing fluorine content as seen in Figure 5.2(b) due to the decreased conjugation length

of polymer mentioned for neat PTB7-Fx films.

In summary, for both neat fluorinated PTB7-Fx films and PTB7-Fx:fullerene BHJ

films, PTB7 with higher degrees of fluorination shows slightly lower degree of ordering

and decreased π-conjugation length, which leads to the blue-shift effect of the absorption

spectrum with increasing fluorine content. As no distinct differences regarding the optical

property of the four polymers with different degrees of fluorination can be observed, fur-

ther investigations about film surface morphology and inner morphology are subsequently

carried out.



5.3. Mesoscopic structure 63

300 400 500 600 700 800

l (nm)

0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
.

ab
so

rb
an

ce
(a

.u
.)

234

E (eV)

PTB7-F00:PC71BM
PTB7-F40:PC71BM
PTB7-F60:PC71BM
PTB7-F100:PC71BM

300 400 500 600 700 800

l (nm)

0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
.

ab
so

rb
an

ce
(a

.u
.)

234

E (eV)

300 400 500 600 700 800

l (nm)

0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
.

ab
so

rb
an

ce
(a

.u
.)

234

E (eV)

300 400 500 600 700 800

l (nm)

0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
.

ab
so

rb
an

ce
(a

.u
.)

234

E (eV)

300 400 500 600 700 800

l (nm)

0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
.

ab
so

rb
an

ce
(a

.u
.)

234

E (eV)

300 400 500 600 700 800

l (nm)

0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
.

ab
so

rb
an

ce
(a

.u
.)

234

E (eV)

PTB7-F00
PTB7-F40
PTB7-F60
PTB7-F100

300 400 500 600 700 800

l (nm)

0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
.

ab
so

rb
an

ce
(a

.u
.)

234

E (eV)

300 400 500 600 700 800

l (nm)

0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
.

ab
so

rb
an

ce
(a

.u
.)

234

E (eV)

300 400 500 600 700 800

l (nm)

0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
.

ab
so

rb
an

ce
(a

.u
.)

234

E (eV)

300 400 500 600 700 800

l (nm)

0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
.

ab
so

rb
an

ce
(a

.u
.)

234

E (eV)

(a)

(b)

Figure 5.2: Absorption spectra of (a) PTB7-Fx and (b) PTB7-Fx:PC71BM BHJ films

made from solvent mixture CB:DIO (97:3 in volume). PTB7-F00, PTB7-F40, PTB7-F60,

PTB7-F100 are indicated by the color black, red, green, and blue, respectively.

5.3 Mesoscopic structure

5.3.1 Mesoscopic surface structure

In Figure 5.3, the optical microscopy of films spin-coated from PTB7-Fx:PC71BM solu-

tions without and with DIO are presented. The bright dots observed in the upper row

for PTB7-Fx:PC71BM films without DIO is suggested to be aggregated fullerene clus-
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ters, which is also observed for other polymer:fullerene BHJ systems as it is known that

the fullerenes tend to aggregate.[104, 105] The occasional red clusters appear in the first

two images are identified as undissolved polymers PTB7 as it has very large molecular

weight. Clearly, for as-spun PTB7-Fx:PC71BM films the amount of PC71BM clusters

increases with increasing fluorine content. In contrast, for all the DIO containing PTB7-

Fx:PC71BM films in the bottow row no obvious PC71BM clusters can be observed for

the reason that DIO can selectively dissolve PC71BM and thus improve the miscibility

between PTB7 and PC71BM. Due to the limited resolution of optical microscopy, all DIO

containing films are viewed as rather homogeneous ones and no clear structure can be

observed.

Figure 5.3: Optical microscopy images of PTB7-Fx:PC71BM BHJ blend films prepared

from chlorobenzene without (upper row) and with (bottom row) 3 vol% solvent additive

DIO. From left to right, optical images are obtained from PTB7-F00:PC71BM, PTB7-

F40:PC71BM, PTB7-F60:PC71BM, and PTB7-F100:PC71BM, respectively.

To overcome the issue of limited resolution, AFM is applied to resolve structure size

at nanometer length scale. In Figure 5.4, AFM topography images of PTB7-Fx:PC71BM

BHJ films spin-coated from CB and solvent mixture CB:DIO are shown, and the different

colors represent the height variance on the film surface. In the upper row, large bright

clusters are observed, which are identified as large PC71BM rich domains. The dark

region in the images corresponds to the polymer PTB7 matrix, agreeing with many other

researches on polymer:fullerene BHJ system.[41, 106] Again, the obvious PC71BM clusters

for the blend films without solvent additive DIO in upper row of Figure 5.4 confirms the

tendency of fullerene agglomeration. Moreover, from the top view of the films relatively

irregularly packed PC71BM clusters with a large size distribution from 50 nm to 200
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Figure 5.4: AFM topography images of PTB7-Fx:PC71BM BHJ blend films prepared from

chlorobenzene without (upper row) and with (bottom row) 3 vol% solvent additive DIO. The

scan size for all images is 4×4 µm2. From left to right, topography images are obtained from

PTB7-F00:PC71BM, PTB7-F40:PC71BM, PTB7-F60:PC71BM, and PTB7-F100:PC71BM,

respectively. Different color bars indicate the height variance among different samples.

nm are randomly distributed in the polymer network for non-fluorinated PTB7:PC71BM

blend film, whereas more densely packed PC71BM clusters with smaller size distribution

are formed with increasing fluorine content. It is also observed that the order of the self-

assembled PC71BM clusters gets strongly improved with introducing more fluorine atoms

along the polymer backbone. The mechanism is suggested to be that with increasing

fluorine content the volume of the each polymer chain decreases due to its less bulky

side chains, which spare more space for fullerene to agglomerate for reaching the lowest

thermal dynamic equilibrium of the whole film.[103]

After adding DIO, fullerenes clusters appear interrupted from the top view. Smaller

PC71BM cluster diameters are thus seen in the bottom row of Figure 5.4, which is

favourable for efficient charge separation. As PC71BM clusters are still vaguely visible

in films including PTB7-F60 and PTB7-F100 in the last two images of Figure 5.4, it

is concluded that the intermixing effect induced by DIO is much more pronounced for

non-fluorinated blend films than for highly fluorinated films. Thus, it is questionable that

the well accepted addition of 3 vol% DIO as solvent additive is the optimal amount for

all PTB7-Fx:PC71BM solar cells without taking material properties such as molecular

weight, polydispersity, and regioregularity into account. Moreover, for DIO containing

samples, especially for films consisting of PTB7-F00 and PTB7-F40 the film roughness

decreases dramatically as indicated by the height variance of each color bar.
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In addition, power spectral density (PSD) spectra are extracted by applying radial

average and Fourier transform over all topography images with different scan sizes and

shown in Figure 5.6(b). Clearly, for as-spun blend films without DIO (four bottom curves)

prominent peaks corresponding to a domain size of about 250 nm are observed. These

peaks shift towards higher q region with increasing fluorine content, indicating that smaller

domain sizes are formed on the film surface. The more and more sharp peaks imply

the corresponding size distribution also decreases. For DIO containing blend films, the

disappearance of these pronounced peaks is an indication of a better interpenetrating

network with smaller domain sizes formed on the film surface. However, due to the

limited statistics and the geometry of AFM measurements potential smaller structural

sizes and the buried inner film structures cannot be accessed by PSD profiles.

In conclusion, optical microscopy reveals miscibility-driven PC71BM cluster forma-

tion, which is corroborated further by AFM measurements with much better resolution.

For as-spun blend films without DIO, better ordered self-assembly PC71BM clusters with

smaller size distribution is observed as a function of fluorine content; For DIO containing

films, the big PC71BM clusters smear out generally due to better solubility of fullerene in

DIO. But different degree of intermixing effect introduced by DIO is observed for PTB7-

Fx with different amount of fluorine content.

5.3.2 Mesoscopic lateral structure

To access the nanomorphology of the inner films, GISAXS measurements are employed to

resolve inner film structure size down to nanometer length scale with excellent statistics.

[107, 108] Two dominant features including the prominent side maxima at the Yoneda

peak area and inclined intensity stripes under different angles for the as-spun blend films

as marked inside the red outlines are observed from the two dimendional scattering data

shown in Figure 5.5.[70] Similar inclined stripes scattering patterns are observed from

channel structured P3HT by Meier et al., thus the inclined stripes are suggested to be

caused by the well-ordered self-assembly PC71BM clusters in the film.[109] With increas-

ing fluorine content, the inclined stripes get more pronounced, indicating the long-range

cluster correlation inside the film get better ordered, agreeing with previous AFM topog-

raphy images shown in Figure 5.4. For those films made of solvent mixture CB:DIO these

well-ordered structures get suppressed, evident by the disappearance of those stripes as

expected.
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Figure 5.5: 2D GISAXS scattering data of PTB7-Fx:PC71BM BHJ blend films prepared

from chlorobenzene without (upper row) and with (bottom row) 3 vol% solvent additive

DIO. From left to right, GISAXS images are obtained from PTB7-F00:PC71BM, PTB7-

F40:PC71BM, PTB7-F60:PC71BM, and PTB7-F100:PC71BM, respectively. Inside the red

rectangle box, the scattering feature of inclined stripes explained in the text are particulary

pointed out.

To further obtain a quantitative evaluation of the 2D scattering data, horizontal line

cuts at Yoneda peak position of PCBM are performed for all the samples. The corre-

sponding cuts are plotted as a function of the scattering vector ~q as presented in Figure

5.6(a). As introduced in section 3.2.4, to model the obtained horizontal line cuts, the local

monodisperse approximation (1D paracrystal model) with multi-length scale spheres as

the basic form within the frame of DWBA is in use. As a result, the most prominent

domain sizes in the film are extracted. For as-spun samples (bottom four curves in Figure

5.6(a)), the presence of multiple shoulders at different qy positions is indicative of multiple

length scales of the inner film.

Basically, two items form factors and structure factors are included for modelling the

horizontal line cuts. Form factor describes the domain size and structure factor repre-



68 Chapter 5. Fluorination induced morphology of PTB7:PC71BM BHJ system

(a) (b)

Figure 5.6: (a) The horizontal cuts of 2D GISAXS data (open square) and corresponding

modelling (solid lines) and (b) power spectrum density function extracted from AFM are

presented. The intensity is plotted as a function of the vector ~qy in reciprocal space. The

bottom four curves are obtained from PTB7-Fx:PC71BM without solvent additive DIO, and

the top four are obtained from PTB7-Fx:PC71BM with DIO.

sents for the domain distance. However, only form factor dominate the overall modelling

process, hence, the change of form factor is mostly correlated with the altered efficiency

of the corresponding solar cells.

The extracted domain sizes of PTB7-Fx:PC71BM BHJ films without and with DIO are

summarized in Table 5.2. As mentioned shortly before, multiple length scales is expected

inside the blend films. Three extracted dominate domain sizes of around 650 nm, 250 nm,

and 25 nm confirm the existence of the multiple length scales. The intermediate domain

size R2 is associated with aggregated PC71BM clusters, which is comparable with the film

surface structure extracted from the PSD spectra of AFM measurements at around 250

nm. Among three prominent domain sizes, despite of the fact that domain sizes R1 and

R2 are observed to change dramatically as a function of fluorine content as shown in Table

5.2, only the smallest domain size R3 is expected to account for the efficiency variance as
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sample domain 1 [nm] domain 2 [nm] domain 3 [nm]

R1 D1 R2 D2 R3 D3

PTB7-F00:PC71BM 650 1450 230 1080 35 220

PTB7-F40:PC71BM 650 1450 245 1080 25 220

PTB7-F60:PC71BM 650 1450 330 1100 30 250

PTB7-F100:PC71BM 570 1500 215 760 20 160

PTB7-F00:PC71BM:DIO 400 800 150 580 25 120

PTB7-F40:PC71BM:DIO 575 800 180 450 24 100

PTB7-F60:PC71BM:DIO 525 800 180 550 20 150

PTB7-F100:PC71BM:DIO 430 750 225 550 15 120

Table 5.2: Most prominent domain radius of PTB7-Fx:PC71BM films prepared from

chlorobenzene without and with 3 vol% solvent additive DIO extracted from GISAXS mea-

surements.

it coincides with the length scale of the exciton diffusion length of organic photovoltaics.

It is observed that for all the PTB7-Fx:PC71BM films spin-coated from CB R3 decreases

in size from 35 nm down to 20 nm with increasing the fluorination degree from 0 to 100.

Similar decreasing trend is also observed for PTB7-Fx:PC71BM films spin-coated from

the solvent mixture CB:DIO. Such shrink in domain size R3 can partially explain the

improved efficiency of the corresponding solar cells, that is, smaller domain sizes give rise

to more interfaces between PTB7 and PC71BM, and thus higher charge dissociation and

higher efficiency are achieved via this better intermixed morphology.

In summary, for both as-spun and DIO containing blend films, three prominent struc-

tures are extracted from the 1D paracrystal model. A shrink in the most influential

domain size R3 as a function of fluorine content is observed. Moreover, it is noticed that

the inner film morphology is not necessarily the same as the film surface morphology. As

is shown in present work, a rather intermixed morphology inside the film is detected by

scattering technique, whereas a phase separated morphology with large domain sizes is

observed on the sample surface from AFM images.

5.3.3 Molecular order and crystallinity

For polymer:fullerene BHJ system, besides that the fullerene tends to agglomerate and

crystallize as observed from previous optical microscopy and AFM images, the polymer
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Figure 5.7: 2D GIWAXS scattering data of PTB7-Fx:PC71BM BHJ blend films prepared

from chlorobenzene without (upper row) and with (bottom row) 3 vol% solvent additive

DIO. From left to right, GIWAXS data are obtained from PTB7-F00:PC71BM, PTB7-

F40:PC71BM, PTB7-F60:PC71BM, and PTB7-F100:PC71BM, respectively.

also has the potential to form crystalline domains. To access information on crystallinity

of PTB7, GIWAXS measurements are performed since the information about molecular

orientation, intermolecular spacing and crystal size of the polymer within BHJ system are

of utmost importance for the properties of organic photovoltaics. All the 2D GIWAXS

data of PTB7-Fx:PC71BM films made of CB without (top row) and with (bottom row) 3

vol% solvent additive DIO recorded directly by the 2D detectors are presented in Figure

5.7.

A further quantitative evaluation of the GIWAXS data is realized by performing both

horizontal and vertical sector integrals from the 2D GIWAXS images as shown in Fig-

ure 5.8(a) and (b) (scattering data obtained from blend films PTB7-F100:PC71BM with

DIO). All the peaks are consequently fitted with Gaussian function to extract lattice

constant and crystal sizes with the influence of fluorine as well as DIO. In total, for all

samples three separated Bragg peaks are observed from horizontal cuts (Figure 5.8(c)),

and a convoluted one attributed by several Bragg peaks from the higher q range of vertical

cuts (Figure 5.8(d)).

For better comparison the corresponding horizontal and vertical cuts from both as-

spun and DIO containing samples are normalized and plotted in Figure 5.9. For horizontal

cuts in Figure 5.9(a), the prominent peaks at low q region (0.34 Å) for all four polymers

correspond to the periodic backbone spacing along (100) direction. The lowest peak in-

tensity of (100) Bragg diffraction peak is observed for PTB7-F00, implying the lowest
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xy

Figure 5.8: Schematic presentation of 2D GIWAXS images obtained from PTB7-

F100:PC71BM films (a) without and (b) with 3 vol% solvent additive DIO. A represen-

tative fit with Gaussian function used for (c) horizontal and (d) vertical cuts in the present

investigation, respectively.

crystallinity is found for non-fluorinated polymer PTB7-F00 compared with other poly-

mers PTB7-Fx. Interesting changes occur to the backbone spacing: it increases 8 Å for

all four polymers simultaneously after adding DIO. The possible scenario is that with the

assist of DIO, PC71BM molecules have better mobility and diffuse into the polymer back-

bone, resulting in an expansion of the lattice constant by a level of its own diameter.[74]

Although moderate shift of the (100) peak position is observed for polymers with varied

fluorine content, the change along the (010) π − π stacking direction is considered to

be mainly responsible for the different device performances due to much higher charge

transport rate along this π − π stacking direction.

For both horizontal and vertical cuts, Bragg peaks arising from PC71BM seen as

isotropic rings in 2D images (in Figure 5.7) locate at qxy = 0.65, 1.30, 1.95 Å−1. Each

Bragg peak corresponds to (100) and correlated higher order d-spacing of 9.66 Å, 4.8 Å,

and 3.22 Å, respectively.[74] Through a careful comparison of horizontal and vertical cuts

at high q region, it is easily concluded that not only PCBM but also PTB7 contributes
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Figure 5.9: (a) Horizontal and (b) vertical sector integrals of the 2D GIWAXS data of

PTB7-Fx:PC71BM films made of chlorobenzene without (solid lines) and with (dash lines)

3 vol% solvent additive DIO. PTB7-F00, PTB7-F40, PTB7-F60, PTB7-F100 are indicated

by black, red, green, and blue color, respectively.

to the convoluted multiple peak in vertical cuts. The scattering signal at about 1.7 Å−1

from vertical cuts for all four polymers is associated with the typical π − π stacking

distance of conjugated polymer backbones (3.7-3.9 Å). This feature particularly verifies

that PTB7 tends to form face-on orientation, which agrees with other previous results

on the copolymer PTB series.[74, 95] As compared with the PCBM diffusion into (100)

direction, no PCBM is supposed to diffuse into the (010) π − π stacking direction due to

the diameter of PC71BM (10 Å) is much bigger than this typical π−π stacking spacing of

3.8 Å.[74, 110, 111] For the prototypical P3HT:PCBM BHJ system, Treat et al. and Kohn
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sample lattice constant [nm] crystal size [nm]

(100) h (010) v (100) h (010) v

PTB7-F00:PC71BM 1.82 0.39 n.a. 3.18

PTB7-F40:PC71BM 1.80 0.39 n.a. 3.25

PTB7-F60:PC71BM 1.78 0.39 n.a. 3.57

PTB7-F100:PC71BM 1.80 0.38 n.a. 3.59

PTB7-F00:PC71BM:DIO 1.89 0.37 n.a. 3.28

PTB7-F40:PC71BM:DIO 1.88 0.39 n.a. 3.43

PTB7-F60:PC71BM:DIO 1.85 0.39 n.a. 3.81

PTB7-F100:PC71BM:DIO 1.93 0.39 n.a. 3.85

Table 5.3: Lattice constant and crystal size of PTB7-Fx:PC71BM films prepared from

chlorobenzene without and with 3 vol% solvent additive DIO extracted from GIWAXS mea-

surements.

et al. reported that PCBM molecules only tend to diffuse into the amorphous region of

P3HT.[112, 113]

As explained above, one diffraction peak from PTB7 and two diffraction peaks from

PCBM are identified to form the multiple peaks at high q region in the vertical cuts.

GIWAXS measurement on neat PTB7 films (see section 6.1.2) can also provide solid

proof for this conclusion. As a consequence, three distinct Gaussian functions as depicted

in Figure 5.8(d) are used to fit the multiple peaks and further resolve the crystal size of

each material, especially for PTB7. In contrast, a previous investiagtion done by Chen et

al. on PTB7:PC61BM system only assumed one (311) Bragg diffraction of PC61BM and

π − π stacking of PTB7.[75]

Since the crystal behaviour along π − π stacking dominates the charge transport of

the whole film, information of the nanocrystal size along (010) direction is evaluated via

scherrer equation and summarized in Table 5.3. For all four polymers without and with

DIO, a general increase in crystal size is observed as a function of fluorine content. More

specifically, roughly 8 π−π stacked copolymer chains for PTB7-F00 increases up to 9 π−π
stacking chains for PTB7-F100 for as-spun blend films, whereas a change from 9 to 10 π−π
stacked copolymer chains is observed for DIO containing blend films. The slight increase

in nanocrystal size with increasing fluorine content could, partially help to improve the

solar cell efficiency. However, it cannot be the main reason for the significant difference

observed for the device performances, especially considering the low level of crystallinity
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for PTB7:PC71BM system. This is in agreement with the previous investigation that high

crystallinity is not compulsory for high efficiency solar cell.[74]

In summary, regardless of the fluorination condition and use of DIO, no obvious

changes occur to the molecular stacking distances, including both backbone and π − π

stacking distance for all the films. But the extracted crystal size increases with increasing

fluorine content for both as-spun and DIO contaning samples.

5.3.4 Results

The effect of fluorination in manipulating the morphology of PTB7:PC71BM BHJ system

is thoroughly investigated by a combination of imaging methods like optical microscopy,

AFM and scattering techniques such as GISAXS and GIWAXS. Optical microscopy re-

veals miscibility-driven cluster formation of PC71BM, which is further proved by AFM

measurement with higher resolution. The order of PC71BM clusters depends on the de-

gree of fluorination. Also it is observed that DIO help improve the miscibility between

two components PTB7 and PC71BM, and a better interpenetrating network is formed

on the film surface from the comparison between the as-spun and DIO containing blend

films. In addition, for DIO containing films smaller domain sizes is also formed inside

the film, as probed by GISAXS measurements with excellent statistics. Moreover, higher

amount of fluorine substitution on the polymer backbone alters the interaction with the

fullerene in a beneficial way, resulting in smaller domain sizes as well in general. The

crystal behaviours are accessed by GIWAXS measurement: neither the amount of fluo-

rine nor solvent additive DIO leads to an obvious change in lattice constants, and only

slightly bigger crystals are probed from higher fluorinated PTB7. Nevertheless, all the

observed morplogical changes, including the smaller domain sizes, slightly bigger PTB7

crystal size as a function of fluorine content are only supposed to affect the Jsc, which is

observed rather stable except for the devices made of PTB7-F100:PC71BM. Hence, these

differences do not fully justify the significant variance in the photovoltaic performance of

the corresponding devices.

As for the device performance of PTB7-Fx:PC71BM solar cells prepared from sol-

vent mixture chlorobenzene:DIO, the PCEs increase with introducing more electron-

withdrawing fluorine atoms along the polymer backbone. The FF observed is similar

for all the devices. Jsc remains rather similar (about 14 mA/cm2) for PTB7-F00, F40,

and F60, but it gets improved 25% (up to 17.44 mA/cm2) for PTB7-F100. By correlating

with the obtained morphological information, this improvement of Jsc could be associated

with a comprehensive effect of more interface arising from smaller domain size inside the

film, higher conductivity as a result of relatively bigger crystals for highly fluorinated
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polymers. Eventually, Voc is found to be the most influential parameter in determin-

ing the final device performance, which increases dramatically from PTB7-F00:PC71BM

system to PTB7-F100:PC71BM system. In the present case, highest device performance

is obtained from the film made of fully fluorinated polymer PTB7-F100 blended with

PC71BM, which is a result of the optimal energy level matching between two components,

smallest domain sizes, and highest conductivity caused by the full flouination of polymer

PTB7.

5.4 Summary

In general, the device performance is considered to be sensitive to the morphology of the

active layer for polymer:fullerene BHJ systems. However, the systematic work on the

PTB7-Fx:PC71BM system demonstrates that the film morphology and crystallinity do

not change dramatically by incorporating different amount of fluorine along the polymer

backbone. Only minor variances in domain size and molecular ordering were observed

from sample to sample. Nevertheless, these variances do not effectively influence the

charge absorption, dissociation, transport, as well as extraction, evident by rather similar

Jsc and FF values for partially fluorinated polymers PTB7-Fx. An enhancement of Jsc

is only observed for fully fluorinated polymer PTB7-F100. Therefore, it is concluded

that the improved efficiency of the solar cells as a function of fluorination content is

mainly ascribed to the enhanced Voc, which is actually determined by the the intrinsic

property of the used materials, that is, the difference between the HOMO level of the

donor and the LUMO level of the acceptor material. This work provides a good example

that one can adjust the HOMO and LUMO levels of the polymers by simply adjusting

the incorporated amount of fluorine along the polymer backbone to optimize the device

performance. Similar results are also demonstrated by other groups that introduction of

fluorine atom into the thienothiophene submonomer could efficiently increase the Voc or

simultaneously improve the Voc and morphology.[97, 98, 103, 114, 115, 116]

In conclusion, maximizing the Voc in a low bandgap polymer is one constructive strat-

egy towards high efficiency solar cells. It has been realized by applying strong electron-

withdrawing atoms or groups to the backbone of the polymers to lower the HOMO level of

polymers as evident by our work. Considering the LUMO level of the acceptor PC71BM,

it is still feasible to increase the Voc by tuning the HOMO level of the polymers without

sacrificing the Jsc.





Chapter 6

Solvent influence on neat PTB7 and

PTB7:PC71BM BHJ system

Polymer:fullerene BHJ systems have made impressive progress in the past decades regard-

ing the improvement on the solar cell efficiency. In this chapter, the solvent induced film

morphology made of semi-conducting pure polymer PTB7 with 40% fluorinated thienoth-

iophene units, namely PTB7-F40, and PTB7-F40:PC71BM BHJ system are investigated

in section 6.1 and 6.2, respectively. The effect of using three different organic solvents

chlorobenzene (CB), 1,2-dichlorobenzene (DB) and 1,2,4-trichlorobenzene (TB) as well

as the processing additive 1,8-diiodooctane (DIO) on both systems is investigated. In

particular, the efficiency/morphology relationship of the PTB7-F40:PC71BM BHJ system

is addressed in section 6.2. Parts of the chapter have been published as an article in the

Journal of Physical Chemistry B.[117]

6.1 Influence of solvent and additive on the morphol-

ogy of PTB7 films

In spite of the great progress in promoting the efficiency of polymer BHJ solar cells, fun-

damental knowledge of the polymer domain formation, molecular orientation and crystal

size in pure polymer films is yet to be understood. As one crucial component of organic

solar cells, such basic insights can assist to improve the BHJ morphology. In this section,

the influence on the film structure of the three commonly used organic solvents (CB, DB,

TB) and the processing additive DIO is probed with grazing incidence small and wide an-

gle X-ray scattering (GISAXS and GIWAXS). The molecular structure of the investigated

polymer PTB7-F40 is shown in section 4.1.

77
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6.1.1 Inner film structure probed by GISAXS

GISAXS measurements are applied on pure PTB7-F40 polymer thin films spin coated

from the solvents CB, DB, and TB to gain morphology information of the whole film in

the nanometer range. In Figure 6.1, the 2D GISAXS data of pure PTB7-F40 films made

from different solvents without and with the additive DIO are presented.
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Figure 6.1: 2D GISAXS data of PTB7-F40 films prepared without (top row) and with

(bottom row) 3 vol% solvent additive DIO. The used solvents are CB, DB, and TB (from

left to right).

For the data without additive DIO in the upper row of Figure 6.1, an oscillation of

the scattered intensity in qz direction is observed, regardless of the solvent being used.

It originates from so called correlated roughness, that is a locally constant film thickness

between two adjacent interfaces. This phenomenon was also observed for other polymer

films as well as for whole organic solar cells.[66, 118] In this section, PTB7-F40 films

follow the roughness of the underlying PEDOT:PSS film surface, which transmits part of

roughness spectrum existing on the PEDOT:PSS film surface. To identify the threshold

of the size of which can be replicated, namely, smallest replicated structure, off-centered
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vertical cuts towards larger qy values are performed. The intensity modulation of the

off-centered vertical cuts gradually disappears towards larger qy values. The smallest

replicated structure is extracted by identifying the corresponding qy value of the off-

centered vertical cut, which does not show any intensity modulation. The calculated

smallest replicated structure for the sample made from CB is 470 nm, and 555 nm for

those made of DB and TB. Consequently, the roughness spectrum of the pure PTB7-F40

film is almost independent of the used solvent.

For the scattering data with the additive DIO in the bottom row of Figure 6.1, no

pronounced intensity oscillations are observable. Thus the addition of DIO clearly changes

the 2D GISAXS data, and therefore the vertical structure. To verify this, vertical cuts at

qy = 0 are performed and shown in Figure 6.2(a). The smallest replicated structures for

DIO containing films made from CB, DB, and TB increase up to 758 nm, 1300 nm, and

825 nm, respectively. It is clear that the additive DIO affects the film formation and the

intensity modulation arising from correlated roughness becomes less pronounced but is

still observable. In the present investigation, DIO acts as a plasticizer, which still remains

inside the polymer films after spin-coating due to its high boiling point (see section 4.1).

The polymer films smoothens to reduce its free energy and therefore loses the roughness

correlation because it is an energetically unfavorable correlation state. By comparison, it

is concluded that the intensity oscillations arising from correlated roughness reduce due

to adding the additive DIO, and these oscillations are independent of the used solvent.

Further insights regarding the inner film structure such as the lateral correlation, the

structure and form size as well as the size distribution are obtained from the analysis of

the horizontal line cuts of the 2D GISAXS data as shown in Figure 6.2(b). The horizontal

line cuts of the 2D scattering data are taken at the critical angle of PTB7-F40, and fitted

with a 1D paracrystal model within the frame of DWBA as explained in chapter 3.2.4.

As seen in Figure 6.2(b), no prominent peaks in the nanometer regime are probed for all

PTB7-F40 films made from solutions without DIO, implying no well defined structures

are formed in these films. However, for the films made with the additive DIO, a prominent

shoulder like feature is observed, indicating the formation of lateral defined structures. As

extracted by a quantitative evaluation from the fits with a 1D paracrystal model, struc-

tures of 50 nm, 70 nm, and 75 nm are formed for DIO included films made from CB, DB

and TB solutions. The polymer aggregation caused by the additive DIO can be explained

by the low volatility of DIO compared with the host solvent. The formation of different

inner film structure size agrees with the decreasing volatilities of the host solvents, as the

boiling point of three solvents increases from CB (131◦C) to DB (181◦C) and TB (215◦C),

allowing more time for polymer chain aggregation. Similar result has also been reported

by Lou et al. that the radius of PTB7 aggregates increased slightly from 34 Å to 37
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(b)(a)

Figure 6.2: (a) Vertical and (b) horizontal line cuts of 2D GISAXS data of PTB7-F40

films made of CB (black), DB (red), and TB (blue) without (bottom three curves) and with

additive DIO (top three curves). The intensity is recorded as a function of the detector

angle αi+αf and the y component of the scattering vector qy, respectively. The position of

the specular beamstop is indicated by the grey box. The fits are shown by solid lines. All the

curves are shifted in y direction for clarity.

Å with the addition of DIO probed by SAXS measurments.[88]

6.1.2 Molecular order and crystallinity probed by GIWAXS

Followed by the inner film structural characterization, GIWAXS measurements are applied

to obtain the film crystallinity information like molecular orientation, lattice constants,

and the crystal size, which is related to the conductivity of the active layer and thereby

the corresponding solar cell performance.

The 2D GIWAXS data of CB, DB and TB without and with the additive DIO are

shown in Figure 6.3. Two features are clearly observed: the pronounced scattering inten-

sity at high q values in vertical direction and at low q values in horizontal direction. In

the vertical direction, the pronounced scattering intensity is ascribed to (010) Bragg peak
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Figure 6.3: 2D GIWAXS data of PTB7-F40 films made of CB, DB, and TB (from left to

right). In the upper row, data are obtained from samples without solvent additive DIO, and

with the addition of DIO in the bottom row.

originating from the polymer backbone π − π stacking direction, in agreement with pre-

vious investigations on neat PTB7 polymer films made of DB by Hammond et al.[74] In

the horizontal direction, polymer PTB7 backbone spacing in the alkyl side chain direction

giving rise to a (100) Bragg peak. As detailed in section 2.3.4, GIWAXS measurements

cannot access the full q-range due to the short SDD and fixed incident angle αi as pre-

sented in Figure 6.3. However, based on the fact that neat PTB7 films have a very low

gross crystallinity, as proved also by Hammond et al., we assume that a missing crystal

population from the inaccessible region in Figure 6.3 is unlikely.[74, 76] Consequently,

further quantitative evaluation is realized by the vertical and horizontal sector integrals

of the original 2D GIWAXS data as shown in Figure 6.4.

From the horizontal cuts presented in figure 6.4(a), the (100) Bragg peak at a lower

qy value 3.3 nm−1 corresponds to the PTB7 backbone spacing as mentioned above, which

is around 1.9 nm. The weak peak at q = 16 nm−1 originates from the π − π stacking

distance in the (010) direction. Compared with the horizontal cuts, the vertical cuts

show less pronounced features at low q, which are caused by the beamstop instead of
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Figure 6.4: (a) Horizontal and (b) vertical sector integrals of the 2D GIWAXS data of

PTB7-F40 films prepared from CB (black), DB (red), and TB (blue) without (solid lines)

or with (dashed lines) DIO. All the curves are shifted along the intensity axis for clarity.

assigned (100) reflection like the horizontal cuts. The very strong (010) Bragg peaks at

16.5 nm−1 in vertical direction associating with the π−π stacking alignment indicate that

the prevailing crystallite orientation for PTB7-F40 films is the face-on orientation. This

is in agreement with several other investigations on PTBx films.[74, 103]

From the peak intensity, for all the horizontal cuts it is also concluded that film

crystallinity remains rather constant, regardless of the used solvent or the additive. In

contrast, interesting changes are observed for the vertical cuts. Films made of different

solvents consist of different crystallinity, and the amount of crystallinity changes with the

effect of the additive DIO as seen by the modulated peak intensity.

By fitting all intensity peaks in the cuts with Gaussian functions as presented in

solvent lattice spacing [nm] crystal size [nm]

(100) h (010) v (100) h (010) v

CB 1.97 0.39 4.84 2.04

DB 1.92 0.39 4,45 1.97

TB 1.96 0.39 5.12 2.05

CB:DIO 1.99 0.39 4.83 1.97

DB:DIO 1.89 0.39 4.48 1.82

TB:DIO 1.92 0.39 4.48 2.08

Table 6.1: Lattice constant and crystal size of PTB7-F40 films prepared from CB, DB,

and TB without and with DIO extracted from GIWAXS measurements.
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Figure 5.8 in chapter 5 and applying the Scherrer equation, changes in the crystal size are

extracted as listed in Table 6.1. This method reveals only the lower limit of the crystal size

due to the resoltuion of the setup, deviation of lattice constants and varied crystal size.

Nevertheless, it is a reliable method for a qualitative comparison. For the investigated

system, it is summerized that neither different solvents or the additive DIO affects the

crystal size for all films. This observation is in agreement with Lou’s investigation that

the addition of DIO has a negligible influence on the PTB7 crystal size.[88]

6.1.3 Results

The morphology and crystallinity of PTB7-F40 films made of three common organic

solvents CB, DB, and TB without and with the additive DIO are probed by grazing

incidence scattering techniques. Regardless of the used solvent, roughness correlation

with the underlying PEDOT:PSS film surface is observed. However, the inclusion of DIO

reduces the signal of roughness correlation due to its low volatility, resulting in defined

polymer aggregation, which is not observed for non-DIO containing samples. In addition,

the smallest inner film strucure is extracted for films made of CB, which may explain

the best device performance of the corresponding PTB7:PC71BM solar cells shown in

section 6.2. Moreover, the individual crystal sizes probed with GIWAXS measurements

are not affected by either the selection of solvent or the additive. Nevertheless, the

overall structure order in the films is solvent dependent, and the film made of CB exhibits

surprisingly small overall crystallinity after the addition of DIO.

6.2 Influence of solvent and additive on the morphol-

ogy of PTB7:PC71BM films

For solution-processed solar cell devices, the significance of selecting the host solvent

has been evident by many investigations.[119, 56, 120, 121] Our previous study on the

P3HT:PC61BM BHJ system also shows that using different organic solvents results into

remarkably different film morphology, which is directly linked to the corresponding device

performance.[52] Despite of several other studies on PTB7 system have been reported

recently,[75] most of these investigations only focused on PTB7:PC61BM BHJ system,

thus higher efficient PTB7:PC71BM BHJ system remains to be studied. In this study,

the solvent-induced structure/property relationships of PTB7-F40:PC71BM BHJ films are

investigated. Moreover, the effect of the processing additive DIO on the morphology con-

trol for the same series of samples is also probed. Since the first successful application
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of the processing additive in low-bandgap polymer solar cells by Peet et al., more atten-

tion has been put on this field, which appears to be another effective method to control

film morphology.[87, 122, 123, 124] The photovoltaic performance of solar cells made of

three different solvents CB, DB, and TB was firstly characterized. Then the influence

of these three common organic solvents and solvent additive DIO on the morphology of

PTB7-F40:PC71BM BHJ films was deliberately explored by the combination of direct

imaging techniques like AFM, and sophisticated scattering methods such as GISAXS and

GIWAXS, which allows for probing the representative length scales of the blend films.

As a consequence, the efficiency variance introduced by the usage of different solvents is

addressed. The molecular structures of the studied materials can be found in Figure 4.1.

6.2.1 Optical properties

To enable a comparison between the solar cell devices made of different solvents com-

parable, the initial solution concentration of each solvent is adjusted to obtain the same

film thickness for all films made of different solvents, which can be quickly checked by

absorption measurements. According to the Beer-Lambert law, one could easily control

the film thickness by comparing the absorption spectrum of each film as explained in

section 3.1.1. As shown in Figure 6.5, PTB7-F40:PC71BM BHJ films made from different

solvents present similar absorption spectrum, indicating that a similar film thickness is

achieved. Therefore, the difference of the solar cell efficiency must arise from the dif-

ferent film morphology. It is noticed that a deviation in absorption of the film made

from CB:DIO occured in the high wavelength range between 750 nm and 1000 nm. With

repetitive measurements for all the samples, it is ruled out that the absorption deviation

is caused by misalignment of the sample. It is possibly ascribed to the special droplet

morphology of the blend film made of CB:DIO formed on particular glass substrate as

inserted in Figure 6.5, which is not observed for other films.

6.2.2 Solar cell performance

Based on similar film thickness of the active layers, the IV curves of PTB7-F40:PC71BM

solar cells prepared from CB, DB, and TB without and with additive DIO are recorded and

shown in Figure 6.6. The corresponding parameters, Jsc, Voc, FF and power conversion

efficiency η of the solar cell devices are listed in Table 6.2.

Obvious different device performance is obtained by using different solvents. It is

observed that the introduction of the additive DIO clearly promotes the device efficiency

for solar cells made of CB and DB. In addition, CB appears to be the best solvent for
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Figure 6.5: Absorption spectrum of PTB7-F40:PC71BM solar cells prepared from CB

(black), DB (red), and TB (blue) without (solid lines) or with (dashed lines) DIO. The ab-

sorption deviation for the black dashed line caused possibly by the special droplet morphology

of the corresponding film as shown in the inserted optical image.

PTB7:PC71BM solar cells, presenting a PCE of 4.32% when the additive DIO is used,

which is in agreement with the efficiency characterization of PTB7 systems by Liang et

al.[41] In contrast, Chen et al. reported relatively higher efficiency device is made from

solvent DB.[75] The difference possibly arises from the different electron acceptor, as the

former group uses PC71BM whereas Chen et al. selects PC61BM. Based on the results

proved by Troshin et al. that minor modification of the fullerenes would give dramatic

solvent Jsc (mA/cm2) Voc (V) FF (%) η (%)

CB 9.65 0.52 41.01 2.07

DB 6.75 0.44 44.58 1.32

TB 5.10 0.45 49.47 1.14

CB:DIO 16.06 0.53 50.95 4.32

DB:DIO 13.98 0.52 50.97 3.71

TB:DIO 4.18 0.47 39.28 0.77

Table 6.2: Parameters of PTB7-F40:PC71BM solar cells prepared from CB, DB, and TB

without and with DIO.
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Figure 6.6: Current-voltage characteristics of PTB7-F40:PC71BM solar cells prepared from

CB (black), DB (red), and TB (blue) without (solid lines) and with (dashed lines) DIO.

The measurements are performed under standard AM 1.5 spectrum with the illumination

intensity 1000 W/m2.

change on the device efficiency due to the different solubility (e.g. the solubility of PC61BM

and PC71BM are 50 mg/mL and 80 mg/mL in solvent chlorobenzene, respectively), it

certainly demonstrates the urgency to thoroughly study PTB7-F40:PC71BM BHJ system.

[125, 126] The different PCE induced by the selection of the solvents mainly lies in the

different Jsc. In comparison, Voc and FF remain relatively stable for different solar cell

devices.

6.2.3 Film morphology

(a) Mesoscopic surface structure

In Figure 6.7 the optical microscopy images of PTB7:PC71BM BHJ films on PEDOT:PSS

modified silicon substrates are presented. Homogeneous films are obtained for all films

made from different solvents. Thus the high molecular weight polymer PTB7 is com-

pletely dissovled in all solvents with the assistance of heating as mentioned in chapter

4, which is one of the most crucial factors affecting the final device performance for par-

ticularly the PTB7-F40:PC71BM BHJ solar cells. For the film made from CB:DIO, the

droplet structure (observed on the glass substrate) mentioned above is not observed in

the presented optical microscopy image due to the usage of different substrates. No mor-



6.2. Influence of solvent and additive on the morphology of PTB7:PC71BM films 87

phological difference is visible with the resolution limit of optical microscopy. Thus, AFM

measurements are applied to obtain topography images of the polymer thin films surface

on the nanometer scale.

10 µm 10 µm 10 µm

10 µm 10 µm 10 µm

Figure 6.7: Optical microscopy images of PTB7-F40:PC71BM films prepared from CB,

DB, and TB (from left to right) without (in the upper row) and with DIO (in the bottom

row).

In Figure 6.8, AFM topography images of CB, DB, and TB without and with the

additive DIO are shown. It has been reported from many studies on polymer:fullerene

BHJ system that fullerene molecules tend to form clusters due to agglomeration and

diffusion.[52, 121, 127] It is clearly observed that PC71BM tends to aggregate when the

additive DIO is not included, agreeing with the results from other groups.[100, 128] Fur-

thermore, the cluster size is solvent dependent. The size of PC71BM cluster decreases

from around 250 nm to 100 nm as the boiling point of the host solvent increases. For

those samples with solvent additive DIO, PC71BM clusters are not obviously visible as

compared with those films without the DIO.

It is suggested that the formation of these fullerene clusters already takes place in the

solution stage with different sizes in different host solvents, which is determined by the

solubility of the fullerene in each solvent. As a result, TB shows the highest solubility

for PC71BM, whereas CB the lowest solubility, and therefore, biggest PC71BM clusters

observed in case of CB. After the spin-coating step, the size of the fullerene cluster in

the film stage preserves as that of the solution stage. However, when the additive DIO

is included, as it can selectively dissolve PC71BM, smaller PC71BM domains are created

with the aid of DIO. PC71BM gets better distributed in PTB7 polymer network, leading

to the formation of optimized domain size and more interfacial area between these two
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Figure 6.8: AFM topography images of PTB7-F40:PC71BM films prepared from CB, DB,

and TB (from left to right) without (in the upper row) and with DIO (in the bottom row).

The scan size for all images is 2× 2 µm2. Different color bars indicate the height variance

among different samples.

components.[41, 95, 88] Accordingly, the charge separation probability and the final device

efficiency get enhanced. Especially for the sample made from TB:DIO, the best intermix-

ing surface morphology is observed. However, lowest efficiency is obtained as presented

in table 6.2. The contradiction illustrates that one cannot purely correlate the surface

morphology with the whole device property, and reliable statistical structure evaluations

regarding the inner film morphology need to be further carried out. Moreover, although

obvious PCBM clusters are observed for samples without DIO from topography images,

it is risky to conclude that higher concentration of PC71BM on top of the film. To further

confirm the existence of an enriched PC71BM layer, XRR measurements are performed.

In summary, the formation of the film surface morphology is a solubility and miscibility-

driven process: for those films without DIO, the highest volatility of the solvent TB func-

tions together with its best solubility for fullerene molecules, resulting in the smallest

fullerene cluster size. Same mechanism also holds for the DIO included films, and DIO

further assists to dissolve the fullerene clusters, therefore, better interpenetrating network

of two components with even smaller length scales are observed. So far, only film surface

morphology is probed. To access the inner film structure, e.g. the film lateral structure

and vertical composition, X-ray scattering and X-ray reflectivity are applied.
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(b) Mesoscopic lateral structure
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Figure 6.9: 2D GISAXS scattering data of PTB7-F40:PC71BM BHJ blend films prepared

without (top row) and with solvent additive DIO (bottom row). The used solvents are CB,

DB, and TB from left to right.

In Figure 6.9, GISAXS scattering data of PTB7-F40:PC71BM BHJ blend films made

of different solvents are displayed. As compared with the scattering data from pure PTB7-

F40 films shown in Figure 6.1, no roughness correlation phenomenon can be observed due

to the inclusion of PC71BM component. Furthermore, a much broader scattering signal

towards higher q range along qy direction is observed for all samples, especially for the

three DIO added films, implying smaller domains are formed. In order to gain a reliable

quantitative evaluation, precise analysis of horizontal horizontal line cuts are performed

and fitted with 1D paracrystal model within the frame of DWBA.

The corresponding horizontal line cuts of GISAXS datas probing the inner film struc-

ture information are presented in Figure 6.10(a). For those samples containing solvent

additive DIO, modulate peaks shift from low qy to high qy range as compared with non-

additive films indicate that relatively larger PC71BM clusters disappear while smaller

structures are formed. In order to gain a quantitative evaluation, all the horizontal line
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(a) (b)

Figure 6.10: (a) Horizontal line cuts of the 2D GISAXS data and (b) power spectrum

density function calculated from AFM data. The intensity is plotted as a function of the

scattering vector qy in reciprocal space. Solid lines represent the fits with the 1D paracrystal

model. The bottom three curves are PTB7-F40:PC71BM BHJ films made of CB (black), DB

(red), and TB (blue) without the additive DIO, and the top three are with the additive DIO.

cuts are fitted with 1D paracrystal model as described in section 3.2.4. The fitting param-

eters are summarized in Table 6.3 using three different form factors and structure factors.

For the films made without DIO, average domain size R1 in the range of few hundred

nanometers decreases with increasing the boiling point of the host solvent. These results

agree well with the trend revealed by AFM measurements which have shown that the ag-

gregated PC71BM clusters form on the film surface. The solvent-dependent size formation

is again attributed to the different solubility of PC71BM for each host solvent as explained

above. The second domain size R2 of several tens nanometers remains rather stable for

all the films regardlesss of the used host solvent and additive. The smallest domain R3

is fitted with domain size around 10 nm, which matches the exciton diffusion length as

mentioned in the theory chapter. Hence, the evolvement of domain size R3 is expected

to strongly influence the device performance. By correlating the device performance with

the extracted lateral structure sizes, the effect of DIO on the film morphology is clearly

evident by the overall shrinked domain sizes (R1, R2, R3). Moreover, the best solar cell
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solvent domain 1 [nm] domain 2 [nm] domain 3 [nm]

R1 D1 R2 D2 R3 D3

CB 320 650 60 180 30 120

DB 250 650 50 180 14 80

TB 230 600 75 150 13 50

CB:DIO 160 490 50 170 8 60

DB:DIO 170 500 65 200 8 100

TB:DIO 220 600 70 450 10 100

Table 6.3: Extracted representative domain size information of PTB7-F40:PC71BM solar

cells prepared from CB, DB, and TB without and with DIO.

efficiency given by CB:DIO can be explained by the smallest inner domain structures as

seen in Table 6.3. In addition, the inner film structure from horizontal line cuts of the

2D GISAXS data are compared with the film surface structure deduced from the power

spectrum density function of AFM data (see Figure 6.10(b)). It is observed that the inner

film structure for all the films (400 to 600 nm) is bigger than that of film surface (100 to

250 nm) by the identification of the corresponding q value of the peak center.

(c) Mesoscopic vertical structure

As introduced in section 3.2.3, XRR measurement is routinely used for the measurement

of thickness, vertical material composition and roughness of thin films. The vertical profile

is crucial for the performance of organic photovoltaic cells. Depending on the geometry

of the whole solar cell, the possible formation of an enrichment layer in a wrong position,

e.g. at the wrong electrode can act as an undesired blocking layer, which directly affects

the charge transport and therefore the device performance. From XRR data shown in

Figure 6.11, it is proved that thickness control by absorption is an effective method and the

thickness of all films made of different solvents is about 115 nm. Film roughness decreases

after adding the DIO except for the sample made from DB. In addition, enrichment layers

can be observed for all the samples, which is presented in an alternative way as chemical

composition profile converted from the refractive index profile. The chemical composition

profiles for all the samples depicted with a gray scale model as shown in Figure 6.12.[129]

For the extensively studied model system P3HT:PCBM solar cells, Kumar et al. have

demonstrated that an enhancement of the P3HT:PCBM device performance can be real-

ized by the vertically modulated nanomorphology.[29] In analogy, the ideal vertical mate-

rial composition for PTB7:PC71BM solar cells is suggested to be an ultra thin PTB7 layer
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Figure 6.11: Measured XRR data points with fits (solid line) of PTB7-F40:PC71BM films

prepared from CB (black), DB (red), and TB (blue). For the bottom three curves, data are

obtained from samples without solvent additive DIO, and top three ones are with the addition

of DIO.

at the bottom of the film, while a PC71BM layer close to the aluminum contact.[29, 130]

However, it is reported by Hedley et al. that a thin PTB7-rich skin layer on top of the

blend film is probed by the combination of several techniques (SEM, AFM and time-

resolved photoluminescence).[128] In contrast, in the present investigation an enriched

PC71BM layer is observed on top of the blend films. Additionally an enriched PTB7

layer at the bottom of all films is formed. The formation of such vertical material com-

position is caused by the different solubility of polymer PTB7 and PC71BM in the host

solvent. For example, in case of CB it is 80 mg/mL for PC71BM and less than 10 mg/mL

for PTB7.[125] As the solubility of PC71BM in CB, DB and TB is higher than that of

PTB7, during the solvent evaporation process (spin-coating process), PC71BM with bet-

ter solubility tends to form an enrichment layer at the film surface, while PTB7 slightly

enriches at the bottom of the blend film. Such vertical composition with enrichment lay-

ers observed in this study are beneficial for the whole solar cells device: (1) The PTB7

enrichment layer can serve as a hole-transporting layer and PCBM enrichment layer as

an electron-transporting layer to assist charge transport. (2) These enrichment layers are

able to reduce the energy barrier by forming ohmic contacts, resulting in effective charge
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Figure 6.12: The scattering length density profile of polymer blend PTB7-F40:PC71BM

films prepared from CB, DB, and TB without (in the upper row) or with DIO (in the bottom

row) extracted from fitting data of the XRR measurements. The pure black region indicates

the pure PTB7 enrichment layer, pure white region indicates the pure PC71BM enrichment

layer, and the gray region is the mixture of both materials. Note that the scale of the film

thickness is the same for all the samples (around 115 nm).

extraction. Nevertheless, the vertical profiles from the different solvents are rather simi-

lar, which cannot address the efficiency difference of different devices. To further assess

details about the film crystallinity, GIWAXS measurements are employed.

(d) Molecular order and crystallinity

Charge transport as one important process is governed by the conductivity and crys-

tallinity of the polymer. From the investigation of the pure PTB7-F40 films in section 6.1,

it is summarized that neither solvent or solvent additive affects the film crystallinity. In

this study, the crystallinity investigation on the PTB7-F40:PC71BM blend films is also

performed by GIWAXS measurement. The corresponding GIWAXS data are presented

in Figure 6.13. Several prominent scattering features are observed: arc-like signals arising

from the random orientation of PCBM molecules, pronounced scattering intensity at low

qy (about 3.5 nm−1) and high qz (about 15 nm−1) values. As shown in Figure 6.14, for

both horizontal and vertical sector integrals, Bragg peaks from PC71BM are present at q
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Figure 6.13: 2D GIWAXS data of PTB7-F40:PC71BM BHJ films made of CB, DB, and

TB (from left to right). In the upper row, data are obtained from samples without solvent

additive DIO, and with the addition of DIO in the bottom row.

= 6.5 nm−1, 13.3 nm−1, 19 nm−1. The Bragg peaks at a q value 3.3 nm−1 appearing in

all the horizontal cuts in Figure 6.14(a) correspond to the (100) PTB7 backbone spacing,

which has already been probed for pure PTB7-F40 films.[117] With careful comparison

of the Bragg peaks in the higher q range between the horizontal and vertical cuts, it is

easy to assign the multiple peaks in the q range of 12 nm−1 to 19 nm−1 in Figure 6.14(b),

that is, two Bragg peaks from PC71BM at q values of 13.3 nm−1, 19 nm−1, and one Bragg

peak arising from (010) PTB7 π − π stacking distance. The details are explained in the

previous chapter in Figure 5.8.

With a quantitative evaluation by fitting all the Bragg peaks with Gaussian functions

as explained in the previous chapter in section 5.3.3, molecular stacking information is

obtained by identifying the corresponding q value for each Bragg peak. However, both

backbone spacing and π−π stacking distance remain rather constant as shown in Table 6.4:

The extracted backbone spacing along the (100) direction for all samples is 1.8±0.5 nm,

whereas the π−π stacking distance along (010) is 0.40±0.01 nm. Additionally, the crystal

size is estimated with the Scherrer equation. It is observed that for samples made of CB

and DB, crystal sizes along (010) direction slightly increase after introducing DIO, which
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Figure 6.14: (a) Horizontal and (b) vertical sector integrals of the 2D GIWAXS data of

PTB7-F40:PC71BM BHJ films prepared from CB (black), DB (red), and TB (blue) without

(solid lines) or with (dashed lines) DIO.

can moderately assist charge transport within the blend films. For the samples made

of TB, crystallinity even decreases for the additive DIO added film. The change in the

crystallinity in (010) direction coincides with the corresponding solar cell performance

listed in Table 6.2, which demonstrates the influence of the crystallinity on the overall

device performance. However, this minor change in film crystallinity cannot be the main

reason for the obvious efficiency variation. In conclusion, similar to the results obtained

from pure PTB7-F40 films, the selection of solvents neither significantly changes the

organization of PTB7 chains at a molecular level nor the nanocrystallite size of PTB7 or

PC71BM. This observation is in agreement with previous research on the same system by

Chen et al.[75]

6.2.4 Results

As one of the newest low bandgap polymers PTB7, the influence of different solvents

and the additive DIO on the molecular arrangement, mesoscopic and crystalline structure

of BHJ PTB7-F40:PC71BM films is thoroughly studied. Based on a solution-processed

technique, the selection of host solvent and the addition of an appropriate solvent ad-

ditive have an impact on manipulating the nano-morphology of the PTB7-F40:PC71BM

films. From this investigation, it shows that film thickness control via the simple com-

parison of absorption curves is an effective method, which is further confirmed by the

XRR measurements. In addition, it is observed that the vertical composition of all films
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solvent lattice spacing [nm] crystal size [nm]

(100) h (010) v (100) h (010) v

CB 1.77 0.40 1.24 4.18

DB 1.76 0.41 1.18 4.23

TB 1.81 0.41 1.27 4.15

CB:DIO 1.80 0.41 1.26 4.31

DB:DIO 1.81 0.41 1.18 5.14

TB:DIO 1.85 0.39 1.17 3.27

Table 6.4: Lattice constant and crystal size of PTB7-F40:PC71BM solar cells prepared

from CB, DB, and TB without and with DIO extracted from GIWAXS measurements.

are rather similar whereas film roughness decreases upon the addition of DIO. Moreover,

much smaller domain sizes and better interpenetrating networks are formed for films

with 3 vol% solvent additive DIO, which can greatly enhance the charge separation rate,

and therefore improve the device performance. With wide angle X-ray scattering, it is

observed that crystallinity within each film is correlated with the device performance.

However, as the difference of the vertical film composition and crystallinity caused by

different solvents and the additive are nearly neglectable, thus we ascribe the variation of

corresponding device performance mainly into the difference of the lateral structure size

probed by GISAXS measurement.

without DIO with DIO

PTB7 PC71BM additive DIO CB (or DB, TB)

(a) (b)

Figure 6.15: Proposed morphology model of PTB7-F40:PC71BM BHJ films prepared from

CB (DB, TB) (a) without and (b) with the processing additive DIO during spin-coating

process. Blue wire: PTB7 polymer chain; Big red dots: PC71BM; Purple chain with two

dots: additive DIO molecules; Small orange dots: host solvent molecules.
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The corresponding film morphology for all the investigated films during spin-coating

process is summarized in Figure 6.15. For the PTB7-F40:PC71BM BHJ films without

the processing additive DIO, PC71BM clusters are formed and the size of the clusters is

solvent dependent due to the different volatility of the host solvent. Films with relatively

higher roughness are quantified. Upon the addition of DIO, big PC71BM clusters are

selectively dissolved by DIO and diffuse into PTB7 network, forming a better interpen-

etrating morphology. In addition, a PC71BM enrichment layer is observed on the film

surface for all the samples during the evaporation of DIO. Although moderate changes

occur to the lattice constants and crystal size, the effect on photovoltaics performance be-

comes less influential or cancelled out by other factors in this case. Moreover, as proved

by this investigation as well as that of others,[74] PTB7-F40:PC71BM is a typical low

crystallinity system, therefore, information related to crystallinity is not included in the

proposed model. The influence of different solvents on the film morphology mainly lies

in the average domain size (PTB7 or PC71BM domains) as marked with red arrow in the

proposed model.

6.3 Summary

By a simple switch of the host solvent, the morphology and crystallinity of pure PTB7

films and BHJ PTB7-F40:PC71BM films are affected, which leads to drastic change of the

corresponding BHJ solar cell performance. It is suggested that the different morphologies

introduced by different host solvents is mainly attributed to the miscibility and solubility

difference between the polymer PTB7 and fullerene PC71BM. According to the conclusion

achieved by Troshin et al., the highest device performance is given by those material

combinations where donor and acceptor components are of similar and sufficiently high

solubility in the host solvent. CB is the solvent that allows PTB7 and PC71BM have

similar high solubility in this study.[125] Consequently, for the solar cells made from CB,

DB and TB, CB-based PTB7-F40:PC71BM films demonstrates the best PCE of 2.07%.

For the solar cells made from CB:DIO, DB:DIO and TB:DIO, additional competition

between the processing additive DIO with each host solvent (due to different volatility

and solubility for PC71BM) results in the proved enriched PCBM layer near the aluminum

contact as well as better intermixed morphology with smaller length scales during the film

drying process. With consideration of all effects, CB:DIO is proved to be the best host

solvent mixture for PTB7-F40:PC71BM BHJ system mainly due to the smallest length

scale through the whole active layer as probed by GISAXS measurement. This conclusion

perfectly explains our first observation that the different PCE induced by the selection of

the solvents mainly lies in the different Jsc.
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In summary, as a solution-based new technology, a careful selection of solvent and

the processing additive is of utmost importance. As a result, to further push up the

PCE of organic photovoltaics, not only one could synthesize new polymers and fullerenes

derivatives with balanced higher conductivity and lower bandgap, but also manipulate the

nanomorphology formation by the smart selection of the solvent and possible additives.



Chapter 7

Solvent treatment enhanced

efficiency for PTB7:PC71BM BHJ

system

In order to obtain high efficiency polymer solar cells (PSCs), many approaches, such as

the synthesis of new polymers, the judicious selection of host solvent, the introduction

of solvent additives, post-production treatments, the optimization of device geometry

and so on have been examined. In chapter 5, it is shown that synthesis of new low

bandgap polymer is a promising method torwards higher efficient PSCs. In chapter 6,

the impact of choosing the most suitable host solvent together with the solvent additive

is clearly evident. In this chapter, taking the best performed polymer PTB7-F100 and

most suitable host solvent chlorobenzene, a simple, environmentally friendly, and low cost

method, namely, post treatment with green solvent (methanol) is introduced additionally

and shown to be an effective post-treatment method to further improve the efficiency of

polymer:fullerene BHJ solar cells.[102, 131, 132] The positive effect induced by methanol

treatment for PTB7:PC71BM BHJ system is attributed to an increase in built-in voltage,

decreased series resistance and reduced charge recombination reported by Zhou et al.

recently.[102] Moreover, Ye et al. claimed that methanol treatment of the photoactive

layer leaded to a shift of the vacuum level on the metal side of the device, thereby reducing

the electron injection barrier at the organic/metal interface and resulting in an enhanced

device performance.[92] However, so far all investigations regarding the influence of solvent

treatment have only reported on the change of film surface, therefore, a potential change of

the inner film morphology induced by the solvent treatment is mostly neglected. Moreover,

all related researches only focused on the well-working solvent methanol for enhancing

device efficiency in PTB7:PCBM polymer solar cells.[102, 131, 132] Investigations on the

99
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impact of other alcohol solvents, such as ethanol, 2-propanol, and 1-butanol are still very

limited.

In this chapter, a variety of alcohols for post-solvent treatment of the active layer of

polymer solar cells, consisting of PTB7:PC71BM in a BHJ geometry is employed to further

optimize the final device efficiency. The effect of solvent treatment on the electronic

properties of the solar cell devices and on the modification of the active layer morphology

by comparing four alcohols (methanol, ethanol, 2-propanol, and 1-butanol treatment) are

mainly examined. To date, this work for the first time systematically reports the effect

of solvent treatment using these four alcohols. The main aim of the study is to track the

trend of device efficiencies of the solar cells obtained after different solvent treatments

rather than fabricating novel record PSCs by fully optimizing the devices. The film

surface morphology of the pristine and solvent-treated polymer blend films is probed by

atomic force microscopy (AFM), and inner film morphology is revealed by time of flight-

grazing incidence small angle neutron scattering (TOF-GISANS). Using neutrons instead

of X-rays has the particular advantage, that contrast condition can be better in systems

relevant for PSCs.[133] As a consequence, the reason for the positive impact of solvent

treatment on PTB7 based PSCs is presented, and the efficiency-morphology relationship

is suggested. The results presented in this chapter have been submitted as an article to

the journal Advanced Energy Materials.[134].

7.1 Solar cell performance

In total, more than 200 individual devices were fabricated and the corresponding IV

curves were collected and analysed. It should be noticed that in present investigation

the most simple device configuration consisting of indium tin oxide (ITO)/ poly(3,4-

ethylenedioxythiophene): polystyrene sulfonate (PEDOT:PSS)/ PTB7:PC71BM/ alumin-

um (Al) is selected to gain fundamental insights in the efficiency-morphology relationship.

In other words, solar cells without a second hole-blocking layer or without optical spacer

layers are fabricated and examined like those in previous chapters. Moreover, a relatively

larger solar cell pixel size of 13 mm2 is in use in this work as compared with 4.5 mm2 in

the investigation by Zhou et al.[102] Hence, it is reasonable to obtain slightly lower values

of the device efficiency as compared to the reported results.

It is concluded that besides the recently published methanol treatment route, the use

of other alcohols (like ethanol, 2-propanol, and 1-butanol treatment after the deposition of

the photoactive layer) is also found to be able to improve the efficiency of PTB7:PC71BM

BHJ solar cells to certain extent. In Figure 7.1, the current-voltage characteristics (IV
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Figure 7.1: IV curves of PTB7:PC71BM solar cells with different solvent treatments:

reference solar cell (black dash line), with methanol treatment (black solid line), with ethanol

treatment (red solid line), with 2-propanol treatment (gray solid line), and with 1-butanol

treatment (blue solid line). The measurements are performed under standard spectrum AM

1.5 with the illumination intensity 1000 W/m2.

curves) of pristine PTB7:PC71BM BHJ solar cells and solvent treated solar cells using

four different alcohols are shown. It can be observed that a simultaneous improvement

of the short-circuit current Jsc, the open-circuit voltage Voc, and the fill factor FF are

obtained by these alcohol solvent treatments. However, the efficiency improvement does

not exhibit a simple relationship with the used alcohols’ properties, such as the number

of carbon atoms or the vapor pressure of the alcohol solvents. In general, the highest effi-

ciency is obtained from samples after methanol treatment, whereas the ethanol treatment

gives rise to the most moderate enhancement of the device performance.

In order to have a quantitative comparison, the corresponding cell parameters Jsc, Voc,

and FF are evaluated and listed in Table 7.1. Considering only the device performance,

the PCE of the pristine polymer solar cells is 4.6%, and it increases up to a maximum

6% for methanol treated devices. As for solar cell devices with 2-propanol and 1-butanol

treatment, the PCE improves up to 5.32% and 5.52%, respectively. The efficiency en-

hancement for ethanol treated devices is lowest, and the resulting efficiency only achieves

5%. Regarding the characteristics parameters, a simultaneous improvement of Jsc, Voc,

and FF as mentioned above is observed for alcohol solvent treated devices. The improve-

ment of the final device performance is predominately determined by the increased Voc
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sample Jsc (mA/cm2) Voc (V) FF (%) η (%)

reference 14.61 0.62 50.1 4.55

methanol 15.83 0.68 55.5 6.01

ethanol 14.96 0.63 52.2 4.96

2-propanol 15.24 0.66 53.1 5.33

1-butanol 15.61 0.66 51.6 5.35

Table 7.1: Characteristic parameters of reference and alcohol solvents treated polymer solar

cells prepared from PTB7:PC71BM dissolved in chlorobenzene with 3 vol% additive DIO.

and FF induced by the solvent treatment: For methanol treated devices, a significant in-

crease of Voc from 0.62 V to 0.68 V is achieved, and FF also shows a decent enhancement

from 50.1% up to 55.5%. A similar but a relatively lower increase of Voc (up to 0.66 V)

and FF (to about 53.5%) is observed for 2-propanol and 1-butanol treated devices. In

comparison, the increase of Voc (0.63 V) and FF (52.2%) for ethanol treated device is the

lowest. Overall, Jsc remains rather stable, irrespective of the used alcohol, which indicates

that the mobility and the extraction of charge carriers are not significantly affected by

the solvent treatment.

Although it is feasible to further optimize the device performance for instance by

an incorporation of spacer layers between the photoactive layer and the Al electrode or

by operating the whole device fabrication and measurement procedures under nitrogen

atmosphere,[102, 30] the implementation of spacer layers is very time-consuming and chal-

lenging due to the complexity of multi-layer devices. Consequently, an unnecessary degree

of complexity to the investigation of the film structure is included. As for commonly used

interlayer for enhancing the device performance, additional requirements such as perfect

match between the HOMO of the donor material and the LUMO of the acceptor material

is needed. In comparison, solvent treatment appears to be the easiest method in improv-

ing the efficiency of PSCs without time-consuming and laborious fabrication procedures

of interlayer materials. Since morphological study is the main focus of this work instead

of achieving the highest efficiency, thus the corresponding architecture of the solar cells

is maintained as similar as possible to those investigated pure photoactive layers without

the influence of additional interlayers. Therefore, our results are sufficient to provide first

insight to address the efficiency/morphology relationship.
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7.2 Optical properties

To start with, optical properties of the pristine PTB7:PC71BM BHJ blend film and solvent

treated films are studied with UV/Vis measurements as shown in Figure 7.2. A linear

superposition of the spectra of the individual materials, the fullerene PC71BM and the

polymer PTB7, is observed. For pristine (dashed curve) and alcohol solvent treated

PTB7:PC71BM BHJ films (solid curves), the absorption spectra are identical. According

to the Beer-Lambert law the absorption is proportional to the film thickness, if the same

material composition is used. Therefore, it is concluded that the solvent treatment with

the four different alcohols causes no evident change in the film thickness, agreeing with

Zhou’s findings as verified by profilometry.[102] This observation shows that the optical

properties of the components of the blend are not altered by the alcohol treatments.

Hence, it rules out the possibility that the resulting efficiency variance among the pristine

and the solvent-treated PTB7:PC71BM BHJ solar cell is caused by a change in the light

absorption of each film. Due to similar thickness of the active layers seen in Figure

7.2, the enhancement of solar cell performance must arise from either the reconstructed

morphologies of the PTB7:PC71BM active layers or the modified interface energy levels

introduced by the solvent treatment discussed as follows.
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Figure 7.2: Absorption spectra of PTB7:PC71BM solar cells with different solvent treat-

ments: reference solar cell (black dash line), with methanol treatment (black solid line),

with ethanol treatment (red solid line), with 2-propanol treatment (gray solid line), and with

1-butanol treatment (blue solid line).



104Chapter 7. Solvent treatment enhanced efficiency for PTB7:PC71BM BHJ system

7.3 Mesoscopic structure

7.3.1 Mesoscopic surface structure

Since the photovoltaic performance of PSCs is closely correlated with the morphology

of the photoactive layer,[135, 52] the surface morphology of the PTB7:PC71BM films

without and with solvent treatment is studied using an optical microscopy and AFM.

Optical micrographs show homogeneous film surfaces for all investigated samples and no

additional structural variance can be extracted due to limited resolution as seen in Figure

7.3. The occasional black dots are suggested to be undissolved large molecule weigh

polymer PTB7. In order to further resolve smaller surface structures and determine the

surface roughness of the films down to nanometer length scale, AFM measurements are

performed in tapping mode.

(a) (b) (c)

(d) (e)

Figure 7.3: Optical microscopy images of PTB7:PC71BM solar cells with different sol-

vent treatments: (a) reference solar cell , (b) with methanol treatment), (c) with ethanol

treatment, (d) with 2-propanol treatment, and (e) with 1-butanol treatment, respectively.

In Figure 7.4, the topography images of the pristine and solvent-treated PTB7:PC71BM

films are shown. Both, the pristine and solvent treated PTB7:PC71BM films exhibit sim-

ilar surface topographies, irrespective of the used alcohol solvents. It is thus suggested

that no significant impact of the used alcohol treatment is obtained for the film surface

topography, and only homogeneous films are observed down to nanometer level. The sur-

face roughness values measured from the topography images are 12 Å for pristine blend

films as well as for methanol and ethanol treated films. The roughness of the active layers
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Figure 7.4: AFM topography images of PTB7:PC71BM solar cells with different solvent

treatments: (a) reference solar cell , (b) with methanol treatment), (c) with ethanol treat-

ment, (d) with 2-propanol treatment, and (e) with 1-butanol treatment, respectively. The

scan size for all images are 2 × 2 µm2. Different color bars indicate the height variance

among different samples.

slightly increases up to 14 Å for 2-propanol and 1-butanol treated films. In sum, the

PTB7:PC71BM film roughness stays rather constant before and after solvent treatment.

In contrast, as shown in Figure 7.5, AFM phase images of pristine and solvent-treated

PTB7:PC71BM films reveal differences in the surface structures. A phase-separated mor-

phology is observed for all sample with different preparation procedures, but clear dif-

ferences in phase images with different sample treatment: A phase separation structure

with coarsened domains is formed for pristine PTB7:PC71BM films, whereas fibrillar fea-

tures with smaller structures are generally observed for all films after alcohol treatment.

Amongst all, the smallest structure sizes are obtained from methanol treated films, which

is in good agreement with previous investigations by Wang et al..[136] Such smallest struc-

ture sizes could possibly explain the highest solar cell efficiency found for the methanol

treatment from the surface structure point of view. As a real space imaging technique,

AFM provides a direct image of the film surface morphology. However, no quantitative

results regarding the modification of the inner film morphology can be obtained from such

technique. In order to explore the morphological evolution induced by solvent treatment

inside the films, advanced scattering techniques are applied to gain statistically relevant
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Figure 7.5: AFM phase images of PTB7:PC71BM solar cells with different solvent treat-

ments: (a) reference solar cell , (b) with methanol treatment, (c) with ethanol treatment,

(d) with 2-propanol treatment, and (e) with 1-butanol treatment, respectively. The scan size

for all images are 2× 2 µm2.

structure information.

7.3.2 Mesoscopic lateral structure

In this work, diffuse scattering in grazing incidence geometry is used to probe the most

prominent lateral structures of the active layers.[137] GISANS is applied to obtain in-

formation about the inner nanoscale structures, such as the characteristic lateral length

scales, domain geometries and size distributions. Furthermore, neutron scattering tech-

nique causes no radiation damage as compared with high intensity X-ray technique. The

GISANS experiments in present work are performed in combination with a time of flight

(TOF) mode, meaning that a broad neutron wavelength range instead of a fixed neutron

wavelength is in use. TOF-GISANS provides the feasibility to probe the depth-sensitive

information from the film volume using different neutron wavelengths, i.e., the structural

information of bulk film is probed at short neutron wavelengths, whereas surface sensitive

information is obtained using long neutron wavelengths.[137, 138]

In Figure 7.6, several representative two dimensional (2D) GISANS data obtained from
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Figure 7.6: An exemplary presentation of 2D GISANS data of (a-d) the pristine

PTB7:PC71BM film and (e-f) 1-butanol treated PTB7:PC71BM film with increasing wave-

length obtained simultaneously in the TOF-GISANS measurement for each sample. From

left to right, the corresponding mean wavelengths are 3.25 Å, 4.25 Å, 6.25 Å, and 9.25 Å,

respectively. The intensity color was selected individually for every frame to illustrate the

scattering features.

the pristine PTB7:PC71BM film (Figure 7.6(a-d)) and the butanol-treated PTB7:PC71BM

film (Figure 7.6(e-h)) with increasing wavelengths are presented. Four wavelengths (3.25

Å, 4.25 Å, 6.25 Å, and 9.25 Å) all measured simultaneously in the TOF-GISANS mea-

surement are selected from the broad wavelength band. There are three main features

observable in these 2D GISANS data: The specularly reflected peak, the intensity side

maxima at the Yoneda peak position and the transmitted signal centered around the

shielded direct beam.

For the 2D GISANS data obtained from the pristine PTB7:PC71BM film shown in

Figure 7.6(a-d), only the variation of the intensity originated from the wavelength distri-

bution of the incoming neutron flux is observed with increasing wavelength. From the

GISANS data of the butanol treated PTB7:PC71BM film shown in Figure 7.6(e-h), more

pronounced intensity side maxima at the Yoneda peak position are observed as compared

to those of untreated PTB7:PC71BM film. Furthermore, these side maxima expand to

higher qy values, demonstrating a shrinking prominent length scales after butanol treat-

ment. In addition, the intensity side maxima in Figure 7.6(e-h) firstly expand to a high

qy range at low neutron wavelengths (range from 3.25 Å to 6.25 Å) and then diminish

at long neutron wavelengths (above 9.25 Å). It is a further hint that the average domain

size on the film surface is bigger than that of the inner film.
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(a) (b) (c)

(d) (e)

Figure 7.7: Logarithmic plots of the vertical line cuts of the 2D TOF-GISANS data per-

formed at qy = 0 for PTB7:PC71BM films: (a) pristine film without any solvent treatment,

(b) with methanol treatment, (c) with ethanol treatment, (d) with 2-propanol treatment, and

(e) with 1-butanol treatment. The intensity is shown as a function of the detector angle

αi+αf from 0.5◦ to 1.5◦. The wavelength increases from 5.25 Å (bottom red data points) to

10.75 Å (top green data points) gradually with an increment of 0.5 Å. The shift of Yoneda

peak towards larger exit angles is indicated by the arrow. The curves are shifted along in-

tensity axis for clarity of the presentation.
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Figure 7.8: Wavelength dependence of the position of the critical angle (Yoneda peak posi-

tion): The experimentally determined positions (black dots) match the calculated theoretical

behavior of the PTB7:PC71BM blend (dashed line). The solid lines indicate the Yoneda peak

position of the individual component PTB7 (blue) and PC71BM (red).

A further quantitative evaluation of the structure information is realized by perform-

ing vertical and horizontal line cuts of the 2D TOF-GISANS data (referring to the sam-

ple surface). The corresponding vertical line cuts of the pristine and solvent treated

PTB7:PC71BM films are plotted in Figure 7.7. Usually the structural information per-

pendicular to the sample surface is accessed from the analysis of such vertical line cuts,

and the characteristic lateral structural information is obtained from the modelling of

the horicaontal line cuts. From the vertical line cuts shown in Figure 7.7, pronounced

specular peaks and a shift of the Yoneda peak towards larger exit angles (as indicated by

the arrow in Figure 7.7) are observed. According to the relation between the critical angle

(determines the position of the Yoneda peak) and the neutron wavelengths described by

the equation αi =λ
√

SLD/π, the shift of the Yoneda peak position can be explained as a

result of increasing wavelengths.[139] It should be noted that the shift of the Yoneda peak

observed in the vertical line cuts does not contradict with the inconspicuous shift in the

2D GISANS data shown in Figure 7.6, as each 2D GISANS image covers a different qyz

range. Moreover, the detected angle αf exhibits a linear dependence on the wavelength,

as summarized in Figure 7.8.

As mentioned before, information about the lateral structures is revealed by the hor-

izontal line cuts at the critical angle of each material. Therefore, the analysis of the

horizontal line cuts is the main aim in order to determine the domains sizes and the size
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distribution. The horizontal line cuts with their corresponding errorbars are plotted in

Figure 7.9 for all 2D GISANS data obtained from the pristine and the solvent-treated

PTB7:PC71BM BHJ films. As seen from the horizontal line cuts in Figure 7.9, the neu-

tron wavelength increases from 5.25 Å to 10.75 Å from bottom to top with an increment

of 0.5 Å.

In present investigation, the morphology of the bulk film is revealed at short wave-

lengths smaller than 8 Å and the surface sensitive information at long neutron wavelengths

larger than 8 Å. A simplified model is applied to model the intensity distribution of all

horizontal line cuts obtained from the pristine and solvent-treated PTB7:PC71BM films.

This model assumes spherical-shaped scattering objects distributed over a one dimen-

sional paracrystal lattice within the frame of the DWBA. By fitting all the data points,

the most prominent in-plane length scales are therefore determined as introduced in sec-

tion 2.3.3.[81, 72] More specifically, form factors, structure factors, as well as the size

distributions can be extracted from the model. The form factor is used for resolving the

scattering objects and the structure factor is associated with the spatial distribution of

different scattering objects. Depending volume film or surface sensitive structure informa-

tion is to be extracted, different amount of form and structure factors are considered. In

this work, two objects (R1, D1 and R2, D2) are required to describe the volume informa-

tion (horizontal line cuts probed with short neutron wavelengths), whereas only one object

(R3, D3) is needed to model the surface information (horizontal line cuts probed with

long neutron wavelengths). The extracted modelling results are subsequently summarized

in Figure 7.10, which shows the most prominent structural features of the PTB7:PC71BM

BHJ active layers, without and with alcohol solvent treatment (methanol, ethanol, 2-

propanol, and 1-butanol). It includes two inner film domain sizes R1, R2, and the one

surface domain size R3, as extracted from the fitting results.

For both pristine and solvent-treated PTB7:PC71BM BHJ films, no obvious change

occurs to the large inner domain sizes R2 (about 250 nm) and the distances between two

adjacent domains D2 (not shown in the graph). The surface domain sizes R3 and the

corresponding distance D3 are in a similar lengthscale. It is observed that a certain size

decrease is found for all solvent-treated films, and the smallest domain size is obtained

from the methanol-treated films, which is in agreement with those features of AFM phase

images in Figure 7.5. Amongst all three domain sizes, most pronounced changes are

observed for the small inner domain size R1, which evolves from (70±6 nm) for the pristine

PTB7:PC71BM BHJ films to overall smaller sizes for solvent treated PTB7:PC71BM BHJ

films.

As for all films treated with different solvents, the smallest inner lateral structures
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Figure 7.9: Logarithmic plots of the horizontal line cuts at the critical angles of the 2D

TOF-GISANS data and the corresponding fits for PTB7:PC71BM films: (a) pristine film

without any solvent treatment, (b) with methanol treatment, (c) with ethanol treatment, (d)

with 2-propanol treatment, and (e) with 1-butanol treatment. The wavelength increases from

5.25 Å (bottom red data points) to 10.75 Å (top green data points) with an increment of 0.5

Å. The curves are shifted along the intensity axis for clarity of the presentation.

(35±3 nm) is extracted from the one after methanol treatment. This smallest inner lateral

structures together with the smallest fibrillar feature of film surface from AFM phase

images can well explain the improved Jsc and FF values since exciton splitting can be most

efficient in this case. Wang et al. reported similar structural rearrangements introduced

by solvent treatment on a different low bandgap polymer PBDTF-DFBO:PC71BM BHJ

system. They suggested the formation of fiber-like interpenetrating morphologies and

more balanced charge transport is mainly responsible for the final improvement of the

device performance.[136]

In present work, it is postulated that solvent treatment improves the blend solubility



112Chapter 7. Solvent treatment enhanced efficiency for PTB7:PC71BM BHJ system

reference methanol ethanol 2-propanol 1-butanol

Figure 7.10: Most prominent structural features of PTB7:PC71BM BHJ active layers

without and with post-solvent treatment (methanol, ethanol, 2-propanol, and 1-butanol) as

extracted from TOF-GISANS: Two inner film domain sizes R1 (black squares), R2 (red

circles), and one surface domain size R3 (blue triangle).

and miscibility between PTB7 and PC71BM, leading to the formation of finer interpen-

etrating morphology of the blend films. More importantly, the alcohol solvent with high

volatility can take away residual DIO in the blend layer during evaporation,[92] hinder-

ing further diffusion of PCBM molecules into polymer network. As a result, overmixed

morphology between PTB7 and PC71BM is avoided,[140] and consequently an optimal

interpenetrating structures for maximum PCE is produced. Among the four alcohol

solvents, methanol appears to be the best so far, possibly due to its highest volatility,

resulting in minimum amount of residual solvent in the blend film.

Nevertheless, the modification of the inner film morphology of the active layers can-

not fully address the enhanced PCE for the solvent-treated solar cells, as evident by the

moderate increase of Jsc. As mentioned in the section of solar cell performance, the sig-

nificantly improved Voc as well contributes to the enhanced device performance.

7.3.3 Results

It is demonstrated from this work that facile post treatment methods like alcohol solvent

treatment could become an efficient, economic strategy toward higher efficient polymer
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solar cells superior to the laborious interlayer implementation. A systematic study of the

effect of solvent treatment with a series of four different alcohol solvents on the polymer

solar cell efficiency is reported for the first time. It is concluded that alcohol solvent treat-

ment with methanol, ethanol, 2-propanol, and 1-butanol all have a clear positive influence

on the corresponding device performances. The reason for this efficiency enhancement is

mainly studied in this chapter. Among four solvent treatments, devices with methanol

treatment give rise to the highest efficiency and up to 25% enhancement of the PCE is

obtained accordingly. No obvious change can be observed from the absorption and optical

characterization, as only homogenous films with identical film thickness are obtained for

both pristine and solvent treated PTB7:PC71BM films. The morphological rearrangement

is presumably accounted for the performance enhancement. The structural modification

on film surface is revealed by AFM phase images that phase separation with smaller

domains are formed generally for all solvent-treatmented blend films, and the smallest

fibrillar features is observed with the one treated with methanol treatment. In addi-

tion, a shrinking domain and structure sizes for all the alcohol treated samples is further

examined by TOF-GISANS measurement. Similar to the evolvement of the film surface

features, methanol treatment helps to produce the smallest domain sizes of the volume film

as compared with those treated with other three tested alcohols. The minimized domain

sizes is benificial for more efficient charge splitting, and enventually a higher Jsc and PCE.

7.4 Summary

In conclusion, the improvement of device performance induced by alcohol solvent treat-

ment is ascribed to a simultaneous increase of Jsc, FF, and especially the Voc. It is pro-

posed that post solvent treatment leads to the optimized film morphology as examined by

AFM and TOF-GISANS measurements and the reduced electron injection barrier at the

organic/metal interface. As a consequence, the charge separation, transportation, and

extraction are improved effectively. From this investigation, it is firstly proved that not

only the widely used methanol could play a significant role, but also ethanol, 2-propanol,

and 1-butanol all could improve the device performance to certain extent. Among the

four alcohol solvents, methanol appears to be the best solvent used during post solvent

treatment procedure so far. The possible explanation is that methanol with the highest

volatility facilites to remove the low volatile residual solvent additive DIO existing in the

solid blend films, leading to the formation of the optimal domain sizes. It is demonstrated

by this work that facile interface modification method like alcohol solvent treatment is an

efficient, economic strategy toward higher efficient low-cost polymer solar cells. Giving
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the successful application of solvent treatment on other material combinations such as

well-studied P3HT: PC61BM BHJ system,[131, 132] it is positively suggested that alcohol

treatment after the depositon of the photoactive layer can be widely used to other poly-

mer:fullerene systems as an environmental friendly, efficient, simple method to greatly

improve the device performances.



Chapter 8

Conclusion and outlook

The main focus of this thesis is to elucidate the morphology/efficiency relationship of the

OPV technology by selectively changing the internal or external parameters such as the

used polymer, the used host solvent, or additional post alcohol solvent treatment. The

highly efficient polymer:fullerene PTB7:PC71BM BHJ system is investigated by tuning

the fluorination content of the polymer, changing of the host solvent and the post solvent

treatment with four common alcohols.

Firstly, novel fluorinated polymers PTB7-Fx (fluorine units coupled with submonomer

thieno[3,4-b]thiophene) with varied degree of fluorination blended with PC71BM in a BHJ

geometry are deeply investigated. Full fluorination at the third C-atom of thienothiophene

gives rise to the highest power conversion efficiency. As the absorption properties, film

morphology and crystalline behaviour stay rather similar for different degrees of fluori-

nation, the main influence of the photovoltaic performance is ascribed to the different

LUMO of each polymer instead of the film morphology. Thus the device performance

can be efficiently improved by tuning the energy level of the polymer without necessarily

changing either the film nanomorphology or crystalline behaviour dramatically.

Subsequently, as one of the highest efficient low bandgap polymers PTB7, the influence

of different solvents and the additive DIO on the molecular arrangement, mesoscopic and

crystalline structure of BHJ PTB7-F40:PC71BM films is thoroughly studied. Chloroben-

zene turns out to be the best solvent for particular PTB7:PC71BM BHJ solar cells. The

solvent-induced variation in device performance is mainly ascribed to the changes in lat-

eral structure sizes, whereas the highest device performance is a result of smallest average

multi-lengthscale lateral structure sizes with one size fitting to the exciton diffusion length.

Finally, taking the best performed material combination PTB7-F100:PC71BM and

the most suitable solvent chlorobenzene, an environmentally friendly alcohol treatment is
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additionally applied as a post treatment method to further improve the device efficiency

of PTB7:PC71BM BHJ system. It is demonstrated that besides the most commonly used

methanol treatment, other alcohol solvents such as ethanol, 2-propanol, and 1-butanol

can also improve the device performance to certain extent as compared to the untreated

solar cells. The enhanced device performance induced by alcohol treatment is correlated

to the reconstruction of the inner film structure and the modified energy level at the

interfaces between the BHJ layer and the aluminium electrode, evident by the enhanced

short-circuit current and open-circuit voltage of all devices. More generally, it is positively

suggested that alcohol treatment can be widely applied to other polymer:fullerene systems

as an facile efficient method to greatly improve the device performance.

In summary, throughout a systematic investigation on the polymer:fullerene BHJ sys-

tem, all the questions rising in the introduction section can be thereby addressed. It is

observed that by fine-tuning the p-type polymer structure with varied degree of fluori-

nation, judicious selection of the host solvent together with solvent additive, as well as

facile post solvent treatment method with environmentally friendly alcohol solvents, the

final device performance is consequently affected. Each of the mentioned parameters can

exerts certain influence on the formation of film morphology and therefore the device per-

formance. However, it is difficult to quantify the influential level of each parameter. The

highest solar cell efficiency is generally a dominant or combinational effect of the follow-

ing factors: the optimal matching of the energy levels, small average lateral domain sizes,

highest crystallinity of the polymer, favorable vertical segregation, depending on the inves-

tigated system. For the PTB7:PC71BM BHJ system investigated in this thesis, the golden

rule for fabricating the best PCE of the polymer:fullerene PTB7:PC71BM BHJ solar cells

(6%) is using the fully fluorinated polymer PTB7-F100 together with chlorobenzene:DIO

as the host solvent mixture, and additionally the post solvent (methanol) treatment. As

a consequence, our comprehensive approach to understand device performance represents

significant progress in understanding what limits these high-efficiency PTB7:PC71BM sys-

tems.

To further unlock the great potential of OPV and realize its market launch in large

scale, future investigations concerning OPV technology from the device efficiency, the

cost and lifetime aspects are essential. It has been shown that device efficiency can

be further improved by the implementation of interlayers (such as doped conjugated

microporous polymer layer between PEDOT:PSS and the active layer, or PFN layer

underneath the aluminium electrode).[30] The cost of the device could be possibly reduced

by producing the polymers and fullerene in a large amount and using the promising Roll-

to-Roll fabrication technique, and the lifetime of the device could be expanded by using

air-stable materials and inverted solar cell geometry.
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Moreover, it should be noticed that chlorinated solvents are commonly used for pro-

cessing in laboratories in general, which have restricted application in industrial operation

due to safety risks and processing costs. Environment-friendly inks are therefore one deci-

sive criterion for mass production that should provide full functionality. Hence, researches

on environmentally friendly solvent for fabrication of OPV devices become imperative in

the future work. Nevertheless, the striking potentials of OPV have been clearly evident

and hopefully this newly emerged technology will bring substantial benefits and great

conveniences to our society.
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Majid Rasool, Daniel Mosegúı González, Lin Song, Yuan Yao, Su Bo, Claudia Palumbiny,

Johannes Schlipf, Nuri Hohn, Tobias Widmann, Felipe Martinez, Konstantinos Kyriakos,

Natalya Vishnevetskaya, Margarita Dyakonova. All of them provided me a very friendly

environment to work. I wish all my beloved colleagues a very happy life.

I’d like to give my sincere thanks to my flatmates Ralf Dahlhaus and Janine Aigner.

Ralf Dahlhaus, his kindness, unique opinions about life, and great experience help me live

in Munich with so much laughter. Janine’s independence impresses me every day, and I

would very much like to learn from her. She is the smartest girl I know so far. Janine,

I’ll send you message one day in the future when I can speak German (fluently), French,

and Spanish. You two always provide me such a sweet home in Munich, and I really

enjoy and appreciate it so much! I’m thankful to Qi Zhong for his delicious dishes and

nice movies from time to time. I thank Weijia a lot for her thoughtful suggestions and

kind help both with work and my daily life. I’m really touched everytime when I think

of that you accompanied me for the whole operation day in the hospital. Also, I want to



thank my “families” in Munich: Hsin-Yin for listening to me any time I need, and her

self-confidence, independence, and good sense of humor inspire me all the time. Hsin-Yin,

we did it! I appreciate Kuhu’s help during my frequent moving, and sweet accompany

in the past four years. A lot thanks go to David Behel and Nindiyasari Fitriana. All

of them keep me away from feeling lonely and we had many great birthdays, Christmas,

New Year’s Parties. I’m very grateful to Dr. Axel Strehle, who gave me lots of care and

spiritual supports when I was ill in the long winter 2012. I wish a glorious cardiology

career in front of you. Many thanks to my friend Kun Zhai, who took very good care of

me during my operation in 2013. Thanks to my other international friends in Munich: Kie
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