
 0 

Imperial College London 
Department of Materials and Centre for Plastic Electronics 

 
 
 
 

Understanding structure-property relationship of bulk 
hetero-junction polymer-fullerene blends 

 
 
 
 
 
 
 
 
 

Giovanni Maria Matrone 
 

August 2019 
 

 
Supervised by Prof. Natalie Stingelin 

 
 
 
 
 

Submitted in part fulfilment of the requirements for the degree of Doctor of Philosophy 
in the Department of Materials at Imperial College London 



 1 

Declaration of Originality 

I can confirm that the content of this thesis is my own work, with all sources and 
contributions fully acknowledged.  

 
 
 
 
 
 
 
 

 

 

 

 

 

 

Copyright Declaration 

The copyright of this thesis rests with the author. Unless otherwise indicated, its contents are 
licensed under a Creative Commons Attribution-Non-Commercial 4.0 International Licence 
(CC BY-NC). Under this licence, you may copy and redistribute the material in any medium or 
format. You may also create and distribute modified versions of the work. This is on the 
condition that: you credit the author and do not use it, or any derivative works, for a 
commercial purpose. When reusing or sharing this work, ensure you make the licence terms 
clear to others by naming the licence and linking to the licence text. Where a work has been 
adapted, you should indicate that the work has been changed and describe those changes.  
Please seek permission from the copyright holder for uses of this work that are not included 
in this licence or permitted under UK Copyright Law.  
 
 
 
 
 
 
 
  



 2 

Collaborations and Experiments 
 
I hereby acknowledge that the experiments included in the following list and presented in this 
work, have been performed with the assistance and in case of double-check for 
reproducibility solely by: 
 

Experiment Collaborator  
Photo Thermal Spectroscopy PDS Dr. Matthew Dyson, TU/e  Eindhoven  
GIWAXS/GISAX Dr. Lee Richter, National Institute of Standards and 

Technology NIST 
Vapour Phase Infiltration VPI 
Atomi Layer Deposition ALD 
Scanning Electron Microscopy 
J-V analysis 

Artem Levitsky, Technion Israel Institute of 
Technology 

*Transient Absorption 
Spectroscopy TAS 

Dr. Martina Causa, University of Fribourg 

 
*most of these experiments were performed by Dr. Martina Causa alone and have been also 
presented in her doctoral dissertation thesis. 
 
 
 
  



 3 

 
Prima di me,  

hanno compreso. 
A mio padre e mia madre  

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
… la “mia” vera natura, la giustizia del mondo 

 che punisce chi ha le ali e non vola. 
 
 
 

né dolcezza di figlio, né la pieta  
del vecchio padre, né ’l debito amore  

lo qual dovea Penelopé far lieta,  
 

vincer potero dentro a me l’ardore  
ch’i’ ebbi a divenir del mondo esperto,  

e de li vizi umani e del valore;  
 

Considerate la vostra semenza. 
 

Dante’s Inferno, XXVI, 85-142 
 
 
 
 



 4 

 
Acknowledgements 

 
 
As a really long journey comes to an end, I must be very grateful for the assistance, guidance and support 
received from all the people I have been so lucky to meet. 
 
Grazie… 
 
To the captain of my scientific expeditions and most importantly my supervisor Prof. Natalie Stingelin (Imperial 
College London and Georgia Institute of Technology, USA) for her constructive criticism, firm optimism and 
priceless guidance. She showed me how to “work and live for science”.  
To my American supervisor, Dr. Lee Richter (National Institute of Standards and Technology), for proving me 
that passion for research is a never-ending flame. 
 
To the INFORM network I have been lucky to be part of and so to all my “additional supervisors”: Prof. Anna 
Köhler (Bayreuth University, Germany) and Prof. Gitti Frey (Technion - Israel Institute of Technology). 
To all my collegues, ESRs, friends and travel companions of many expeditions!  
To Vittal, Benny, Nikos, Marta and Cecilia for being a crazy crew! 
 
Collaborations are the core of my research work, as such I cannot avoid acknowledging the institutions and the 
people from all over the world, without whom the following would not have existed. 
 
From Israel, to Artem Levitsky, Basel Shamieh and Stas Obuchovsky.  
From Bayreuth, to Dr. Fabian Panzer, Konstantin Schötz, Thomas Unger. 
From Washington D.C., to Dr. Sebastian Engmann, Dr. Chad R. Snyder, Dr. Alex Bourque, Dr. Adam Burns, Dr. 
Mike Heiber and Dr. Tayler Martin. 
 
From all over the world, to the Stingelin’s group!  
To my first mentor Dr. Alberto Davide Scaccabarozzi and “my postdoc” Dr. Jaime Martin Perez.  
To Shengyang Chen, Stefan Bachevillier and Faisal Almana. 
To more than a colleague, source of inspiration and consultant of style and design, to my British friend Dr. 
Matthew Dyson. 
 
To the Italian crew of the Imperial College’s office for support, guidance and most of all joy of life: Dr. Andrea 
Cavallaro, Dr. Federico Pesci, Dr. Stefano Angioletti-Uberti, Dr. Annalisa Neri, Dr. Giuseppe Mallia. 
 
To friends and colleagues that have shared the joy&pain of lab-work: Dr. Luca Occhi, Dr. Riccardo Montis and 
Dr. Maurizio Morbidoni. 
 
 
 
 

Specific contributions to the experimental work presented are further acknowledged with footnotes.  

  
  
 
 
 
 
 
 



 5 

 
Informal - Acknowledgements 

 
These are informal but not less important acknowledgements to people that if not scientifically, emotionally 
have contributed to the cause of this work. 
 
To the sharer of Marie-Curie secondments, nurse, driver and most of all brother, my cousin Michelangelo.  
You showed me that no matter the distance nor the place, you are there for me. 
 
To my “shadow and light” and friend for life Umberto Fanara. 
Never together, but always emotionally close to see where I can’t. 
 
To the Pompei crew and “La consulta dei buoni” for reminding me that I am always “stealing” the EU fundings: 
Francesco Mancino, Mario Cascone, Davide Manzo, Davide Pappa, Francesco Sannino, Enzo&Mario Rosa. 
 
To my current and past London flatmates and friends, for all the dinners, drinks and movies:  
To Ilario Gelmi, Antonio Esposito, Michal Kopytynski. 
 
To Elisa De Marco 
For her talent to quiet my anxiety with few words and for sharing with me her fine life-style. 
 
To Francesco Salerno 
For his never-ending patience, especially when standing my complaints about life, and his illuminating 
perspectives on the world.  
To Chiara Cecilia Mattocchi 
For having brought an unexpected and anticipated spring to the house. 
 
To my D&D party: Raffaele, Valerio, Francesco, Diego and Umberto. 
For keep on dreaming with me, you are a therapy.  
 
To London city and its capability to constantly charm me with life, culture and beauty. 
 
To my little sister Silvana for being a never-ending source of tenderness and one of my best fans. 
To my big sister Sissi for the invaluable support, though being a critical reviewer of my life.   
 
To Lello for having told if not proved me that “nothing is impossible”: you are my everyday hero. 
To Mariella for the infinite love you are able to convey through a couple of words: I have never felt alone. 
 
Ultimately, to my legs, that have soothed my brain’s insanity through thousands of kilometres of runs. 
And to my brain too, thanks for never giving up on me. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 6 

Abstract 

Progress over the last few years designing new materials for organic bulk heterojunction (BHJ) 
solar cells has been enormous with efficiencies reaching more than 13%1 . However, a 
multitude of combinations exist on how to blend donors and acceptors, with a wide variety 
of processing options, rendering materials selection and testing an intricate task. Indeed, 
detailed fundamental understanding between phase behaviour and BHJ properties is still 
lacking, drastically limiting, among many things, device reproducibility and general progress 
in the field2 . Despite the apparently chaotic scenario, a simple pathway is here presented to 
predict BHJs microstructure and phase morphology in OPV using PCE11 (i.e. PffBT4T-2O) 
and poly(2,5-bis(3-tetradecyllth-iophen-2-yl) thieno[3,2,-b]thiophene) (i.e. pBTTT) :fullerene 
blends as model systems. We confirm that differential scanning calorimetry assist in 
establishing temperature/composition diagrams. These can be read as solidification road-
maps to predict BHJ morphologies, by far analogy with metallurgy3,4.  
 
Coexistence of relatively phase-pure fullerene4 domains together with a finely intermixed 
phase has already been proved via several visualisation techniques and it is regarded as a 
requirement for high performances5,6 . Exploring a range polymer-to-fullerene combinations, 
different morphology scenarios have been targeted: complete phase separation, co-crystal 
and fullerene intercalation, disordered intermix. Thereby the investigative focus is on the role 
played by the intermixed phases, discerning between ordered and disordered ones.  
Indeed, considering the results on the prototypical P3HT blends and the presented pBTTT, the 
proposed approach is extended to the class of high-performance D-A polymers system, such 
as PCE11: PCBM ([6,6]-Phenyl-C61-butyric acid methyl ester).  
 
Undeniably phase diagrams may predict phase separation, though hereby an approach is 
offered to manipulate the length scale of each component-rich domain and the intermixed 
matrix surrounding it. In this frame the solidification processes are investigated via in-situ 
spectroscopy, in order to reveal the -HJ aggregates formation mechanisms.   
“Rebus sic stantibus”, this work offers a platform to disentangle effects of miscibility, 
processing and final device performance. 
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1 Introduction 

1.1 History of organic semiconductors in this work perspective 

The journey of organic electronics research started in 1977 with the discovery of conductive 
polymers by Heeger, MacDiarmid and Shirakawa7 , that granted to the three researchers the 
Noble prize in chemistry in 2000. Well before prize date, potential applications of these new 
class of materials started to attract the interest of the scientific community. On this vein, 
groups from all over the world have been working in the past 30 years to develop organic 
electronics devices, with the first photovoltaic cell8 , the first light-emitting diode ( OLED)9 and 
first field effect transistor (OFET) developed in between 1986 and 1987. That time period 
appeared as the beginning of a new era, where polymers were offering the potential to 
outclass and revolutionise the well-established, common silicon technology.    
 
Following the time-line to nowadays, OLEDs and OFETs have strikingly hit the market10, clearly 
outmatching competitors’ systems in most of the applications with novel technical features. 
Notably OLED have recently been elected the cutting-edge technology for smart-phone 
displays, leading the major tech-companies in the world to convert to new standards. Organic 
solar cells, instead, are not yet commercially available (if not for niche applications), though 
they bring hope that alternatives to the “old” energy production systems are feasible, 
considering the advantages brought by polymeric materials: flexibility, reduced cost of 
production and potentially eco-compatibility.  
 
In this frame, it is not surprising that bulk hetero-junction (BHJ) solar cells due to simplicity of 
design (only apparent as it will be shown) and self-assembly properties are currently one the 
most studied system in organic electronic field. Consequently, “progress over the last few 
years designing new materials for organic bulk hetero-junction solar cells has been enormous 
with efficiencies reaching more than 13%”. Although this achievement in terms of device 
performance may indicate that organic photovoltaics (OPV) is mature for competing (at least 
in certain applications) with more popular and well-established forms of energy conversion, 
the components morphology characterization, especially for most of champion systems, is 
still in its infancy11. Indeed, a multitude of combinations exist on how to blend donors 
(polymers) and acceptors (fullerenes), with a variety of processing options, rendering 
materials selection and testing an intricate task. Endeavours to optimize power conversion 
through different means frequently postpone to following research stages the “morphology 
quest” so that detailed fundamental understanding between phase behaviour and BHJ 
properties is still lacking, drastically limiting, among many things, device reproducibility and 
general progress in the field. This situation has often confined technological advancements 
to a mere trial and error progress. If not in terms of efficiency, an OPV device can certainly hit 
the market thanks to its” soft skills”: payback cost and flexibility. In this spirit the presented 
work intends to offer an insight on the combination of mechanisms that allow BHJs to be 
competitive devices by applying a rigorous polymer science approach in order to disentangle 
effects of miscibility, processing and final device performance.  
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1.2 Polymers and polymer blend 

An overview of “commodity” polymer characteristics is essential to understand processing- 
structure-property relationship of the new developed functional derivatives.  
On the first basis, it is polymers macromolecular nature that defines their macroscopic 
properties. Moving from the original monomer unit, a prototypical polymer sample features 
a distribution of chain lengths with a wideness due to specific synthesis mechanisms. Hence, 
Mn (number- averaged molecular weight) and Mw (weight-averaged molecular weight, taking 
into account chain lengths contributions to macro-properties) are usually defined as:		
	
 

𝑀- =
∑𝑀/𝑁/
∑𝑁/

	 ,𝑀3 =
∑𝑀/

4𝑁/
∑𝑀/𝑁/

		  
(1) 

 
where Ni is the number of chains with molecular mass Mi, so also polydispersity index can be 
defined as D = Mw/Mn. For describing the solid structure of polymers, the entanglement 
threshold, Me is conveniently introduced. Below this limit polymers form self-contained 
crystallites, while above it the chains are forced to fold back on themselves or form separate 
crystallites linked by tie-chains. The threshold has strong effects on the physical properties 
such as viscosity: in dissolved state Me increases approximately linearly with solution 
concentration.  
 
Apart from chain length, side chains also play a fundamental role in defining macroscopic 
properties. If atactic polymers are known to form amorphous solid due to steric hindrance, 
isotactic (groups on the same side) and syntactic (groups on opposite sides) polymers are 
usually semi-crystalline. It is indeed this semi-crystalline state that interfere with a precise 
definition of their macroscopic properties. In fact, in an amorphous matrix, the embedded 
crystalline regions are responsible for physical properties such as elastic modulus, as in 
semiconductive polymer case these same affect optoelectronic properties (together with 
microstructural arrangements). Finally, amorphous polymer features a characteristic 
temperature Tg, which is indeed a temperature window, over which the polymer chains 
experience a transition from a state (high temperature) where cooperative molecular 
movements are thermally allowed to a state (lower temperature) usually defined as “glassy 
state” where the chains mobility is so reduced that the former movements are not allowed.  

 
Figure 1.1 Schematic illustration of the dependence of Mw on polymers structure. The melt T > Tm (comparable to 
dissolved state) and solid T < Tm cases are displayed. Characteristic lengths for each case are in red. Increasing Mw 
leads firstly to chain folding and then to the most relevant structure: crystallites linked through amorphous 
entangled regions and tie chains (reproduced and adapted from Koch et al12).  
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1.3 Conjugated polymers 

Conjugated polymers combine the electronic properties of metals and semiconductors with 
the mechanical properties and ease of processing of polymers. This class of materials features 
a sequence of molecular repeat units such as alternating single (σ) and double (π) bonds. 
Considering the electronic structure, conjugation result from the combination of pz orbitals 
on adjacent units over the chain length, being the C atoms in the configuration sp2pz. Applying 
a linear combination of atomic π-orbitals with the wavefunction φ, the wavefunction of a 
molecular orbital follows:  
 

Ψ6 = 	7 𝑐/𝜙/

9

-:;

 
(2) 

 
with ci being the linear coefficients from variational principle. As a result of extending the 
coupling to the entire chain length, π and π∗ bands arise, having the role of conduction and 
valence bands. By filling these bands with the available electrons, 1 per carbon atoms, 
conjugated polymers should feature metallic behaviour. However, energy-structure 
considerations explain the semiconductive nature of these materials. In case of trans-
poly(acetylene) (−CH−) n, the potential energy of a chain with alternating bond lengths is lower 
than for a chain with equidistant carbon spacing Figure 1.2.  
 
The Peierl’s distortion changes the periodicity of the unit cell from a to 2a, reducing the 
Brillouin zone to π/a: an energy gap appears as in Figure 1.3 . The half-filled (metallic) band is 
replaced by one full and one empty band (semiconductive behaviour).  
Since two dimerized chain configurations are possible, the two directions of bonds alternation 
give rise to a topological fault called soliton. It is considered a quasi-particle, intrinsically 
neutral with a spin coming from the unpaired electron that is excluded from	the	π bonding. 
In other systems with a non-degenerate ground level, the bond distortion from the evolution 
of the transition energy leads to mobile quasi-particles, called polarons. 
They are linked to mid-gap levels and the difference to the band edges is the polaron binding 
energy so that optical transitions may be associated to all these levels.	 
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Figure 1.2: Potential energy of a trans-poly(acetylene) chain versus configuration coordinates, standing for inter 
carbon spacing. The non-dimerized chain has higher energy. 

 
 
 

 
Figure 1.3: The dispersion relation for the dimerized chain. It shows the energy gap with Fermi energy Ef	and the 
filled valence band.  
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1.3.1 Excitation in conjugated polymers 

Light absorption in conjugated systems usually results in singlet excited states. Bearing in 
mind the presented band structure, upon photon absorption, a π - electron is promoted from 
the HOMO level (highest occupied molecular orbital) to the LUMO level (lowest unoccupied 
molecular orbital), creating a quasi-particle called exciton. The energy associated to this 
specie has been calculated to be lower than that of a free hole and electron by 0.5 eV and it 
is usually referred as exciton binding energy. For this reason, the promoted electrons are not 
in the LUMO level but in a level below it. The difference between the two new levels for 
electron and hole is the optical band-gap, while the difference HOMO-LUMO sets the 
electronic band-gap. For further details the discussion is postponed to the following chapter, 
where photoelectronic processes in solar cells are examined.	 

1.3.2 Structure – property relation 

When discussing about polymer’s structure, several length scales of observation may be of 
interest. This section on the so-called micro-structure of semi-conductive polymers, focus on 
the interaction of monomers constituents that lead to polymer chains packing.  
In first analysis, the classical treatment for “commodity polymers” can be applied to 
understand the structure of conjugated polymer. However, some unique features 
characterize these materials, mainly resting on pz orbitals coupling.    
Conjugation implies the presence of a delocalised π - system which allows for increased 
planarity by reducing the number of available conformations. Hence, persistence length is 
increased, a parameter that is directly correlated to charge transport efficiency.  Due to the 
strong interaction of these conjugated segments, leading to π-π stacking arrangement, a 
common strategy to improve polymer’s solubility is usually employed: the addition of 
“solubilising groups” (so-called side-chains).  
Most of conjugated polymers become soluble in slightly polar halogenated solvents such as 
chloroform (CHCl3) or chlorobenzene (C6H5Cl). It is indeed conjugation that affects the 
backbone stiffness which in turns explains conjugated polymers semi-crystalline nature. 
Hence, polymers preferably crystallize in lamellae following backbone planarity and π − π 
stacking across conjugated segments as in Figure 1.4. 
 

 
 

Figure 1.4 Molecular structure of pBTTT (left). For the same polymer (right), schematic showing alkyl stacking 
direction (lamellar stacking) and π	− π	stacking direction (right). Adapted from Troisi et al.13.	 
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As already discussed, (see Figure 1.1), the developed picture is that of polymer crystallites 
immersed in an amorphous matrix (see Figure 1.5). A certain degree of local order is always 
present, though the length scale over which it is preserved may vary. Consequently, the 
interpretation of macroscopic electronic properties on the basis of micro-structural evidences 
is generally a complex task. In line with this, the charge transport phenomena and specifically 
the parameter mobility (µ) strongly depend on the polymer’s arrangement, as clearly charges 
(in polymers case most frequently holes) are efficiently transported where a direct coupling 
of molecular orbital is achieved (intra-chain). Hence, along-the-chain is usually described as 
the preferential charge transport mechanism, especially in case of planar chains polymers of 
high persistence length. However, also inter-chain transport is allowed in polymers due to the 
described stacking of the chains. Additionally, in an amorphous ensemble, charges are less 
mobile, as clearly disorder, without specifically considering defects and charge-trapping sites, 
can alter both intra- and inter-chains transport mechanisms. 

Most importantly, crystallinity by itself has been proved not to be a necessary requirement 
for high charge mobility, as Noriega et al.14	differentiate between	’types of order’. Although 
intra-chain transfer is generally granted due to backbone stiffness and conformation, inter-
chain charge transfer can be successfully achieved in case of short-range order. Local order in 
two dimensions is usually called aggregation and in semi-crystalline polymer it deeply 
influences optical and electronic properties 14–17. In this work aggregation is the phenomenon 
leading to the formation of such small polymer domains that their short-range order is of few 
molecular units. However, a clear change in optical properties matches aggregate/non-
aggregate transition that can be triggered both in solution, via temperature and solubility 
control, and film deposition experiments, through natural solidification.  

Indeed, aggregates absorption spectra usually show features almost indistinguishable from 
solid state (film)15 in polymers with large aggregation tendency. Consequently, picturing a 
scenario in which crystallites are surrounded by a matrix of amorphous chains, the bottleneck 
for charge transport are the connections in between crystalline domains (tie-chains)14. As long 
as an interconnected network through tie-molecules is present, crystallinity by itself is not a 
meaningful value for the assessment of opto-electronic performances.  

 
Figure 1.5: Schematic for a) semi-crystalline polymer (aggregated regions are in dark), b) semi- crystalline polymer 
with more disordered aggregates, c) completely amorphous scenario. In red tie-chains connecting aggregates are 
highlighted. Adapted from Noriega et al.14  
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1.3.3 The HJ- aggregate model 

Focusing on polymer aggregation, optical and local-structural properties relation has been 
formalised by Spano et al.18	 through the HJ-aggregate model, which is developed as an 
evolution of the model for small molecules aggregates. In this latter case, for a dimer it is 
considered the splitting of the LUMO into symmetric Ψ+	and antisymmetric Ψ−	wavefunctions. 
The J-aggregate features dipoles in phase for the lowest energy arrangement, so 0-0 
transition probability is enhanced, as it is photoluminescence. H-aggregates represent the 
opposite case, with dipoles out of phase and a forbidden emission from the lowest excited 
state. Moving to polymer case, J-aggregates represent the situation in which neighbouring 
chromophores are oriented head-to- tail (intra-chain coupling, positive) while chromophores 
in H-aggregates are oriented in a more side-by-side manner (interchain interaction, negative). 
Additionally, the former displays optically allowed (k=0) Frenkel exciton at the bottom of the 
exciton band while the latter feature a more Wannier-Mott type exciton at the top of the 
exciton band19.	Indeed H- and J- aggregates represent two extreme cases for a polymer, since 
experimentally a distribution of both aggregates is usually present in a sample so that a hybrid 
situation is realistic. As prototypical semiconductive polymer, spin-coated P3HT has been 
modelled as an H-aggregate with disorder accounting for intra-chain coupling (J-aggregation) 
and affecting 0-0 transition strength. Frank-Condon models can describe absorption and 
emission so the excitonic coupling strength in absorption follows20: 
 
 𝐴?@?

𝐴?@;
= A

1 − 0.24	𝑊/𝐸H
1 + 0.073	𝑊/𝐸H

L
4

 
(3) 

 

 
Figure 1.6 At the top, molecular orientations for pure J- and H- aggregates and HJ-aggregates. For each case 
transitions and energy dispersion E(k) of the lowest vibronic band are shown, highlighting the differences in band 
curvature at k=0. Only at k=0 excitons are allowed from ground state (from black to red dots). Transition pathways 
are blue arrows: in J-aggregates 0-0 emission is allowed, while in H-aggregates, due to rapid intra-band relaxation 
following absorption, the k	= π	exciton state is populated and radiative coupling is prohibited. In HJ- aggregates 
there is a splitting of the J-like intra-chain band (symmetric and anti-symmetric) so that only the symmetric k=0 
state allows radiative transition. Both in H- and HJ- aggregates 0-0 emission is thermally activated. Adapted from 
Spano et	al.21 
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1.4 Polymer photovoltaics 

Organic Solar Cells (OSCs) and specifically Polymer Solar Cells (PSC) are electronic devices that 
exploits the photovoltaic effect, i.e. the production of electrical current from photons 
absorption. They usually comprise at least two organic semiconductive materials in order to 
maximize the exciton dissociation, as it will be explained in the following section. OSC usually 
operates in short circuit VOC condition with the measured current having negative sign. 
Treating the solar cell as an ideal diode, the total current is given by the sum of three 
contributions: photocurrent, parasitic current and loss current (geminate and non-geminate 
recombination).  
The VOC is the voltage at which the photocurrent balances both parasitic and recombination 
terms. Indeed, the solar cell is actually represented by an electronic circuit (Figure 1.7) 
featuring a current generator in parallel with an ideal diode, which takes into account the 
non-ideality of the device by introducing two resistances: series resistance Rs and shunt 
resistance Rsh (in parallel). They respectively model the contact resistance of the electrodes 
plus the bulk resistance of the semiconductor and losses coming from current taking 
alternative pathways to the main diode direction.  

 
 
Figure 1.7: Equivalent circuit diagram for a real solar cell. Rsh	is shunt resistance and Rs	the series resistance.  

 

1.4.1 Photo-electronic processes in PSCs 

The interplay of several photo-electronic phenomena describes the current-voltage 
characteristic in OPVs. Charges are commonly assumed to be generated at the interface of 
donor-acceptor components. Here multiple processes concur to the devices function. In short 
terms a photon is absorbed by the organic media (either donor or acceptor) with the creation 
of an exciton that then has to dissociate in a free electron and a hole that will be be collected 
at the electrodes. The first step is clearly the optical excitation that generates excitons (Figure 
1.8). These can diffuse towards the interface providing the exciton flux jex. In this area 
Coulomb-bond electron-hole pairs are then created by charge transfer, the so-called charge-
transfer (CT) states. The fate of these latter states can either be to dissociate with a rate kd or 
recombine to the ground state with a rate kf. Bound electron-hole pairs are also thermally 
created at the equilibrium with a rate kf, depending on the density neh,thermal. In general, more 
than one interface is present in the device, as in bulk hetero-junction BHJ (see following 
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sections), so also bimolecular recombination has to be considered. Even though electrons 
move through the acceptor domains and holes through the donor domains every interface 
should be modelled as a point of potential recombination. Besides, bound electron-hole pairs 
are also created by charge injection due to incoming currents from the electrodes. Ultimately, 
the free electrons and holes may reach the electrodes where charge extraction mechanisms 
define the produced current.  
 

 
 
Figure 1.8 On the left, a general energy level diagram for a bi-layer OPV is displayed. On the right, specific energy 
level diagram shows the processes between the available states. Among all the particle fluxes in black, the red 
arrows indicate the desired path for current production. neh,thermal	stands for density of interfacial bound e-h 
pairs, ne	 and nh	 for free electron and holes densities. jex	 indicates the exciton flux while kd	 and kf	 are the 
dissociation and recombination rates. Adapted and reproduced from Köhler et al. 22 

1.4.2 Devices: working principle and performance 

Solar cells efficiency can be defined in different ways. From a scientific point of view and for 
lab-scale devices testing, it is usually considered the External Quantum Efficiency EQE as from:  
 
 𝐸𝑄𝐸 =

𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛	𝑓𝑙𝑢𝑥	𝑖𝑛	𝑡ℎ𝑒	𝑐𝑖𝑟𝑐𝑢𝑖𝑡
𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡	𝑝ℎ𝑜𝑡𝑜𝑛	𝑓𝑙𝑢𝑥 =

𝑗Z
𝑗H[

 
(4) 

 
and being je	= jsc/e	and jph	= I/hν	it follows:  
 
 𝐸𝑄𝐸 =

𝑗\Z(𝜆) ⋅ ℎ𝜈
𝐼(𝜆)  

(5) 

 
depending the former quantities from the incident wavelength (λ). EQE gives a comparison 
to absorption spectra and it usually relates to the cell photo-physical properties. Taking into 
account the absorption spectrum, Internal Quantum Efficiency (IQE) is also defined as:  
 
 𝐼𝑄𝐸 =

𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛	𝑓𝑙𝑢𝑥	𝑖𝑛	𝑡ℎ𝑒	𝑐𝑖𝑟𝑐𝑢𝑖𝑡
𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑	𝑝ℎ𝑜𝑡𝑜𝑛	𝑓𝑙𝑢𝑥  

(6) 

 
defined where in the λ	window where the material absorbs, its maximum value is 1 in the 
ideal case. Both IQE and EQE can be extracted under short-circuit condition with VOC	= 0, 

meaning that the device is not producing any power, as it is defined P	 = V	 × I. 
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For this reason, a fundamental figure of merit, used especially when device applications are 
considered, is the power conversion efficiency η:  
 
 η =

𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑	𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙	𝑝𝑜𝑤𝑒𝑟
𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡	𝑙𝑖𝑔ℎ𝑡	𝑝𝑜𝑤𝑒𝑟 =

𝑃jkl
𝐼(𝜆)  

(7) 

Obviously, the power delivered by the solar cell has its maximum in between the two 
conditions of short-circuit and open-circuit (where it is equal to 0). From a geometrical point 
of view this corresponds to the rectangle j (V) × V which maximize the area under the current-
voltage. It follows that the fill-factor FF is a geometrical factor: 

 
𝐹𝐹 =

𝑃jkl
𝑗\Z ⋅ 𝑉jo

=
𝑗pqr(𝑉) ⋅ 𝑉pqr

𝑗\Z ⋅ 𝑉jo
 

(8) 

 
given by the ratio of the two rectangles in Figure 1.9 . Low internal field, geminate and non- 
geminate recombination in an organic solar cell limit charge extraction, reducing the FF value 
from the ideal 1 to common experimental values around 0.75. The general equation for PCE 
is so derived:  
 η =

𝐹𝐹(𝜆) ⋅ 𝑗\Z ⋅ 𝑉jo(𝜆)
𝐼(𝜆)  

(9) 

 

 

Figure 1.9: Current voltage curve for a BHJ solar cell. The values for jsc,	jmax,	VOC,Vmax	are indicated. The fill-factor 
FF is given by the ratio of the dark rectangle to the light one.  
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1.4.3 Bulk Hetero-Junction (BHJ) solar cells 

Excited state’s dissociation is very efficient in systems comprising an electron donor D 
(polymer) and electron acceptor A (usually fullerenes) due to HOMO-LUMO energy offset of 
this pair. When an exciton is formed upon light absorption, it can migrate for a certain 
distance (exciton diffusion length), eventually meeting a D-A interface where an energy gain 
allows to efficiently split the quasi-particle with the electron moving to the lower LUMO of 
the acceptor and the hole to the higher HOMO of the donor. As such, the contact between D 
and A is a fundamental requirement for efficient devices. There have been several attempts 
to maximize the interfacial area between these components (e.g. through pre-order 
architectures or multi-stacked layers) but BHJ has clearly emerged as the most efficient 
strategy. 
 
 Solution processing is commonly employed so both initial components are dissolved in a 
common solvent. The solidifying conditions during deposition usually lead to a random 
intermix of the D and A in thin film, so that interfaces are “self-assembled” rather than 
carefully designed. The resulting mix of the two phases, in terms of morphology, is affected 
by several parameters with thermodynamics and kinetic factors to be considered during a 
specific solidification pathway.	 

1.4.4 Phase behaviour and morphology scenarios 

Considering solution processing, polymers and fullerenes have commonly a low entropy of 
mixing so that phase separation during solidification is usually expected. For the 
aforementioned reasons, the first hypothesis formulated for the micro-structure of a BHJ was 
that of “a phase- separated, bi-continuous network of donor and acceptor species”23 (Figure 
1.10, left panel).  
 

 
 

Figure 1.10 Schematics of phase separation in a BHJ solar cell. On the left the micro-structure is shown as pictured 
from first hypothesis, while on the right the polymer: fullerene interfaces are highlighted, considering the presence 
of amorphous solid solution (areas in red).  

 
This picture was generally accepted till ultrafast charge generation (< 200 fs), as observed in 
many BHJ systems, denied it24.  As such, the morphology scenario is more complex and 
generally features two relatively-pure phases (polymer and fullerene) together with a finely 
intermixed phase. Only the presence of an amorphous solid solution, considering a certain 
miscibility of the components, verifies the conditions for ultra-fast generation. Indeed, Collins 
et al.25 and Watts et al.26 proved that at equilibrium there is still a meaningful amount of 
fullerene intermixed within the polymer. However, this three phases system and in particular 
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the amorphous solid solution is not only proved by thermodynamic considerations but also 
by kinetic ones, assuming that freezing/trapping mechanisms are most of the time 
unavoidable. Following Flory-Huggins theory for blend components interaction27, if no 
crystallization is assumed, in first instance the BHJ can be modelled as a binary system A-B, 
with partial miscibility. The Flory-Huggins model describes polymer blend thermal behaviour, 
according to the difference in Gibbs free energy between the phases in separated and 
combined case:		
	
 ∆𝐺 = ∆𝐻 − 𝑇∆𝑆  (10) 

 
 ∆G is negative due to the mixing (∆Gmix) and takes into account the positive enthalpic 
contribution ∆H from separated components that interact and the entropic gain ∆S of a 
random ensemble. Balancing the two contributions and considering the components volume 
fractions φ and moles n together with the interaction parameter χ, the Flory-Huggin equation 
follows:  
 
 ∆𝐺p/r = 𝑅𝑇(𝑛x ln𝜙x + 𝑛{ ln𝜙{ + χ𝜙x𝜙{)  (11) 

 
The Gibbs free energy ∆G of this system and its dependence on composition and temperature 
are displayed in the graph in Figure 1.11. There is an upper critical solution temperature 
(UCST) above which a single phase is expected, due to a single energetic minimum for the 
blend. Reducing the temperature, phase separation is predicted, resulting from the new 
energy landscape: two local minima. However, examining the energy trend with temperature 
and composition, more than one regime is identified for the blend. The region delimited by 
the two-energy inflection point SA and SB is the spinodal region. Here the curvature of the free 
energy as a function of composition is negative, so spontaneous phase separation into A-rich 
phase and B-rich phase can be assumed whenever the blend enters this region (one possible 
pathway would be to cool down the system with a composition C from above UCST to Tx). 
The inflection points and the minima BA and BB delimit another composition window where 
the free energy is positive. Compositions in this range, called binodal region, are metastable. 
In this latter case nucleation and growth are predicted. If for the spinodal decomposition the 
phase separation of blend components with a long-range morphology is pictured, droplets of 
a component coming from the liquid-liquid separation in metastable regime are usually 
predicted for the binodal compositions (Figure 1.11, right panels). Here, enthalpic chemical 
interactions between blend components, assuming polymer-fullerene pair, cannot be 
neglected since they directly shape the curve. The Flory-Huggins interaction parameter χ in 
this case is so defined:		
	
 1

𝑇p
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𝑇p}
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𝑅
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� ~
𝑉
𝑉\𝑚

� (𝑣\𝑚 − χ ⋅ 𝑣\p4 )  
(12) 

 
where Tm0

 is the melting temperature at the thermodynamic equilibrium considering an 
infinite large crystal of long polymer chains (for sake of simplicity taken as the neat polymer 
melting temperature), ∆Hu is the enthalpy of fusion per repeat unit, Vu is the molar volume 
fraction of polymer, ν is the volume fraction of polymer (νsm is the volume fraction of fullerene 
in this case). More positive values of χ stand for less compatible blends: the penalty of mixing 
shifts the UCST to higher temperature.  
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Ultimately the presence of solvent during solidification enters the model, meaning that a 
ternary system polymer: fullerene: solvent has to be considered. Solvent removal and its 
partitioning between the two phases lead to isothermal ternary phase diagram. These can be 
derived either experimentally or modelled just considering the Flory- Huggins theory.		
 

 
 

Figure 1.11 Energy/composition (top) and temperature/composition diagram (bottom) of a binary system 
assuming partial miscibility of the components. BA	and BB	are the binodal points corresponding to energy minima, 
SA	and SB	are the spinodal points corresponding to inflections points of the energy curve.  

 
1.4.4.1 Eutectic systems 
 
Coming back to two-components systems, a situation commonly encountered in OPV blends 
(due to the small-molecular nature of fullerenes) is the eutectic phase behaviour. From a 
theoretical point of view, a prerequisite is the full miscibility of components in the liquid state 
and the partial miscibility in the solid state. For a binary blend this behaviour can occur if the 
small molecular component (fullerene) is solid at temperatures at which the final micro- 
structure is used. Since van der Waals interactions and hydrogen bonding are displayed by 
polymer-fullerene pair, the polymer’s Tm is decreased (melting point depression). Being this a 
colligative property of the system, melting point depression strictly depends on the blend 
composition. By far analogy with metallurgy, the eutectic composition ce features the lowest 
solidification temperature for the blend thus it is assumed to promptly solidify from the liquid 
state.  
 
Moving away from this point, for any another composition, assuming a homogeneous cooling, 
the blend enters a liquid-solid separation region before crossing the eutectic temperature. 
This is of fundamental importance since primary crystals are so formed (depending on which 
component is in excess respect to the eutectic composition, see Figure 1.12). Indeed, the 
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occurrence of a polymer/fullerene finely intermixed phase together with fullerene primary 
crystals is nowadays recognised of fundamental importance to achieve high optoelectronics 
properties3,28. Since polymer chains always account for an interconnected pathway to the 
electrode for hole extraction, electron percolative pathway has to be designed by 
manipulating fullerene domains spatial distribution. Consequently, the hypo-eutectic phase 
diagram region (considering polymer content) has provided optimum blend compositions 
corresponding to champion devices efficiency29. In this way, an excess of fullerene complies 
with the morphology requirements that are commonly envisioned to support high 
efficiencies. 
 

 
 

Figure 1.12: Temperature composition diagram for P3HT: PC60BM	system, showing eutectic behaviour. Red circles 
with red dotted lines represent the end of melting of primary crystal of either fullerene or polymer, while the 
melting temperature of the eutectic phase is indicated by red circles with dotted grey lines. Different phases 
present at a specific temperature are indicated with capital letters.  Adapted with permission from Ferenczi et al.3 
	 

.  
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1.4.4.2 Co-crystals and solid solutions 
 
 A peculiar situation that can be encountered in BHJ blends, is the formation of a new 
crystalline single-phase with a specific stoichiometry, starting from the donor and acceptor 
components. Polymer and fullerene can interact in a way to co-crystallize with a lattice 
parameter and primitive cell different from the original structures, as displayed by metals in 
the so-called intermetallic compounds. This affects the thermal properties of the blend, as a 
different melting temperature is usually observed for these crystals. Although co-crystals are 
rarely explored in organic electronics field, there are some reported case systems. pBTTT and 
phenyl-C61-butyric acid methyl ester (PCBM) are a rare example of such behaviour28,30–32. Co-
crystals are formed in this case since fullerene molecules can intercalate among the side 
chains of the polymer, expanding the neat polymer crystalline cell, as confirmed by diffraction 
patterns.  
 
Apart from the novelty, this structure represents an extremely interesting opportunity to 
further explore the morphology manipulation in BHJ blend, since a single-phase (co-crystal) 
can be present together with domains of relatively phase-pure “excess component” (respect 
to stoichiometry), as in Figure 1.13. 

 

 
 

Figure 1.13: Schematics of morphology scenarios comprising co-crystals. Left panel display a 2-phase system in 
which all the available spaces between polymer side chains are occupied by fullerene molecules (co-crystal), with 
an excess of fullerene forming neat domains. Right panel shows a 3-phase system where only partial intercalation 
occurs so neat domain of polymer and fullerene surround co-crystals.  
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1.4.5  Construction of temperature/composition diagrams 

 Moving from the theoretical basis to laboratory analysis, calorimetry assists the construction 
of temperature/composition diagrams. Differential scanning calorimetry is so commonly used 
to assess the thermal behaviour of the investigated systems, since this reflects the 
interactions of blend components. In general, DSC thermograms detect transitions associated 
to the phases present in the blend. The use of first heating curve is motivated by the need to 
avoid any re-organization mechanism affecting the sample upon thermal heating. Polymers 
microstructure and local aggregation are deeply influenced by the applied thermal history 
and so the presented blends are studied taking into account the dynamic nature of DSC 
technique. If the microstructure is altered, in turns, thus is the thermal behaviour of the blend 
along a measurement. Focusing on interactions, different situations can arise, as anticipated 
in the previous section. Figure 1.14 shows a DSC first heating curve for a polymer: fullerene 
blend (PCE11:PCBM).  
 
The three detected main transitions are respectively (from low to high temperature): cold-
crystallisation of the polymer, melting of eutectic solid solution and melting of the excess 
fullerene.  
 

 

Figure 1.14 DSC first heating curve in case of polymer blend featuring a simple eutectic behaviour. From low to 
high temperature (shaded): cold crystallisation (exothermic peak), melting of eutectic system and excess fullerene 
(endothermic peaks).  

 
The cold-crystallization peak is usually observed in systems where fullerene addition hinders 
to some extent the crystallization of the polymer. Once Tg is passed, polymer chains in the 
amorphous areas of the semi-crystalline ensemble may have enough energy to accommodate 
minor movements and rearrange in a crystalline fashion. An endothermic transition is so 
detectable in this case, representing the crystallization from the cold state. The endothermic 
transition at lower temperature, can be assigned to melting of the eutectic solid solution if, 
by changing the composition of the blend, its characteristic temperature is unaffected. Finally, 
holding a eutectic behaviour, the higher temperature endothermic peak is linked to the 
melting of the blend excess component domains. As obvious consequence, although the 
presence of eutectic solid solution, the crystallization of excess component is preserved. On 
the contrary, when co-crystals are formed, these molecular complexes appear as a single 
component in a phase diagram since only one transition is observable from the first heating 
curve. However, this strictly holds true when the components in the blend are in 
stoichiometric ratio.  
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Moving away from these compositions, excess of one of the two components may be 
detected from calorimetry if it had formed crystalline domains with a significantly different 
melting temperature. Since the polymer-to-fullerene interaction can be modelled as polymer-
to-small molecule type, the liquidus and solidus lines are theoretically extracted respectively 
as peak maxima (primary crystals of polymer or fullerene) and end of melting temperature 
(eutectic system) in case of eutectic behaviour.		
 
In reality, again due to the dynamic nature of the measurement and the need to establish a 
rigorous protocol to detect phase transition temperatures, the end of melting temperature is 
preferred for all the above cases. In 
Figure 1.15 the DSC curves from various blend compositions assist the construction of the 
temperature/composition diagram, following the mentioned steps. The blend composition to 
which corresponds a single endothermic peak is assigned as the eutectic components ratio, 
the solidus line is so traced at the end of melting temperature. By connecting all the 
experimental points collected as end of melting temperatures from different blend 
composition the two liquidus lines are traced. 
 
 

 
 
Figure 1.15: DSC first heating curves for different PCE11: PCBM blend compositions. The dotted red line connects 
eutectic system endothermic peak maxima (solidus line) while the red solid lines connect the end of melting for 
polymer and fullerene domains (liquidus line).  
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1.5 Motivation and Summary 

This introductory chapter has presented a description of the major topics connected to 
organic electronics field of research. A necessary tribute was to be paid in form of a short 
account to the history of organic semiconductors, not only for a general contextualisation but 
specifically to introduce the required theoretical background in the perspective of this work.  
In the broad “organic realm” the focus was assigned to conjugated polymers. Hence, these 
systems have been extensively discussed. Starting from a description of their molecular 
arrangements and microstructures, an overview of excitation and charge transport 
phenomena in polymers has been presented. The aim here was to introduce, presenting 
concepts and proofs, a key principle of conjugated polymers science, i.e. the close relationship 
that connects these systems microstructure to their mechanical, chemical and most 
importantly opto-electronical properties. With a clear picture in mind of this relation, the 
complexity was increased moving to polymers blends and specifically to BHJ systems with the 
introduction of photovoltaic applications and so of polymer:fullerene systems. At the base of 
all these speculations resides the possibility to manipulate in a controlled way the blends 
microstructure in order to obtain desirable opto-electronic properties.  
 
Evidently, apart from an introduction on the general photovoltaic processes required to 
understand the fundamental notions of power production, as universally applicable also to 
inorganic systems, the effects of blend components miscibility and molecular interactions 
have been rationalised following a thermodynamic approach. 
On this line, the formation of BHJ systems has been described in order to target the 
thermodynamics laws that rules the phase behaviour, with consideration on polymers, 
fullerene and solvent components. In this perspective and as it will be extensively described 
in the results chapter, temperature-composition diagram and their construction starting from 
calorimetry analysis has been therefore presented. As different BHJ morphology scenarios 
are evidently predicted with this powerful approach, in analogy to metallurgy, this offers a 
clear opportunity to manipulate with awareness the microstructure of polymer:fullerene 
blends. At this point, the selection of the specific donor polymers, acceptor fullerenes and 
their combination which constitute the core subjects of analysis in this work is primarily 
motivated by the need to target a broad range of BHJ morphologies and to correlate and 
compare these latter with the proposed microstructures of well-studied and state of the art 
systems, at least for a mere efficiency and function reference. Hence, specific motivations for 
the choice of each examined systems are provided in the introduction of the results Chapter 
3,4, 5,6. 
 
Indeed, the basic ideas that have powered the intentions of the author of this work are plainly 
presented. Being able to predict and so manipulate the morphology of BHJ systems, keeping 
in mind the key structure-property relationship of polymeric materials, in principle allows not 
only to further increase the organic electronic devices efficiency, in the optimistic view of 
filling the gap with inorganic electronic photovoltaics, but specifically to properly understand 
the optoelectronic processes occurring in these materials. This latter statement offers the 
opportunity to appreciate the generality of the scope of this work, as future applications could 
impact fields of research at the moment distant from organic photovoltaics, but where 
polymer blends and their morphology are still relevant. It is with this fundamental belief and 
spirit that the following work has been developed. 
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2 Experimental techniques and setups 

As anticipated in the previous chapter, in order to perform the intended study, a plethora of 
different investigative techniques is required. Polymer films fabrication was obviously the first 
experimental task to be completed. As such, robust processing protocols for achieving 
reproducible films were needed and these are so presented in this chapter. The polymer and 
polymer blend films were firstly probed by optical techniques: for all of these, here is reported 
the theoretical background and a simple scheme of the used setups. The same approach was 
followed to describe the structural determination techniques, with the use of sketches and 
setup schemes. Calorimetry analysis with the Differential Scanning Calorimetry DSC approach 
to study the phase behaviour of polymer blends was already partly described in the previous 
chapter and it will be object of detailed discussion in the results Chapters 3,4,5,6. Hence, in 
this chapter for this experimental technique mainly the applied parameters and the basic 
principle of function are reported. Ultimately, for the in-situ experimental configuration, 
where a combination of optical techniques was used to record optical features during 
polymer blends films formation, apart from setup sketches, references to similar setups, as 
previously reported in different works, are provided to prove the consistency of the approach. 

2.1 Solution processing 

2.1.1 Solutions preparation 

Solutions were prepared by dissolving materials in 1-2 dichlorobenzene (Sigma AldrichÒ	) and 
stirred on a standard hot plate for a minimum of 1 hour before deposition step to ensure 
complete dissolution. For PffBT4T-2OD (PCE11) systems6,10 (commercially available and 
purchased from OSSILA), the donor polymer employed in Chapter 3 and 4, the solution 
concentration was 20 mg/mL and the standard stirring temperature was 120◦C (unless 
otherwise specified).   
For poly(2,5-bis(3-tetradecyllth-iophen-2-yl)thieno[3,2,-b]thiophene) (pBTTT)32, the donor 
polymer employed in Chapter 5 and 6, the solution concentration was 20 mg/mL and the 
standard stirring temperature was 100◦C. Polymer: fullerene blends were prepared by adding 
desired volume of fullerenes solutions to polymer’s one.  
 

2.1.2 Deposition techniques 

Different deposition techniques have been employed not only for complying with the solution 
requirements (high viscosity and pre-aggregation demand specific deposition temperatures) 
but especially to investigate the role played by processing parameters on film morphology. In 
general, for all the listed high temperature techniques, pipettes for dispensing the solution 
were warmed up at the hot stage, avoiding dramatic temperature drop and aggregation of 
the polymer before deposition.		
 
2.1.2.1 Wire-bar coating 
 
The employed wire bar coater (K 101 control coater, Printcoat Instruments) for most film 
fabrication consists of a temperature-controlled stage, where substrates (usually glass) were 
placed, over which cylindrical winded bars can slide. Wires of different diameters D wind the 
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bars, with D ruling the wetting layer thickness and so the thickness of the final film, in case of 
“in contact” deposition. In this work, solutions were directly poured onto the bars, allowing a 
gap of around 150 μm in between this latter and the substrate. This “gap” regime is ruled 
mainly by two parameters: coating speed and solution’s rheology (Landau Levich regime), 
limiting material losses leading to a self-metered deposition.  
For PCE11 systems the stage temperature was set at 120◦C while the coating speed was varied 
from 4 cm/s to 16cm/s, in order to match the viscosity of the different polymer:fullerene 
blend compositions with the desired film thickness.   
For all pBTTT:fullerene systems the stage temperature was set at 40◦C while the coating speed 
was 8 cm/s.  
The method in principle ensures coating of polymeric films on both flexible and rigid 
substrates providing high reproducibility, excellent control of rate, temperature and thickness 
of deposition, as well as compatibility with different dimensions of substrates. With all the 
deducible limitations, it is indeed a pre-step to scalable techniques such as roll-to-roll 
manufacture.  
 
2.1.2.2 Spin coating 
 
Spin coating allows to form homogeneous films through a non-static drying process. Solutions 
are directly deposited on a rotating substrate whose spinning speed affects the final film 
thickness.	This deposition technique has been largely employed to compare the effects of 
different drying conditions on the morphology of BHJ blend films.	 
PCE11 BHJ system films were also prepared through spin coating. Due to the strong pre- 
aggregation tendency of this polymer, not only pipettes were warmed up but also the 
spinning stage holding the substrate. When a temperature-controlled stage was not available, 
the substrate and the spinning chunk were heated at the solution hot stage. 
 
2.1.2.3 Blade coating 
 
Mostly for in-situ experiments, where a wire-bar coater was not available and remote control 
was needed, a home-made blade coating system was employed, as described in C.M. Stafford 
et al.33.	With this setup the “gap” wire bar coating is mimic. The blade, a glass slide in this 
work, is kept at a distance of 150 μm	from the substrate. The flow coating instrument works 
through a computer interface which sets several parameters among which blade speed, 
acceleration and total distance travelled have been adjusted to comply with wire bar coater 
condition. Solutions were directly dispensed in the gap between glass slides (substrate and 
blade). Blade glass slides were UV cleaned before use.  

2.2 Optical techniques 

2.2.1 Uv-vis spectroscopy 

With ultraviolet-visible (UV-vis) spectroscopy, the transmittance of a solution or thin film, 
with a wavelength in the range of ultraviolet (UV, 200-400nm), visible (Vis, 400-700 nm) and 
infrared (NIR, 700-1400 nm) is measured. The absorbance is proportional to transmittance, 
according to the Beer-Lambert law:  
 𝐴 = log;?

𝐼?
𝐼 = 𝛼𝑐𝐿  (13) 
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where I0	 is the intensity of the incident radiation, I is the transmitted intensity, α	 is the 
absorbance coefficient (a constant for each material), or extinction coefficient, c is the con- 
centration of attenuating species, and L is the path length. The incoming and transmitted 
intensity is measured for each wavelength.  
Transitions from the ground state to the excited state are possible and give information on 
the electronic properties of the material. The experiment targets are usually π	→ π∗	

electronic transitions which are promoted through the applied wavelengths. The 
measurements can be correlated to different characteristics of organic materials, such as: 
order, aggregation and conjugation.  
 
In case of films with a non-homogeneous surface (roughness), in order to disentangle the 
absorbance from the effects of reflections we employed an integrating sphere. In a two-step 
process we measured the transmission T and reflection R of the sample, taking into account 
for this latter the reflections of the bare substrate. We then obtain the absorption A as:  
 
 𝐴 = 100 − 𝑇 − 𝑅  (14) 

 

2.2.2 Photoluminescence 

Photoluminescence measures the photon emission from a material’s excited state to the 
ground state, as effect of a previous opposite excitation. Spectra given by PL spectroscopy are 
mirror images of the UV-vis spectra, in absence of effects that prevent the excited species to 
return to the ground state in a radiative way. These are usually referred as PL quenching 
events and can happen for instance when an acceptor material is present. In these conditions 
the exciton is separated in charges and the electron is transferred to the acceptor material. 
Exciton energy transfer to another state (charge transfer) or ground state also leads to a non-
radiative decay mechanism. Charge transfer mechanisms being at the basis of the working 
principle of photovoltaic cells, PL is a tool to measure the charge transfer efficiency from the 
donor to the acceptor in BHJ devices. Raw data of PL are corrected according to the formula 
below:  
 𝑃𝐿Z��� =

𝑃𝐿�q3
1 − 10@x

 (15) 

where A is the absorbance at the excitation wavelength. In order to investigate the presented 
systems, different excitation wavelengths have been employed, making use of the available 
lasers.  

2.2.3 Fourier Transform Infra-red (FTIR) spectroscopy 

FTIR is a well-established method to investigate the structure of molecules through the 
characteristic absorption of IR radiation. The IR spectrum is the molecular vibrational 
spectrum, so molecules absorb radiation of specific wavelengths causing a change in dipole 
moment. Molecules can be excited from ground to excited state that are defined by the 
vibrational energy gap. The absorption peak intensity is related to the change of dipole 
moment and energy level transition. Key points of an FTIR spectrometer are: high spectra 
resolution in IR and high spectral accuracy. For the reported experiments, polymer and 
polymer blend films were produced on double side-polished Si substrates. The experimental 
setup comprised a sample compartment of a MAGNA 860 FTIR (Thermo Nicolet, Waltham, 
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MA) that was equipped with a simple transmission stage featuring a variable angle 
goniometer. This was used in order to place the sample at Brewster-s angle (16.3 degree) with 
respect to the incident IR beam. For controlling the polarization of the IR light, a wire grid 
polarizer was employed before the sample stage. The transmitted spectra are shown as 
logarithm of absorbance being normalised by spectra of blank wafer. Each presented 
spectrum is averaged over 64 scans with a DTGS detector. For all the spectra potential peaks 
from atmospheric water were avoided by filling the sample chamber N2 and a baseline 
correction was applied. A series of Fourier filter was applied to remove Etalon fringes coming 
from IR transmission through parallel Si substrates34.	 

2.2.4 Photothermal Deflection Spectroscopy (PDS) 

PDS is an established method to investigate the local micro-structure of polymer blends, being 
sensitive to the number of interfaces inside a sample35. By enabling absorption coefficients to 
be determined over multiple orders of magnitude, with sensitivity around 1000 times greater 
than a conventional transmission spectrometer, it can be applied to characterize the band-
edge and sub-bandgap absorption. It relies on the temperature dependence of the refractive 
index of the liquid used to carry the experiment. When light is absorbed by the sample, with 
no radiative decay, it triggers a small and local temperature increase that is correlated to the 
change in refractive index of the surrounding medium. Usually a light source is used to excite 
the samples that is immersed in a high dn/dT liquid. A second probe beam, focused near the 
sample surface, serves as a sensor for deflections caused by the liquid refractive index 
changes. These are finally recorded by a position-sensitive detector.  
 
PDS measurements were performed by Dr. Matthew Dyson in TU/e Eindhoven, on a newly 
developed setup, shown schematically in Figure 2.1. Light emitted by a high intensity (250 W) 
Osram 64655 HLX halogen lamp first passes through an automated filter wheel containing ten 
long-pass OD ≥ 5 optical filters that prevent unwanted short wavelength photons from 
reaching the sample. The incident wavelength is set by a 260 mm monochromator 
(Cornerstone CS260-USB-3-MC-A) with two gratings (600 lines/mm) blazed at 400 and 
1000 nm. The monochromator is equipped with variable width slits, enabling an appropriate 
compromise between spectral resolution and sensitivity to be established. 
Light is then approximately collimated by a circular lens, before passing through a mechanical 
chopper with a frequency of 4 Hz; such a low frequency is essential to allow temperature 
variation, and hence oscillation in laser beam deflection, given the low rate of thermal 
diffusion. Finally, this light is focused into a thin horizontal stripe, approximately 8 mm by 2 
mm, using a cylindrical lens. This illumination stripe lies along the sample at the height of a 
parallel laser beam.  
The sample itself is suspended within a 1x1x5 cm fused silica cuvette, mounted on a bespoke 
holder. The cuvette is filled with perfluorohexane, an inert liquid with a large variation in 
refractive index with temperature (i.e., dn/dT is greater than most liquids). Furthermore, the 
sample holder can be moved in the x and y directions and rotated, all with micrometer 
precision, enabling the sample to be aligned with a laser beam (HeNe 633 nm) adjacent and 
parallel to the illuminated surface. This laser is first attenuated with a 1.5 O.D. neutral density 
filter, then passes the sample, and finally is incident on a quadrant photodetector 
approximately 2 m away. The signal from the photodetector, specifically the difference in 
photon flux between left and right halves, is collected by a lock-in amplifier (Stanford 
Research Systems SR830). The amplitude of laser beam position is deemed directly 
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proportional to the absorption coefficient, since non-radiative decay of electrons excited by 
light absorption heats the adjacent fluid and creates a refractive index gradient, deflecting 
the laser. Modulation of incident light with the chopper wheel leads to oscillation of the 
deflection, and hence beam position, at the same frequency. Both the lock-in amplifier, and 
geometric amplification due to the distance between the sample and quadrant 
photodetector, increase the sensitivity of the setup. 
 
2.2.4.1 Measurement Protocol 
 
Prior to measurement, the incident photon flux at each wavelength is determined by 
replacing the sample holder with reference calibrated Si and InGaAs photodiodes. 
Furthermore, since PDS is only a relative measurement, the absolute absorption coefficient 
𝛼 for optical transitions into the conduction band is determined by measuring transmission 𝑇 
and reflection 𝑅 with a conventional UV-vis spectrometer, and then applying  
 
 

𝐴 =
1
𝑑
(1 − 𝑅)4

𝑇
 (16) 

 
where 𝑑 is the film thickness (determined with a Dektak profilometer). The sample holder is 
then installed, and with the thin film facing the incident illumination. Once perfluorohexane 
is added and the laser is turned on, the sample must be aligned. This is a non-trivial task, as 
the amount of laser deflection is extremely sensitive to the precise position of the laser 
relative to the sample. Tracking the signal (deflection amplitude), phase, x and y displacement 
and total laser intensity in real time using custom-written LabVIEW software enables the 
optimal alignment to be reached via iterative adjustments. Wavelength is then scanned from 
high to low values, with long-pass filters changed automatically. A lock-in amplifier time 
constant of 3 s ensures that enough deflection oscillations (at 4 Hz) are sampled, while a 30 s 
‘stabilization time’ (10-time constants) between wavelengths ensures that signal from the 
previous illumination wavelength is not carried over. Finally, the resulting spectrum is divided 
by the illumination photon flux and scaled to overlap the previously acquired absolute 
absorption coefficient. 
 

 
 
Figure 2.1 Schematic of the PDS setup. Monochromatic light is shown as orange, laser as red, and electrical signals 
in green lines. 
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2.2.5 Transient Absorption Spectroscopy 

TAS is a type of pump-probe spectroscopy, where a first laser pulse, called ‘pump’, photo-
excites the sample at the initial experiment time t = 0. The effect of the pump is optically 
detected by a second laser pulse, the ‘probe’, delayed with respect to the pump. To obtain 
the kinetics, the probe delayed is varied. The time resolution is in principle only limited by the 
duration of the pump and probe pulses and not by the detector. The temporal delay between 
the two laser beams is achieved by varying the optical path-length of either the pump or 
probe, typically by moving optics along a translation stage. The effect of the pump is 
monitored from the change in sample transmission it induces in the sample. This is detected 
by probing the sample with and without the pump. Each photo-generated species depletes 
the ground state, resulting in a ground state bleach (GSB) and can induce new transitions 
(photo-induced absorption, PA). 

The TAS experiments shown in Chapter 5 were performed by Martina Causa’ and Prof. Natalie 
Banerji at the University of Fribourg, Switzerland, using the output pulses from an amplified 
Ti:sapphire laser (model Astrella, Coherent USA), which generates 35-fs pulses at 800 nm with 
a frequency of 1 kHz and an average pulse energy of 6 mJ. Part of the fundamental beam was 
sent into an optical parametric amplifier (OPA, Opera Solo, Coherent) to generate the pump 
pulses at 540 nm and 400 nm. The pump energy at the sample was adjusted to be in the linear 
regime of the TA response without any bimolecular artefacts in the dynamics, which 
corresponded to a fluence of 11µJ/cm2 at 540 nm and 20µJ/cm2 at 400 nm. The pump pulse 
duration is about 80-100 fs. The white light probe beam was generated by focusing another 
fraction of the fundamental laser output on a 5 mm sapphire plate. The probe consisted of 
either a near-IR continuum (850-1200 nm) or a visible continuum (450-750nm), selected by 
using either a 850 nm long pass or 750 nm short pass filter for removing the remaining 800 
nm laser intensity from the white light. The probe beam was divided into a reference beam 
(to correct for laser intensity fluctuations) and a signal beam. The latter was then spatially 
overlapped with the pump beam on the sample, which was placed into a sealed chamber 
under nitrogen to prevent degradation by oxygen or humidity. The visible and near-IR TAS 
spectra were recorded separately with two spectrographs, consisting each of a home-built 
prism spectrometer equipped with two 512 x 58 pixel back-thinned Silicon CCDs (S07030-
0906, for visible probing of the signal and reference) or two InGaAs detectors (for near-IR 
probing of the signal and reference) purchased from Hamamatsu and assembled by 
Entwicklungsbüro Stresing, Berlin. The probe pulses were time delayed with respect to the 
pump pulses using a computer-controlled delay stage (up to 1.6 ns), and the pump spot size 
was adjusted to be much larger than the probe spot size to allow for a homogeneous 
excitation over the probed area. To improve sensitivity, the pump light was chopped at half 
the amplifier frequency, and the transmitted signal intensity was recorded shot by shot. It 
was corrected for intensity fluctuations using the reference beam. The TA spectra were 
averaged until the desired signal-to-noise ratio was achieved (4000-4500 shots per time 
delay, the whole range of time delays was scanned 4-10 times). The polarization of the probe 
pulses was at magic angle relative to the pump. All TA spectra were corrected for the chirp of 
the white-light probe pulses.  
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2.3 Structural determination techniques 

2.3.1 Grazing Incidence Wide Angle X-ray Scattering (GIWAXS) 

GIWAXS is one of the most applied techniques to determine crystalline structures. In common 
X-rays analysis, by assuming that the wavelength of the incident photon, and so its energy, is 
equal to the wavelength of the scattered photon, elastic scattering is studied. This 
phenomenon is due to the interaction of the X-ray with the analysed sample. The momentum 
transfer q is collected, i.e. a 3D reciprocal space vector that describes the momentum 
variation between incident and scattered rays. Due to the semi-crystalline nature of 
conjugated polymers and the reduced thickness (100-200 nm) of probed films, common XRD 
does not produce a meaningful signal-to-noise ratio. Instead in GIWAXS experiments, this 
issue is overcome by employing high flux synchrotron x-rays and a low incidence angle that 
increases the light path inside the material. Moreover, a CCD detector allows to resolve the 
scattering into out-of-plane and in- plane contributions, so crystalline orientation can be 
extracted. Consequently, the use of pole figures summarizes in a 1D plot the intensity angular 
profile. In this way, from a 2D GIXD spectrum, by analysing the in-plane and out-of-plane 
diffractions intensity and distributions, crystal plane orientation can be obtained (Figure 2.2). 
Focusing on lamellar stacking diffraction pattern, this usually allows to resolve orientations 
such as edge-on or face-on where the polymer backbones lay respectively orthogonal to the 
substrate or parallel to it. Obviously, these configurations correlate to specific electronic 
properties such as charge carrier transport. This also helps during in-situ experiments when 
monitoring film formation processes. Indeed, moving from reciprocal to direct space, large 
values of q corresponding to small real distances can be measured.  
It has to be noted that GIWAXS technique does not target amorphous phases that cannot be 
neglected in a semiconductive polymer. Indeed, just a relatively small fraction of crystalline 
phases is able to contribute to the diffraction pattern. The amorphous phase most likely act 
as a matrix surrounding the crystalline phase, so that macroscopic properties result from the 
interaction of more than one phase. Ultimately, GIWAXS is a mean-field technique, so an 
average of all the present species is obtained, being extremely difficult to resolve a specific 
crystallites subset that can be correlated to a particular optoelectronic phenomenon.  
 

 

Figure 2.2: Crystallite orientations and their effect on GIWAXS 2D map with explanatory schemes. Circular 
scattering patterns correlate to a random distribution (a), while increasing the orientation (b,c) the angular 
distribution becomes narrower. The scattering patterns comes from different treated pBTTT films: solid pressed 
(a), spun from solution (b) and annealed (c). Reproduced from Rivnay et al.23	).  
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2.3.2 Grazing Incidence Small Angle X-ray Scattering (GISAXS) 

Small X-ray scattering SAXS detects inhomogeneities in electron density on length scales in 
the 1-100 nm range, according to the selected energy and a small scattering angle. By 
employing a 2D detector, grazing incidence scattering is obtained, with a setup configuration 
similar to GIWAXS but with a larger detector distance L (1-4 m), see Figure 2.3. In case of 
semiconductive polymers and their blends, GISAXS increases the scattering volume so that 
changes in nano-scale morphology are probed. By combining GISAXS and GIWAXS results, 
larger-scale domain sizes in bulk heterojunction are detected. However, the technique is 
partly limited by the small electron density difference between the donor and acceptor 
domains. Finally, it must be noted that in contrast to GIXD, this technique does not require 
the material to be crystalline. Amorphous - crystalline domains in a polymer film can be 
detected or polymer - fullerene domains in a blend.  

 
Figure 2.3: Setup scheme for grazing incidence small-angle X-ray scattering (GISAXS) com- pared to GIWAXS. The 
different detector distance is highlighted (LWAXS	and LSAXS). Re- produced from Rivnay et	al.23	  

 

2.3.3 Vapour Phase Infiltration (VPI) - Atomic Layer Deposition (ALD) 

Vapour phase infiltration was employed in this work to probe the phase morphology of BHJ. 
Unlike conventional ALD where precursors from a gaseous phase react at the gas/material 
interface forming a coating layer, VPI allows deposition in the bulk of the investigated 
material. Precursors (inorganic materials) can diffuse through the bulk (organic) according to 
free volume gradients. In principle, in a two-phase system, diffusion is driven by the difference 
in free volume of the two phases, so the final inorganic product is selectively deposited. In 
this work diethylzinc (DEZ) and H20 are the gaseous precursors for depositing ZnO metal 
oxide: 
 
 𝑆𝑢𝑏 − 𝑂𝐻 + 𝐶4𝐻�𝑍𝑛𝐶4𝐻� 	→ 	𝑆𝑢𝑏 − 𝑂 − 𝑍𝑛𝐶4𝐻� +	𝐶4𝐻�

𝑆𝑢𝑏 − 𝑂 − 𝑍𝑛𝐶4𝐻� + 𝐻4𝑂	 → 	𝑆𝑢𝑏 − 𝑂 − 𝑍𝑛𝑂𝐻 +	𝐶4𝐻�
 

 

(17) 
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To maximize the ZnO rich-areas, the exposure time to gas precursors was increased by 
manipulating the holding time. Consequently, in order to avoid any disruption of the phase’s 
morphology and side effects such as polymer annealing and fullerene coalescence, the 
deposition process was carried at low temperature (i.e. below the ideal Tg of the blend). 
The entire process was performed with a Ultratech/Cambridge Nanotech Savannah S200 
system. For all the analysed samples, 8 hours outgassing pre-treatment was applied under 10-

6 Torr for solvent removal. Infiltration and deposition were carried at 60°C by alternative 
cycles of DEZ and water. As in Figure 2.4, each precursor is dispensed in 2 pulses (0.02 sec for 
DEZ and 0.04 sec for water) with a 20 sec hold time followed by 25 sec N2 purge time, so one 
cycle is made by 4 pulses. The evacuation valve is closed, and the gas flow is reduced to 5 
sccm during the hold time. 
 

 
Figure 2.4 Schematic illustration of VPI process flow, highlighting the sequential cycles applied. 

 

2.3.4 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy SEM was used to visualise the ZnO deposit inside the BHJ. 
Cross section of BHJ films were obtained by cleaving the samples after a pre-treatment in 
liquid nitrogen. This usually allows to fully exploit the substrate brittle fracture property, 
promoting a brittle behaviour also in the organic film. Ideally the fracture propagates from 
the substrate to the film in a coherent way, without film detachment. HRSEM micrographs 
were acquired through Zeiss Ultra- Plus FEG-SEM operated at 2 kV accelerating voltage with 
a working distance of 2.7 mm. SEM allows to resolve the phase morphology with a contrast 
(bright spots) coming from the infiltrated ZnO.   

2.4 Film surface and thickness analysis 

2.4.1 Dektak profilometry 

The Dektak is a contact profilometer for measuring step heights on a surface. Normally a 
scratch is applied on the film and the difference in height between its top surface and the 
substrate is measured through an in-contact stylus. This system can be employed also for 
measuring polymer thin films if a very low force is applied to the probe. It is fast and does not 
require complicated preparation of samples, as needed in other more accurate techniques 
such as atomic force microscopy (AFM), while the accuracy is still sufficiently high for the 
purpose of characterization of organic semiconducting films. Measurements for this thesis 
were carried out with a Sloan Dektak surface profiler.  
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2.5 Differential Scanning Calorimetry (DSC) 

DSC is a thermo-analytical technique that measures the differential heating flow between the 
sample and a reference during a heating cycle. In the instrument’s furnace, an aluminium 
crucible containing the material to be investigated (sample) and an empty one (reference) are 
constantly heated following a selected thermal history. DSC records the difference in heat 
flux that is provided to the two crucibles in order to keep them at the same temperature for 
the applied heating/cooling cycle. Variations in heat fluxes identify phase transitions and/or 
chemical reactions of the material with temperature resolution. Since temperature is fixed by 
thermal cycle, the fluxes difference corresponds to the energy required by the material to 
undergo a certain transformation. Commonly the heat flux difference is plot against the fixed 
temperature, so in lack of any transitions, the instruments measures a flat curve. First order 
phase transitions such as melting and crystallization are detected respectively as endothermic 
and exothermic peaks, since a large amount of energy has to be supplied to keep the 
temperature as set by the thermal cycle. Peaks sharpness is generally linked to the 
homogeneity of the sample: a broad endothermic peak is detected when a distribution of 
crystals of different sizes melt. Integrating the area of the DSC peaks respect to temperature 
axis allows to measure the enthalpy of melting/fusion. Glass transition in polymer systems 
can be also detected since it promptly changes the heat capacity of the material passing from 
a rubbery to a brittle state or vice-versa, affecting the DSC curve slope (step-like jumps or 
slope variations). The applied heating/cooling rate also affect the measurements, since faster 
rates can increase the signal intensity at the cost of lowering temperature resolution while 
cold-crystallization is triggered in the opposite case (slow rates).  

2.5.1 Applied parameters 

DSC was performed under N2	atmosphere applying a scan rate of 10◦C/min with a Mettler 
Toledo DSC700 instrument. Tested powders were produced by drop casting neat components 
and blend solutions of 5 % wt total material content in 1,2-dichlorobenzene onto glass slides 
at 100◦C. After solvent evaporation at ambient pressure, films were annealed in vacuum for 
7-8 hours before being removed from substrates as scratched flakes/powders (1.5-4 mg) and 
sealed for testing in aluminium crucibles. From DSC thermographs, primary crystals and neat 
materials melting correspond to end of melting temperatures while eutectic transitions are 
assumed as peak maxima.  

2.5.2 Data analysis 

In the present work, all the shown DSC curves have been normalised by sample weight. A 
polynomial baseline has been subtracted before applying a Gaussian fit to the peaks in order 
to extract the enthalpy of melting/fusion.  
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2.6 In-situ experimental configurations 

2.6.1 Blade coating with in-situ spectroscopy, real-time measurements 

Film formation process is the crucial step affecting phase morphology. Understanding the 
microstructural evolution of a BHJ from solution to film state allows to decouple the effects 
of phase separation, solvent evaporation, polymer aggregation and crystallisation. In the 
scope of revealing processing-structure-property relations, the following setup was 
developed to investigate the afore-mentioned mechanisms as they develop the final 
structure. The presented setup was originally developed and described by Lee et al.36 , but 
two replicas of it where employed in this work. It comprises an actuated blade coater, 
described by Christoper M. et al.33, which was used to mimic the processing condition of the 
wire bar coater and can be remotely operated. Glass slides were used instead of a wire bar or 
metal blade for deposition. Solutions were dispensed under the edge of slides fixed allowing 
a gap to the substrate of 200 nm. The translation speed of the blade was set at 25 mm s-1. An 
optical fiber for UV-vis absorption measurement was suspended above the substrate to be 
covered. Care was taken to focus a diode laser just beside the spot for UV-vis, preventing 
interferences but at the same time ensuring that the same material area was probed. Making 
use of the remote control, after dispensing the solution, the spectroscopy instruments were 
simultaneously activated with the movement of the blade. 

2.6.2 Blade coating with in-situ spectroscopy, dead-films measurements 

The same configuration was used for dead-films measurements. This time the setup was 
assembled inside a glove-box to ensure an inert atmosphere and the substrate stage was 
connected to a temperature controller. In order to establish a parallel with DSC thermograms, 
the stage was heated and cooled at 20°C/min. The blade was removed from the setup and 
previously deposited films were placed on the stage. UV-vis and photoluminescence 
experiments were likewise performed. 

2.6.3 Spin coating with in-situ spectroscopy 

 

                 
 
Figure 2.5 Photograph of the assembled spincoater (left). Schematic illustration of the detection system for the spin 
coater (right). The top panel describes the regime for absorption measurements, while the bottom panel the regime 
for photoluminescence acquisition. Adapted from Buchorn et al. 37 
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For the generation of 2D absorption and photoluminescence graphs shown in the following 
chapters, in spin coating case, a collaboration was established with Prof. Anna Kohler group 
of research at the University of Bayreuth, Germany. The experimental setup was developed 
by Michael Buchhorn as described in Buchorn et al.37 and tested for the first time for this 
study. For the mechanical part, it mainly comprises a brushless DC motor which allows 
rotation speeds up to 2300 rpm. A Peltier element controls the temperature of the corners of 
the plate where the substrate for the deposition is mounted. A heat diffusor is placed below 
this for thermal equilibration. 
For simultaneous absorption and photoluminescence measurements, a diode laser and a 
white LED are positioned respectively above and below the substrate. The light coming 
from the white LED hits the back of the substrate through a hole in the plate. A common 
spectrometer with a CCD camera is used for recording the input data coming from an 
optical fiber mounted on top of the plate. Through a mechanical chopper (1) it is possible 
to continuously switch between absorption (Figure 2.5 top right panel) and 
photoluminescence (Figure 2.5 bottom right panel) measurement regimes by alternatively 
changing detected beam path, adding and removing laser signal filtering (6,7,8). Chopper 
frequency dictates the frame rate resolution of the experiment. In the present work frame 
frequencies between 0.280 and 0.320 s are employed.  
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3 Manipulating local aggregation in PCE11  

3.1 Background  

Processing conditions substantially contribute to the local microstructure and aggregation of 
semiconductive polymers4,36,38–40. Despite the lack of a fully-established model describing the  
solidification processes occurring during film deposition, polymer aggregates, i.e. short 
ranged ordered segments of chains, have been recognised as the main species determining 
the solid state optoelectronics properties17,41. The polymer transition from a disordered to an 
ordered conformation, even if on a short length scale, intimately depends on the processing 
temperature. Particularly, previous studies15 have correlated this transition to a characteristic 
temperature Tc which can be used to rationalise the processing conditions.  
 
Although the majority of studies on aggregation – processing parameters relations have 
focused on P3HT as a model system, some of the previous results can be globally applied to 
a large number of polymer systems. In this regard, recalling the theory presented by Spano et 
al 21 and considering P3HT absorption spectrum, a greater excitonic coupling along chains 
results in a higher 0-0/0-1 vibronic peak ratio that is commonly attributed to J-like 
aggregation. An opposite peak ratio relates to coupling between chains, usually termed H-
like. Since processing influences the polymer’s spectral shape, on a first approximation, short 
chains promote H-like aggregates, but the same effect can be caused by quick drying. 
Conversely, slower solidification conditions may enhance J-like properties. Whilst a plethora 
of processing conditions have been examined, a comprehensive explanation is still lacking. 
  
In the light of elucidating these processes while moving to the newest generation of high 
efficiency bulk hetero-junction polymers, PffBT4T-2OD ( from now on referred as PCE11) has 
shown a remarkable H-J aggregates manipulation capability, merely acting on deposition 
temperature and film thickness, apart from its strong pre-aggregation tendency42. However, 
most of the processing parameters cannot be singularly manipulated, since they are mutually 
related. Moreover, even when individually controlling one of these, the choice of a deposition 
technique imposes a specific interrelated set of processing conditions, preventing the study 
of independent variables.  
 
Hence, the differential investigation of a static (wire bar coating) and a dynamic (spin coating) 
deposition technique potentially provides different subsets of parameters that can serve to 
isolate their independent effect on solidification processes.  Ultimately, this chapter aims to 
unravel the mechanisms of aggregates formation, focusing on the role played by deposition 
temperatures and solvent evaporation rate. 
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3.2 Controlling PCE11 aggregates in thin film  

 
 
Figure 3.1  Steady-state absorption spectra of the neat PCE11 films deposited at 120°C and at two different speeds 
(corresponding to different film thicknesses) through wire-bar coater. The arrow shows the decrease of 0-0 
transition. 

 
According to the theory revised by Spano et al 21 and as explained in chapter 1.3.3, the photo-
physics of polymer films depends on the competition between intrachain and interchain 
interactions, having a direct correspondence with absorption and luminescence line-shapes. 
Specifically, these different mechanisms of interactions have been confirmed to exist 
between polymer aggregates15. Based on this, two different natures of aggregates, H- or J- 
like, are commonly envisioned, but in a polymer film, there is always a distribution of the two. 
Against this background, several attempts have been performed to control the formation of 
aggregates during the solution deposition, considering both thermodynamics and kinetics of 
film formation. Frequently, this involves complicated tools to control the solvent evaporation 
or the composition of the starting solution43–45.   
 
Although the following considerations may appear as mere speculations, considering the 
strong pre-aggregation of this polymer, a control over aggregates nature and their ratio in a 
solid film can be potentially achieved through a rigorous approach. On this account and 
referring to (Figure 3.1), where the absorption spectra of two PCE11 films, cast via wire-bar 
coating at different speeds, are normalised to the 0-1 transition peaks, the difference in 0-
0/0-1 peak ratios is highlighted. In order to exclude the contributions of the unavoidable non-
aggregated phase to the vibronic features difference, a spectral decomposition, assuming as 
reference for the non-aggregated phase absorption the PCE11 solution spectrum at 72°C 
from a steady state experiment (extensively presented in the following paragraph), was 
applied and the aggregates spectra isolated (Figure 3.2). Consequently, the aggregates 
fraction is not reduced significantly with increasing deposition speed or equivalently in this 
case with film’s thickness. Hence, the peaks ratio can be compared: it decreases from 1.12 to 
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1.05, increasing the film thickness. However, here attention must be paid to consider the 
effects of inter-molecular charge transfer (ICT) and generally of energetic disorder on the 
examined vibronic features, since in the presented systems J- and H- aggregates are clearly 
vibronically coupled. Additionally, in absence of a photoluminescence experiment for these 
two polymer films, the contribution of disorder that can ideally enable 0-0 emission also in H-
aggregates cases could not be ruled out46. 
Nevertheless, on a very preliminary base, the 0-0/0-1 ratio can be assumed as a meter to 
judge the dominant type of aggregates contributing to the film’s absorption: increasing J-like 
aggregates should correspond to a higher 0-0 peaks ratio. In this perspective there is space to 
assume that aggregates manipulation can be performed merely acting on the deposition 
speed which in turns controls the thickness of the wet layer, in the assumption that ICT 
equally affect the two population of aggregates. From thin film absorption (Figure 3.1), the 
optical feature linked to J-like behaviour (0-0 transition peak) shows a decreasing trend with 
film thickness. It is important to stress that being these films deposited through wire bar 
coater, their thickness increases with the deposition speed. Indeed, according to the usual 
range of wire-bar coater speed and polymer solution’s viscosity, the material is deposited in 
the so-called Landau-Levich regime47, so that an increase in speed also correlates to an 
increase in wet film thickness. 

 

 
 
Figure 3.2 Decomposition of the PCE11 wire-bar coated films spectra (shown in Figure 3.1) to extract the 
contributions from disordered phase and aggregated phase (blue shaded area). The red curve is the spectrum 
from the steady state solution experiment obtained at 72°C, accounting for the disordered fraction absorption. 

 
Additionally, from (Figure 3.2) and the corresponding absorption spectra decomposition, 
besides the initial speculation regarding the relative ratio of aggregate types (H- J- like) also 
the total amount of ordered respect to disordered phase is inferred to be manipulated. The 
different shape and position of the absorption shoulders on the high energy side are a strong 
but still qualitative indications of this trend. Nonetheless, the aggregates fraction decreases 
from 82% to 76% in case of thicker film. Considering the wire bar coating deposition condition, 
this can be related both to the increase of solvent evaporation time and the increase of wet 
film thickness. These processing conditions enable aggregates showing inter-chain 
interactions possibly because in situations where crystal growth is enhanced and the average 
size of crystallites increases, the inter-chains cross-talk becomes competitive to the intra-
chain coupling. Nevertheless, a spectral shift to higher energy also suggests a decrease in 
conjugation length or in backbone planarity, so the aggregates interactions necessarily need 
to be further investigated. 
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3.3 Determining disordered-ordered transition temperature Tc 

 
Figure 3.3 Steady-state absorption (left panel) and photoluminescence (right panel) spectra of a neat PCE11 
solution (0.1 mg/mL in o-DCB) , at different temperatures upon cooling from ~ 130°C. To ensure solution 
stabilisation, each temperature step is kept for at least 10 minutes.  

 
The critical temperature Tc of disorder-order transition has been previously determined for 
several polymer systems48, by monitoring the absorption spectra evolution of diluted polymer 
solutions ( 0.01 – 0.1 mg/mL) upon cooling. In this work, steady-state absorption and 
photoluminescence from a 0.1 mg/mL PCE11 solution in o-DCB have been simultaneously 
recorded during the application of a thermal ramp (from room temperature to 126°C and 
back). While probing the same chromophore ensemble, this setup allows to compare two sets 
of spectroscopic insights. 
 
At high temperature, the absorption spectrum (red in Figure 3.3 left panel) is unstructured 
and broad with an onset ~ 1.85 eV and a maximum ~ 2.31 eV. Due to the high temperature 
and the good solubility in the employed solvent, this spectral shape can be correlated to the 
disordered state of the polymer. Upon cooling, the spectrum shifts to lower energies, 
indicating an increase in conjugation length or backbone planarization, as it will be discussed 
in the following paragraphs. The maximum observed red-shift for this transition is 60 meV at 
60-70°C. Decreasing further the system temperature, a red-shift matches the emergence of 
a new peak centred at 1.80 eV. Thus, the transition from disordered to ordered states takes 
place as this peak strongly increases upon cooling to 30°C and an additional peak ~ 2.0 eV 
becomes visible. The spectra evolution, moving from the disordered to the ordered state 
absorption line shapes, determines a clear isosbestic point at 2.15 eV. Indeed, the range of 
temperature over which the spectra define the isosbestic point is indicative of the disorder-
ordered transition.  
Considering Figure 3.4, the aggregates formation is monitored extrapolating the absorbance 
at 1.8 eV as a function of temperature. The 1st derivative of this function is then fitted with 
gaussian peak to determine the position of the maximum. Hence, a Tc  53 ± 0.7°C is identified, 
in line with previous results obtained for a PCE11 batch of lower Mw

48
.  
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The photoluminescence spectra evolve accordingly upon cooling, starting at ~130°C with a 
broad, unstructured peak centred at ~1.77 eV that moves to 1.72 eV at 60°C. This 
temperature is just above the Tc as previously defined by the absorption spectra evolution. In 
PL case, the order/disorder transition is characterised by the disappearance (or partial 
disappearance, as it will be explained) of this non-aggregated PL signal (as the intensity 
decreases in the range of temperatures 126-60 °C) and the occurrence of a red-shifted peak, 
resulting from aggregates chains. At further cooling the aggregates signal increases with a 
minor redshift. Additionally, a shoulder at ~1.90 eV can still correlate to the disordered phase. 
As in absorption case, the Tc can be evidently extrapolated also by photoluminescence 
experiment. Evidently, contrary to the continuous shift of features recorded from absorption, 
in this experiment the occurrence of the examined transition is detected as a change in 
photoluminescence spectra that result from a different weighted contribution coming from 
separate populations of chromophores (the aggregated and non-aggregated species). 
As a result, the photoluminescence spectra can be fitted with homogeneously broad 
gaussians, revealing two different contributions. In fact, from Figure 3.5 (left panel), the 126°C 
spectrum (dark red) can be fitted with two gaussians, the high temperature one 
corresponding to the photoluminescence from non-aggregated species, the low temperature 
one corresponding to the photoluminescence from already aggregated species. If the 26°C 
spectrum is examined, the same gaussian can be used to perform the fitting. What changes 
is the contribution of each gaussian to the total spectrum.  
 
Summarising the initial results, it is here evident that also at high temperature (126°C), well 
above the absorption-extrapolated Tc, there is already a significant part of the chains in an 
aggregate state that contribute to the total emission, while at low temperatures a signal from 
non-aggregated species persists. On the base of these evidences, the described fitting has 
been applied to all the spectra recorded in the experimental temperatures window, keeping 
unaltered the peak location (eV) and the full width at half maximum of these two gaussians. 
In order to appreciate the weight of each contribution to the overall photoluminescence, the 
fitting curves at each temperature have been integrated. Indeed, Figure 3.5 (right panel) 
shows the trend of these integrated values: by decreasing the temperature, the weight of the 
photoluminescence contribution of the non-aggregated chains decreases at the expense of 
the rise of the contribution of the aggregated ones. The overall photoluminescence however 
decreases due to the reduced torsional disorder and the formation of polarons (that 
quenches the emission), as expected and proved in case of a transition to a solid film46,49,50. 
Even if clearly an isosbestic point is not expected in this case, in the temperature window 
highlighted by the arrow in Figure 3.5 (right panel), the two contributions switch their mutual 
ratio (50-60°C). Indeed, as the temperature decreases the contribution of the aggregated 
species increases and at around 56°C, the ratio is inverted: the aggregated chains assume the 
role of dominant emitting population. However, there is an important and often forgotten 
assumption in describing this kind of analysis to be clarified: the absorption cross-section s is 
constant during the transition. Nevertheless, even if this can be regarded as an introductory, 
over-simplistic statement, the validity of this approach is supported by the correspondence 
of the extrapolated transition temperature window with the one derived from the absorption 
spectra analysis. 
 
As such, the Tc is confirmed both by absorption and photoluminescence experiments when 
the polymer chains start to order from a completely disordered state (solution) and long times 



 56 

for the system stabilisation are allowed (10 minutes in between each temperature step). As 
already mentioned, these results are in line with the preliminary study by Reichenberger et 
al.48, considering that a PCE11 of lower molecular weight was previously employed.  
However, this work will focus on the role of processing conditions as imposed by different 
deposition techniques, that affect the polymer aggregates transition, leading to different 
behaviour37,48. 
 
 

 
 
Figure 3.4 Extrapolated absorption @ 1.8 eV as a function of temperature of the neat PCE11 solution (top panel). 
Data points for temperatures below 27°C are reconstructed assuming the polymer completely enters the 
aggregated phase. The first derivative (normalised) is plotted in the bottom panel and fitted with a gaussian to 
extrapolate the peak position. This approach defines a Tc = 53± 0.7 °C. 

 

 
Figure 3.5 Photoluminescence spectra of a neat PCE11 solution (0.1 mg/mL in o-DCB) at two different 
temperatures (dark red 137°C and dark blue 37°C) (left panel). The two spectra are fitted with two gaussians, 
highlighting the different populations contributing to the photoluminescence, respectively the non-aggregated 
chains (light red) and aggregated chains (grey). For each temperature steps, the two population contributions are 
evaluated as integral of the fitting gaussian, as a mean to extrapolate the Tc. The integral error is added for each 
bar.  
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3.4 Investigating aggregate formation of PCE11 

Having identified the Tc for the phase transition, the aggregates formation has been 
investigated by the differential analysis of two different deposition techniques in order to 
disentangle processing – property relationships. For thin films deposition, a solution 
concentration of 20 mg/mL is required, so the analysis is conducted under the assumption 
that concentration changes do not alter significantly the experimentally determined Tc. 
In order to appreciate the temperature dependence of disordered-ordered state transition, 
three temperatures of deposition have been selected: 120,90 and 60°C. Hence, the effects on 
aggregates formation determined by fabricating the thin polymer film respectively well-
above, above and close to the reference Tc are investigated. The first deposition technique 
to be explored is spin coating due to the extensive literature references2,36,37 and the direct 
preliminary study by Reichenberger et al.48. Films were deposited from o-DCB solution with a 
concentration of 20 mg/mL at a speed of 2000 rpm, measuring the optical properties with the 
detection system described in chapter 2.6.3 (excitation l of 2.3 eV and intensity 25m W/cm2). 
No additives were added to the solution, in order to investigate the aggregates formation 
without interferences. With the described setup, colour-coded 2D maps for simultaneous 
absorption and photoluminescence are produced. Additionally, spectral slices are extracted 
to examine the evolution of spectroscopic features at different time or at different energies.  
 
Around a characteristic time for each 2D map’s couple a significant change in both absorption 
and PL occurs, which can be ascribed to the order-disorder transition occurring in PCE1148, 
likewise in other polymers (such as P3HT40,51).  
Generally, during the first deposition stage, the absorption intensity is very high due to the 
excess of solution dispensed, while it decreases as it is removed by the spinning process. 
Hence, these frames are omitted in the graph and the time 0 in the 2D maps corresponds to 
the first detected unsaturated spectrum (Figure 3.7). In between 0 and before the transition 
time, broad absorption spectra are recorded. In the same time window, the PL spectra exhibit 
a peak around 1.8 eV, which during the transition is replaced by a new peak at 1.65 eV.   
Similarly, a structured absorption spectrum become visible. Both spectral evolutions are 
correlated to the order-disorder transition and the formation of H-J- types of aggregates21, so 
by inter or intra-molecular coupling within the polymer chains. 
 
In order to monitor the solidification of the film with timeframe precision, the intensity of the 
optical density peak at 1.8 eV, corresponding to the S0- S0 transition, respect to the absolute 
deposition time, is plotted in Figure 3.6 (top strip) for the three deposition temperatures. 
Since the aggregated phase spectrum does not overlap with the non-aggregated one, this is 
a viable approach. Evidently, by decreasing the substrate temperature, the solidification of 
the film is delayed. From Figure 3.6 (top strip), for the highest deposition temperature 
(120°C), being well above the Tc of the polymer, when the solution is dispensed no aggregates 
are assumed to be present, so the excess of polymer is rapidly removed causing a decrease in 
optical density. The broad absorption peak reaches a minimum and depending on the 
temperature of deposition shifts to lower energies (at it will be discussed). These phenomena 
are immediately followed by the emergence of the absorbance peak at 1.8 eV, and the film is 
assumed to be completely dry in less than 2 seconds. As the temperature of deposition 
decreases the time for the excess of solution removal should increase due to the polymer 
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rheology48, even though a systematic study of this behaviour is not presented, being out of 
the scope of this work.  
 
According to the presented experiments, different mechanisms of solidification are evidently 
activated depending on the casting temperature proximity to Tc. At 90°C the transition onset 
is delayed of 1 second respect to 120°C.  Strikingly, moving to the trace for 60°C, the onset 
time is further delayed to 6 seconds but still the transition time, i.e. the time between the 
onset and the end of optical density increase, is constant (Figure 3.10).  Evidently, this trend 
can be rationalised considering the temperature dependence on the rate of evaporation and 
viscosity of the polymer36,37. However, during the time before transition, the polymer chains 
can planarize, thus “predisposing” to aggregation, as it will be successively discussed on the 
basis of the spectral shift to lower energies. Since the focus of the analysis is on the optical 
feature at 1.8 eV, with this approach the evolution of a specific type of aggregate is 
monitored. Indeed, two absorbance peaks are displayed by thin film spectra, at 1.8 eV and 
2.0 eV, respectively corresponding to S0- S0 and S1- S0 transitions. Consequently, as it will be 
discussed in the following paragraphs, more than one type of aggregate is formed during the 
film solidification.  
 
Moving to photoluminescence features, in Figure 3.6 (middle strip), the peak maximum 
positions is plotted against time. The curves are divided into two subsets: the first part 
accounting for the disordered phase PL shift, the second for the corresponding aggregates 
contribution. The peak position at the beginning of the solidification process (disordered 
phase) does not increase substantially with the substrate temperature as seen for other 
polymers in the so-called oligomer approach, at least at 120°C and 90°C. Interestingly, the PL 
peak shifts during the order-disorder transition, determining a transition onset that coincides 
with the one extracted from the optical density analysis. However, when the substrate 
temperature is lowered below the Tc, different mechanisms of solidification are triggered. 
For 120°C and 90°C the PL peak evolution is similar, i.e. a minor shift to lower energies in the 
non-aggregated phase (1.80 to 1.77 eV) and a slightly larger shift in the aggregated phase 
(1.67 to 1.65 eV for 120°C and 1.67 to 1.63 for 90°C) is visible. The evolution of the film cast 
at 60°C is quite different since the polymer chains have more time to planarize before 
undergoing the transition. Firstly, the PL peak starts at lower energies, probably due to the 
presence of pre-aggregates. In the time window where the intensity of optical density shows 
no variations, we can assume no aggregates are created, but still the PL peak gradually shifts 
to lower energies (from 1.74 to 1.68 eV). This trend can be correlated to the planarization of 
the chains prior to aggregation37. In the aggregated part of the curves, only a minor shift (1.64 
to 1.63 eV) is recorded. From this point on, instead of being constant till the transition onset, 
the PL peak gradually shifts to lower energies.  
 
Additionally, since the setup has allowed to simultaneously record absorption and PL, this 
latter has not only been scaled by the change in absorbed light at the laser excitation 
wavelength but also integrated frame by frame, returning the relative photoluminescence 
effiency (labelled in the following graphs as relative PLQY) as function of time (Figure 3.6, 
bottom strip). In this context it is of paramount importance to stress that this is only a very 
approximate mean to estimate the quantum efficiency and that an extensive and quantitative 
approach to extract the quantum yield was outside the scope of this work. For a rigorous 
measurement of the PLQY, an integrating sphere is certainly needed. If in solution it is 
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appropriate to assume an isotropic angular distribution for the emission52, the same does not 
apply to thin films. Indeed, solid film emission is anisotropic, so it is necessary to examine its 
angular distribution, taking into account specular and diffuse reflections, besides film re- or 
self-absorption. Lacking the possibility to implement these measurements with the described 
setup, merely a qualitative description of the relative PLQY during solidification can be 
reported. For sake of simplicity these measurements will be addressed as PLQY. However, in 
line with previous study on P3HT37, from the “0” time till the last frame before the transition 
gap, for the examined PCE11 samples, the realative-PLQY reduces to 70-75% of its initial value 
for 120°C and 90°C, while to 35% for 60°C. The occurrence of a sharp and final PLQY 
quenching perfectly coincides in time with the transitions detected from PL and optical 
density measurements. The temperature dependence of PLQY of the disordered phase can 
be motivated, on the basis of similar observations made on previously examined polymer 
systems15. In past studies the trend has been correlated both to an increased conjugation 
length, descending from the freezing of thermally activated torsional disorder, and to a 
reduced solubility.  
 

 
 
Figure 3.6 Relevant spectral features evolution during spin coating at different deposition temperatures as 
extracted from the time-resolved 2D maps. (Top strip) Optical density at 1.8 eV, correlated to the aggregated 
phase absorption. (Middle strip) PL peak position during the transition. (Bottom strip) PLQY as extracted from the 
evolution of integrated PL spectra, corrected for the optical density and scaled for reference by the same value 
before prior transition. 
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Figure 3.7 Normalised absorbance (left panels) and normalised photoluminescence ( right panels) 2D maps of 
PCE11 at different times during spin-coating from an o-DCB solution and at different substrate temperature: 120°C 
(top), 90°C (middle), 60°C (bottom). On the ordinate axis the relative time is displayed which starts from the end 
of the solution dispensing and excess removal process. The horizontal dotted lines mark the last frame considered 
for both absorption and PL evolution in the transition area. The maps are colour coded respect to the maximum 
of respectively optical density and PL intensity, so they are scaled respect the ordered state signal (solid film). 
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3.4.1 Determining planarization and aggregates fraction in spin-coating  

Monitoring PL peak evolution (Figure 3.6,middle strip) has allowed to identify a significant 
red-shift of the disordered phase spectrum prior to aggregates formation, in line with similar 
studies on P3HT37, at least for the deposition temperatures above the Tc. Indeed, there is a 
clear correlation between this phenomenon and a corresponding red-shift of the absorbance 
spectra. In 
Figure 3.8 , different groups of absorbance spectra for each deposition temperatures are 
extracted from the 2D maps in the time interval around the disorder-order transition, 
delimited by the horizontal dotted lines in the 2D maps (Figure 3.7). Similarly to PL, before 
the aggregation, the disordered phase spectrum shifts to lower energies, suggesting that the 
chains tend to planarize before aggregation. Considering the absorbance peak maxima this 
time, the red-shift increases by decreasing the deposition temperatures along with the series 
120,90,60°C, respectively of 30, 40 and 60 meV. Given the previous evidences on polymer’s 
temperature solubility and viscosity dependence, also the time over which the chains 
planarize increases with decreasing temperature (0.28, 1.28 and 5.6 seconds). Evidently, even 
when the transition time is similar (90 and 60°C, considering both Figure 3.6 and Figure 3.10), 
depositing the solution below the Tc strongly increases the transition time onset and so the 
total solidification time. More interestingly, the magnitude of the shift, if intended as a 
parameter to appreciate chains planarization, appears to correlate to the occurrence of 
different types of aggregates. 

 

 

 
 

Figure 3.8 Horizontal cuts from 2D maps (Figure 3.7, spin coating) showing absorbance spectra (top panels) and 
PL spectra (bottom panels) in the time windows close to the disorder-order transition. The frame rate is indicated 
for each abs-PL couple. Each spectrum is coloured from red (dispensing of the solution) to blue (end of 
solidification) to distinguish disordered from ordered phase optical signatures. 120°C (left panel), 90°C (middle 
panel), 60°C (right pane) experiments. 
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An increasing J-like character is observed by decreasing the deposition temperature. From  
Figure 3.9, it is evident that J-like aggregates are strongly promoted when planarization prior 
to aggregation is allowed by a reduced substrate temperature. To this type of aggregates also 
corresponds a higher conjugation length or backbone planarity, since they show an overall 
spectral shift to lower energies of 40 meV.  
 
As such, deposition temperature is evidently a tool to manipulate the nature of aggregates in 
the final solid film. However, as a recent work has confirmed15 and on the basis of previous 
studies14, in a solid state polymer film there is always a distribution of well-ordered chains 
domains, coming from the aggregation process, and disordered chains . Due to the semi-
crystalline nature of semiconductive polymers, the solid-state absorption spectrum results 
from the superimposition of ordered and disordered domains contribution. However, having 
isolated the non-aggregated chains spectrum from the steady-state solution experiment, the 
contribution of ordered aggregates to the spectrum can be distinguished through a spectra 
deconvolution45,53–56.   
 

 

 
 
Figure 3.9 (Left panel) Absorption spectra of PCE11 films deposited at different temperatures: 120,90 and 60°C. 
The 0-0 peak and the red- shift increases with decreasing deposition temperature, as shown by the black arrows. 
(Right panel) Deconvolution of the 120°C deposited film absorption spectrum to extract the contributions from 
disordered phase and aggregated phase (blue shaded area). Two gaussians were usually needed to fit the curve 
and an example is reported (dotted lines). The red curve is the spectrum from the steady state solution experiment 
obtained at 72°C, accounting for the disordered fraction absorption. 

 
 
The results are obtained following an approach described by Panzer et al.15 to highlight 
similarities with other polymer systems. The steady state solution absorption, accounting for 
the non-aggregates fraction, has been scaled to overlap the high energy absorption tail of the 
solid film spectrum, in this case around 2.5 eV. Calculating the difference between the 
previous spectra, the absorption of ordered chains in the neat aggregated phase is estimated. 
Considering the above-mentioned planarization effects prior to transition in the non-
aggregated state, the absorption spectrum closest to Tc (from steady-state solution 
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experiment the spectrum at 72°C) has been used to for the decomposition. Finally, from 
Figure 3.9 right panel, the ratio: 
 
 𝐴𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒𝑠	𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =

∆𝐴�/�p
∆𝐴q�����q���

%  
(18) 

 
has been evaluated, where ∆𝐴�/�p and ∆𝐴q�����q���  are respectively the integral of film 
absorption spectrum (black curve) and aggregated phase spectrum (blue shaded spectrum). 
Two gaussians were usually needed to fit the curve for the aggregated fraction spectra but 
they do not correspond to different populations of species. 
From these calculations, the aggregates fraction increases from 54% to 57% to 69% (with an 
experimental and fitting error accounting to ± 2-3 %) by decreasing the deposition 
temperature along with the series 120,90°C,60°. 
In this regard, is here reiterate the assumption formulated in the previous paragraph 
regarding the absorption cross section, s. As s does not change upon the transition, the 
different contributions to the total film s�/�p can be linearly summed. Specifically, in this 
treatment it follows: 
  
 s�/�p = sq�����q��� + s-�-@q�����q���  (19) 

 
with saggregated and snon-aggregated standing respectively for the absorption cross section of the 
aggregated and non-aggregated chains.  
Hence, it can be inferred that lowering the deposition temperature, even below the Tc, 
increases the chances for polymer chains to arrange in an ordered fashion, if the solvent 
evaporation is delayed. Conversely, if the solvent evaporation is faster (high deposition 
temperature) a higher number of chains are freezed in a disordered state during solidification. 
In summary, controlling deposition temperature, in spin coating case, not only allows to 
manipulate the nature of aggregates, with the formation of dominant J-like aggregates at 
lower temperatures, but it also enables to tune the amount of disordered respect to ordered 
phase.  
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Figure 3.10  Summary of relevant data for PCE11 films cast at 120,90,60°C via spin coating (left) and blade coating 
(right). The total drying times (grey) and transition times (dark grey), extracted from the optical density at 1.8 eV 
lineshape (Figure 3.6), are shown. Peak ratios 0-0/0-1 as extracted from absorption spectrum are plotted through 
line and markers, also the aggregates fraction % (calculated via deconvolution) are indicated. The values for blade 
coating sample (right) at 60°C are not reported-missing since in this experimental conditions the polymer pre-
aggregates on the bar, hence no transition is traceable.   

 

3.4.2 Establishing processing – property relationship via blade coating comparison 

Processing parameters, in particular deposition temperature, have been confirmed to affect 
the solidification of the films, thus controlling both the amount and the nature of aggregates 
in solid state. Moving from the reference deposition technique (spin coating), in order to 
investigate the mechanisms of aggregation without the interference of kinetics disturbance, 
wire bar coating has been employed for the fabrication of similar films. This has provided 
additional evidences to disentangle the effects of processing from the films property. With 
the setup described in 2.6.1, the deposition temperature series was replicated. In order to 
allow a direct comparison of the results, the same range of film thicknesses (100-200 nm) was 
achieved only by adjusting the blade speed from 4 cm/s to 16cm/s. At the highest 
temperature of deposition (120 °C), the first effect of blade coating is to slightly increase the 
total transition time. The aggregation is triggered around 2 seconds and is completed in less 
than 3 seconds, compared to the 2 seconds process of spin coating. 
The PL peak does not shift to higher energies just before the transition, instead it gradually 
shifts to 1.65 eV, while the PLQY quenching time coincides with the transition shown by both 
absorbance and PL peak position. Intuitively, also for blade coating by decreasing the 
deposition temperature the onset time increases. However, in 90°C case the total transition 
time is strongly increased (from 3 seconds to 12 seconds), as noticeable from the 2D maps 
(Figure 3.13) and the parameters graph (Figure 3.10). 
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Without the kinetic component, lowering the deposition temperature, even if still above the 
Tc, significantly reduces the solvent evaporation rate in the wet layer, causing the aggregation 
mechanisms to take place over an extended time window. 
 
Moving to the lowest examined deposition temperature, 60°C, a completely different 
phenomenon is observed. In spin coating case, despite the effects on the solution viscosity 
and solubility determined by the low temperature, the polymer was in its non-aggregated 
state at the beginning of the deposition. It has to be noted that due to the strong tendency 
of PCE11 to aggregate, pre-aggregates are usually found in this polymer solutions when the 
concentration or temperature are not at optimum. In blade coating, however, before the wet 
layer is deposited, the solution is initially confined between the blade and the substrate, 
strongly promoting aggregation. Hence, in the presented experiments, the evolution of 
aggregates does not start from a disordered “solution-like” state, but from a pre-aggregation 
state. The results show an instantaneous pre-aggregation, though the aggregates still evolve 
in time till the complete solidification of the film. 
In seek of a direct deposition technique comparison, the lack of a kinetic stimulus extremely 
increases the solidification time when the temperature of deposition gets closer to the Tc 
(90°C case). With such an extended time of observation, the signatures of the disorder-order 
transition coming from absorption and photoluminescence are interestingly decoupled.  
 

 

 
 
Figure 3.11 Horizontal cuts from 2D maps (Figure 3.13, blade coating) showing absorbance spectra (top panels) 
and PL spectra (bottom panels) in the time windows close to the disorder-order transition. The frame rate is 
indicated for each abs-PL couple. Each spectrum is coloured from red (passage of the blade) to blue (end of 
solidification) to distinguish disordered from ordered phase optical signatures. 120°C (left panel), 90°C (middle 
panel), 60°C (right pane) experiments. 
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When the solvent evaporation rate is fast, due to different parameters, aggregation is an 
abrupt process: PL and absorbance evolves at the same time and at the same rate. However, 
reducing the evaporation rate allows to resolve a time gap between the two optical processes. 
The transition observed through photoluminescence is not merely delayed respect to the 
optical density changes, but it is also extended in time.    
Indeed, there is a population of aggregates participating to PL that keeps on evolving after 
the complete formation of the absorption-responsible aggregates. 
 

 
 
Considering PLQY, the reduction prior transition is only to 92% in 120°C case, while during the 
extended time window of 90°C film aggregation, the PLQY initially increases and then 
decreases to 75%. In terms of aggregates manipulation, blade coating follows the trend 
presented by spin coating: the amount of aggregates increases by decreasing the deposition 
temperature (53,60,52 %). Evidently, in the peculiar and extreme case of 60°C, pre-
aggregation disrupts the trend. The HJ- aggregates are similarly affected, with J-like 
aggregates promoted by decreasing the deposition temperature, confirming the general 
temperature trend and the evidences observed for spin coating. Ultimately, regarding the 
planarization prior to aggregates transition, at 120°C also in wire bar coating case the 
observed shift is around 30 meV. Obviously, at 90°C the extended time for aggregation 
favours chain planarization that is correlated to a 70 meV shift. 

 
Figure 3.12 Relevant spectral features evolution during blade coating at different deposition temperatures as 
extracted from the time-resolved 2D maps. (Top strip) Optical density at 1.8 eV, correlated to the aggregated 
phase absorption. (Middle strip) PL peak position during the transition. (Bottom strip) PLQY as extracted from the 
evolution of integrated PL spectra, corrected for the optical density and scaled for reference by the same value 
prior transition. The curves in middle and bottom strip show a gap due to the overlap of disordered-ordered phase 
signal in the transition region.  
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Figure 3.13 Normalised absorbance (left panels) and normalised photoluminescence ( right panels) 2D maps of 
PCE11 at different times during blade-coating from an o-DCB solution and at different substrate temperature: 
120°C (top), 90°C (middle), 60°C (bottom). On the ordinate axis the absolute time is displayed, derived from the 
interference given by the blade passage. The horizontal dotted lines mark the last frame considered for both 
absorption and PL evolution in the transition area. The maps are colour coded respect to the maximum of 
respectively optical density and PL intensity, so they are scaled respect the ordered state signal (solid film). 
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3.5 Conclusions and outlook 

Firstly, this work confirms that the parameter deposition temperature affects the nature of 
aggregates in PCE11 films, in line with previous studies37. However, in this context the 
aggregates amount respect to the disordered fraction increases when the solvent 
evaporation rate is reduced, i.e. when the temperature at which solidification occurs is 
lowered, likely due to a greater proportion of polymer chains joining the aggregation process 
without being freezed in the final solid conformation.   
Most notably, following the same temperature trend, the formation of J-type aggregates over 
H-type ones is favoured. Hence, increasing time for polymers aggregation, backbones 
planarity is promoted, as demonstrated by the absorption spectrum evolution and the overall 
red-shift: the polymer chains acquire a conformation favouring intra-chain coupling, a process 
that is clearly enhanced at lower casting temperatures. In this frame, the comparison of the 
two deposition techniques, with spin coating adding the kinetic input to the processes, has 
proved that a combination of temperature close to Tc and long evaporation time allows chains 
planarization which in turn increases the amount of J-like aggregates. Consequently, the total 
fraction of ordered chains increases, since a fairly constant fraction of predominantly H-like 
aggregates is granted by the strong preaggregation tendency of PCE11. 
 
The next analytical step is to investigate the order-disorder transition in different aggregation 
environment. A solvent saturated atmosphere may not only delay the onset of aggregation 
but also increase the transition time, allowing to better resolve the planarization mechanisms 
and discriminate among the formation of two different populations of aggregates. The 
presence of solvent trapped in the film can also alter their nature, allowing to explore 
different combinations of H- to J- types phases. The evolution of aggregates can be further 
monitored through in-situ GIWAXS, to decouple the contributions for the change in excitonic 
coupling during solidification.  
 
Additionally, blending PCE11 with insulating components of different polarity, as 
demonstrated by a previous work by Dyson et al41, constitutes an approach to manipulate the 
Tc. Specifically, by raising the order-disorder transition temperature, blending potentially 
allows to discriminate between the mechanisms leading to the increase in the total amount 
of aggregate fraction and the definition of their nature. Accounting for the aggregates 
changing with time in different environment, the variation of excitonic life-time as a function 
of time can be estimated. Only on this basis a comprehensive description for the amount and 
distribution of aggregates at different casting temperatures can be derived, irrespective of 
the influence of the environment. From this analysis, processing conditions can provide a 
general mechanism to manipulate the optoelectronic properties, with implications not just 
case-related but globally relevant to every polymer system showing a distribution of different 
aggregates. 
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4 Predicting the phase morphology scenario of PCE11:PC60BM blends  

4.1 Background 

In the wake of the previous chapter results, PCE11 has shown high pre-aggregation tendency 
with the capability of forming aggregates during processing also above the temperature 
where the order-disorder transition takes place, Tc. From this perspective, it is promoted as a 
candidate donor component for robust phase separated BHJs where the evolution of the local 
morphology is mostly driven by the sole polymer component solidification process, as recent 
works have highlighted42.  Despite this statement and the interpretation of the results from 
previously published work1,57, by blending with fullerenes, microstructural changes are 
inferred to be introduced in the polymer phase. Moreover, process parameters related to 
distinct deposition techniques have proved to differently affect the donor/acceptor blend 
morphology not only denying the possibility to transfer laboratory fabrication protocols to 
up-scaled production but most importantly limiting a comprehensive understanding of the 
role played by the film microstructure in determining optoelectronic processes. In light of the 
facts, a rigorous approach to predict, under specific circumstances, the morphology scenario 
of the BHJ blend is still needed. Firstly, this work presents the investigation of PCE11: PCBM 
blend phase behaviour through calorimetry analysis, as a base to formulate microstructural 
predictions3,58. Secondly, morphology scenarios are tested and verified through a novel 
combination of fast-screening techniques. VPI and SEM provide real-space images of BHJ 
cross-section, on a domain interactions length scale59. Charges dynamic can be envisioned 
comparing the J-V curve measurements of BHJ cells with different fullerene loadings, i.e. 
featuring different morphologies, by probing the same microstructures on length scales 
distinctive of interfaces and molecular interactions, besides from offering general insights on 
structure-property relationship in these devices. 

4.2 Results and discussion 

4.2.1 PCE11:PCBM phase behaviour  

In this work the investigation of  the phase behaviour of the bulk heterojunction system 
PCE11:PCBM follows a polymer science approach, on the line of previous studies on 
prototypical systems3,42,60–63 . In this scope, the thermal properties of selected bulk 
heterojunction blend compositions are analysed by differential scanning calorimetry (Figure 
4.1). Neat polymer DSC thermogram shows an endothermic peak at ~ 280°C, related to 
crystals melting. As expected and anticipated in the background considerations, the presence 
of the fullerene component hinders the crystallisation of PCE1164,65. From 90:10 blend 
composition, tracking PCE11 melting point depression with increasing fullerene loading, a 
simple eutectic behaviour is detected66.  
 
At the eutectic temperature both blend components simultaneously melt from a fine 
intermixed solid solution. A single melting endotherm at ~ 257°C is visible for compositions 
in the range 70:30 to 80:20, with minor variations due to experiments reproducibility and the 
instrument resolution limit. Moving to high fullerene loadings, an additional endothermic 
peak at ~ 285°C flags the occurrence of crystalline PCBM domains. Blend samples for the DSC 
experiment were cast at 120°C, the same temperature of deposition reported in literature1 
and  later employed for the fabrication of solar cell devices. At this casting temperature, a 
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curve feature that can be attributed to re-crystallisation phenomena is detected at ~ 150°C 
for all the blend compositions. 
Indeed, in line with a previous investigation67 and despite the rapid polymer aggregation 
there is a clear fullerene-induced vitrification. By temporarily overlooking the polymer 
component, since the fullerene in this blend shows clear endothermic peaks, crystalline 
domains are assumed to be present in the analysed samples, potentially mixed with 
amorphous ones. Evidently, in this particular situation, vitrification can potentially influence 
also PCBM with observable effects on its crystalline phase. Indeed, starting from the polymer-
rich blend composition side, PCBM confirms to be a vitrifying agent. In order to account on a 
first approximation for the quantitative effects of vitrification, the enthalpies of fusion (∆Hf) 
are firstly extracted by integrating the corresponding peak areas from the heating 
thermograms. Vitrification causes a reduction of polymer melting temperature, but it also 
reduces the ∆Hf that is directly correlated to the polymer’s degree of molecular order68,69.  
 
Secondly, on the basis of the extracted enthalpy values, the equivalent wt% of the selected 
component is evaluated respect to its neat enthalpy value (Table 4-1 and Table 4-2). 
Comparing the values of equivalent PCE11 wt% with the effective wt% present in the blend, 
the extent of vitrification is reasonably appreciated. As an example, the blend 90:10 
PCE11:PCBM has a reported ∆Hf ~ 12.2 J/g, from the integration of the peak assigned to the 
polymer melting at 273°C.  Scaled by the neat polymer ∆Hf (34.4 J/g), this would correspond 
ideally to a 35.3 wt%. This value, against the real 90 wt%, provides certainly a qualitative proof 
of vitrification. The same approach is applied to the fullerene-rich side of the blend 
composition spectrum. In this case, since the melting temperature is constant with the 
fullerene loading and only the ∆Hf is lowered upon blending, it is tentatively inferred that 
vitrification results in reducing the size and number of crystalline PCBM domains, rather than 
acting on their crystal quality69. However, the gap between equivalent and effective wt% is 
evident for polymer loadings as low as 30 wt%.  
 
Among all the processes involved in solidification and thin film formation, vitrification is 
intimately correlated to deposition temperature since both the supercooling (connected to 
the equilibrium melting temperature of the blend) and the crystals size (linked to amorphous 
fraction thermal behaviour) are temperature dependent blend characteristics. In this respect, 
two different deposition techniques are employed for film fabrication, spin coating and wire-
bar coating, each of them posing specific processing parameters and thus affecting the 
thermal history of the drying film. To clarify the role of deposition temperature and deposition 
technique, the effects of vitrification on samples fabricated at room temperature has also 
been analysed. In this frame, spin coating introduces strong kinetic arguments in the 
solidification process of PCE11, as it emerged from previous chapter investigations. 
 
 It is reasonable to assume that a variation in solidification conditions between the two 
proposed deposition techniques hold also when fabricating BHJ films. Taking into account 
Table 4.2, the equivalent wt% trend for PCE11 on the polymer-rich blend composition side, 
matches the previous results for 100°C deposition temperature. The polymer ∆Hf is similarly 
affected by fullerene presence also at a lower deposition temperature. Moving to PCBM-rich 
blend composition side, the gap between equivalent and effective wt% becomes truly evident 
for polymer loading higher than 40 wt% (from the 50:50 blend composition on).  



 78 

PCBM favorably crystalizes at room temperature in fullerene-rich blends but it is likewise 
vitrified when the blend composition gets closer to 50:50. From a phase behavior point of 
view, only minor differences in the DSC curves (Figure 4.2) from the room temperature 
deposited samples are observable. A single eutectic behavior still represents the system 
within the same eutectic composition window. The features connected to cold-crystallization 
around 150°C are more evident in this case, suggesting that a low temperature of 
solidification increases the vitrification of the blend. 
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Table 4-1∆Hf [J/g] (with an error ± 0.3, from instrument and fitting) values as extracted from DSC 1st heating 
thermograms (scanning rate 10°C/min, drop-casting performed at 100°C temperature). EU is an abbreviation for EU 
phase. The integrated peaks are fitted through gaussians with linear baseline. For each blend composition, also 
equivalent wt% values are reported as calculated considering the ratio of neat component and the specific blend ∆Hf. 
This is a method to appreciate vitrification effects. Total sample mass is reported in the last column.  

 
 
Figure 4.1 Differential scanning calorimetry (DSC) first heating thermograms of PCE11:PCBM blends, performed 
at 10°C/min scan rate in N2 atmosphere on films drop-cast at 120°C. The endotherm at ~ 282°C at high fullerene 
loadings is attributed to melting of crystalline PCBM domains.  

 
PCE11: 
PCBM 

∆Hf 
EU 

∆Hf 
PCE11 

Equival. 
wt% 

∆Hf 

PCBM 
Equival. 

wt% 
Sample 

mass [mg] 
PCBM / / / 13.6 / 1.9 
30:70 5.3 / / 6.2 45.7 7.5 
40:60 6.5 / / 4.6 33.7 6.7 
45:55 8.5 / / 3.5 25.7 5.8 
50:50 9.7 / / 2.4 17.6 4.9 
55:45 11 / / 1.5 11.0 4.7 
60:40 11.2 / / 0.8 6.1 4.0 
70:30 15.1 / / / / 3.4 

72.25:27.5 13.4 / / / / 3.4 
75:25 13 0.1 0.3 / / 3.5 

77.5:22.5 11.7 2.2 6.4 / / 3.2 
80:20 9.4 2.9 8.4 / / 3.1 
90:10 / 12.2 35.3 / / 2.7 
PCE11 / 34.4 

 
/ / 2.4 
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Table 4-2∆Hf [J/g] (with an error ± 0.3, from instrument and fitting) values as extracted from DSC 1st heating 
thermograms (at scanning rate 10°C/min, drop-casting performed at room temperature. EU is an abbreviation for 
EU phase. The integrated peaks are fitted through gaussians with linear baseline. For each blend composition, also 
equivalent wt% values are reported as calculated considering the ratio of neat component and the specific blend ∆Hf. 
This is a method to appreciate vitrification effects. Cold crystallization ∆Hc [J/g] and total sample mass are reported 
in the last columns. 

 
 
 

 
 

Figure 4.2 Differential scanning calorimetry (DSC) first heating thermograms of PCE11:PCBM blends, performed 
at 10°C/min scan rate in N2 atmosphere on films drop-cast at room temperature. The endotherm at ~ 282°C at 
high fullerene loadings is attributed to melting of crystalline PCBM domains. 

 
 

PCE11: 
PCBM 

∆Hf 
EU 

∆Hf 
PCE11 

Equival. 
wt% 

∆Hf 

PCBM 
Equival. 

wt% 
∆Hc 
Re-

cryst. 

Sample 
mass 
[mg] 

PCBM / / / 9.2 / / 1.9 
30:70 6.4 / / 6.8 73.7 -1.5 8.5 
40:60 8.9 / / 4.5 48.9 -1.0 6.2 
45:55 12.2 / / 3.5 38.5 -1.0 5.5 
50:50 13.1 / / 2.3 24.9 -0.9 5.4 
55:45 13.1 / / 1.7 18.5 -0.9 5.0 
60:40 13.6 / / 0.8 8.7 -0.6 4.9 
70:30 19.6 / / / / -0.3 3.7 

72.25:27.5 17.6 / / / / -0.5 3.5 
75:25 17.7 / / / / -0.6 2.9 

77.5:22.5 17.6 / / / / -0.8 3.3 
80:20 15.8 2.7 11.4 / / / 3.0 
90:10 12.7 8.9 38.2 / / / 2.2 
PCE11 / 23.3 

 
/ / / 2.5 



 81 

 
Figure 4.3 PCE11:PC60BM temperature/composition diagram. A simple eutectic behaviour is assigned to the system, 
the eutectic temperature and composition are respectively 258°C and 70 wt% PCE11. Liquidus lines are defined by end 
melting of neat and excess components, solidus (red dotted) line by eutectic transition peak maxima. Crosses stand for 
the temperature of glass transition.  

 
Following the analytical steps explained in Chapter 2, the non-equilibrium 
temperature/composition diagram for PCE11:PCBM blend is presented in Figure 4.3.   
Accordingly, predictions on the phases present at room temperature in a BHJ film can be 
formulated, taking into consideration both blend composition and the processing history. 
Indeed, the diagram shows a eutectic point for a blend ratio 70:30. The data analysis 
procedure to extract the exact eutectic composition is explained in detail in 2.5.2.  
 
Here it is recalled that the eutectic blend features an endothermic melting peak with the 
maximum value for eutectic phase melting, with no contributions coming from the other 
phases (no other endothermic peaks are traced) that is also determines the minimum for the 
melting peaks temperatures. In the simple cases where both blend components are able to 
form crystalline domains showing clear melting peaks, sweeping the blend composition axis, 
it is possible to follow the mutual melting point depression of the respective peaks which lead 
to the emergence of a single peak.  Hence, standing the definition of eutectic mixture4,64, in a 
clear analogy to metallurgy, a fine intermix of the two blend components is the inferred 
morphology scenario for this blend composition at room temperature. Moving away from this 
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donor/acceptor ratio, the microstructure is altered, since a component excess is introduced 
and is predicted to form primary crystals.  
 
In PCE11 rich side of the diagram (hyper-eutectic area), polymer primary crystals embedded 
in a matrix that is composed by the intermixed PCE11 and PCBM domains describe the 
morphology scenario. On the opposite side (hypo-eutectic area), due to the crystallisation of 
PCBM, a complementary situation with fullerene primary crystals is expected. 
 
The blend microstructure, as previously mentioned, has a tremendous impact on photo-
electronic processes in a BHJ. Indeed, primary fullerene crystals (coming from liquid-solid 
separation area of phase diagram in the hypo-eutectic region), immersed in a 
polymer/fullerene finely intermixed phase, have been recognised of fundamental importance 
to achieve charge separation3,61,70,71: the presence of interconnected acceptor primary 
crystals  is an essential requirement to efficiently transport electrons to the electrode. 
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4.2.2 Fast screening of PCE11: PCBM BHJ 

Having acquired a deeper understanding of the blend phase behaviour, a fast and reliable 
approach to visualize in real-space the internal morphology of BHJ has been employed. 
Obviously, if temperature/composition diagram predictions are to be experimentally proved, 
the same holds for the visualisation technique. In this manner, both the predictions 
methodology and the visualisation technique cross-validate each other, establishing a 
platform approach that can be extended to other systems. 
 
Moving from recent conjectures on PCE11:PCBM films structure-properties relationship1 and 
their internal morphology, a protocol ( described in Chapter 2) has been established for 
fabrication of different devices. PCE11:PCBM BHJs with 30,45,55,80 and 90%wt PCE11 has 
been prepared and deposited via both wire bar coating (WB) and spin coating (SP). The 
selected blend compositions obviously reflect the curiosity to investigate each relevant area 
of the temperature/composition diagram. Attention was payed to achieve, regardless of 
composition and deposition technique, thin solid films with thickness ~ 300nm, in order to 
ensure a correct comparison of devices performances. The layer thickness has been merely 
selected to match the results published in previous works, where an optimization of this value 
was performed1,57. However, as extensively proved by other researches, the role of layer 
thickness has broadly effects on charge carriers mobility, optical cavity behaviour and most 
importantly on bi-molecular recombination if the former affects the junction thickness too72. 
In recent publications vapour phase infiltration has been used to probe the internal 
morphology of P3HT-based BHJs59, with an approach described in Chapter 2.  The 
effectiveness of the infiltration process was preliminarily tested on neat PCE11 and PCBM 
films. Cross section High Resolution Scanning Electron Microscopy (HRSEM) in Back Scattered 
Electron (BSE) mode allows to detect zones where more electrons are backscattered due to 
the presence of atoms with higher atomic number. Thus, the technique has shown that in 
neat polymer case a homogeneous distribution of ZnO is achieved in the bulk of the film, 
while in PCBM, even after prolonged exposure times, no ZnO diffuses through the film 
interface (Figure A.9). These opposite results allow to discriminate in between PCE11-rich 
domains (ZnO-rich and so bright in HRSEM BSE) and PCBM domains (ZnO free and so dark 
contrast in HRSEM BSE) when the two components are present in a BHJ blend. Hence, by 
examining the BSE HRSEM images of BHJ blend films (Figure 4.4), the deposition technique 
clearly plays a crucial role in the microstructure formation. Blends from the polymer rich side 
of the temperature/composition diagram (90:10 and 80:20), show a homogeneous in-bulk 
deposition of ZnO that matches the particles distribution shown by neat PCE11, both for SP 
and WB samples. Unfortunately, ZnO similarly penetrates both the PCE11 present in the 
intermixed phase and its primary coarse crystals, so there is no real contrast between these 
two microstructural situations. Particularly in the fullerene-rich composition window, the 
chosen deposition technique influences the blend microstructure. In WB film, coarse phase 
separated and spherical PCBM domains are clearly visible both in the bulk of the film and at 
the substrate interface. As predicted, these are embedded in a fine intermixed 
polymer/fullerene matrix. Increasing the fullerene content, the PCBM domains size increases 
from ~ 100 nm for 55:45 blend to >200 nm for 30:70, with the appearance of an evident 
fullerene deposit at the bottom of the film. Conversely, SP films in the same composition 
window show a quenched-like morphology. Although PCE11 and PCBM domains are clearly 
separated, with dark organic areas more evident than in polymer-rich films, they form an 
intricate network. Indeed, the PCBM domains in SP films are visibly smaller than in WB films, 
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but most importantly they show an elongated rather than spherical shape, favouring 
interconnections. Also, increasing PCBM content, the fullerene domains size increases still 
retaining a more branched shape. If in WB films PCBM domains are more recognisable, with 
a characteristic circular shape, they are also less connected since they appear to segregate on 
a large length scale. In SP film, although the fullerene component is less evident especially at 
low loadings (55% wt for example), it allegedly forms an interconnected network, suggesting 
that a percolative path to the electrodes is created. 
 
As just shown, the VPI method allows to rapidly visualise in real space the donor-acceptor 
intermixed phase, and in a first approximation to quantitatively account for the size of phase 
separated domains, providing a snap-shot of interfaces and percolative paths inside the BHJ 
films. Evidently, the morphology scenario differences can be explained considering the 
specific mechanisms of deposition. Richter et al.2 rationalised the structural differences  

introducing as a key parameter the Biot number 𝐵𝑖 = 	𝑘�𝐿 𝐷\�  , with ke, L, Ds  standing for  the 

solvent evaporation rate, the length scale of the system and the solvent diffusivity. 
For large Bi numbers (8-10), in the ideal case, they predicted a stratified morphology 
dominated by solvent evaporation at the air interface. Spin coating possibly matches this 
regime where the spinning kinetic input accounts for large ke. Conversely, wire bar coating 
should correspond to a situation where the solvent experience a strong concentration 
gradient and its diffusion inside the wet film is strongly hindered. In this regime, the formation 
of spherical and rounded domains is promoted. On this basis, the morphology of the 
examined BHJ films can be generally rationalised. It has to be noted that although being 
illuminating, this model does not fully address the specific conditions related to the extended 
but connected chain nature of one component (polymer) and the dispersed small molecule 
behaviour of the other (fullerene). Theoretical models and predictions can potentially confirm 
the evidences offered by the VPI method, but this approach is still out of the scope of this 
work. 
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Figure 4.4 Cross section BSE HRSEM images of PCE11:PCBM films after 80 cycles of VPI at 60°C are shown in the 
top panel. Left column shows (in increasing polymer content order) blend films deposited through spin coating, 
right columns show the corresponding blend films deposited wire bar coating (the length scale is 200 nm). Bottom 
panel shows the temperature/composition diagram with coloured circles indicating the examined blend 
compositions: 30(red), 45(yellow), 55(green), 80(blue) and 90(gray) PCE11%wt. 
 
*Thanks to Artem Levitsky, Technion Israel Institute of Technology, for performing additional SEM measurements. 
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4.2.3 Rationalising the structure-property relationship 

Combining the real space images evidences with a direct measurement of BHJs performance 
(J-V curve, see Table 4-3), finally structure-property relationships are elucidated.  
In  
Figure 4.5 the J-V curves measured from different composition devices are shown.  
The invariance of Voc among all the presented devices is a strong signal that a similar hetero-
junction is formed from an energy level point of view. In fact, in BHJ usually Voc mainly 
depends on the intrinsic molecular energy levels of donor and its acceptor counterpart 73.  
Hence the choice of a specific donor:acceptor blend lead to similar Voc, within the limit of the 
experimental error. However, even when the blend components are chosen, it has been 
reported that the composition and specifically the amount of interfacial area between specific 
donor-acceptor blends could alter the Voc values74. Nevertheless, theoretically, Voc is 
considered to be correlated with the energy gap between the HOMO of the donor and the 
LUMO of the acceptor in BHJ structure with a margin of different kinds of losses75. Having 
ruled out the Voc dependence on blend composition and possibly the BHJ microstructure, 
despite Table 4-3 offers a complete overview of the main device parameters (PCE, Jsc ,FF, Voc) 
as extracted from the measurement of the J-V curves, the focus of this work will be on Jsc and 
its blend composition dependence, since it will be useful to establish a correlation to the 
morphology. 
 
Indeed, the measured photocurrent Jsc correlates to morphology and composition variations 
as they may impact charge carrier transport, exciton recombination rate and light 
absorption35,58,76. 
It is here fundamental to recall that often the empirically determined optimum blend 
composition, as leading to the highest photocurrent generation, is not directly linked to an 
increase of light absorption and charge transport77. As a plethora of contrasting parameters 
affect the performance of a BHJ device, the analysis of a complete set of blend compositions 
was required. 
Evidently, the morphologies of SP films from the hypo-eutectic region of the 
temperature/composition diagram support the highest efficiencies (Figure 4.5 and Figure 
4.7). Respect to the corresponding WB hypo-eutectic and SP hyper-eutectic blends, SP hypo-
eutectic devices feature increased Jsc, whilst the Voc is constant. This clearly suggests that the 
ability of collecting charges at the electrode is improved, with the possibility to leave the other 
parameters unaffected78.  
Considering the SEM images, the poor performance of WB devices can be firstly explained 
both by a reduced light absorption due to the scattering of PCBM domains or, by focusing on 
the shape and distribution of PCBM domains, by the lack of a proper percolative path for 
charges extraction when these domains are evidently coarse and un-branched. In these 
devices the Jsc is fairly constant with the blend composition (from 3 to almost 6 mAcm-2) when 
moving from the eutectic to the hypereutectic regions, so the optoelectronic processes are 
reasonably driven by the fine intermixed phase. Even if the morphology of WB films is strongly 
affected by the blend composition, as clearly PCBM primary crystal can form and coalesce, 
these latter do not improve the devices performance. Hence, the clearest proof of 
microstructure-property relationship, that can corroborate the presented results, descends 
from the DSC thermal analysis. In fact, PCBM is evidently vitrified in all the hyper-eutectic 
films (SP and WB), featuring a low degree of crystallinity. Moreover, this effect can be 
reasonably expected to be more pronounced for the wire-bar coated films, where the 
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deposition conditions are closer to a solution dropcast at 120°C (Table 4-1 and Table 4-2), 
limiting PCBM crystallinity.  A low degree of crystallinity of PCBM domains, descending from 
a low molecular order, clearly correlate with reduced electrons mobility and to a variation in 
the HOMO and LUMO level of this blend component. Hence, also the energy level alignment 
is affected, potentially leading to a decrease of exciton splitting.  Moreover, if the n-to-p 
mobility balance is affected, charges collection efficiency is also hindered79–82, explaining the 
poor devices performance. 
 
Coming back to the SP devices, Jsc reaches its maximum when the fullerene content is 
increased from the eutectic one (30%) to 45% wt (55:45 blend), possibly because fullerene 
domains reach an ideal phase pure/molecularly order state (Table 4-3 can be used).  
Hence, a favourable combination of dissociation and charge collection is achieved. Increasing 
the fullerene content above 45% wt probably causes the PCBM domains to be either less 
interconnected due to phase separation, suppressing the transport properties of the 
percolative path, or to decrease the light absorption. 
 
In summary, with a parallel look at blend morphology and Jsc trends, the SP 55:45 device high 
efficiency is motivated by a reduced recombination rate and increased ability to collect the 
charges, explaining the increased Jsc. Hence, primary fullerene crystals are definitely a key 
requirement for photovoltaic processes and so is the formation of a percolative path through 
them. Besides, also the molecular order of such domains is crucial for the optoelectronic 
processes, as the molecular order/crystallinity of PCBM has been studied. Indeed, moving 
away from this ideal composition, a higher rate of recombination due to microstructural 
changes and so a less efficient percolative path to the electrodes reduce the performance. 
These ideas justify the Jsc and the PCE trends observed for SP films, both for the hyper-eutectic 
and the hypo-eutectic blend compositions. In all these films, a direct correlation between the 
fullerene content and the the Jsc is established. Indeed, keeping other parameters unvaried, 
Jsc decreases as the fullerene loading increases in the hyper-eutectic blends. Moreover it is 
recalled that the Jsc  is directly correlated to the geminate recombination rate78. This suggests 
that PCBM domains coarsening statically increases the average exciton distance from the 
donor-acceptor interfaces.  
 
Considering the domains distribution, GISAXS (Figure 4.6) shows that only in SP 30:70 film a 
scattering knee is detected at 0.12 A-1, corresponding to a feature size of 52 nm. Even 
considering the domain size variations due to the VPI, BSE images show PCBM domains 
greater than 200 nm for WB films in the hypereutectic region, possibly explaining why no 
knees are detected. Additionally, the only presence of the Porod exponent from WB films 
suggests that the phase separation in the eutectic phase is too rough. On the other hand, in 
WB case, overall the devices efficiency is in comparison poor. Also in this case, the results are 
motivated by Jsc differences together with morphology scenarios revealed by the real-space 
images.  This suggests that apart from charge recombination, it is charge transport to limit 
the performance. A reduced PCBM crystallinity together with a less favourable domain 
distribution, described as un-branched and almost phase separated, motivate the low Jsc 

values and the overall efficiency. 
 
In conclusion, it is inferred that if generally an increase of fullerene content, respect to the 
eutectic composition, is beneficial for negative charges extraction, in case the PCBM domains 
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become coarser and, more importantly, segregated (as in WB films case), the lack of 
interconnections and paths to the electrode, together with an alleged reduced electrons 
mobility, suppress the charges extraction, thus favouring recombination. It is here evident 
that wire bar coating imposes solidifying conditions to the wet film such that the blend 
components phase separate on a large length scale (> 200 nm), reducing the PCBM network 
through the electrodes and tentatively increasing the film scattering. Ultimately, considering 
the PCBM enthalpy of fusion trend in the hyper-eutectic window from the hot-cast samples, 
a reduced degree of acceptor domains crystallinity agrees both with the device’s 
optoelectronic properties changes. 
 

 
 
Figure 4.5  J-V curves of the BHJs devices via wire-bar coating (dotted lines) and spin-coating (continuous line). 
The blend compositions curves are plotted with different colours, as labelled. In the upper part of the graphs, the 
inset shows the zone of the graphs close to 0 V, highlithing the lower values of Jsc for the wire-bar coated devices. 
On the right, the molecular structures of the BHJ blend components and the device architecture 
(ITO/ZnO/PCE11:PCBM/MoO3/Al) are shown. 

 
*Thanks to Artem Levitsky, Technion Israel Institute of Technology, for performing the JV measurements. 

 
Table 4-3 Summary of wire-bar and spin-coated device parameters. The errors reported are a sum of instrument and 
data analysis error. 

 
Deposition 
technique 

PCE11: 
PCBM 

Jsc 
(mA cm-2) 

Voc 
(mV) 

FF PCE  
(%) 

 
 
 

Wire bar 

30:70 5.6 ± 1.0 786 ± 11 0.55 ± 0.04 2.4 ± 0.4 
45:55 4.4 ± 0.4 789 ± 7 0.59 ± 0.01 2.0 ± 0.2 
55:45 3.9 ± 0.7 793 ± 9 0.58 ± 0.04 1.8 ± 0.3 
80:20 3.0 ± 0.9 751 ± 41 0.57 ± 0.06 1.3 ± 0.5 
90:10 2.8 ± 0.3 764 ± 14 0.63 ± 0.01 1.3 ± 0.1 

 
 
 

Spin coating 

30:70 11.0 ± 1.3 778 ± 5 0.72 ± 0.01 6.2 ± 0.8 
45:55 12.2 ± 1.4 780 ± 5 0.71 ± 0.02 6.8 ± 0.9 
55:45 12.9 ± 1.7 781 ± 3 0.72 ± 0.00 7.3 ± 0.9 
80:20 4.5 ± 0.6 771 ± 9 0.56 ± 0.01 1.9 ± 0.3 
90:10 3.1 ± 0.5 754 ± 14 0.51 ± 0.05 1.2 ± 0.3 

 

Glass

ZnO NP

ITO

BHJ

MoO3

Al
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Figure 4.6 GISAXS measurements of selected PCE11:PCBM films prepared by both techniques. The SC films generally 
exhibit more scattering than the WB, indicating that the deposition techniques results in different microstructure. 
  

 
 

 
 
Figure 4.7 Photovoltaic parameters of PCE11:PCBM blends as a function of blend composition and deposition 
techniques. A complete list of the parameters is presented in Table 4-3. 
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4.3 Conclusions and Outlook 

This work presents a comprehensive analysis of structure-property relationship in the high 
efficiency BHJ system PCE11:PCBM. It confirms that the choice of deposition techniques 
introduces different sets of processing parameters which account for the observed phase 
morphology variations. Most notably, VPI “fast screens” the films morphology and allows to 
detect the length scale of phase separation. Hence, the morphology scenarios predictions, 
formulated on the basis of the temperature/composition diagram, are verified irrespective of 
the deposition technique. Indeed, the hypo-eutectic blend compositions confirm to support 
the highest BHJ efficiency, due to the presence of fullerene primary crystals.   
Nevertheless, wire bar coated films show that PCBM tends to phase separate forming coarse, 
spherical structures on a hundred of nanometres length scale. Instead, less coarse but 
branched and elongated domains characterize the spin coated films. This is attributed to the 
kinetic perturbations introduced by the spinning process, which alters the static WB 
solidification conditions and affects the solvent evaporation rate while rapidly reducing the 
solidifying film temperature, ultimately causing a quenching of the structure. Although meta-
stable, these systems prove to comply with the structural requirements for high efficiency. In 
this regard, completing the screening through the J-V curve measurements with focus on the 
Jsc variations reveals that possibly the charges recombination rate is a function of blend 
composition and so of films morphology, showing a minimum for 45:55 WB and 55:45 SP 
devices.  
 
Indeed, an increased Jsc, suggesting a reduced rate of recombination and an increased number 
of separated charges, proves that the formation of an interconnected (branched) and more 
ordered (degree of crystallinity) fullerene network is the key driver for photo-electron 
processes. Conversely, due to the coarse structure of PCBM domains and their reduced 
molecular order, in WB devices charge transport to the electrode is the limiting factor for high 
efficiency. Undoubtedly, the “fast screening” techniques combination provides an approach 
to disentangle effects of miscibility, processing and final device performance in PCE11:PCBM 
BHJ blend, but it may also serve the analysis of more complex and different BHJ systems of 
present and future interest. 
 
To further confirm the microstructure quenching connected to processing parameter, in-situ 
experiments during film solidification could be performed. Among these, GISAXS should 
detect the temperature at which phase separation and PCBM domains coarsening are 
triggered, allowing to decouple the phenomena. With an approach similar to the previous 
chapter investigation on neat PCE11 solidification, time resolved absorption and PL 
measurements can probe the local aggregation of the polymer and blend molecular 
interactions while crossing the temperature/composition diagram areas.  
Moreover, temperature annealing should be performed to check the stability of the examined 
devices, allowing to identify metastable microstructures.  
Finally, extending the “fast screening” approach to other BHJ systems, structure-properties 
relationship may be generalised allowing to identify morphologies that support the desired 
optoelectronic processes. 
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5 Role of ordered and disordered intermixed phases in BHJ: 
pBTTT:fullerene as model system 

 

5.1 Background 

The phase morphology of a bulk heterojunction solar cell (BHJ) is intimately related to the 
nature of polymer and acceptor components and to their molecular interactions. These latter 
affect the film structure and, most importantly, define the BHJ morphology scenario on 
different length scales. Efficient photo-conversion processes also require a delicate interplay 
of the blend components on specific lengths and among distinct equilibrium phases3,28,83. 
Being able to “predict and manipulate” the phases at equilibrium in a BHJ is a key requirement 
to understand the afore-mentioned fundamental phenomena and to rationalise structure-
properties relationship in such complex systems. 
This chapter builds on acknowledging the importance of intermixed phases69,71 as the main 
actors of charge generation and recombination processes84 in a BHJ. Since these two 
contrasting phenomena are generally triggered by the same microstructural features, i.e. at 
the interface between donor and acceptor components, a well-balanced tuning of both 
phases domain volume ratios and distribution is required to control the device characteristics. 
Indeed, exploiting the structural flexibility of poly(2,5-bis(3-tetradecyllth-iophen-2-
yl)thieno[3,2,-b]thiophene) (pBTTT Mw ~ 66 KDa, Mw ~ kDa)32 as donor polymer, four 1:1 
blends having different fullerene acceptors are here presented in order to target specific BHJ 
morphology showing either disordered or ordered intermixed phases. 
Consequently, focusing on the phenomena of charge transfer, recombination and 
collection84,85 the interplay of such phases with the neat polymer and fullerene domains is 
explored.  
 
 

 
 
Figure 5.1 Trend of the energy levels of the polymer (pBTTT) and fullerene acceptors materials used for this study 
(with relative molecular structure), as published in previous works50,86,87. All the energy levels were determined for 
neat films (UPS, PDS, and CV techniques), though the LUMO level is affected by blending.  
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5.2 Results and discussion 

5.2.1 Investigating the morphology of 1:1 blends 

The structure of pBTTT has been extensively studied5,88–92, highlighting the role played by side 
chains and their length in establishing a well-ordered interdigitated pattern both in as cast 
and annealed films. Highly crystalline pBTTT films can so be produced by exploiting the liquid 
crystalline behaviour of the polymer93,94. Although the introduction of a fullerene component 
potentially disrupts this pattern, assuming a favourable interaction fullerene to polymer 
backbone, the blend with PCBM, as previously investigated, shows that an ordered 
intermixed phase is present at equilibrium95. Fullerene molecules can “intercalate” among 
the polymer’s side chains96, increasing the lamellar spacing and, as will be discussed, 
preserving long range order97. The extent of intercalation depends on several processing 
parameters but, standing the reported fabrication protocol, the ratio polymer-to-fullerene is 
here the key variable, as two consecutive alkyl chains can accommodate only one fullerene 
molecule among them (for steric and geometric reasons)32. More importantly, each structure 
(crystalline pBTTT, fully intercalated pBTTT:PCBM) has distinct characteristics in UV-Vis and IR 
spectroscopy, GIXD, and GISAXS (Figure 5.2). 
 
Indeed, moving from pBTTT to its blend with PCBM, the UV-vis spectrum exhibit increased 
vibrionic structure together with a strong 0-0 transition at » 605 nm attributed to torsions in 
the pBTTT backbone arising from the intercalated molecules. As anticipated, GIXD exhibit a 
significant decrease in the (100) diffraction peak position, reflecting expansion of the lamella. 
The derived d-spacing increases from 25 Å for interdigitated pBTTT to 32 Å for PCBM blend, 
as additional space is occupied by the intercalated molecule. Further and direct confirmation 
of intercalation results from the appearance of a characteristic (001) scattering in the surface 
plane (Figure A.2, Figure A.1): this is peculiar of these structures so that it will be used as a 
flag to discriminate the nature of intermixed phases in the other blends.  
IR spectroscopy indicates disruption of the all-trans order of the interdigitated side chains and 
a significant change in the local environment of the fullerene carbonyl (Figure 5.3). This 
analysis focuses primarily on the CH2 asymmetric stretch frequency of the polymer side chains 
(left panel), comparing blend and neat polymer films. As mentioned, in pBTTT film the side 
chains are interdigitated in a nearly all-trans configuration, featuring a characteristic CH2 
asymmetric stretch d-frequency (2921.2 cm-1). PCBM intercalation not only expands the 
lamella axis spacing but also disorders the alkyl chains, inducing a shift of the d-frequency to 
2924 cm-1. Secondly, also the carbonyl stretching of PCBM provide microstructural insights: 
the C=O frequency increases from neat fullerene to blend case (from 1737 cm-1 to 1744 cm-1) 
since the PCBM carbonyl in the blend experiences a different environment if intercalated 
among the polymer’s chains.  
To support the close-intermix morphology, also PDS analysis shows the occurrence of a clear 
and broad band feature below 1.5 eV (above 820 nm) correlated to direct CT absorption. This 
is an expected result, anticipated by a previous work by Buchaca et al.98, where the CT 
absorption band has been related to the amount of intermixed phase in pBTTT blends whose 
morphology has been specifically manipulated via additives.  
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In seek of a correlation to the amount of intermixed phase in the presented pBTTT:PCBM 
blend film, GISAXS supports the formation of a comprehensive phase due to the absence of a 
structured scattering. Hence, it is demonstrated that this ordered intermixed phase, as 
characterized by the previous techniques, is the dominant phase present in the as cast film, 
thus shaping a continuous (to the entire film) and distributed polymer/fullerene interface.  
As such, pBTTT:PCBM is here considered as a reference blend for the analysis of ordered 
intermixed phase characteristics . 
 
Conversely, pBTTT:bisPCBM blend is located on the opposite side of the of morphological 
scenarios. Here the presence of an additional butyric acid-methyl ester adduct clearly poses 
some steric hindrance to the intercalation of this fullerene molecules31, suggesting that an 
intimate intermix is not achievable. Indeed, pBTTT:bisPCBM blend displays the expected 
hallmarks of phase separation into nominally pure, crystalline pBTTT domains and pure bis-
PCBM domains, according to the presented investigative tools. UV-vis spectrum slightly 
deviates from the neat polymer one, signalling with a blue shift a little perturbation of the 

 
Figure 5.2  a) Steady-state absorption spectra of the neat pBTTT and the four 1:1 blends b) PDS data spectra of 
the same blends c) Sector averaged GIXD (10° full width at 90° in the raw scattering pattern) for neat pBTTT and 
the four 1:1 blends. (See supplemental for 2D scattering images) d) Yoneda enhanced in-plane GISAXS. (See 
supplemental for 2D scattering images). 
 
*Thanks to Lee Richter, National Insitute of Standards and Technology, for performing WAXS-SAXS experiments. 
 Thanks to Matthew Dyson, Eindhoven University of Technology, for performing PDS experiments. 



 101 

pBTTT backbone order. This is consistent with the negligible change in the pBTTT lamella d-
spacing reflected in the GIXD and the intense p-p ordering diffraction feature [(011) and 
(010)] in the surface plane (Figure A.1,Figure A.2 and Table A-1). Moreover, IR spectroscopy 
indicates that the pBTTT side chains continue to exhibit a high degree of all-trans order and 
that the bis-PCBM carbonyl in the blend film exists in an environment very similar to the neat 
fullerene film, the frequency for both CH2 d- asymmetric and C=O stretching being unchanged 
from the neat pBTTT reference values. Significant phase separation is ultimately supported 
by the GISAXS that displays a distinct knee at 0.08 nm 1 corresponding to a characteristic 
length scale of 80 nm (Figure A.3 and Table A-2).  
As a consequence, and in line with GISAXS, charge transfer states are not traceable by PDS 
analysis, confirming the segregation of the two components on such a large scale, with an 
amorphous intermixed phase possibly present only at the border of neat components 
domains. 
 

 
With these two extreme situations in mind, further attempts to manipulate phase 
morphology have been made by employing ketolactam and ICBA as alternative fullerenes. 
As in case of PCBM, also pBTTT:ketolactam blend displays all the hallmarks of nearly-complete 
intercalation. Due to its slightly larger effective size, this fullerene moves the polymer 
backbones further apart so the derived d-spacing is 35 Å. The unique 001 in-plane scattering 
confirms to be a flag for intercalation, while the FTIR still records both an increase in the 
polymer chains CH2 stretching, correlated also in this case to the intercalation-introduced 

 
Figure 5.3 Top panel: CH2 asymmetric stretch frequency for 1:1 pBTTT:fullerene blends, the dotted lines set the 
frequency of neat pBTTT. Bottom panel: carbonyl frequency for 1:1 blend films (light grey) and corresponding neat 
fullerene (dark grey). 
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disorder, respect to the all-trans conformation displayed by neat polymer, and a decrease in 
C=O frequency of ketolactam’s carbonyl, reflecting a change in its local environment.  
Moreover, due to the absence of structured scattering from GISAXS and the appearance of a 
CT band similar to the pBTTT:PCBM one as from PDS, a comprehensive intermixed phase is 
assumed. In both cases, pBTTT: PCBM and pBTTT:ketolactam, these results finally implies that 
the 1:1 blend composition corresponds nearly to the polymer/fullerene molar ratio, thus 
none of the two components is in substantial excess (this would be matter of analysis and 
discussion in the following Chapter 6). 
 

 
Figure 5.4 Sector averaged GIXD (10° full width at 90° in the raw scattering pattern) for neat pBTTT and the four 1:1 
blends. Vertical areas show the positions of the different diffraction order peaks (100, 200, 300) for intercalated (light 
blue) and neat pBTTT domains (red), interdigitated or not. See also Table A-1. 

 
*Thanks to Matthew Dyson, Eindhoven University of Technology, for helping with the analysis. 

 
Contrary to the consistent hallmarks coming from different techniques acquired for the 
previous three blends, results for the as-cast pBTTT:ICBA 1:1 films do not point to a univocal 
resolution of the structure. Furthermore, the complete “co-crystal” formation observed by 
Miller et al.99 is not verified. Indeed, the GISAXS clearly indicates that the ICBA blend exhibits 
a significant degree of phase separation with a distinct scattering feature at 0.12 nm-1 (c.a. 50 
nm) but the polymer-rich phase is clearly not well ordered crystalline pBTTT (GIXD).   
While the UV-Vis spectrum indicates little perturbation of the pBTTT backbone, the GIXD 
again suggests a significant change in the lamella d-spacing99, expanding to 29 Å. A change in 
the pBTTT packing is supported by IR spectroscopy that indicates a degree of disorder in the 
side chains similar to that visible for the intercalated fullerenes cases. Additionally, in-plane 
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GIXD (Figure A.2) exhibits significant attenuation of the intense p-p (011, 010) diffraction and 
a weak (001) feature, possibly suggesting the presence of fullerenes among polymer’s side 
chains. In this frame, a closer analysis of GIWAXS out-of-plane offer insights on the neat 
polymer domains in the blend. As matter of fact, the polymer component assumes different 
crystalline forms according to the blending environment and its domain composition: 
interdigitated, not interdigitated, mixed and mixed intercalated.  
To these in principle should also correspond slightly different and characteristic peaks 
location. However, peaks from all the five examined film cannot be fitted with varying 
proportions of these characteristic peaks, due to asymmetricity. In a blend comprising both 
an intermixed polymer/fullerene phase and polymer’s neat domains, a peak component 
related solely to the neat pBTTT should be deconvolved. Moreover, since larger Qz neat pBTTT 
domains have greater coherence length, they contribute more to the total peak at higher 
diffraction order. 
 
Avoiding detailed fitting, the relative contribution of mixed and neat pBTTT phases for each 
blend can be inferred by looking at the diffraction order dependence relative to neat pBTTT. 
From Figure 5.4, all blends show some mixing/interaction with fullerene since their peak’s 
location move to lower Qz respect to pBTTT, suggesting a disruption of neat polymer’s close 
packing due to mixing. In case of pBTTT:bisPCBM the contribution of this mixed phase is the 
lowest, since only a slight increase in relative peak location with higher diffraction order is 
visible. Generally, this blend matches the neat pBTTT progression (red), confirming furtherly 
the phase separation arguments. pBTTT:PCBM has negligible pBTTT contribution, due to a 
constant relative peak location at lower Qz, confirming the occurrence of a comprehensive 
intermixed phase. Indeed, the peaks progression agrees with the scenario in which a 
dominant intercalated phase is present (light blue areas) with minor contributions coming 
from either polymer or fullerene rich phases. On the same trend, pBTTT:ketolactam shows a 
less defined structure coming from two contributions ( intercalated and pBTTT rich phases), 
even though displaying a lower signal.  
 
Conversely, in pBTTT:ICBA blend (Figure 5.4) the first order peak is in between the 
intercalated phase and neat pBTTT areas, while at high diffraction orders the peaks display a 
stronger polymer’s contribution. Hence, this analysis cannot exclude that pBTTT:ICBA consists 
of a 3-phases system featuring a major pBTTT-rich phase ( not intercalated and not well 
ordered) and ICBA rich-phase, with minor intercalated phase domains. 
 
Assuming ICBA being a distribution of isomers with different respective orientations of the 
indene functional groups, its steric hindrance is strongly affected by conformation: only in 
certain configurations the intercalation of these fullerenes is allowed.  
Hence, a scenario may be pictured in which ICBA intercalation is allowed only to molecules 
displaying the two indenes spaced by 180°. PDS can actually support this scenario since for 
ICBA a weak increase of CT absorption is observed compared to bis-PCBM blend, even though 
not comparable to the CT absorption in PCBM and ketolactam. Also, it cannot be excluded 
that the CT absorption band in ICBA blend is buried under the absorption of the neat fullerene 
component. Taking into account results from PLQY (Figure A.4), bis-PCBM is the only blend 
displaying a luminescence signal (even if highly quenched) while ICBA blend shows a very 
rapid exciton quenching, almost comparable to PCBM and ketolactam blends.  
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Evidently, in bis-PCBM film there should be longer-living pBTTT excitons that further confirm 
the presence of an intermixed polymer/fullerene phase only at pure component phases 
interfacial area ( this will be proved in the following paragraph) confirming the arguments for 
phase separation, while in PCBM and ketolactam systems the fullerene intercalation 
determines an extended, comprehensive intermixed phase (Figure 5.5). A definitive 
characterization of the ICBA films structure is not possible but its morphology, consistently 
with the reported data, stands halfway between these two former extremes: a pBTTT rich 
phase, disordered due to minor inclusion of ICBA together with an ICBA rich phase can be 
consistently speculated. 
 

5.2.2 Probing charge generation and recombination in “intercalated” blends : PCBM and 
ketolactam 

 
Following the investigation of the phase morphology of 1:1 blend films, the relation 
structure/photo-electronic properties is examined through transient absorption 
spectroscopy (TA, see Figure 5.6). Two time-delays are examined to study charge 
recombination from earliest stage 0.2 ps to 1.6 ns. Additionally, hole (HT) and electron (ET) 
transfer mechanisms are investigated by selecting two different pump wavelengths to 
specifically excite either the fullerene component at 400 nm (dark blue 0.2 ps and light blue 
1.6 ns curves) and the polymer at 540 nm (red 0.2 ps and orange at 1.6 ns). 
In this context, pBTTT:PCBM , whose TA analysis has been discussed in details in previous 
works84,100–102, is assumed as reference blend. Hence, the so far investigated “intercalated 
phase” is here alternatively referred to as “co-crystal”, in line with previous publications. 
Recalling the basic spectra features, at 0.2 ps after 540 nm pump excitation (red curve) a 
structured ground state bleaching (GSB) between 470 and 615 nm is visible, resulting from 
the direct co-crystal phase excitation. This is followed by a second feature in the visible range: 
the sharp band centred at 630 nm which has been assigned to the electro-absorption (EA) 
signal originated from a local electric field induced by the ultrafast (below our 80 fs time 
resolution) photogenerated charge carriers100.  
 
 

 
 
Figure 5.5 Schematics of the morphology scenario of each pBTTT:fullerene blend as deduced from current 
analysis. Black lines qualitatively represent the distance of interaction polymer-fullerene. Reproduced with 
permission from Causà et al. 
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The broad positive signal above 650 nm and centred at 1010 nm testifies polarons presence 
at the earliest time, corresponding to bound/free positive polaron (pBTTT+) absorption in the 
polymer phase, supported also by the reported charge modulation spectroscopy 
measurement103. Conversely PCBM- gives rise to absorption around 1000 nm: the signal is 
commonly weak and eclipsed in blend with pBTTT104. Focusing on pump/probe delay time, at 
1.6 ns the shape of TA features is constant respect to time even if the intensity of the 
spectrum decreases and the polaron band is flattered. The broadening variation is linked to 
spatial extend of electron and hole: only the survived charges experience a higher 
delocalization. Distinction between pools of strongly and weakly bound polarons can be made 
by comparing the shape of the polaron band105. A strong polaron is prone to recombine by 
geminate mechanism that is predominant in intercalation case: electron and hole chances to 
escape Coulombic attraction are highly reduced.  
Moving to the global analysis (Figure 5.6, inset), the shape of the amplitude spectrum with 
time constant t3= 220 ps relates to geminate recombination while t1= 0.1 ps confirms the 
prompt ET process with characteristic decay of polymer’s stimulated emission SE (600 nm ÷ 
800 nm), the positive amplitude in the 440 nm ÷ 480 nm pointing to the growth of a negative 
band assigned to the GSB of PCBM and the negative amplitude in all the rest of the 
wavelength range ascribed to the rise of the charge signature. A weak decay of the EA with 
t1= 2 ps indicates a change of the charge delocalization or the moving of the holes inside the 
cocrystal phase. The 0.2 ps TA spectrum after 400 nm excitation (with normalization relative 
to the GSB maximum at 600 nm upon 540 nm excitation at 0.2 ps) shows the simultaneous 
appearing of the polymer’s GSB and the charge signature, which overlaps well with the same 
signatures upon 540 nm excitation. Being pBTTT and PCBM tightly interacting in the 
intercalated pattern, ultrafast HT and ET processes are recorded at both pump excitations, 
with the only difference represented by the higher amplitude of the EA signal in polymer’s 
excitation together with a weaker contribution of geminate recombination. Evidently, the 
former observation can be justified by a higher charge delocalisation at 400 nm excitation 
due PCBM molecules. It correlates with the nature of the primary excited species which 
correspond to the fullerene CT states rather than Frenkel excitons105. The ordered 
morphology of the intercalated structure may promote intermolecular coupling between 
PCBM moieties. Moreover, the charge separation can be facilitated by a high initial local 
charge carrier mobility observed directly after PCBM exciton dissociation, in agreement with 
the recent results obtained by ultrafast THz measurements on pBTTT:PCBM blends106. 
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Figure 5.6 Transient absorption data of the four investigated 1:1 blends ((A) pBTTT:PCBM, (B) pBTTT:ketolactam, 
(C) pBTTT:bisPCBM and (D) pBTTT:ICBA) after 540 nm excitation at two time delays 0.2 ps (in red) and 1600 ps (in 
yellow). The equivalent TA spectra upon 400 nm excitation (in blue at 0.2 ps and in light blue at 1600 ps) have 
been scaled with respect to the maximum GSB signal at 0.2 ps and at 540 nm excitation. The insets display the 
amplitude spectra obtained by global analysis of the corresponding TA dynamics. Reproduced with permission 
from Causà et al. 

 
Moving to a similar microstructural scenario, in Figure 5.6 TA spectra of pBTTT:ketolactam 
blend are presented. Evidently some common features with pBTTT:PCBM are visible: a 
structured GSB of the polymer, EA and polaron signature.  
However, significant discrepancies arise between these blends, which are reconciled by 
assuming that the polarons, in the pBTTT:ketolactam blend, are more trapped close to the 
interface, thereby limiting the spatial extent of the electric field to a small volume between 
the two carriers. At 400 nm excitation, a similar trend as for the blend containing PCBM is 
noticed, standing for an ultrafast HT process (this time ketolactam is the main absorber) 
since the early 0.2 ps TA spectrum is dominated by the polymer’s GSB, an increase of the 
EA signature and a reduced decay of the TA signatures. Thus, an initial higher delocalization 
is likely a general characteristic of the fullerene excitation. 
 

5.2.3 Probing charge generation and recombination in “phase separated” blend: bis-PCBM 

The different microstructural scenario identified for the higher adduct bis-PCBM, as 
discussed in the previous chapters, is clearly reflected by TA analysis. Indeed moving to 
pBTTT:bisPCBM (Figure 5.6, C), the TA spectra at 0.2 ps and 1.6 ns deviate from the one of 
the reference intercalated blend (pBTTT:PCBM) and also from its similar pBTTT:ketolactam 
blend. Evidently, the GSB is unstructured, a tail of SE signal at 0.2 ps is well visible at 600 
nm as well as the exciton signature peaking towards 1090 nm without significant 
contribution of charge absorption. Following the microstructures comparison approach, 
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charge dynamic and electronic properties in pBTTT:bisPCBM film resemble the 
characteristics shown by neat pBTTT film. The TA signatures at 0.2 ps are matching (Figure 
A.5), confirming the presence of large neat crystalline pBTTT domains and thus the phase 
separated nature of this system. 
Hence, the excitons are slowly and bi-phasically quenched (time constants 0.6 ps and 7.5 
ps), meaning that they either follow a decay similar to intercalated blends or similar to neat 
pBTTT depending on the specific spot where they are formed, suggesting that exciton 
dissociation is diffusion-limited. Moreover, other remarks support the presented 
microstructural scenario: the absence of EA signal, being the steady-state spectrum of the 
neat pBTTT film less unstructured, the presence of multiple recombination channels, with 
decay time of the excitons in neat pBTTT domains from blend (260 ps) matching the neat 
pBTTT film (232 ps) and trap-assisted recombination within the neat domains assigned 
mainly to the neat bis-PCBM domains due to low electron mobility of higher adduct 
fullerenes107. 
 
This analysis also offers a deeper insight on the nano-scale microstructure. Since excitation 
at 400 and 540 nm provides the same TA features at 0.2 ps (polymer’s GSB and pBTTT 
exciton absorption), pBTTT results to be the dominant absorber in both cases. Hence, 
bisPCBM shows less light harvesting than PCBM possibly due to a poorer packing of 
fullerene molecules, arising from the extra-side chain. Thus, there is an excess energy in 
the polymer with delayed HT from neat domains. 

5.2.4 Understanding charge generation and recombination in pBTTT:ICBA 

More than for the previous cases, due to the complex microstructural analysis, TA 
investigation of pBTTT:ICBA blend film results to be crucial for rationalising structure-
properties relationship. Generally, from Figure 5.6 (panel D), TA signatures recall the 
formerly analysed pBTTT:bisPCBM blend rather than pBTTT:PCBM, even if displaying 
partially a mixed behaviour. The polymer’s GSB is still unstructured while the tail of SE 
shoulder is clear. At t1=0.28 ps both the quenching of the pBTTT exciton and the rise of 
charges signatures are identified. Hence the positive absorption band at 0.2 ps centred at 
960nm contains both charges and pBTTT exciton contributions.   
Prompt ET evidently implies an intermixed phase so that it is reasonably assumed the 
presence of polymer domains where the backbone planarity is disrupted by ICBA.  
A reduced exciton delocalisation and migration is assigned to these regions, in agreement 
with a reduced molecular order, as proved also by previous works108–110. Still standing the 
definition of Frenkel-type exciton, the lack of exciton localisation due to the fullerene 
molecular disorder results in a reduced exction migration. On the other hand, the delayed 
ET reports that the occurrence of neat pBTTT domains where excitons, if not limited by 
inter-intra molecular interactions, has to diffuse in order to reach the closest ICBA 
interface, cannot be excluded. These are the key evidences to explain the blend 
microstructure. 
Consequently, the unstructured polymer’s GSB is not related to neat crystalline polymer 
domains but with the distribution of ICBA molecules in the blend. Collecting the evidences, 
a microstructure scenario can be pictured where 3 phases coexist with volumes equally 
contributing to the TA signatures: a disordered intermixed phase with severe polymer 
backbones distortion, blended with phase separated domains of neat polymer and 
fullerene. 
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5.3 Conclusion and outlook 

Firstly, this study confirms that blending pBTTT with specific fullerenes assists the 
manipulation of BHJ film phase morphology, due to the different geometries and 
substituent group interactions of the selected acceptor components. Indeed, mono-
substituted fullerenes (PCBM and ketolactam) “intercalate” among pBTTT side chains, 
promoting polymer’s backbone planarity and altering the interdigitation pattern of the neat 
polymer: in a 1:1 ratio film a sole and comprehensive ordered intermixed phase, where 
polymer’s chains and fullerene are in close contact, is formed. In contrast, for double-
substituted fullerenes, intercalation is hindered, likely due to steric hindrance, so the 
morphology of pBTTT:bis-PCBM films is characterized by phase separation on a scale length 
of 80 nm (GISAXS), with distinct crystalline polymer and fullerene domains and an 
intermixed phase limited to interfacial areas. Contrarily, pBTTT:ICBA  features a three phase 
morphology comprising both polymer-rich and fullerene-rich domains, with inclusions of a 
possibly intercalated intermixed phase. 
 
Evidently, charge recombination mechanisms are affected by the intermixed phase nature 
such that geminate recombination is specifically related to the intercalated systems, due 
to the increased donor-acceptor coupling. Although featuring the same morphology 
scenario, the two systems (PCBM and ketolactam) show a different rate of geminate 
recombination that is attributed to their respective inter-acceptor coupling strength. 
Recombination on longer time scales from trapped long-lived polarons characterise 
pBTTT:ICBA blend. Most notably, despite the order-disordered environment and 
independently from the driving force, fast charge transfer (within the 80 fs experimental 
time resolution) is merely allowed by the fullerene proximity to the polymer’s backbone. 
Ultimately, even if ICBA has been proposed as a replacement for PCBM since it increases 
the Voc of a solar cell (due to its highest LUMO level compared to the other fullerene 
derivatives111), only 17% of polarons can be converted to photocurrent.  
 
The obvious evolution of this work would be to expand the reported analysis, both 
regarding microstructural and electronic investigations, to other systems, exploring 
alternative mono and double-substituted fullerenes not only to target different phase 
morphologies but more importantly for elucidating the role played by inter-acceptor 
coupling determining charge recombination and transfer mechanisms.  
 
More interestingly, having highlighted the poor photo-conversion properties of pBTTT:ICBA 
systems and its complex microstructural scenario, the components ratio of this blend can 
be systematically varied in order to manipulate the relative volume ratios of the identified 
phases. Consequently, changing the phases volume ratios allows to furtherly discriminate 
the contribution of each of them to specific photo-conversion processes.   
Of broader interest would be to decouple charge transfer and recombination mechanisms 
in amorphous intermixed phases. Besides, this approach constitutes a further attempt to 
tune the inter-acceptor coupling strength by altering the volume ratio of neat fullerenes to 
intermixed phase domains. 
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6  Understanding the phase morphology of pBTTT:fullerene binary 
blends : phase behaviour 

6.1 Background 

From previous chapter results, in pBTTT: fullerene 1:1 blends the occurrence of an ordered or 
disordered intermixed phase depends on the type of fullerene derivative, mono-substituted 
or bi-substituted, and its interaction with both the polymer’s side-chains and backbone. 
Evidently, since photo-electronic processes generally correlate to BHJ morphology, they are 
intimately linked to the nature of the intermixed phase and its interplay with polymer or 
fullerene neat domains. However, employing only 1:1 (in this chapter termed for the sake of 
convenience 50:50) binary blends has limited the previous analysis to a restricted set of 
morphology scenarios. On a preliminary base, a transition from one phase to two-phases 
system’s morphology can so be determined by varying the blend composition. Changing the 
phases volume ratio, not only elucidates the charge transfer and recombination mechanisms 
relationship but generally assist the manipulation of the optoelectronic properties. Moreover, 
considering that the phase behaviour of pBTTT:PCBM has been previously investigated28, the 
lack of thermodynamic information for the other systems in principle does not allow to 
discriminate in between equilibrium and metastable phases morphologies, these latter 
deriving from kinetically trapped or impaired states. By considering a full composition set of 
the presented binary blends, this chapter focuses on their microstructure’s manipulation and 
the control of the relevant phases volume ratios, following a systematic polymer science 
approach. 
 

6.2 Results and discussion 

6.2.1 Investigating the phase behaviour of intermixed blends 

 
Considering a full composition set of PCBM loadings, as previously reported in a work of 
Jamieson et al.28 where different casting parameters where used to produce solid films, the 
phase behaviour of pBTTT:PCBM has been investigated via calorimetry analysis, in the aim to 
check the processing protocols and build a well-studied model system for the comparison 
with the following paragraphs pBTTT:fullerene blends . Since DSC curves provide insights on 
the different phases present in the blend film, a temperature/composition diagram is 
constructed (Figure 6.2). From this, following the previously reported treatment28, a double 
eutectic behaviour is observed. Of specific importance in this context, the vertical line (60% 
wt pBTTT) sets a threshold which defines the composition regions where different equilibrium 
phases occur. In this regard, for compositions below 60% wt pBTTT, there is an excess of 
PCBM respect to a perfectly intercalated-structure stoichiometry ratio, given the assumption 
that all the “pockets” between polymer’s alkyl chains are filled with one fullerene molecule. 
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Figure 6.1 Differential scanning calorimetry first heating thermograms of pBTTT:PCBM (left) and 
pBTTT:ketolactam (right) binary blends, performed at 20°C/min scan rate in N2 atmosphere on films drop-cast at 
40°C. In pBTTT:PCBM the endotherm at ~ 280°C is attributed to melting of crystalline PCBM domains while in 
pBTTT:ketolactam there is no crystalline phase detected. At 50:50 composition in both blends an endotherm 
stands for melting of the intercalated structure. In the right panel, to highlight the features, the thermograms are 
magnified by a factor 5 (red dotted lines). 

 
 
From the thermograms analysis (endothermic peaks at 290°C, Figure 6.1), the fullerene in 
excess, unable to intercalate, forms separated crystalline domains, resulting in a 2-phase 
morphology ( SPCBM + Sco-crystal, Figure 6.2 ) where the intercalated structure (in this figure 
referred to as “co-crystal”) works as a matrix with minor inclusion of crystalline fullerene 
domains. Above the threshold the scenario is reversed (SpBTTT + Sco-crystal), an excess of pBTTT 
is present as polymer inclusions with the intercalated structure again working as a matrix till 
90 wt% pBTTT. Increasing further polymer loading, still standing the same equilibrium phases, 
the polymer rich phase is the matrix containing small intercalated-structure inclusions. As 
such the system features a double eutectic behaviour, with one eutectic at 90% pBTTT and 
the other at 45% pBTTT. The phases and morphology scenarios as predicted by the 
temperature/composition diagram are clearly proved by the FTIR analysis( Figure 6.2 bottom 
panel). With reference to the analysis performed for the 1:1 blends in the previous chapter 5, 
the same polymer/fullerene composition set used for DSC experiments is probed. The 1:1 
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blend can so be used as a morphology reference to establish composition dependence. 
Hence, at this composition the occurrence of a comprehensive intermixed phase affects both 
the CH2 asymmetric stretch d-frequency, increasing from neat pBTTT value 2921.2 cm-1 to 
2924.2 cm-1, and C=O frequency increasing from the neat fullerene reference value 1737 cm-

1 to 1741 cm-1. This specific composition is close to the stoichiometric ratio and the 
aforementioned phases change line. Indeed, as the pBTTT content in the blend increases, i.e. 
the PCBM content decreases, the C=O frequency reaches a maximum at 60% wt polymer, 
with a plateau standing till the highest pBTTT content.  
 
Evidently the C=O frequency is unaffected by this composition variation since the carbonyl 
group experiences the same intercalated-environment. Moving to lower content of pBTTT, 
the fullerene loading increases and the phase change line is crossed so PCBM molecules are 
both in the intermixed structure and in neat fullerene domains. Consequently, the C=O 
frequency decreases, monotonously pointing towards the value for neat PCBM, since neat 
domains are contributing to the FTIR spectrum. Looking at the CH2 frequencies, the same 

 
 
Figure 6.2 (Top panel) Temperature/composition diagram of pBTTT:PCBM system, showing formation of a 
molecular compound (co-crystal) at a PCBM content of 40 wt%. Two eutectics are shown at 90 wt% (pBTTT/co-
crystal binary) and 57 wt% (co-crystal/PCBM binary). Liquids lines are constructed with end of melting and end 
dissolution temperature of neat components and excess component, respectively, and peak eutectic. (Bottom 
panel) PCBM carbonyl and pBTTT d-center frequencies as a function of pBTTT weight fraction in pBTTT:PCBM 
blends. 
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composition dependence is visible: as the polymer content increases above 60% wt, the 
frequency decreases towards the value for neat pBTTT, since a lower proportion of side-
chains are disordered by the fullerene presence. On the opposite side, all the polymer in the 
blend is intercalated so the CH2 frequency reaches a plateau. 
As in the previous chapter, pBTTT:PCBM primarily serves as a reference blend to expand the 
analysis to other possible systems showing an intercalated structure, in this context, 
pBTTT:ketolactam. From the temperature composition diagram, this blend also features a 
double eutectic behaviour. However, due to the different fullerene molecular weight and 
polymer/fullerene interactions, the tie-line is shifted to 45% polymer content. More 
interestingly an additional eutectic is possibly present at very low loading of pBTTT (i.e. high 
loading of ketolactam) around the composition 15:85. It must be noted that in this blend case  
the region of high fullerene loading is not characterized by a high temperature endothermic 
peak (Figure 6.1) since the ketolactam in excess does not form crystalline domains.  
 
 

 

 
 
Figure 6.3 (Top panel) Temperature/composition diagram of pBTTT:ketolactam system, showing formation of a 
molecular compound (co-crystal) at a ketolactam content of 55 wt%. Two eutectics are shown at 90 wt% 
(pBTTT/co-crystal binary) and 45 wt% (co-crystal/ketolactam binary). Liquids lines are constructed with end of 
melting and end dissolution temperature of neat components and excess component, respectively, and peak 
eutectic. (Bottom panel) ketolactam carbonyl and pBTTT d-center frequencies as a function of pBTTT weight 
fraction in pBTTT:ketolactam blends. 
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This is a characteristic of ketolactam that can also explain the TA results (from the previous 
chapter), since the fullerene environment that surrounds the intercalated structure 
(generation/recombination spots) intimately affects the electron delocalization. The opposite 
region behaves, as expected, according to the reference blend.  
 
Especially in ketolactam case, support is needed to verify the morphology scenarios as 
predicted by the temperature/composition diagram. Once more, a tie-line establishes a 
boundary for the phases in excess respect to the ideal intercalated structure. The trends of 
CH2 for pBTTT and C=O frequencies for ketolactam both show how the two phases 
morphology is manipulated solely by blend composition and they both agree with a two 
phases scenario featuring intercalated structure and neat components domains. 
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6.2.2  Visualising and confirming the phase morphology of intercalated systems 

In order to validate the phase scenarios predicted so far by calorimetry and FTIR, vapour 
phase infiltration (VPI) has been exploited. Applying an ALD technique, ZnO precursors have 
previously proved59,112,113 to easily penetrate a neat pBTTT film, while their diffusion is 
hindered through a fullerene’s one. Hence, in a blend film the ZnO presence is limited to the 
polymer-rich phase. As a result, employing HRSEM, bright spots correspond to zones where 
ZnO diffusion was allowed. Even in case of intercalated polymer/fullerene structure, ZnO 
evidently penetrates through the film.   
 
Although the morphology of 50:50 films have been previously characterised as a 
comprehensive intermixed phase, thanks to calorimetry and FTIR, it is here evident that both 
pBTTT:PCBM and pBTTT:ketolactam 50:50 consist of a 2-phase system.  
Considering the temperature/composition diagram there is respectively a 10 % wt excess of 
PCBM compared to 60:40 and around ~5% wt excess of pBTTT respect to the 45:55 
stoichiometry. Supposedly, the two components in excess, even if in minimal amount, form 
separated neat domains. The hypothesis of a 2-phases system is supported by the VPI 
analysis: in case of the 50:50 pBTTT:PCBM film the excess of fullerene creates scattered and 
small domains, appearing as dark spots, instead of the homogenous distribution of bright 
spots seen in the neat pBTTT reference (Figure A.6) and to a lesser extent in the stoichiometric 
composition 60:40. “Dark domains” consequently grow larger by increasing the fullerene 
loading (30:70 and 20:80 films), enclosing the bright spots that mark the intercalated 
structure. In line of principle, from 50:50 to 20:80 in pBTTT:PCBM the same phase region of 
the temperature/composition diagram is explored (SPCBM + Sco-crystal, Figure 6.2).  
Conversely, in pBTTT:ketolactam the starting series blend composition (60:40) features a 
~15% wt non-negligible excess of polymer component ( SpBTTT + Sco-crystal), which matches the 
increased brightness. 50:50 blend, with a negligible excess of polymer, represents the 
predicted comprehensive intercalated structure so ZnO penetrates homogeneously the film 
as in the neat pBTTT reference (Figure A.6). The excess of pBTTT, if present, cannot be 
distinguished from the intercalated structure since in both of them the ALD precursors can 
diffuse. 
 

 
 

 
Figure 6.4 Cross section BSE HRSEM images of pBTTT:PCBM (top row) and pBTTT:ketolactam (bottom row) films 
after 80 cycles of VPI at 60°C. The bright contrast in the film represent areas rich in ZnO (indicating pBTTT-rich 
phase and pBTTT:PCBM intercalated structure) while the dark areas represent the organic phase (indicating the 
PCBM-rich phase). Scale bar is 100nm for all the micrographs.  

100 nmpBTTT:PCBM 60:40 30:70 20:8050:50

pBTTT:ketolactam 60:40 50:50 30:70 100 nm20:80
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Moreover, increasing ketolactam loading to 70% wt (30:70 blend, Figure 6.4 middle bottom  
row) and entering the Sketolactam + Sco-crystal area of the temperature/composition diagram, neat 
ketolactam domains are barely identified, contrary to the analogous case of PCBM system. 
This is possibly an outcome of the non-crystalline nature of ketolactam domains, so the excess 
of this fullerene “covers” as an amorphous phase the zones in between intercalated domains, 
offering a lesser obstacle to ZnO precursors diffusion. However, as the 20:80 composition is 
reached, ketolactam is clearly observed in phase-separated domains as from Sketolactam + Sco-

crystal.  

 
 
Figure 6.5 Differential scanning calorimetry first heating (red) and first cooling (blue) thermograms of 
pBTTT:PCBM and pBTTT:ketolactam binary blends, performed at 20°C/min scan rate in N2 atmosphere on films 
drop-cast at 40°C. 50:50 and 60:40 blend are selected to probe off-stoichiometry composition. Values for enthalpy 
of fusion DHf and DHc are displayed, resulting from area integration after a gaussian peaks fitting (Table A-3). 
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Going back to calorimetry results, Figure 6.5 shows clearly that in pBTTT:PCBM there is a sharp 
increase in the enthalpy of fusion of the intercalated structure (from 11.2 J/g for 50:50 to 25.3 
for 60:40 blend composition) when the exact polymer:fullerene 60:40 composition is 
considered. Moreover, the 60:40 blend confirms the occurrence of a comprehensive 
intermixed phase since no other endothermic peaks are detected. In pBTTT:ketolactam 
system instead, without having a second endothermic peak to flag the phases in excess, by 
considering the variation in enthalpy of fusion of the intercalated phase, the 50:50 film 
represents the situation of a sole comprehensive intermixed phase. The enthalpy value for 
60:40 composition is still high (8.7 J/g), since the integrated endotherm contains also a neat 
polymer contribution that is impossible to be deconvolved. Comparing the “intercalated 
phase” from both systems, PCBM features the highest enthalpy of fusion standing for superior 
stability and higher fullerene to polymer interaction compared to ketolactam. As anticipated 
in the previous chapter and discussed in detail at the end of the present one, this can confirm 
the evidences from TA regarding exciton recombination and charge generation.  
 

6.2.3  Manipulating and confirming the phase morphology of intercalated systems 

The delicate role played by blend composition in manipulating the BHJ morphology is further 
investigated, to elucidate the occurrence of either crystalline or amorphous excess 
component domains. To this end, a particular setup has been designed to simultaneously 
combine an optical fibre for UV-vis spectroscopy and a laser-diode for photoluminescence 
with a support plate to control the temperature. The presented experiments consist in 
applying a heating and cooling ramp to the blend film while monitoring absorption and 
photoluminescence (as described in 2.6). The selected scan rate (20°C/min) matches the DSC 
experiments condition so that calorimetric transitions can be related to the emergence of 
spectroscopic features. 
 
Indeed, the evolution of absorption and PL spectra in pBTTT:PCBM 60:40 blend (Figure 6.6) 
matches the thermograms features. In this case, solely an intercalated intermixed phase 
melts and recrystallise along the DSC cycle. Accordingly, the film absorption spectrum starts 
by showing the characteristic increased vibronic feature of intercalation (see Chapter 5), 
respect to neat pBTTT, dropping suddenly after the melting and fully recovering at the 
recrystallisation temperature. Remarkably, this process can be iterated without any 
hysteresis phenomena. Due to fullerene intercalation, the PL panel confirms the expected 
luminescence quenching in both as cast and annealed film conditions, showing only a mild 
photoluminescence increase at the melting transition.  
 
However, it is interesting to note how changing the blend composition, moving to the 50:50 
pBTTT:PCBM blend film that has been investigated so far, the spectral response matches the 
calorimetry analysis. This film, in the as cast condition, shows vibronic features similar to the 
60:40 film, since the dominant phase is still the intercalated one. The photoluminescence is 
therefore quenched. Instead, even though melting and recrystallisation temperatures still 
match the absorption decrease, film scattering increases for annealed film. More 
interestingly, as an annealing result, photoluminescence is not completely quenched 
anymore.  
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All these evidences can be easily rationalised considering the role played by the excess 
fullerene predicted by the temperature/composition diagram. Evidently in the as-cast film 
the excess PCBM forms aggregates that are distributed around the dominant intermixed 
phase that is responsible for quenching the photoluminescence. Upon annealing the same 
domains coalesce over the exciton diffusion length size, accounting for the 
photoluminescence signal. Indeed, the spectral response of the annealed film corresponds to 
neat PCBM. Coalescence of PCBM is also responsible for the increase in film scattering, as 
widely known from other works114–116.  
 
Further arguments for PCBM domains coalescence are supported by the FTIR analysis (see 
Figure 6.10, top panels) where the carbonyl frequency decreases upon annealing. For these 
set of experiments two annealing temperatures have been selected to be safely above the Tg 
of PCBM (117°C) and to target the area of the liquid crystal transition of pBTTT (140-150°C).  
Indeed, in 20:80 blend case the C=O frequency matches the values of neat PCBM after the 
second annealing step (140-150°C), meaning that the dominant phase here is the fullerene-
rich one. On the other hand, FTIR also proves that most of the polymer chains contribute to 
the intercalated structure in the 50:50 blend since after annealing the CH2 d-frequency is 
unchanged. When the fullerene loading is increased, 20:80 blend film, it partially hinders the 
formation of the intercalated structure in the as cast film: the CH2 frequency increases upon 
annealing. 
 

 
 
Figure 6.6 Steady-state absorption 2D graph (bottom left) and photoluminescence 2D graph (bottom middle) of 
60:40 pBTTT:PCBM film along first heating and cooling cycle (20 °C/min). DSC thermograms (first heating and 
cooling) coming from a separated sample, are displayed and aligned with the previous spectra (bottom right). 
Selected steady-state absorption spectra (top left) and photoluminescence spectra (top middle), corresponding to 
isothermal cutlines (colour dotted) from 2D spectra. 
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The presented combination of spectral response and calorimetry confirms the phase 
manipulation base on the blend composition control. It is inferred that from 60:40 to 50:50 
the blend morphology changes from 1 phase, composed by a comprehensive intermixed 
(intercalated) phase, to a 2 phases scenario, featuring both intermixed and fullerene-rich 
domains. 
  
Due to the distinct temperature/composition diagram of pBTTT:ketolactam, opposite results 
derive from applying the same approach to this blend. The 50:50 blend film features complete 
quenching before and after annealing and almost no variation in spectral response from 
absorption measurements. Melting and recrystallisation temperatures are again aligned with 
spectroscopy features. Consequently, it is confirmed, as in 60:40 pBTTT:PCBM, the 
occurrence of a comprehensive intermixed phase, Figure 6.3. Following the heating ramp, the 
2-phases system melts with a modest drop in absorption signal but a sensible decrease in 
photoluminescence. On cooling, the as-cast absorption features are fully recovered after 
recrystallisation while the PL signal considerably increases. Indeed, the spectral response of 
this blend overlaps with the reference spectrum of pBTTT. Upon annealing the excess of 
polymer that is supposedly present in a disordered state in the as-cast film, recrystallises and 
possibly coalesces, increasing the PL. 

 
 
Figure 6.7 Steady-state absorption 2D graph (bottom left) and photoluminescence 2D graph (bottom middle) of 
50:50 pBTTT:PCBM film along first heating and cooling cycle (20 °C/min). DSC thermograms (first heating and 
cooling) coming from a separated sample, are displayed and aligned with the previous spectra (bottom right). 
Selected steady-state absorption spectra (top left) and photoluminescence spectra (top middle), corresponding to 
isothermal cutlines (colour dotted) from 2D spectra, as a reference also PCBM PL spectrum is shown. 
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Figure 6.8 Steady-state absorption 2D graph (bottom left) and photoluminescence 2D graph (bottom middle) of 
50:50 pBTTT:ketolactam film along first heating and cooling cycle (20 °C/min). DSC thermograms (first heating 
and cooling) coming from a separated sample, are displayed and aligned with the previous spectra (bottom right). 
Selected steady-state absorption spectra (top left) and photoluminescence spectra (top middle), corresponding to 
isothermal cutlines (colour dotted) from 2D spectra. PL spectra are magnified (X 107) due to low signal. 

 
FTIR (Figure 6.10, bottom panels) in 50:50 case clearly supports the scenario of 1-phase 
system, since only minor variations in CH2 are reported upon annealing. The same can be 
inferred from the trend of the C=O frequency, meaning that ketolactam rich-phase is 
unaffected by the thermal treatment. Without a reference value for ketolactam Tg the 
annealing temperatures in this case have been selected to match the pTTT:PCBM analysis. 
 
With the described approach a deeper understanding of these two-systems phase 
morphology is offered together with the possibility for its manipulation. The direct 
comparison also allows to elucidate the opto-electronic processes highlighted in the previous 
chapter by TA analysis for the 50:50 blends. In the light of the above, the higher electron 
delocalisation in pBTTT:PCBM blend not only correlates to a strong inter-acceptor coupling 
but also to the occurrence of scattered PCBM-rich domains in the matrix of intermixed 
phase117. On the other end, the lack of excess fullerene in 50:50 pBTTT:ketolactam can cause 
for the non-efficient 1D electron transport channel100. Moreover, it is elucidated, recalling 
Chapter 5 TAS results, that electrons and holes are more trapped at the interface in this blend, 
since no other phases providing a driving energy (energy cascade) for charge transfer are 
contributing. 
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Figure 6.9 Steady-state absorption 2D graph (bottom left) and photoluminescence 2D graph (bottom middle) of 
60:40 pBTTT:ketolactam film along first heating and cooling cycle (20 °C/min). DSC thermograms (first heating 
and cooling) coming from a separated sample, are displayed and aligned with the previous spectra (bottom right). 
Selected steady-state absorption spectra (top left) and photoluminescence spectra (top middle), corresponding to 
isothermal cutlines (colour dotted) from 2D spectra, as a reference also pBTTT PL spectrum is shown. 

 
 

 

 
 

Figure 6.10 CH2 asymmetric stretch frequency (left panel) and carbonyl frequency (right panel) for 50:50 and 20:80 
pBTTT:PCBM (top) and pBTTT:ketolactam (bottom) blends from as-cast (RT), 150°C and 180°C annealed films. The 
dotted lines set the reference frequency values of neat pBTTT,PCBM and neat ketolactam ( see also Figure A.7). 
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6.2.4 Investigating vitrification of phase separated systems 

Investigating the phase behaviour of the pBTTT blends featuring a disordered intermixed 
phase is needed to finally rationalise the structure-property relationship of pBTTT:fullerene 
systems. Although the absence of an ordered intermixed phase might appear to limit the 
effectiveness of a calorimetry approach, the influence of fullerene loading on the blend 
structure provides still relevant insights. Indeed, DSC thermograms show clearly a depression 
of the non-equilibrium melting temperature of pBTTT (the exotherm at ~245°C is assigned to 
polymer’s backbone melting88) with increasing acceptor fraction (see Figure A.8). 
The melting point depression can be rationalised as a direct outcome of colligative properties.  
 
However, if this holds true according to polymer blends theory27,65, also processing conditions 
have to be considered. On the basis of a previous work by Westacott et al.67, it is reaffirmed 
that melting temperature depression derives from a thermodynamic point of view from the 
lowering of the supercooling upon blending27, while, considering kinetics arguments, it 
descends from the reduction in size of crystallites as a result of the “kinetic vitrification”.  
Undoubtedly, from the previous chapter, in both pBTTT:bisPCBM and pBTTT:ICBA an 
intermixed phase occurs. The intent here is to rationalise the morphology scenarios 
considering the effects of structure quenching on the cooling blend leading to a “solid 
solution”. 
 
Although the mentioned work focused on rr-P3HT blends, the same fullerenes were used for 
the analysis, providing a theoretical base for the following discussion. Without applying to the 
pBTTT blends the theoretical model presented in the cited work, it is accepted that in case of 
kinetic vitrification, a linear correspondence prevails between the blend melting temperature 
and fullerene fraction. Evidently, this is the observed phenomenon in Figure 6.11 (left panel) 
where the end-of-melting temperatures for polymer’s backbone (normalised by neat pBTTT 
melting temperature) are plotted as a function of the volume fraction of fullerene. Having so 
far referred solely to the weight fraction of blend components, the equation for volume 
fraction conversion is reported:   
 
 
 𝜑 =

𝑤;
𝜌;

�𝑤; +
(1 − 𝑤;) 𝜌4� ��  (20) 

 
 

  

 
with the mass densities of polymer and fullerenes: 1.07 g/cm-3 for pBTTT( based on the crystal 
unit cell30), 1.8 g/cm-3 for bisPCBM (OSSILA), 1.7 g/cm-3 for ICBA (OSSILA). 
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Figure 6.11 Observed pBTTT (black) and rr-P3HT67(grey) melting temperature plotted as a function of fullerene 
volume fraction: ICBA (triangles) and bisPCBM (circles). Enthalpy of fusion of pBTTT(black) and rr-P3HT (grey) 
as integral of the melting endotherm and normalised for the mass of polymer in the sample and respect to neat 
pBTTT, thus a comparison of both the degree of crystallinity of the polymer in different blends and the effect of a 
specific fullerene on different polymers is possible. Data for rr-P3HT blends are reproduced with permission from 
Westacott et al. 67 

 
As in P3HT case, for both blends the depression of the melting temperature increases with 
fullerene loading so pBTTT crystals growth is hampered. Again, ICBA confirms to be the 
strongest vitrifying agent for the polymer. If the polymer chain packing is affected by the 
presence of the fullerene in the blend, it follows that also DHf is deeply influenced. Figure 6.11  
(right panel) displays the DHf values as function of fullerene volume ratio. On this account, 
DHf trend suggests that ICBA strongly impedes pBTTT crystallisation, compared to bis-PCBM. 
Moreover, comparing the two polymers blends, although generally the same trends with 
fullerene content are deduced, crystals of pBTTT are more susceptible in terms of melting 
temperature depression. Strikingly both fullerenes equally affect the order of the polymer 
crystalline phase, as follows from the overlapping DHf trends. Considering the melting 
temperature depression however, pBTTT crystals growth is generally more hindered than the 
corresponding P3HT. Still focusing on pBTTT, the two graphs confirm that ICBA is a stronger 
vitrifying agent.   
 
It follows that both polymer crystals size and quality are lowered when ICBA is the acceptor 
in the blend. If the PL experiment from Chapter 5 is recalled (Figure A.4), pBTTT:bisPCBM 
50:50 was the only blend film showing polymer photoluminescence albeit strongly quenched. 
Consequently, it is assumed that phase separation on a length scale longer than exciton 
diffusion length is achieved in this case, with fairly-hindered pBTTT crystals. Conversely, when 
ICBA is the acceptor, not only phase separation is limited to a shorter length scale but also 
the pBTTT rich phase is less crystalline, with a dominant contribution from not-interdigitated 
domains.  
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6.2.5 Probing phase separation via spectroscopy  

A deeper investigation of blend thermal behaviour is needed to improve the understanding 
of as-cast films morphology. Since phase separation is assumed to occur, a neat pBTTT film is 
used as a logical reference for comparing 2D PL and absorption spectra. In this case (Figure 
6.12), the absorption evolution shows that upon melting/recrystallisation there is a spectrum 
shift to lower energies that can be possibly correlated to an increase of polymer’s backbone 
order (red shift).    
 
Additionally, a faint trace of vibronic structure appears. No particular spectral features are 
linked to the solid-to-mesophase transition (liquid crystal), as observed from the 2D maps. 
Photoluminescence is more sensible to the thermal history, since both an increase in the 
signal and a shift to lower energies are evident. Logically, polymer’s melting is correlated to a 
spectrum’s shift to higher energies and lower intensities.  

 
Moving to pBTTT:bisPCBM (Figure 6.14), the absorption spectra evolution follows the pBTTT 
one, with the difference that strong scattering phenomena flags the bisPCBM clustering.  
The PL of this blend, more interestingly, sets a clear correspondence to neat pBTTT film 
behaviour. In this context, calorimetry leads the analysis so that the two main effects of 
blending are re-established: (i) polymer backbones melting temperature is strongly 
depressed, (ii) mesophase transition is not entirely hindered but it is shifted to higher 
temperatures.  
 

 
Figure 6.12 Steady-state absorption 2D graph (bottom left) and photoluminescence 2D graph (bottom middle) of 
a pBTTT film along first heating and cooling cycle (20 °C/min). DSC thermograms (first heating and cooling) 
coming from a separated sample, are displayed and aligned with the previous spectra (bottom right). Selected 
steady-state absorption spectra (top left) and photoluminescence spectra (top middle), corresponding to 
isothermal cutlines (colour dotted) from 2D spectra. 
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Figure 6.13 Photoluminescence spectra of pBTTT (left panel) and pBTTT:bisPCBM 50:50 (right panel) films as 
extracted from 2D graph at temperatures corresponding to polymer and blend phase transitions (mesophase 
ordering, melting and recrystallisation).  

 
The un-quenched but strongly suppressed photoluminescence of as cast pBTTT:bisPCBM film 
was already a clue for phase separation, confirming a certain percentage of polymer crystals 
larger than the exciton diffusion length. From Figure 6.13, PL increases more than in neat 
pBTTT by entering the mesophase transition, so a sort of “purification” of neat polymer 
domains is inferred. 
 
However, unlike neat pBTTT, upon melting, the blend components partial miscibility totally  
quenches the PL. Ultimately, as from calorimetry, recrystallisation is a sharper transition that 
corresponds to an increased photoluminescence spectrum also showing a weak shoulder 
accounting for bisPCBM aggregates. It is reasonable to believe that upon thermal cycle, the 
neat pBTTT crystals coalesce and discharge fullerene molecules that have been kinetically 
trapped and may have hampered the polymer interdigitation.  Interestingly, the mesophase 
transition is not suppressed by the presence of fullerene component. Indeed, its temperature 
increase can be explained considering that polymer side chains (responsible for liquid crystal 
behaviour) becomes completely free to move only at temperatures above the bisPCBM Tg, 
around 145°C, (Figure A.8). 
 
Moving on with the blend comparison, although pBTTT:ICBA film 2D graphs shows a poorer 
spectral features evolution, crucial insights on phase microstructure can be derived.  
According to the morphology speculations of the previous chapter, it is recalled that 
pBTTT:ICBA 1:1 as cast film displays a three-phases morphology comprising dominant 
fullerene-rich and polymer-rich domains with some intermixed phase ones. As such, the 
photoluminescence is almost totally quenched, as in case of a complete fullerene 
intercalation, under the assumption that the neat pBTTT domains size is smaller than the 
exciton diffusion length. 
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Figure 6.14 Steady-state absorption 2D graph (bottom left) and photoluminescence 2D graph (bottom middle) of 
50:50 pBTTT:bisPCBM film along first heating and cooling cycle (20 °C/min). DSC thermograms (first heating and 
cooling) coming from a separated sample, are displayed and aligned with the previous spectra (bottom right). 
Selected steady-state absorption spectra (top left) and photoluminescence spectra (top middle), corresponding 
to isothermal cutlines (colour dotted) from 2D spectra, as a reference also pBTTT PL spectrum is shown. 

 
Nevertheless, this blend microstructure appears to be resilient to thermal cycles. Indeed, 
upon melting/re-crystallisation no substantial differences are displayed by the absorption 
spectra. In addition, although the thermograms still display a mesophase transition, there is 
only a minor increase in photoluminescence corresponding to this transition and eventually 
upon melting (Figure A.8).  
 
In essence, this confirms that the length scale of phase separated domains is below exciton 
diffusion length (quenching). Strikingly, the pBTTT-rich domains are enough free (approaching 
the ICBA Tg at 160°C) to undergo mesophase transition prior melting but still the size of 
crystalline-interdigitated domains is very small. Consequently, the polymer chains 
interdigitation, when occurring, is supposedly limited to small and distributed domains, while 
the majority of pBTTT is in a not-well-ordered state or in a solid solution with ICBA. 
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Figure 6.15 Steady-state absorption 2D graph (bottom left) and photoluminescence 2D graph (bottom middle) of 50:50 
pBTTT:ICBA film along first heating and cooling cycle (20 °C/min). DSC thermograms (first heating and cooling) coming from 
a separated sample, are displayed and aligned with the previous spectra (bottom right). Selected steady-state absorption 
spectra (top left) and photoluminescence spectra (top middle), corresponding to isothermal cutlines (colour dotted) from 2D 
spectra, as a reference also pBTTT PL spectrum is shown. 
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6.3 Conclusion and outlook  

Firstly, this study not only constitutes a rightful compliment to the previous chapter 
investigation, but it mainly presents a systematic, from the thermal behaviour point of view, 
characterization of the analysed blends. pBTTT structural flexibility is further confirmed, since 
both PCBM and ketolactam molecules are able to intercalate among polymer side-chains. 
Blend ratios control allows to manipulate the phase morphology of these two systems with 
miscibility, molecular weight and interactions defining a specific “composition rule” for each 
fullerene/polymer pair. In this context, temperature/composition diagram predicts the 
microstructural changes, proving that 60:40 pBTTT:PCBM and 50:50 pBTTT:ketolactam films 
feature a sole and comprehensive intermixed phase, while a 2-phases system with primary 
polymer and fullerene domains is assigned respectively to 60:40 pBTTT:ketolactam and 50:50 
pBTTT:PCBM. 
 
Furthermore, the presented combination of spectroscopy and calorimetry analysis 
rationalises the structure of phase separated systems. pBTTT:bisPCBM 50:50 blend shows 
phase separation on such a length scale to impede the exciton quenching while pBTTT:ICBA 
features a complex morphology scenario where polymer-rich domain sizes are smaller in size, 
less ordered and surrounded by an amorphous intermixed phase ( causing complete exciton 
quenching). Strikingly, the mesophase transition prior melting is retained upon blending and 
detected by calorimetry. 
 
Looking ahead, decoupling the contributions leading to fullerene intercalation, i.e. polymer 
side chains - fullerene functional group interaction and fullerene steric hindrance, would 
provide valuable insights for the design of BHJ systems. On this account, 2D NMR30,118,119 
should serve the scope, selectively targeting PCBM and ketolactam interactions. If the 
fullerene functional groups prove to play a dominant role, by employing a wider set of 
fullerenes the approach can be confirmed and generalised31,71,96,97. Ultimately both these 
interactions and backbone-to-fullerene spacing can be related to recombination and 
generation mechanisms via TA84,117. 
 
2D NMR can also be suitable to elucidate the interactions of fullerenes showing phase 
separation and amorphous solid solution. Moreover, different composition of pBTTT:ICBA 
blends should furtherly affect the distinct phase ratios, allowing to manipulate the volumes 
of interdigitated and non- interdigitated neat pBTTT domains . With a broader understanding 
of both thermodynamics and kinetics contributions leading to the formation of these BHJ 
microstructures, this approach can be extended to other polymer blends, providing insights 
of future interest.   
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7 Overall Conclusions and Outlook 

7.1 Overall Conclusions  

Rationalising the microstructure-dependent optoelectronic properties of solution-processed 
BHJ solar cells has been the core of this work. By controlling the deposition techniques and 
the processing parameters affecting film formation, different morphologies have been 
specifically targeted to serve as reference structures. Consequently, a combination of real-
space visualization and spectroscopic techniques has allowed to characterize case by case the 
mechanisms of exciton formation, charge separation and recombination, as well as charge 
transport to the electrodes.   
Whilst this work takes inspiration from the extensive research carried on the prototypical 
poly(3-hexyl-thiophene-2,5-diyl) (P3HT), the study has been performed on PCE11 and pBTTT. 
The former has been selected not only due to the high OPV performance reported in literature 
but most importantly due the PCE independence from processing, despite its local 
aggregation tuneability. The latter is a flexible donor polymer that upon blending with the 
selected fullerenes, varying in numbers and kind of their substituent groups, can form 
different intermixed phases. 
 
In regard to the specific topics of interest, Chapter 3 demonstrates that the processing 
parameter “deposition temperature” rules the PCE11 film solidification process and the 
aggregates formation from solution. If the solvent evaporation rate is reduced, as an effect of 
lowering the substrate temperature, the aggregates fraction increases over the disordered 
chains fraction. Additionally, a solidification temperature below the Tc favours the formation 
of J-type aggregates. This behaviour is tentatively attributed to the occurrence of polymer 
pre-aggregation before the aggregate/non-aggregate transition, since chains planarization is 
demonstrated by the absorption spectrum evolution and the total red-shift. Ultimately, by 
moving from spin coating to wire-bar coating technique, the chains pre-aggregation time has 
been manipulated, confirming the global validity of the aggregates nature temperature 
dependence. 
 
Having clarified the aggregates formation processes in neat PCE11 films, Chapter 4 has shown, 
by using PCE11:PCBM as a model system, featuring a simple eutectic behaviour, how 
morphology predictions can be formulated on a thermodynamic base by constructing a 
temperature/composition diagram through calorimetry measurements. These are confirmed 
by the VPI-based visualisation technique. Controlling the blend composition, phase 
separation can be manipulated: films in the hypo-eutectic regime show the occurrence of 
primary PCBM crystals which the device’s analysis has confirmed to play a key role. Charge 
recombination has proved to reach a minimum for the PCE11:PCBM 55:45 blend composition 
for spin-coated device, while the components ratio moves to 45:55 for wire-bar coating ones. 
In this frame, not only the distribution but especially the crystallinity of both the PCBM 
domains and the eutectic phase rules the BHJs optoelectronic properties. This combination 
of visualisation techniques, thermodynamic predictions and TAS configures a BHJ “fast 
screening” approach that can be generally applicable to other relevant polymer/fullerene 
systems. 
Chapter 5 proves how depending on fullerenes capability to interact with the pBTTT side-
chains, different BHJ morphologies can be targeted. Mono-substituted fullerenes (PCBM and 
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ketolactam) “intercalate” among the side chains, forming in case of 1:1 blend composition a 
sole and comprehensive ordered intermixed phase. Conversely, double substituted fullerenes 
either show complete phase separation when not intercalated (bis-PCBM) or if partial 
intercalation occurs (ICBA), this features a three-phase morphology: a disordered intermixed 
phase with inclusions of neat polymer and fullerenes domains. Through TAS, an increase in 
geminate recombination is assigned to the intercalated systems, but also the the inter-
acceptor coupling strength is a key parameter. Recombination on longer time scales from 
trapped long-lived polarons characterise pBTTT:ICBA blend. 
 
Finally, in Chapter 6 a combination of spectroscopy and calorimetry analysis rationalise the 
structures of the pBTTT systems. The focus is on the structure dependence of the blend 
composition. It is proved that 60:40 pBTTT:PCBM and 50:50 pBTTT:ketolactam films feature 
a sole and comprehensive intermixed phase, while a 2-phases system with neat polymer and 
fullerene domains is assigned respectively to 60:40 pBTTT:ketolactam and 50:50 
pBTTT:PCBM. Besides, in non-intercalated systems, the fullerenes act as vitrifying agents and 
ICBA hinders the most the polymer crystallisation. Since the polymer’s mesophase transition 
is preserved upon blending, as predictable in case of complete phase separation 
(pBTTT:bisPCBM), the occurrence of a dominant polymer-rich phase in pBTTT:ICBA is proved. 
In this latter case, the three-phases morphology scenario suggested in Chapter 5 is here 
confirmed. 
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7.2 Outlook 

Disentangling effects of miscibility, processing and final device performance in BHJ blends is 
crucial for understanding the optoelectronics mechanisms that characterise OPV devices.  
Taking into account also the inevitable local microstructure variations, these are still lines that 
limit the development and application of plastic electronic over the well-established 
technologies based on crystalline films of inorganic semiconductors (Si, GaAs). 
However, the approach explored in this work with the combinations of thermodynamic 
predictions and visualisation techniques offers the opportunity to preliminary select BHJ 
blends and identify the optimum compositions. Besides, insights are provided to properly 
design new donor-acceptor (DA) polymers to better control the intermixed phase 
microstructure. 
 
Hence, a logic outcome of this work would be to exploit this analytical pathway for the 
assessment of the performance of the new synthesised blend components120,121. Exploring a 
large number of donor-to-acceptor combinations, the testing time can be highly reduced with 
the “fast screening” method, supporting the research towards the tuning of polymer’s 
chemical functionality and the manipulation of energy levels, as well as solubility and chains 
packing/aggregation41,122,123. 
 
In that regards, the study of the evolution of polymer’s aggregates from solution (Chapter 3) 
also enters the broader class of solidification and solution processing research37,40,48,49,124. 
Since planarization prior to non-aggregates/ aggregates transition is the key to control both 
aggregates fraction and their nature in the solid film, a further direction would be to develop 
a general computational model of the chain-to-chain interactions, for screening the current 
high efficiency polymers and in turn potentially assist the molecular engineering. Through a 
comparative analysis of aggregates evolution in different systems40, light can be shed on the 
rules of the self-assembly of the local microstructure. This latter’s relationship with the 
energetic disorder can be rationalised respect to the macroscopic properties and, hopefully, 
“predicted and controlled”. 
 
On the topic of self-assembly, solution processed BHJ have been historically introduced as a 
solid route to “purposely achieve a disordered blend of electron-acceptor”125. Whilst self-
assembly potentially allows the optimal configuration of components, it does not yet offer 
the required precise and most importantly “local” control of the species3,68,126. Indeed, if the 
principal product of BHJ processing, the intermixed phase, is commonly analysed to 
understand the structure-property relationship that rules exciton formation and charge 
recombination, it is also less frequently manipulated. The insights coming from this work 
suggest that the intermixed phase microstructure can be predicted on the basis of polymer- 
to-fullerene interactions and also controlled through processing parameters. Hence, 
exploring new donor-acceptor combinations and tuning the microstructure of the intermixed 
phase, guides to a greater understanding of how the morphology and the local arrangements 
affect the optoelectronic properties.  
 
Consequently, semiconducting polymers science and its application towards sustainable 
technologies, thus to a less Si-dependent devices production, has still a long future… 
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A. Figures Appendix 
 
 

 
Figure A.1 GIXD scattering patterns for a reference pBTTT film and the four 1:1 blends. The edge-on order of the 
pBTTT film, reflected in the distinct (l00) lamella diffraction series in the out of the surface plane scattering, and 
the p-p scattering in the surface plane (due to the triclinic lattice of pBTTT, the feature closest to the horizon is 
actually the (011)) is clearly apparent. The pBTTT in the Bis-PCBM blend clearly manifests the characteristics of 
pure, edge-on pBTTT. Similalry, both the PCBM and ketolactam exhibit scattering characteristic of an edge-on 
oriented polymer backbone, with a significantly expanded lamella d-spacing due to the intercalated fullerene, and 
distinct (001) scattering in the surface plane. 
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Figure A.2 In the surface plane scattering from a sector cut at 5° with 10° fullwidth. Prominent feature at »1.45 Å-
1 arises from the alkyl chains. Sharp feature at »1.73 Å-1 arise from the π-π stacking of the polymer chains with 
d»3.6 Å. The strong feature at »0.50 Å-1 is attributed to enhanced scattering along the chain direction due to 
intercalated fullerene, with d»12.4 Å. Note the absence of the feature in the Bis-PCBM film. The feature at 0.511 
Å-1 in the pBTTT reference film is the (200) feature, not the (001) feature in the PCBM, keto, and ICBA 1:1 blends. 
The lowest q feature is attributed to the lamella repeat (100) of the face-on population of crystals.  

 
 

Table A-1 Characteristic diffraction peak positions for pBTTT and 1:1 blends 
 

 Out-of-plane In-plane  
Q (Å-1) 100 200 300 100 001 alkyl π -π 
pBTTT 0.250 0.512 0.773 0.251  1.45 1.73 
pBTTT:Bis 1:1 0.246 0.506 0.786     
pBTTT:ICBA 1:1 0.217 0.477* 0.721* 0.207 0.504   
pBTTT:PCBM 1:1 0.193 0.400  0.193 0.505   
pBTTT:keto 1:1 0.178 0.380  0.178 0.499   

*Note that the 200 and 300 positions for ICBA are not multiples of the 100 
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Figure A.3 For a two phase system, the Porod invariant 𝑄 = ∫𝐼(𝑞)𝑞4𝑑𝑞~∆𝜌4𝜙;𝜙4 where Dr is the scattering 
contrast between the two phases and fI are the volume fractions of the two phases.5 Iq2 from the waveguide 
enhanced GISAXS for the bis-PCBM and ICBA 1:1 blends is shown. It is clear that scattering from the two systems 
is comparable. The sample length and film thickness corrected integrated scattering intensity (ISI, so noted to 
emphasize the finite extent of the q integral) for the two materials is summarized in table S#. Due to the similar 
composition and size, the scattering contrast between the two bis adducts and pBTTT should be similar. The 
comparable ISI for the two blends suggests that there cannot be a significant amount of ICBA in the pBTTT rich 
phase, as it would lower the phase contrast and thus the integrated scattering. 

 
 

Table A-2 I*q^2 presentation of the GISAXS of the 1:1 fullerene blends. 
 

 ISI (a.u.) 
pBTTT:Bis-PCBM 1:1 26±2.5 
pBTTT:ICBA 1:1 39±7 
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Figure A.4 PL spectra corrected for PLQY investigation for pBTTT:PCBM, pBTTT:ketolactam and pBTTT:ICBA 1:1 
blend ( left panel) showing almost complete quenching. Neat pBTTT and pBTTT:bisPCBM spectra are also displayed 
(right panel). The emission spectra are obtained by exciting at the wavelength of maximum absorption of pBTTT 
(540 nm, 2.3 eV), with the maximum pBTTT emission around 750 nm (1.65 eV). Determination of quantum yield 
in blends is challenging due to the very low PLQY of neat pBTTT (1%). 

 
 

 
 

Figure A.5 TA spectra at five selected timedelays of the neat pBTTT film upon 540 nm excitation. In the inset the 
amplitude spectra obtained from the global analysis are depicted. 
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Figure A.6 Cross section BSE HRSEM images of pBTTT (left), PCBM (middle) and ketolactam (right) films after 80 
cycles of VPI at 60°C. The bright contrast in the film represent areas rich in ZnO while the dark areas represent the 
organic phase. As such, ZnO cannot penetrate the fullerene domains, either crystalline or amorphous, while it 
homogeneously diffuses inside the polymer domains. In particular, due to the poor diffusion of ZnO precursors 
inside the fullerene film, a layer of ZnO is deposited on top of it (visible as a white crust). Scale bar is 100nm for all 
the micrographs. 

 
 
 
 

Table A-3 Melting ↑ and crystallisation ↓ temperature for selected pBTTT blends as from first heating and cooling 
thermograms. The respective enthalpy of fusion and crystallisation are reported for each transition.   

T1↑ 

°C 

T2↑ 

°C 

T1↓ 

°C 

Enthalpy of 
fusion ∆Hf (J/g) 

Enthalpy of 
cryst. ∆Hc (J/g) 

   
T1↑ T2↑ T1↓ 

pBTTT 240 / 215 12.7 / 10 

pBTTT:PCBM 50:50 247 282 190 11.2 2.6 11.6 

pBTTT:ketolactam 50:50 256 / 175 8.9 / 7.3 

pBTTT:PCBM 60:40 248 / 191 25.3 / 25 

pBTTT:ketolactam 60:40 257 / 180 13.2 / 10 

 
 

100 nm
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Figure A.7 IR absorbance of PCBM, pBTTT:PCBM 50:50 and 20:80 (top panel) from as cast and annealed film ( 
annealing temperatures are indicated) . IR absorbance of ketolactam, pBTTT:ketolactam 50:50 and 20:80 (bottom 
panel) from as cast and annealed film ( annealing temperatures are indicated) 
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Figure A.8 Differential scanning calorimetry first heating thermograms of pBTTT:bisPCBM (left) and pBTTT:ICBA 
(right) binary blends, performed at 20°C/min scan rate in N2 atmosphere on films drop-cast at 40°C. For 
pBTTT:ICBA the grey thermograms are magnified by a factor of 10, due to the strong endotherm peak , attributable 
to ICBA . To highlight the features, the thermograms (red dotted lines) are magnified by a factor 5 (left panel) and 
10 (right panel). 

 

 
Figure A.9 Cross section BSE HRSEM images of PCE11 (left) and PCBM (right) after 80 cycles of VPI at 60°C. The 
bright contrast in the film represents areas rich in ZnO while the dark areas represent the organic phase. As such, 
ZnO cannot penetrate the fullerene domains, either crystalline or amorphous, while it homogeneously diffuses 
inside the polymer domains. In particular, due to the poor diffusion of ZnO precursors inside the fullerene film, a 
layer of ZnO is deposited on top of it (visible as a white crust). Scale bar is 100nm for all the micrographs. 

 
 

200 nm
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