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Summary 

 

Nowadays, all the semiconductor industry is governed by the silicon technology. 

The increasing of the energy consumption and the use of electronic devices force to 

develop and found new materials with less energy consumption, less harmful and new 

properties. In the last decades the organic semiconductors (OSC), including 

semiconducting polymers, appear as a new, promising alternative. Flexible and 

transparent devices can be developed with these new materials. The scalability and the 

easy process from solutions compared to molecular beam epitaxy (MBE) or atomic layer 

deposition (ALD) used for the common semiconductor devices make the most important 

difference and make the OSC as a new promising technology. However, organic 

electronic technologies are still at their initial steps and the community is still focused on 

understanding these important materials. 

 

This thesis presents 3 timely studies on materials science aspects of polymeric 

semiconductors. The idea is to understand and control the morphology of the 

polymers to improve and tune their optoelectronic properties. 

 

The first chapter (chapter 3) deals with the study of the active layer of an organic 

solar cell. The glass transition of the bulk heterojunction is studied to determine the 

composition of the intermix phase on the active layer. 

 

The second chapter (chapter 4) is focused on the study of the solid-state 

microstructure of the high-mobility polymer IDTBT, which has been claimed to be “nearly 

amorphous” polymer and thus confronts the general idea that good electrical properties 

stem from high crystallinity. 

 

In the third experimental chapter (chapter 5) I stablish that, like crystalline regions, 

glassy regions can be also manipulated to optoelectronic properties in semiconducting 

polymers.
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Resumen 

 

Hoy en día, la industria de los semiconductores se rige por la tecnología del silicio. 

El aumento del consumo energético y del uso de dispositivos electrónicos obliga a 

desarrollar y encontrar nuevos materiales con menor consumo energético, menos 

nocivos y con nuevas propiedades. En las últimas décadas, los semiconductores 

orgánicos (OSC), incluidos los polímeros semiconductores, aparecen como una nueva 

y prometedora alternativa. Con estos nuevos materiales se pueden desarrollar 

dispositivos flexibles y transparentes. La escalabilidad y la facilidad del proceso a partir 

de soluciones en comparación con la epitaxia de haces moleculares (MBE) o la 

deposición de capas atómicas (ALD) utilizadas para los dispositivos semiconductores 

comunes marcan la diferencia más importante y convierten a los OSC en una nueva 

tecnología prometedora. Sin embargo, las tecnologías electrónicas orgánicas se 

encuentran todavía en sus pasos iniciales y la comunidad sigue centrada en la 

comprensión de estos prometedores materiales. 

 

Esta tesis presenta 3 estudios puntuales sobre aspectos de ciencia de materiales 

de semiconductores poliméricos. La idea es comprender y controlar la morfología 

de los polímeros para mejorar y sintonizar sus propiedades optoelectrónicas. 

 

El primer capítulo (capítulo 3) aborda el estudio de la capa activa de una célula 

solar orgánica. Se estudia la transición vítrea de la heterounión para determinar la 

composición de la fase de entremezclada en la capa activa. 

 

El segundo capítulo (capítulo 4)  se centra en el estudio de la microestructura en 

estado sólido del polímero de alta movilidad IDTBT, del que se ha afirmado que es un 

polímero "casi amorfo" y que, por tanto, se enfrenta a la idea general de que las buenas 

propiedades eléctricas se derivan de una alta cristalinidad. 

 



 

En el tercer capítulo experimental (capítulo 5) establezco que, al igual que las 

regiones cristalinas, las regiones vítreas también pueden manipularse para obtener 

propiedades optoelectrónicas en polímeros semiconductores. 
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1)  Introduction 

 

A semiconductor is a material that is capable of acting as a conductor or insulator 

depending on the external stimuli. Normally the temperature, pressure, radiation, 

magnetic or electric field are the most common factors that change the semiconductor 

properties1. This type of materials is very interesting to use as detectors, sensors or 

amplifiers because their electrical conductivity can be tune changing, controlling or 

knowing the environment where is the device and vice versa.  

 

Semiconducting materials revolutionized the electronic technology obtaining 

smaller devices (switchers and amplifiers) than with thermionic valves. The latter relies 

on the flow of electrons from a heated cathode to a positively charged anode in a 

vacuum-sealed glass tube. In contrast, semiconductors rely on the properties of 

materials like silicon and germanium to control the flow of electrons and can be much 

smaller2. 

 

The most common and well-studied semiconductor is the silicon (Si). The 

abundance of this material, together with its intrinsically good semiconductor properties 

are the reasons why silicon dominates the industry. Further widely used semiconducting 

materials are among others: germanium (Ge), sulfur (S), selenium (Se), gallium arsenide 

(GaAs), etc3. Semiconductors are divided in two types: intrinsic materials which possess 

inherent semiconductor properties and extrinsic ones which need to be doped with other 

atoms to obtain semiconductor properties. Doped semiconductors can be either N-type 

or P-type depending on whether the free charges are electrons (e.g. with boron (B), 

indium (I) and gallium (Ga) as dopants) or holes (e.g. with phosphorous (P), arsenic (As) 

and antimony (Sb) as dopants)1.Combining N- and P-type semiconductors (e.g the 

invention of the p-n junction) the humanity has been able to create a wide range of 

electronic devices including diodes, transistors, sensors, solar cells, etc.  

 

Nevertheless, the above inorganic semiconductors have shown some 

disadvantages. The most significant one is the complexity of fabrication because they 

need very expensive techniques such as molecular beam epitaxy (MBE), atomic layer 
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deposition (ALD), etc. These techniques require a high technology level like high vacuum 

or high intensity. Moreover, the classic semiconductors have not too much flexibility and 

ductility so they are not able to use for example in flexible devices. 

 

Currently, the growth of the semiconductor industry is exponentially growing. The 

size of the transistors evolved from centimeters to nanometers in few decades. Moore 

developed a theory stating that the size of the transistors in an integrated circuit will be 

doubled every two years4. Nowadays, experts predicted that in this decade the physical 

limit to decrease the size of devices is almost reached due to the physical challenges 

associated with miniaturization. 

 

 

Figure 1 Milestones of the optoelectronic industry. 

 

The first scientific publication on organic semiconductor materials dates from 1954, 

in which the electrical conductivity of organic polysulfones was described5. In the 70s, 

the first semiconducting polymer, i.e. doped polyacetylene (PA), was reported by Chiang 

et al. These development rises the possibility to break the barrier of the classical 

semiconductors and obtain better mechanical properties, non hazardous and 

biocompatible devices that allow to link the electronic world and biology , i.e. 
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bioelectronics67. During the 80s and 90s, different types of organic semiconductors were 

developed as small molecules or polymers.  

 

The common and most used commodity polymers are insulators. These include. 

e.g. polyethylene (PE), polyethylene terephthalate (PET), acrylonitrile butadiene styrene 

(ABS), etc. These families are composed of repeating units connected by single covalent 

bonds. These sp3 hybridization are strong, non-polar, and have low electron mobility. As 

a result, commodity polymers have limited electrical conductivity and are mainly used as 

insulators, films or for mechanical purposes8.  

 

If the polymers have aromatic rings or double bonds, a sp2 hybridization occurs. 

With this configuration, the electron that is not linked with the adjacent atom is forming a 

π-bond instead of a σ-bond. The electrons that are in the π-bond are weaker and 

delocalized so the electrons can move more freely. If this explanation is moved to the 

electronic band structure, in the insulator polymers, the space between the valence band 

or highest occupied molecular orbital (HOMO) and the conduction band or lowest 

unoccupied molecular orbital (LUMO) is large so the electrons cannot climb to the 

conduction band to move freely9. In the case of conductor polymers, that space does not 

exist so the electron can move at will. Finally, in the case of the semiconducting polymers 

that space, named bandgap, is less so, applying some energy to the system the material 

can conduct the electricity10. 
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Figure 2 a) Hybridization sp2 of the orbitals, b) Link between two sp2 orbitals and c) Chemical structure of 

the polyacetylene. 

 

 As described above, semiconducting organic molecules or conjugated polymers 

owe their optoelectronic and magnetic properties to the sp2 bonds but also to the 

conjugation. Conjugation is the delocalization of multiple π-bonds that form larger and 

more stabilized molecular orbitals. It is achieved by alternating single and double bonds 

along the backbone. The orbital p that is not linked can either be in-phase or out-of-

phase with neighboring orbitals, forming bonding (π) and antibonding (π*) interactions 

respectively. The planarity of the conjugated molecule is important to maximize the 

orbital interactions1112. The bandgap of these materials is usually in the range of visible 

light. This means the material can be excited optically offering new solutions in the field 

of optical sensors or photovoltaic applications13.  

 

Doping in these polymeric materials refers to chemical oxidation in the case of the 

p-type polymers and reduction in the case of the n-type. When the p-type polymers are 

excited the Fermi level is displaced to the valence band so electrons move to lower level 

of the bandgap and the transport of the charge occurs in the valence band (the positive 

hole that the electron left can move). If the material is n-type occurs otherwise and the 
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electron (negative charge) can move through the conduction band14. This process is the 

same as the exciton pair electron-hole in the classic semiconductors15. 

 

One molecule is not enough for the charge transport so some π-orbitals have to 

be overlapped with their contiguous to have a continuous path for the conductivity. 

Intrinsically, the materials with π-bonds try to heap them with the π-bonds of other chains 

to stabilize all the system so all these conjugated polymers have π-π stacking that also 

contributes to enhance the carrier mobility16. 

 

The traditional conjugated polymers have poor stability, which limits their efficiency 

and performance so, to overcome this issue, push-pull polymers were developed. This 

new family of conjugated polymers has two parts integrated in the same molecule. It has 

a donor and an acceptor part balancing the electron distribution and enhancing its 

stability. Also, this results in efficient charge separation and improved electrical 

conductivity. 

 

 

Figure 3 Indacenodithiophene-co-benzothiadiazole (IDT-BT) push-pull polymer. In green the donor part 

and in gray the acceptor part. 

 

Keeping this in mind, the mobility of the electrons on the conjugated polymers not 

only depends on the formulation of the polymer. It depends also on the orientation of the 

backbone and the side chains, the planarity, the packing, the distribution… In other 

words, the microstructure.  

 

There are several advantages of conjugated polymers with respect to inorganic 

materials. The fabrication of the devices is cheaper because they do not need complex 
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techniques like MBE. This is related to the easy and low-cost techniques to deposit the 

polymers like spin coating or blade coating and the facility to scale these techniques. 

Polymeric ones have, also, less fragility and more flexibility. This gives the option to 

develop curved displays or flexible microprocessors17. They are transparent or 

translucent so there is a possibility to develop transparent solar cells for windows for 

example. And one of the most promising advantages is the biocompatibility of the 

conjugated polymers to expand the devices to medicine and biological research due to 

the interaction with the environment which was previously unavailable7. With organic 

polymers actually, there are devices like transistors, diodes, integrated circuits, memory 

devices, solar cells, sensors and screens and displays based on them. 

 

To understand properly how the optoelectronic properties vary in a semiconductor 

polymer is essential to study their microstructure. On the solid state, matter could have 

some microstructures depending on the order of their atoms. In the case of polymers, it 

depends on the order and conformation of the chains. If a material has a disordered 

molecular structure where the polymer chains are randomly arranged, it is referred to as 

amorphous. This microstructure has singular qualities as transparency or flexibility 

between others. 

 

If the polymer was completely ordered, with the same periodicity between their 

atoms it would be a crystalline material. It is impossible in polymers to obtain a 100% of 

crystallinity so the polymers that crystallize are denominated semicrystalline. If the 

material has some degree of order but not enough to call it crystals (it could be crystals 

with a lot of defects) they are named paracrystalline polymers. They are characterized 

by the presence of a lot of structural defects that give them localized random domains 

with different structural properties but a certain periodicity in the system18. Between both 

models of organization of the polymer chains there are other one. The semi-

paracrystalline model shows some degree of long-range order and regularity like the 

paracrystals but with a more limited degree of structural order. It has the dense 

arrangement of very small paracrystallites coexisting with more disordered sites in an 

amorphous matrix19. This opens the field to more flexible and adaptable devices than 

semicrystalline materials. Also, the last year, our group developed a new theory of the 

possible structuration of the polymers. The semi-para-cristallinity19. 
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The last microstructure is the liquid crystal. This is a distinct phase in the liquid 

state that exhibits properties of liquids and crystalline solids. It has an intermediate state 

between solid and liquid, where their molecular structure aligns to some degree while 

still retaining fluid-like behavior. Liquid crystal polymers possess chains that can order 

themselves into a partially crystalline arrangement under certain conditions. This state is 

characterized by their anisotropic nature, meaning that their properties can vary 

depending on the direction. These polymers can exhibit different degrees of molecular 

alignment or orientation, which can be influenced by external factors. 

  

Focusing on the transition between the states of solid matter, polymers have 

certain temperature named glass transition temperature or Tg. If the polymer is above 

this temperature, it can move and if the polymer is below Tg is freeze the system. This 

parameter is very important because the material experiences huge changes in the free 

volume, density, specific heat, mechanical properties, etc. 

 

 

Figure 4 Scheme of the polymer thermal transitions. 
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There are four transition temperatures. The Tg that was explained before, the 

crystallization temperature (Tc), liquid crystal-liquid transition and the melting 

temperature (Tm). The crystallization temperature is the point when the polymer chains 

move from a disordered state to an ordered state. When the system equalizes and goes 

above Tc, the free energy of the polymer system is minimized and the polymer chains 

begin to arrange themselves into an ordered structure. This crystals are composed by a 

repeating, long-range structure and are a function of the polymer's chemical composition, 

molecular weight, and processing conditions2021. The melting temperature is the point 

when the polymer goes from solid to liquid state. At this temperature, the system takes 

enough energy (heat) to surpass the intermolecular forces that maintain the crystals 

linked. The last temperature, less knowledgeable and it has only a few polymers have it 

is the liquid crystal-liquid transition (LCST). The LCST is the temperature at which the 

polymer changes from liquid crystal to isotropic liquid. This is an important transition 

talking about processing due to its special mechanical properties being a viscoelastic 

liquid in a range of temperatures. The state of matter named liquid crystal has properties 

between liquids and solids. Is a partially ordered liquid with long-range arrangement who 

got it anisotropic properties like birefringence, polarizability or dichroism22. 

 

 

Figure 5 Classic solid-state structural models for polymers. 

 

The classical theory of conjugated polymers said as many crystals, as much 

conductivity. This is because, normally, the defects and lattice disorder affect as traps 

reducing the conductivity23. For this reason, the theory of the conductivity in 

semicrystalline or paracrystalline polymers is through ordered domains interconnected. 

The most common “links” between ordered regions are the aggregates and the tie 

chains. Aggregates are clumpings of polymer chains with some order and tie chains are 
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flexible chains that connect crystals or ordered regions in a polymer network acting as 

wires through which electricity is conducted. 

 

Therefore, the high mobilities in polymers are not dependent only on the 

crystallinity. They have many complex structures (some of them even considered 

amorphous) well connected that conduct electricity. 

 

The charge transport always increases the temperature of the system like the Joule 

effect in the conductor materials. Due to this, optoelectronic devices based on polymers 

have to have high thermal stability. To be sure that the material will not change its 

structure and properties high Tg and Tm values are preferred. On the other hand, low Tg 

and Tm confers to the system more flexibility so there has to be a balance. 

 

This work is focused on how control the optoelectronic properties in sundry 

promising devices for applications in transistors solar cells and sensors. 

 

In summary, conjugated polymers are promising materials for advanced 

applications, such as flexible electronics and bioelectronics. To get the most out of 

conjugated polymers is necessary to understand, control and know how to tune their 

structure. Normally, classical studies are focusing on understanding the crystallinity but, 

nowadays, the vitreous phase is taking more importance. Knowing and switching the 

vitreous phase the optoelectronic properties also could change significantly.   
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2)  Materials and Methods 

2.1)  Materials 

 

The materials and solvents used are divided in three sections according to the 

chapters of the thesis. 

 

2.1.1)  IDTBTs 

 

Developed at the Imperial  ollege by Martin  eeney’s group. Two different 

molecular weights of (indacenodithiophene-co-benzothiadiazole (IDTBT) were studied 

with Mn 121.4 kDa, Mw 321.6 kDa, PDI 2.57 and Mn 65 kDa, PDI 2.42.  

 

2.1.2)  PFO 

 

Poly(9,9-di-n-octylfluorenyl-2,7-diyl) also named F8 or PFO. 

Only one PFO synthesized at the Imperial College by Wenmin Xu with 20.68 kDa 

of molecular number, 33.56 kDa of molecular weight an polydispersity index of 1.62. 

 

2.1.3)  PBDBT- l and ITI -Th1 

 

The small molecule 3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6-difluoro)-

indanone))-5,5,11,11-tetrakis(5-hexylthienyl)-dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-

b:5,6-b’]dithiophene or ITI -Th1 purchased from Derthon Optoelectronic Materials 

Science Technology Co. Ltd. 
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The donor poly[(4,4’-bis(2-butyloctoxycarbonyl-[2,2’-bit-hiophene]-5,5-diyl)-alt-(3-

chloro-2,2’-bi-thio-phene-5,5’-diyl)] or PDCBT- l were synthesized on Geng’s group 

according to their previous report24. 

 

2.2)   haracterization Methods 

 

To study the physical and structural properties are required two principal 

techniques. They are used to uncover the relations between the structure, the 

morphology and their electronic and optoelectronic properties. The most important 

technique to study the amorphous part of the polymers is the Flash DSC or Fast 

Scanning Calorimetry (FSC) and the technique to study the order of the polymer chains 

is, in-situ and ex-situ, the Grazing Incidence Wide Angle X-ray Scattering (GIWAXS).  

Moreover, Grazing Incidence Small Angle X-ray Scattering (GISAXS), temperature-

resolved Polarized Light Optical Microscopy and Spectroscopy (PLOM-S), Atomic Force 

Microscopy (AFM) and were used to support and understand better the morphology of 

the semiconductor polymers.   

 

To see if the physical properties change the electronic and optoelectronic 

properties spectroscopic techniques (absorption, photoluminescence, Raman) and 

charge mobility measurements in organic field effect transistors were utilized. 

 

2.2.1)  Fast Scanning  alorimetry (FS ) 

 

The idea of the FSC appeared when the users of the conventional DSC tried to 

increase the scan rates. The first approximation was reducing the sample obtaining rates 

of 200-750 °C/min. Thanks to the Micro-Electro-Mechanical Systems (MEMS) 

technology (developed in the 90s) could be possible to create the Flash DSC sensor 

chips obtaining heating and cooling rates of more than 10000 K/s25. 

 

The FSC used in this work is a Mettler Toledo Flash DSC 1 fast scanning 

calorimeter based on a power compensation twin-type chip. It has attached a Huber 

TC100MT intracooler to reach temperatures of -100 Celsius. It has also a magnifying 
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glass to locate properly the sample and a continuous nitrogen purge flow of ≈ 20 mg/ml. 

The part where a substantial change has been achieved thanks to the technology is the 

sensor. MultiSTAR UFS1 (24 × 24 × 0.6 mm3) MEMS chip sensors. It is composed by 

two identical quadratic silicon-nitride/oxide membranes (1.7 x 1.7 mm), 2 µm of thickness 

mounted on a 300 µm thick silicon frame. All of this technology is supported in a ceramic 

plate. Each membrane acts as a small furnace being the chip as a miniature DSC. The 

membranes are connected with the FSC by small paths in the ceramic plate and small 

wires between the ceramic plate and the silicon frame. 

 

Figure 6 Size of the Flash DSC chip parts.26 

 

The chip can be extracted from the FSC so the sample can be prepared with many 

different techniques. The sensor is very stable so it can be placed in liquids, autoclaves, 

furnaces, and so on. One important difference with other techniques is that it is possible 

to grow thin films in the chip. With this advance, it is possible to study exactly the thermal 

changes that occur in organic solar cells, transistors, sensor devices, etc. A second 

important difference is that cooling at very high velocity rates, overcoming the 

crystallization rates, vitrified materials can be obtained to study metastable phases and 

study isothermal crystallization with annealings from very short times (0.01 s) to simulate 

processes as injection molding. Another important difference is that, heating very fast 

the material, it is possible to go to very high temperatures avoiding the degradation of 

the material so, the melting of the material can be studied if it is overlapped with the 

degradation of itself, for example. The range of temperatures for this technique is -90 to 

450 Celsius, enough to study polymers. 
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This technique is complementary with the conventional DSC due to there are a 

range of cooling and heating rates where they are overlapped.  

 

2.2.1.1)  Protocols 

 

The most common experiments of FS  are the isothermal “annealings”. These 

experiments are used to study kinetics. In this case, three thermal protocols are used to 

elucidate the thermal properties of the materials. The so-called isothermal “annealings” 

to evaluate the nature of the peak27. The isochronous thermal protocol to identify the 

different thermal transitions in a wide range of temperatures. And the modulated DSC to 

avoid irreversible processes such as crystallization or study the behavior of the vitreous 

phase. 

 

The word annealing is not well used always in a good way, the term annealing is 

correct only when the temperature constant step is up to the Tg of the polymer. If the 

isothermal step is at lower temperatures, is an ageing. 

 

Before, the chip is heated and cooled it very times to remove the thermal stresses 

of the membranes and corrected with a baseline. Then, the sample is deposited on the 

chip, the range of temperatures to work is located and the heating and cooling rates 

optimized. With higher rates it is able to see smaller samples and more clear results but 

the sample could have thermal lag so the measurement is not correct. With less velocity 

rates, the thermal lag is deleted but the sensitivity of the FSC decrease (lower signal). 

When the optimization is finished, the thermal protocols can be made. Depending on 

what you are looking for, one protocol or another is selected. 

 

2.2.1.1.1)  Isothermal “annealing” 

 

It consists on bring the sample to a high temperature to delete the thermal history 

and obtain the most isotropic material. This temperature has to be above the melting 

point to certify the isotropicity of the material. Then, the material is cooled at a given 

cooling rate (β)25 to a certain temperature Ta (annealing/ageing step), below the Tg to 

freeze the material in a specific thermodynamic state2829. Then, the material is cooled 
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down to -80 or -90 Celsius (the minimum temperature is reached by the FSC) and 

immediately heated up to the higher temperature. Finally, the material is cooled with the 

same cooling rate and it is made another heating ramp to use it as a reference (heating 

without the isothermal step). 

 

Figure 7 FSC protocol with Ta (annealing temperature) and ta (annealing time). 

 

The aforementioned overshoot can be explained with the own definition of the Tg. 

The glass transition temperature (Tg) is defined as the temperature (or range of 

temperatures) where the glassy phase undergoes a change between an immobilized 

state (out-of-equilibrium glass) to a molecular mobility state.30 In the case of calorimetry, 

if the material in the immobilized state evolves through a less energy level (reducing its 

enthalpy) an endothermic overshoot can be seen at temperatures close to the Tg. This 

process is called physical ageing. In conclusion, the glass transition temperature and the 

metastable equilibrium of an order glassy phase below that temperature can be studied 

by researching the endothermic overshoots formed by ageings below Tg. 
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Figure 8 Temperature dependence of the enthalpy for a typical glass former cooled down at a given 

cooling rate β. 

 

 

Figure 9 Effect of an ageing in a DSC experiment. In green the sample aged and in grey the sample 

unaged. 

 

When the annealing time is changed (at the same temperature all de annealings), 

studying the evolution of the endothermic overshoot, the kinetics of crystallization and 

ordering can be studied to know if the peak is due to the glassy phase, nucleation or 
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growth of crystals. The total area of the endothermic overshoots are fitted with a 

sigmoidal-like law (e.g. Kohlrausch-Williams-Watts, Avrami, etc.). The parameter in 

which we are interested is β, the Avrami exponent. 

∆𝐻 = 𝑒(𝑘𝑡)𝛽
 

Equation 1 Kohlrausch-Williams-Watts or Avrami-like law. 

 

Where ΔH the maximum enthalpy value measured in the experiments, k is a 

constant associated with the rate of the advance of the the calorimetric process, t is time 

and β, is a parameter related with how the advance of the process depends on 

temperature and it is typically referred to as the Avrami constant. 

 

2.2.1.1.2)  Isochronous “annealing” 

 

 Developed by Cangialosi et all, it is used to identify the Tg of the samples by FSC.31 

The same protocol as in the isothermal Figure 7 is used but, instead of varying the time 

of annealing, is varying the temperature of the annealings. In this way, when the 

temperature is below the Tg, in the isotherm the vitreous phase is ordered (every time 

the materials try to reach the low energy state) that is translating into an endothermic 

overshoot in the heating curves of the DSC. The point when the overshoot becomes 0 

can be extrapolated when some measurements are made increasing the annealing 

temperature. At this point, the vitreous phase cannot evolve. Therefore, this means that 

we have reached the early part of the Tg region called Tg onset32. 

 

The evolution of the crystalline phase above Tg can also be studied with this 

method. 

 

2.2.1.1.3)  Modulated DSC 

 

The idea of this protocol is, instead of using a linear heating ramp, to use a periodic 

temperature modulation (step response or sinusoidal usually) of a certain amplitude and 

frequency. 
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Thanks to this protocol, we can separate processes due to reversible Cp and 

irreversible Cp. In this way, for example, cold crystallization processes and reversible 

processes such as the glass transition can be separated. 

 

Figure 10 Schematic scheme of one pseudo-wave of the modulated DSC. 

 

This protocol in FSC consists in a pseudo wave that simulates an harmonic heating 

protocol. One heating ramp of two degrees, a small isotherm, one cooling ramp of 1 

degree and another isotherm with the same time of the previous one. Repeating this four 

steps x cycles a modulated DSC is obtained with a step of 1 degree33. The maximum 

velocity of the equipment for the data acquisition with this small heating and cooling 

ramps is 1000 K/s. Changing the time of the isothermal steps we are able to change the 

modulated frequencies (typically between 1 and 20 Hz). It is necessary to use the Fourier 

transform to treat the data and separate the Cp reversible from the non reversible34. 

 

2.3)  X-ray techniques with synchrotron radiation 

 

A synchrotron is a light source emitted by electrons moving very fast (almost light 

speed) inside a ring. The spectrum of synchrotron light reaches from the far infrared to 

near γ-rays. The radiation is emitted tangentially and forward from the particle orbit due 

to the nature of the relativistic particles. The angle of the collimated light corresponds to 

1/γ where γ is the Lorentz correction factor for the particle relativistic motion:                          

γ = (1 − β2)−0.5, where β = v/c and v is the electron velocity and c the speed of light in 

vacuum. The wavelengths obtained from the synchrotron radiations include from the far 
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infrared to near γ-rays.3536 We leverage the hard X-rays of this light thanks to the 

monochromators. 

 

Due to the wave-particle duality, the electrons can be considered “wave packages” 

and, therefore, particles named photons in the case of the light. Also, they can have all 

the wave properties such as diffraction, reflection, etc. 37 This is because they can be 

considered “matter waves” with their own wave function so knowing the mass and the 

velocity, the wavelength can be known thanks to the de Broglie equation λ=h/mv where 

lambda is the wavelength, h is the Plank’s constant, m is the mass of the particle and v 

the velocity.38   

 

The synchrotron has 5 differentiate parts. The electron generator or “Electron gun” 

where the electrons are generated by heating a metal up to 1000 Celsius (tungsten with 

barium oxide normally), a linear accelerator (Linac) where the electrons were accelerated 

up to 100 MeV using radio frequency cavities. Then, the electrons accelerated up to 3 

GeV in a booster ring with electromagnetic fields. Finally, the electrons are delivered into 

the storage ring. Maintaining under vacuum to minimize the scattering of air, it keeps the 

electrons spinning until the extraction of them tangent to the ring in the beamlines with 

the help of magnets. Then, in the beamline, they are used some slits, mirrors and 

monochromators to obtain the desired wavelength.3940 

 



24 
 

 

Figure 11 Synchrotron graph. a) Electron gun b) Linac c) Booster ring d) Storage ring e) Beamline. 

 

The synchrotron radiation light source is used because the intensity is higher than 

in the conventional X-Ray tubes and the light is very polarized and collimated. 

 

2.3.1)  Grazing incidence wide-angle and small-angle X-ray 

scattering (GIWAXS and GISAXS) 

 

X-Ray techniques are good to study the structural and morphological aspects of 

the semiconductor polymers in a broad range. In our case, the maximum range we use 

is between 0.006 and 25 nm-1 approximately. All the distance data are expressed in 

scattering vector, momentum transfer or wavevector transfer scattering vector, 

momentum transfer or wavevector transfer (q) which is inversely proportional to the real 

distance (d).  

 

Moreover, the Bragg law41 relates the distance between adjacent periodic planes 

(d), the wavelength (λ) and the angle between the scattered wave and the incident wave 

(𝜃). If this law is fulfilled, the periodic distances of the material can be studied.  

 

a) 

b) 

c) d) 

e) 
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𝑞 =
2𝜋

𝑑
                   𝑛𝜆 = 2𝑑 sin 𝜃 

Equation 2 a) q-d relationship and b) Bragg's law. 

 

In the specific case of GISAXS and GIWAXS, instead of knowing the interplanar 

distances, the shape, texture and orientation can also be shown. 

 

Figure 12 GIWAXS and GISAXS geometries. 

 

The detector where the intensity values of the scattering are collected is planar so 

it is necessary to make some corrections in GIWAXS. In the case of GISAXS, the 

detector is very far from the source so it is considered that the image in the detector is 

veracious. The scattering of the sample is isotropic (vectorially speaking) so, having a 

planar detector, the distances in the planar detector are not the real value of q. A 

spherical detector is needed to obtain the real distances in the reciprocal space to have 

all the detectors equidistant to the detector. With the planar detector, the Ewald sphere 

correction is used4243 as you can observe in Figure 13. 
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Figure 13 Ewald sphere correction scheme. 

 

Moreover, as much ordered the material (more perfect is the periodicity), the peak 

observed in the detector is sharper. Knowing the width at the halfway up the peak 

(FWHM or full width half maximum) and the position in the q range, can be determined 

the coherent length (Lc) thanks to the Scherrer equation (Equation 3)44 where k is the 

shape factor (between 0.9 and 1)45 and Δq is the FW M. 

𝐿𝑐 =
2𝜋𝐾

∆𝑞
 

Equation 3 Scherrer equation. 

 

This parameter is directly related with the paracrystalline parameter (g). With this 

parameter is measure de statistical fluctuation of individual lattice spacings45. For highly 

disordered systems, the g parameter can be extracted from the width of the first order 

diffraction peak19 only if the peak is entirely described by cumulative disorder and if 

paracrystallinity is more significant than lattice parameter fluctuation46. If these two 

conditions are fulfilled  

𝑔 = √
∆𝑞

2𝜋𝑞
 

Equation 4 g parameter equation. 
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where Δq is the FWHM and q is the maximum peak position. The g parameter can 

oscillate a lot between 0.01 (1%) and more than 0.20 (2%) using as scale-based material 

the a-SiO2. Ig g > 1% the material is highly crystalline, if 1% < g < 10% the material has 

imperfect crystals and/or mesophases and, if g < 10% the material is amorphous30. 

 

For GIWAXS the incidence angle used was 0.12º (little below the Si angle) but the 

measurements were carried with 4 different angles between 0.08 and 0.2 to obtain the 

best data. 3 different types of integrations were carried out. Complete (in the whole 

directions), in-plane taking the 45 degrees below to see the order in the chains that are 

parallel to the substrate and out of plane to study the perpendicular substrate direction 

planes. The temperature experiments were conducted in a Linkam® in a N2 atmosphere. 

All the experiments were performed at the BL11 NCDSWEET beamline at ALBA 

Synchrotron Radiation Facility (Spain). The incident X-ray beam energy was set to 12.4 

eV using a channel cut Si (1 1 1) monochromator. A Rayonix® LX255- HS area detector 

was used. The setup was calibrated using Cr2O3 as reference. 

 

Figure 14 GIWAXS pattern and scheme of a) Low disorder out of plane, b) Totally disorder, c) Out of plane 

and d) In plane. 

 

For GISAXS the horizontal integration was used at the Yoneda peak to obtain the 

maximum range of intensity. The experiments were developed at Alba and Elettra 

a) b) 

c) d) 
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synchrotrons. In both cases the calibration sample was AgBH (Silver Behenate) and the 

detectors were the Pilatus 1M detector from Dectris®4748. For the temperature 

experiments a Linkam® in a N2 atmosphere was used at Alba and an Anton Paar model 

DHS1100 was used at Elettra48. 

 

2.3.2)  NEXAFS 

 

Understanding the molecular arrangement and orientation of polymer chains is 

pivotal in tailoring the properties of advanced materials. In this pursuit, Near Edge X-ray 

Absorption Fine Structure (NEXAFS) spectroscopy was employed as a powerful tool to 

elucidate the intricate details of polymer electronic structures. The unique advantage of 

utilizing synchrotron radiation as the X-ray source further enhances the precision and 

sensitivity of NEXAFS, offering unprecedented insights into the orientation of polymer 

chains. 

 

NEXAFS is based on the principle that X-rays incident on a sample can be 

absorbed by core-level electrons, causing them to transition to unoccupied states. Near 

the absorption edges of specific elements, such as carbon or nitrogen, the absorption 

spectrum exhibits fine structures that are sensitive to the local electronic and molecular 

environment. The orientation of polymer chains can be inferred by exploiting the 

polarization dependence of NEXAFS. The absorption cross-section is sensitive to the 

orientation of the absorbing molecule with respect to the polarization vector of the 

incident X-rays. 

 

Analysis of the NEXAFS spectra involves comparing the intensities and shapes of 

spectral features for different polarization directions. This information can be used to 

deduce the average orientation of the polymer chains in the sample. 
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2.4)  AFM 

 

Atomic Force Microscopy is a very versatile technique. It is composed mainly by a 

cantilever that has at the end a very small tip that is in contact with the sample. At the 

top of the cantilever a laser is focus. Controlling the movement and the optical 

characteristics of the reflection of the laser (with a photodiode) the topography can be 

seen transforming the light changes in a voltage oscillation and this in height contrast49. 

 

The equipment can be operated under a lot of modes: contact mode, non-contact 

mode, tapping mode, etc.  

 

The best mode for soft materials, more concrete polymers, is the tapping mode 

because the cantilever could have higher mechanical properties than the sample so the 

material to be measured can be dragged by the tip (lateral forces are practically 

eliminated)50. Also, the material is less damaged than in contact mode due to the less 

contact with the tip. In tapping mode, an oscillation (close to its resonant frequency) in 

the cantilever is induced. The information is collected through the amplitude of the 

cantilever. If the surface of the sample is not flat, the oscillation (amplitude and 

frequency) of the cantilever will change concerning the original oscillation resulting in 

lighter areas and darker areas. For that reason, the topographic picture (3D) of the 

sample is mapped line by line51. 

 

3 different picture sizes were carried out. 1x1 microns, 3x3 microns and 10x10 

microns with 512 scan lines for each picture with a Bruker Multimode 8 AFM with a 

Nanoscope V controller. 

 

The samples were prepared by spin-coating and the thermal treatments were 

performed in a Linkam® hot stage under N2 atmosphere. 
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2.5)  UV-vis spectroscopy 

 

UV-Vis Shimadzu UV-2550 was used to measure the absorbance of the samples. 

The thin films were made with the same conditions of the rest of the experiments and 

measured in a glass. 

 

Photoluminescence spectra were measured using Witec equipment. We excited it 

through a UV high transmission 40× objective using a solid-state laser with a peak 

wavelength at 355 nm. Power of 60 μW. We made 500 μm × 500 μm images of the 

samples directly on the FSC sensor chips to know the region where it works. Cluster 

analysis of the data revealed three different regions for each chip:  

 

- The inner part, likely very thick as deduced from the apparent self-absorption 

features in the spectra. 

- The region above the heating resistance. 

- The border between the inner part and the heating resistance region. 

 

The data explained in this work corresponds to the material fraction just over the 

resistances because is the region where there are more material and it is more 

homogeneous. 

 

2.6)  Electrical characterization 

 

The device architecture was a standard top-gate bottom-contact configuration. 

Channel width was 0.1 cm, while channel length was ranging from 2.5 to 20 μm. Low 

alkali 1737F Corning glasses were used as substrates and cleaned in an ultrasonic bath 

of acetone and isopropyl alcohol, and further exposed to O2 plasma at 100 W for 5 min. 

Bottom electrodes were defined by a shadow mask and deposited by thermal 

evaporation of Au (35 nm), with a Al adhesion layer (5 nm). Patterned substrates were 

cleaned by ultrasonic bath in isopropyl alcohol and by O2 plasma at 100 W for 5 min. 

IDTBT was dissolved in oDCB (10 mg/ml), stirred overnight at ~ 100 ˚  and spin coated 
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at 1000 rpm for 60 seconds, followed by thermal annealing at 100 ˚  for 1 hour in a 

nitrogen filled glovebox. Further, devices were thermally annealed at the given 

temperature in a nitrogen filled glovebox and subsequently stored overnight in air. A 

cytop layer is then spin coated (4000 rpm 400 acc for 90 seconds), before the thermal 

evaporation of the Al electrode.  

Devices were then transferred into a nitrogen-filled glovebox for the measurement 

of the electrical characteristics with a probe station (EVERBEING) and a Keysight 

B2912A Precision Source/Measure Unit. 

 

2.7)  Sample preparation 

 

For the experiments, we can prepare the sample dissolving the polymer (solution-

processed) or using the neat material. The only case where the bulk material can be 

used is in FSC, putting a small piece of the material in the sample support. 

 

For the rest of the characterization methods, and also for some FSC 

measurements, solution-casting techniques were required: 

 

- Spin-coating: is the most used technique in this work. It consists of putting a 

certain amount of solution on the substrate and then spinning the substrate at a certain 

speed (normally between 1000 and 5000 rpm) and a certain time5253. Finally, the film is 

formed and it is allowed to dry or to receive a thermal or solvent treatment. The 

spincoater used in this work was supplied by Ossila Ltd. 

 

- Wire-Bar-coating: one metallic bar with a thread wrapped around is used to form 

the film. With this technique the substrate can be heated so the temperature can be used 

as a variable. The solution is spilled between the bar and the substrate, then, the bar is 

moved through the substrate at a certain velocity obtaining different thicknesses varying 

the velocity of the bars and the thickness of the wires54. The wire-Bar-coating used in 

this work is a K101 control coater with a K101 heated bed of RK Print Coat Instruments 

Ltd. 
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- Drop-casting: some solution is pipetted (10 – 50 µl) on a substrate creating a 

bead. Then, the drop is dried in ambient conditions55. If it is necessary to study the 

behavior of the dropcast by FSC, the drop can be deposited on a glass slide and then 

scratched the drop to obtain a powder to measure the bulk material. 

 

Before depositing the solution-processed samples, the solutions were stirred 

minimum 1 hour at a certain temperature (lower than the boiling point of the solvent). For 

chlorobenzene and it derivates 80 °C, for tetrahydrofuran 60 °C and for chloroform                   

55 °C. 

 

Figure 15 Schematic illustration of the different deposition techniques. On gray is the substrate and blue is 

the sample. 

 

After the deposition, the films can be treated by different ways. The most common 

is heating the sample at a specific time giving it a thermal treatment. The other way is 

maintaining the sample in a saturated atmosphere of a solvent for some time (solvent 

vapor annealing). The idea is to give time to the polymer chains to be ordered better than 

in the deposition step. 

 

The films were deposited in glass substrates (deltalab) and pieces of one side 100 

silicon wafers polished undoped (neyco). All the substrates were cleaned with an 

ultrasonic bath (Fisherbrand FB 15047). First, 10 minutes in acetone and the other 10 

minutes in isopropanol. Afterwards, the substrates were dried in air and exposed to 

ozone for 10 minutes in a chamber of Ossila Ltd. 

 

Spincoating Dropcasting Wire-bar-coating 
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2.7.1)  FS  chip preparation techniques 

 

In this work only two techniques are used to attach the sample to the chip: bulk 

and spincoating (Figure 16). The membrane where the sample is placed is very film so 

it must be handled very carefully. The weight of the sample is very low (10 ng – 10 µg) 

to avoid the thermal lag. 

 

 

Figure 16 Optical microscope images of a) Bulk sample and b) Spincoating sample. 

  

To place the bulk sample a small piece of the polymer is taken with a brush hair 

and posted in the chip. 

 

Make a film is more complicated but all the polymer devices for electronic and 

optoelectronic applications are made with thin films to have the best volume:surface area 

relationship. The first step is to cover the reference with a small drop of glucose dissolved 

in water and wait until the droplet is partially solidifies/gelates. Then, the polymer solution 

is spincoated in the sample place. The glucose is insoluble in halogenated solvents so 

when the sample is deposited, the reference continues covered. To conclude, the 

glucose is removed with water. The thin film is deposited in the back part of the de chip 

because it is raised and it is easier to deposit the film. 

a) b) 
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Figure 17 Thin film deposition steps of a sample in a FSC Chip. a) Glucose deposition, b) Spincoating of 

the sample and c) Removing the glucose. 

 

The final result is a thin film covering only the sample part of the chip. If it is needed 

a post processing, it can be made directly on the film without damageing the chip. 

a) b) c) 
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"La ciencia y la tecnología revolucionan 

nuestras vidas, pero la memoria, la 

tradición y el mito nos agrupan como seres 

humanos." 

Michael Crichton 
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3)  Using the vitreous phase to 

unravel the morphology in 

bulk heterojunctions 

 

3.1)  Summary 

 

Organic solar cells are the future for sustainable and environmental friendly energy. 

The study of how is the behavior of the active layer (Bulk  eterojunction) is key to 

improve this technology. Thanks to the Flash DS , X-ray scattering and other techniques 

is possible to understand it. 

 

The study of the mixture of PBDBT- l (donor) and ITI -Th1 (acceptor) is used for 

this work. Thanks to the previous work of Liang et al the better concentration of the 

mixture is 50:50 %wt with a solvent annealing. With this knowledge and studying the 

vitreous phase of the mixture, the proportion between the mixed phase and the single 

component phase can be determined in the same development conditions of the real 

solar cell. 
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3.2)  Introduction 

 

The energy consumption in the world is increasing exponentially in the last 

decades. The petroleum reserves are not infinite and, nowadays, nuclear energy has the 

potential to be the best option but from the point of view of the population it is very 

dangerous. Due to these handicaps, renewable energies are taking the lead. The 

renewable energies are taken from the wind, the sunlight, the biomass, the movement 

of the water and the geothermal heat56. 

 

Focusing on the sun’s energy, there exist three ways to extract energy.  eating a 

fluid to boil it and produce energy with a turbine, heating water or some spaces like a 

pool or a restaurant and directly convert the solar energy into electricity57. 

 

To extract electricity from the sun is necessary to have a material or materials that 

are able to absorb the energy of the sunlight and generate free charge carriers (electrons 

and holes). This mechanism is called the photovoltaic effect. When the photons of the 

sunlight arrive at the solar panel are absorbed by the atoms of the semiconductor 

material. If the energy of the photons is enough, an electron of the atom can “jump” from 

the balance band to the conduction band and become free from their atom. The released 

electrons move through the semiconductor material towards an electrode, creating an 

electric current585960. 

 

There are several types of solar cells depending on the materials and the 

deposition of the active material techniques. The most common are perovskite solar 

cells, silicon solar cells and organic solar cells61. 

 

As for organic solar cells, they could not be viable without the discovery of Alan 

Heeger in the 1980s who later received the Nobel Prize in Chemistry for his work62. The 

first viable organic solar cells or organic photovoltaics (OPVs) consist on a single layer 

of organic material between two electrodes. In the next decade more complex structures 

started to develop like multi-layer or tandem but without good results. Since 2000, the 

combination of improved materials (polymers and fullerene or non-fullerene acceptors), 
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device architectures and understanding the fundamental physics of them had improved 

significantly their efficiency. 

 

The solar cells that are being studied are primarily composed of two main 

materials. A donor that “repels” electrons and an acceptor that attracts electrons. These 

two materials are typically blended, forming a so-called bulk heterojunction (BHJ) 

morphology., so that the blended material contains three well-defined regions: donor 

domains, acceptor domains and intermix face between both where the charge separation 

occurs. 

 

Nowadays, organic solar cells continue having less efficiency than silicon ones but 

they have the potential to dethrone them thanks to the easier and cheaper manufacture. 

This makes them ideal for large-scale applications reducing a lot the energy consumption 

in the process of develop them. Also, they are lighter and, thanks to their flexibility, they 

can be integrated into a wide range of applications like clothing, building materials or 

portable electronics. They need to improve their lifespan because they lose properties 

when the time exposure is too long or in some environments. 

 

One of the most auspicious advantages is the tuneability of the materials. They 

can be chemically or physically altered to have specific properties. The absorption 

spectra of the materials can be modified by selecting the light wavelengths depending 

on the country or region, the season or the things that are below it. For example, if you 

want to have a solar cell in the ceiling (transparent or semitransparent) of a greenhouse 

and you are planting lettuces, you can make a device that absorbs in a range of solar 

light but avoiding the wavelengths that the lettuce needs to grow63. 

 

Organic solar cells have the potential to be a key technology in the transition to a 

low-carbon economy. They use a clean and renewable energy source and can be cheap 

and easily processable. With their transparency and flexibility they can be used, not only 

on the top of buildings or solar farms, but also in areas where it was previously impossible 

such as windows, greenhouses, or irregular surfaces among others. 
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Of course, there are a lot of variables to have into account. The angle of incidence 

of the sunlight, the resistance of the materials, the joule effect, etc. This work is focused 

on how the microstructure of the bulk heterojunction affects the photovoltaic properties. 

 

3.2.1)  Evolution of donors 

 

As was mentioned in the introduction of the thesis, the traditional conjugated 

polymers are homopolymers composed by only one repeating unit. In the 70s 

polyacetylene was discovered.  

 

Afterward, in the 80s, thanks to the incorporation of ring structures in the backbone, 

2D structures, more stable and better soluble polymers than the precursors 

polyacetylene-based could be made. This is the case of a few specific structural polymer 

families such as polyfluorenes, polyphenylenes or polythiophenes like well-studied P3HT 

(poly(3-hexylthiophene-2,5-diyl))646566. These new materials allowed for better control 

over the polymer's electronic properties, resulting in high efficiencies in organic solar 

cells. 

 

In the next decade, the donor-acceptor or push-pull polymers were developed. As 

it was briefly explained in the introduction, this type of polymers is composed by two 

different structures alternated so it is possible to say that the monomer is made by two 

components blended. One compound is electron-rich trying to catch an electron. They 

usually have a high concentration of electron-donating groups such as nitrogen or sulfur 

to increase their mobility and electron density. The other compound is the opposite, 

electron-poor that decreases the electron mobility thanks to electron-withdrawing groups 

like carbonyl67. These new polymers emerged as the most promising materials in the 

field of OLEDs and OPVs since the 90s to nowadays. 

 

The most used polymer for solar cells actually is the PBDB-T. The poly[(2,6-(4,8-

bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene))-alt-(5,5-(1',3'-di-2-

thienyl-5',7'-bis(2-ethylhexyl)benzo[1',2'-c:4',5'-c']dithiophene-4,8-dione))] was first 

reported in 2012 by Qian et al and an era in the polymer solar cells started thanks to it 

and it derivates68. PBDBT has a lot of names but the most known one is PCE12. This 
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material has a high power conversion efficiency (PCE) due to its broad absorption 

spectrum, high charge carrier mobility, and good morphological stability. The derivates 

consist on add atoms to the principal structure to improve its properties as the PBDBT-

Cl, PBDBT-2F, etc. 

 

  

Figure 18 a) P3HT molecular structure and b) PBDBT. 

 

Actually, the ongoing research has focused on developing new conjugated 

polymers with higher processability, stability and solubility to be a promising rival in the 

solar energy career. 

 

In summary, while homopolymers are composed of identical repeating units, push-

pull polymers have a more complex chemical structure with both electron-donating and 

electron-withdrawing groups. This structure leads to improved charge transfer and 

broader absorption spectra, resulting in higher efficiency and performance of organic 

solar cells. 

 

 

 

a) b) 
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3.2.2)  Evolution of acceptors 

 

The first acceptors developed for OPVs consist on phthalocyanines and perylenes. 

Created in the 70s, these organic dyes conferred low efficiencies due to their limited 

absorption and electron mobility. During the 90s the perylene diimide (PDI) was 

synthesized as a better acceptor69 and, during the 2000s, PDI derivates obtained better 

and strong absorption in the sunlight range and upgraded the hole mobility. 

 

It was not until 2002 that fullerene derivatives were developed. These structures 

composed by carbons offer excellent compatibility with conjugated polymers resulting in 

a good power conversion with a relatively good efficiency. The inconveniences are the 

relatively low hole mobility compared with the conjugated polymers, the aggregation, low 

solubility and the limited range of absorption70. The most important fullerene acceptors 

are [6,6]-phenyl-C61-butyric acid methyl ester (PCBM), [6,6]-phenyl-C71-butyric acid 

methyl ester (PCBM70) or [6,6]-phenyl-C61-butyric acid butyl ester (PCBB) between 

others. 

 

In 2009 the non-fullerene acceptors (NFAs) began to be explored owing to the 

limited sunlight absorption range. These acceptors consist on small molecules 

synthesized and designed with precise control over their properties71. The pioneering 

were the quinolines and diimide derivates (more complex). In 2012 the development of 

fused-ring electron acceptors (FREAs) incorporating more electron-deficient aromatic 

rings in the core like fused thiophene or benzothiadiazole marked a breakthrough. The 

most important problem is the aggregation, but, changing their chemistry or structure, it 

is possible to tune the absorption range and the energy levels maintaining the high 

mobility and stability72. 

 

3 years later, in 2015, Zhang et al synthesized the milestone of the NFA. The 

indacenodithieno[3,2-b]thiophene or ITIC73. The core structure of ITIC is formed by 

fusing two thiophene rings to an indacene core conferring a planar and rigid structure. It 

is a push-pull acceptor with a donor part between two acceptor parts. Also, the electron 

mobility and the charge separation increase thanks to the sulfur atom of the thiophene 

and the fused ring. A wide range of derivatives is obtained by changing the side chains 
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or substituents that are attached to the core structure. Some derivates were developed 

by the introduction of an electron-rich group like methyl into the end-capping units (ITIC-

M)74, by the incorporation of electron-deficient atoms such as fluorine (ITIC-2F)75 or 

chlorine (ITIC-2Cl)76 or by the substitution of the phenyl units by thienyl groups (ITIC-

Th)77. Another promising type of small molecules in this field were the acceptor-acceptor 

(A-A) type polymers like poly[N,N′-bis(2-octyldodecyl)-naphthalene-1,4,5,8-

bis(dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′-bithiophene) (P(NDI2OD-T2)787980 and its 

derivates. 

 

In the last years of the 2010s, Y6 or ITIC-4F (a derivate of the ITIC) increase the 

PCE up to 13% (combined with a donor polymer) consolidating the NFA as a viable 

alternative against the fullerene acceptors8182. O-IDTBR or IDIC were developed also. 

 

 

 

Figure 19 Chemical structures of the most important small molecules: a) PCBM, b) PDI, c) ITIC and d) Y6. 

 

Nowadays, in this decade, the tendency is to continue with the ITIC derivates 

developing new small molecules more symmetric as N3 (derivate of the Y6) for example. 

a) 

b) d) 

c) 
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3.2.3)  B J 

 

The p-n junction opened the field to improve semiconductor materials to generate 

electricity from the sunlight. In 1986, Tang developed the first p-n organic junction based 

on two separated layers of copper phthalocyanine and a perylene tetracarboxylic 

derivative83. This first device consisted on a planar heterojunction (PHJ), one layer 

growth against the other creating an intermix between both. The problem was that the 

interface was very low so the charge separation was negligible. 

 

The concept of bulk heterojunction (BHJ) was introduced in 1992 by Mark 

Thompson’s team84. In this case, both materials were mixed and used as a single active 

layer. This architecture allows the charge separation and increases the PCE due to the 

higher intermix surface. On the one hand, the term "bulk" refers to the fact that some 

materials are mixed very well and distributed at the nanoscale instead of separated 

domains. On the other hand, heterojunction is used to allude the interface between the 

donor and the acceptor81. 

 

 

Figure 20 Scheme of a cross-section of a BHJ. 

 

At the beginning of the millennium, polymer solar cells had only 1% of PCE. 

Overcome that 1% opens the door for BHJ structures to work in practical solar cells 

applications. In 2006 the PCE surpasses the 5%, bringing the technology closer to 

commercial viability. In 2009 it exceeds the 7% and finally, in 2012, the barrier of the 
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10% of power conversion efficiency was reached85. This level of efficiency made polymer 

solar cells more competitive with other thin-film solar cell technologies. 

 

Since its inception, research and development in the field of BHJ solar cells have 

been dedicated to continuously improving their efficiency, stability, and scalability. While 

significant progress has been made, several challenges have emerged, including device 

stability, material optimization, and large-scale manufacturing. 

 

One key focus area has been enhancing the stability of BHJ solar cells over 

extended periods. Researchers have explored innovative approaches such as 

encapsulation techniques and the incorporation of stable electrode materials to mitigate 

degradation and ensure long-term performance and durability. Material optimization has 

also been a major area of emphasis. Scientists have worked on developing organic 

semiconducting materials with enhanced light absorption characteristics, improved 

charge transport properties, and increased stability in BHJ devices86. 

 

Furthermore, the scalability of BHJ solar cells has been a crucial factor for their 

commercial viability. Researchers have aimed to develop cost-effective manufacturing 

processes that can be scaled up for large-scale production. Techniques such as roll-to-

roll printing, blade coating, spin coating and spray coating have been explored to enable 

high-throughput and low-cost fabrication of BHJ solar cells. 

 

Despite the challenges encountered, the bulk heterojunction architecture 

continues to hold immense promise for the development of efficient and cost-effective 

organic solar cells. Ongoing research collaborations between academia and industry are 

driving further advancements, positioning BHJ solar cells as a competitive solution for 

renewable energy generation. 

 

Nowadays, NFA continues evolving and leading to higher PCEs. Also, ternary 

blend systems are emerging as the next step in solar cells. These advancements have 

led to the commercialization of polymer solar cells, with products now available on the 

market8788. 
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The most studied systems of BHJ were the P3HT:PCBM81 and the PBDBT:ITIC89 

blends, both studied in our group. The first blend is composed by a classic homopolymer 

very well studied (P3HT) and the most acquaintance fullerene acceptor (PCBM). This 

solar cell had an efficiency of 3.5 % approx. and was the first viable, well-studied 

system90. The problem of this BHJ (in addition to its low PCE) is the aggregation of the 

acceptor part. 

 

The other system is composed by more new materials. One push-pull polymer 

commonly used in OSC (PBDBT) and the milestone of the non-fullerene acceptors 

(ITIC). Using this BHJ as model, a lot of OSCs were developed. 

 

Quickly explained the mechanism, the electricity current is produced thanks to the 

dissociation of an exciton. When the light is more energetic than the bandgap of the 

material electrons can climb from the HOMO to an energy state close to the LUMO 

generating a pair electron-hole closely bound by Coulombic attraction. This pair of 

charges is named exciton. They can move through the material but their lifetime is very 

short, they can be displaced only a few nanometers until the recombination of the 

charges91. The goal of the solar cells is to separate the charges of the exciton and move 

them to the electrodes to extract electricity. This separation occurs in the frontier where 

there is a material that wants electrons (acceptor) and a material that wants to give 

electrons (donor). This interface acts as a p-n junction and is maximized in the intermix 

face92. Then, the electron or/and positive hole travel through the pure domains to the 

electrodes creating an electronic current93. 

 

Pure domains are necessary to create the excitons and move the charges to the 

electrodes. There has to be a balance between pure domains and the mixed phase. The 

degree of mixed phase within a material has a direct impact on the potential for charge 

separation. While a higher degree of mixed phase allows for increased charge 

separation, it is also essential to create pure domains within the material. These pure 

domains are responsible for generating excitons, and they need to be effectively 

connected to the electrodes (percolation pathways) in order to facilitate efficient charge 

collection94. They are strongly affected by the bandgap, absorption range spectra, energy 

level, morphology, size, order, miscibility with the other pure domain, etc. Having all of 

this in account, the most important parameter in a solar cell is the power conversion 
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efficiency which is the relationship between the output power and the incident light 

power. 

 

Figure 21 Schematic electron hole excitation in a BHJ. 

The working principle of a polymer BHJ can be summarized in four steps (Figure 

22): 

- Absorption of Light: the absorbed photons transfer their energy to the material, 

creating excitons. 

-  Exciton Dissociation: in the intermix phase the exciton is separated in an 

electron and a hole. 

- Charge Separation: the electron migrates to the acceptor material, which has 

a lower electron affinity, while the hole remains in the donor polymer. This 

charge separation creates an electric field across the active layer. 

- Charge Collection: The separated charges are collected by the respective 

electrodes in the solar cell. These charge carriers can then be utilized to power 

external devices or stored in a battery. 

 

 

Figure 22 Charge generation croquis. 
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The key advantage of the polymer BHJ structure is the large interfacial area 

between the donor and acceptor materials, which promotes efficient exciton dissociation 

and charge separation. Additionally, the blend morphology at the nanoscale level allows 

for improved charge transport and reduced recombination losses, leading to enhanced 

power conversion efficiency in organic solar cells. 

 

The objective of this part of the work is to study the concentration of a BHJ 

changing the concentration of the materials in the solution and see what 

happens in the intermix phase using an analysis of the vitreous phase. This 

system was selected due to the potential to be a commercial solar cell with 

efficiencies higher than 12 %. 

 

3.3)  Results and discussion 

 

In this chapter the system used was: On one hand, the polymer used is a derivate 

chlorinated of the ITIC, the poly[2,2''''-bis[[(2-butyloctyl)oxy]carbonyl][2,2':5',2'':5'',2'''-

quaterthiophene] -5,5'''-diyl] or PDCBT-Cl. It is composed by two thiophenes, one with a 

Cl and two thiophene derivates. On the other hand, the acceptor is a derivate of the ITIC, 

the difference is one flour at the beginning and the other one at the end of the molecule. 

The name is ITIC-Th1 or 3,9-Bis(2-methylene-(3-(1,1-dicyanomethylene)-6/7-fluoro)-

indanone))-5,5,11,11-tetrakis(5-hexylthienyl)-dithieno[2,3-d:2',3'-d']-s-indaceno[1,2-

b:5,6-b']dithiophene. 
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Figure 23 PDCTBT-Cl and ITIC-Th1 molecular structures respectively. 

 

More than 12 % of power conversion efficiency had been obtained with a 

mechanical mixture of 50/50 % in weight of both materials in chloroform (18 mg/ml). A 

solvent annealing treatment in CS2 were induce in the sample to obtain the best OPV 

values. Liang et al. selected these materials due to their good electronic properties, easy 

synthetization and the option to do large scale to commercialize it. 

 

Figure 24 Isochronous annealings of 75:25 mechanical mix phase of PDCTBT-Cl and ITIC-Th1 

respectively. 

 

To understand properly this system it is necessary to study the neat materials and 

some different compositions of the mix phase neat materials and composition of 25-75 

%, 50-50 % and 75-25 % were developed in addition to the most valuable solar cell of 

his system. Flash DSC has been used to determine the glass transition of all the 

compositions. With the Tg of the neat materials and some Tg of intermix compositions it 
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is possible to extrapolate a calibration curve to know the Tg of one unknown intermix 

composition but knowing its Tg. 

 

By the isochronous annealing method, it was impossible to determine the Tg of the 

intermix phase due to the overlap of the cold crystallization on the heating ramp of the 

small molecule and the ageing overshoot of enthalpy recovery of the PDCBT-Cl. This 

issue can be clearly seen in the Figure 24. It can be observed also how in this 75:25 chip 

of polymer and small molecule respectively at the annealing of 70 or 80 Celsius for 

example, the crystallization and the peak due to the physical ageing are superposed. 

 

For this reason, the modulated method has been used. With the temperature 

modulated DSC, the non-reversible processes, such as cold crystallization, are ridded. 

All the systems were studied by this method to maintain the same criteria with all the 

samples. 

  

 

Figure 25 Temperature modulated DSC of all the systems (a) and their derivates (b). 

 

To estimate the Tg of the intermix phase in all the measurements, 10 Hz were used 

in the experiments. 
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After the Fourier-transform of the data, it is more visible that the cold crystallization 

is deleted and can be clearly the glass transition and the melting of the neat materials. 

To have a common criterium with all the results, the 1st derivate was develop. The 

maximum of the peak of the derivate in the region corresponds with the Tg. To not make 

mistakes, the peak was fitted to a Gaussian function and extracted the maximum.  

 

Intuitively, in the panel b of the Figure 25, a clear observation emerges: the Tg of 

the intermix phase is displaced from the Tg of the polymer to the Tg of the small molecule 

when the weight percentage of the last one is increased. It is appreciated also the melting 

of the two neat materials, making sure that the measurements are well done. In the next 

figure, it can be observed a table with the extracted Tgs from de modulated experiments 

and their fitting to a Gordon-Taylor equation to have a calibration curve of the system 

PDCBT-Cl:ITIC-Th1. 

 

 

% wt PDCBT-Cl:ITIC-Th1 T
g
 (°C) 

1:0 (PDCBT-Cl) 73 

75:25 87 

50:50 105 

25:75 122 

0:1 (ITIC-Th1) 140 

 

  

 

 

Figure 9b shows that the experimental data can be adequately fitted to the Gordon-

Taylor equation. Once the calibration curve is done, the solar cell with the best electronic 

properties can be studied. To study the solar cell a thin film of 50:50 % in weight was 

deposited in a silicon wafer with the conditions of Liang et al. Immediately, a solvent 

annealing in CS2 at room temperature 2 minutes. The Tg of this system only can be 

measured in the first heating because the SA confers to the solar cell better properties. 
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Model Gordon-Taylor

Equation (x*T1)+(K*(1-x)*T2)/x+(K*(1-x))

T1 140.18653 ± 0.87813

T2 72.55195 ± 0.85846

K 1.12155 ± 0.06563

Figure 26 Tgs of the different intermix phases and Gordon-Taylor fit calibration. 
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If we use the second heating to extract the Tg the thermal history of the system was 

deleted so we are not seeing the real Tg. For that, the thin film was deposited in a silicon 

wafer. Having this, we are able to scratch this film and take a small part to measure. We 

can take many samples from the same film to measure many first heatings of the same 

sample. 

  

   

Figure 27 Tg of the solar cell improved by Liang et al. and the extracted composition of it. 

 

This result show how, with the solvent annealing, the percentage in weight of the 

small molecule in the intermixed domains decreases considerably to 37.5 %. This can 

be rationalized in terms of migration of the ITIC-Th1 from the intermixed phase to a 

compositionally pure phases, for example into the crystalline domains.  
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Figure 28 GIWAXS patterns of 50:50 %wt of PDCBT-Cl:ITIC-Th1 without (a) and with (b) solvent annealing 

of 2 minutes. 

 

Indeed, in the Figure 28 it can be observed how the solvent annealing improve the 

crystallization of the small molecule conferring to the system more PDCBT-Cl in the 

intermix phase. This is congruent with the results of the flash DSC because the Tg is 

lower than in the case 50:50 without solvent annealing. 

 

To see the morphology the AFM technique was used. An image of the best system 

was analyzed to see the domains. In the phase image of the AFM it is clear that there 

are separated domains and between them a visible boundary were the intermix phase is 

located. The domain size is approximately 85 nm of diameter and it was measure by 

image J software. 

a) b) 
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Figure 29 Height and phase AFM images of 50:50 with solvent annealing thin film. 

 

To support the AFM images a small GISAXS study was carried on. The mixtures 

have more scattering than the neat materials due to the higher electronic contrast in the 

film. When the film does not have solvent annealing, the domains have a plane disc 

shape with 30 nm of radius approximately. Then, after the SA, the domains increase their 

size to 45 nm of radius and the discs swell until they acquire the shape of a fractal sphere. 

 

a) b) 

c) d) 
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Figure 30 GISAXS integrations of the Yoneda peak of a) different systems and b) the thin film 50:50 with 

and without solvent annealing. 

 

Knowing the structure, it is important to check the optical properties. For this, the 

UV-Vis absorption of the system was analyzed. In the next figure, it is shown how with 

the 50:50 mechanical mixture is obtained the highest range of absorption of the light in 

all the range between the neat materials. In addition, with the solvent annealing, it is 

demonstrated that the absorption range is increasing a little bit increasing also the total 

area of the light absorption but decreasing the maximum of absorption. 

 

 

Figure 31 UV-Vis spectra of all the system. 
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Figure 32 External quantum efficiency of the reference solar cell. 

 

Finally, in the Figure 32 we can observe that it has the same shape of the 

absorption spectra. This indicates that the electronic current generated is along all the 

absorption of the photons corroborating the good solar cell properties. 

 

3.4)   onclusions 

 

In summary, the utilization of the TMDSC (Thermal Modulated Differential 

Scanning Calorimetry) has enabled precise reproduction and compositional analysis of 

solar cells. By faithfully replicating the solar cell using a flash DSC chip, we can 

investigate the morphology of the real active layer through calorimetry.  

 

An intriguing finding is that the Intermix phase of the solar cell, when combined 

with the SA (Solvent Annealing) process, deviates from the 50:50 composition expected 

from the precursor solution. Instead, it comprises 37.5% of the weight of ITIC-Th1, 

attributed to its favorable crystallization behavior during solvent annealing.  
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Additionally, the examination of the vitreous phase allows for a detailed analysis of 

the solar cell's composition. This comprehensive approach sheds light on the intricate 

aspects of solar cell structure and behavior, providing valuable insights for further 

advancements in solar technology. 
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"El descubrimiento consiste en ver lo que 

todos han visto y en pensar lo que nadie 

más ha pensado." 

Albert Szent-Györgyi 
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4)  Solid-state microstructure of 

high charge mobility IDTBT 

polymer 

4.1)  Summary 

 

OFET is the emerging technology to dethrone the silicon-based transistors. 

Historically, the organic electronics community has accepted that the higher the 

structural order (i.e. crystallinity) of the organic semiconductor, the higher the charge 

carrier mobility. In the second half of the last decade IDTBT polymer was developed 

questioning the statement above. IDTBT exhibited one of the highest charge-carrier 

mobility among polymers, yet lacking of crystallinity. As a matter of fact, it has been 

typically referred to as amorphous. This study unravels the actual solid-state 

microstructure of IDTBT.  

.
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4.2)  Introduction 

 

Computers or smartphones have a microprocessor whose main building blocks are 

transistors. Transistors are, basically, essential electronic devices that regulate the 

electricity movement. 

 

With this idea in 1947 John Bardeen, Walter Brattain, and William Shockley at Bell 

Laboratories invented the point-contact transistor, which was the first working transistor. 

In 1951 the first commercial transistors become available. In 1959 appears a transistor 

made with the material on which this industry is based, the silicon95. 

 

A lot of types of transistors were developed during the years. Metal oxide 

transistors (MOS), junction field-effect transistor (JFET), bipolar junction transistor (BJT), 

field-effect transistor (FET), etc. Semiconductor polymers were introduced in this 

discipline via the FETs96–98. 

 

At the end of the 80s, the first organic FET (OFET) was developed using a cooper 

thiophene derivate. This breakthrough opens the possibility to use semiconductor 

polymers in transistors. More specifically, substituting the classic doped semiconductor 

materials as channel of the device. With this change, flexible, transparent and lighter 

transistors are able. A couple of important dates in the recent years for this OFET are 

2008, when were developed the first organic complementary logic circuit which use both 

p-type and n-type organic transistors and 2018 when, at Stanford University, the first 

biodegradable organic transistor was created, paving the way for environmentally 

friendly electronic devices99100. 

 

4.2.1)  Transistor operation 

 

More in detail, a transistor is a fundamental electronic device that controls the flow 

of current or voltage in a circuit. It acts as a switch or an amplifier, and its operation is 

based on the properties of the semiconductors. 
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They are typically composed of three parts, known as the emitter, base, and 

collector, which form two p-n junctions. Changing the voltage applied on the base (or 

gate) the flow of current between the emitter and collector (source and drain)101. One of 

the most visual examples to understand a transistor is a water tap or an irrigation dam 

imagine that water is the flux of electrons. The base or gate is the dam or the water tap 

in the examples, the source is the input water and the drain is the output. 

 

 

Figure 33 Simile of a transistor with a water tap. 

 

If the dock in the Figure 1 is very lax, it works as a switcher because with a 

minimum of water from the gate all the source current can go. One example of this use 

is a phototransistor. This transistor allows the current to pass only if it receives a certain 

light. Another one is how electronic devices work, the binary code. Is based on 0 or 1 

which translates to the transistor is if it allows or forbids the electricity flux. 

 

If the dock is robust, the transistor acts as an amplifier. Depending on the current 

of the gate there is a different flux between the source and the drain. One very easy 

example is the use to amplify the sound. If you connect the phone to a speaker, the 

transistor takes a small voltage from the phone (the music codify) and multiplicate the 

voltage of the signal to obtain a loud volume. 

 

There are two main types of transistors where conjugated polymers are used: 

bipolar junction transistors (BJTs) and field-effect transistors (FETs). BJTs are commonly 

used for analog amplification, while FETs are often used in digital circuits. The BJTs use 

the flow of minority carriers (electrons or holes depending on the material) to control the 

current, while FETs use electric fields to regulate the conductivity of a channel. 

Gate 

Source Drain 
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In summary, transistors have played a pivotal role in the advancement of 

technology, enabling the development of smaller, faster, and more efficient electronic 

devices controlling and amplifying electrical signals102. Transistors are crucial 

components in modern electronic devices and systems. 

 

4.2.2)  FET structure 

 

FET or Field Effect Transistor is composed principally of three different parts. The 

electrodes that are the electrical contacts or electrodes where the current flows, the 

active layer and an insulating layer made of a dielectric material.  

 

 

 

In this type of transistors, the gate is separated from the active layer by an insulator. 

The electricity that passes through the gate generates an electric field in the insulator 

layer. This electric field tunes the behavior of the organic semiconductor in the active 

layer. By varying the gate voltage, the conductivity of the organic material can be 

modulated, allowing control over the flow of current between the source and drain103100. 

This type of transistors has several advantages over other types. They have high 

input impedances so they require very little current in the gate to tune the active layer 

making them perfect for sensors or amplifiers. This is translated also in a low power 

consumption with low noise and high switching speeds. Other advantage in the 

temperature stability due to the encapsulation of the active layer with an insulator104. 

Figure 34 Cross section scheme of a FET. 
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Depending on the semiconductor material of the active layer, the FET transistor 

has a lot of names. MOSFET if it is a metal oxide semiconductor, JFET if it is an n-p 

junction, CNTFET if carbon nanotubes are the active layer, etc. In this case, a polymer 

acts as the semiconductor so the name is OFET (Organic Field Effect Transistor). 

 

4.2.2.1)  OFET 

 

OFETs offer several advantages over traditional transistors. The active layer of 

these transistors (organic materials) can be processed at low temperatures and with low-

cost manufacturing (like solution-based techniques) and large area production. Due to 

their elastic properties, they can be deposited on flexible and light materials105. 

 

The insulator layer presents some problems. When a current travels along the 

active layer, it is heated due to joule effect. The insulator layer has to be an electrical 

insulator but, normally, it is also a thermal insulator so the transistor tends to overheat. 

If the material has a thermal transition near the working temperature of the transistor it 

could affect to it efficiency. In the other hand, as it is encapsulated, the degradation due 

to the environment is retarded.  Also, organic materials typically have lower charge 

carrier mobility compared to inorganic semiconductors, limiting their speed and 

performance but not preventing it. For this, is important to improve the materials to 

enhance the electronic transport values of the non-polymeric materials106. 

 

4.2.2.1.1)  Active Layer 

 

As it was explained before, the active layer has the key role on the transistor 

operation. The properties and performance of the active layer determine the OFET's 

overall characteristics, such as its switching speed, current-carrying capability, and 

stability so it is important to study the material behavior107108. 

 

One of the most promising materials to set aside the classic semiconductor 

materials is de IDTBT109. Recently, some semiconducting polymers have challenged the 
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paradigm (much order, better properties) exhibiting high mobility while lacking of 

crystalline-like long range order109–116. IDTBT is a push pull polymer composed by 

indacenodithiophene and benzothiadiazole. Its backbone has a very low torsion angle 

conferring it a rigid and planar structure115117. These characteristics give to the polymer 

a low disorder structure but not crystalline. Also, in the free carbon of the thiophene 

groups, aliphatic chains are located to give solubility to the system. 

 

 

Figure 35 IDTBT chemical structure. 

 

In summary, the FETs have revolutionized modern electronic. Their low power 

consumption, ease to integration and precise control of the current make them an 

invaluable tool for new complex integrated circuits. The ability to manufacture the organic 

active layer on flexible and transparent substrates using low-temperature deposition 

techniques open the door for new emerging applications. 

 

 

The objective of this part of the work is to understand the thermal behavior 

of the IDTBT family to determine why is one of the best organic materials for 

transistors and is called amorphous. 

 

4.3)  Results and discussion 

 

In this chapter the IDTBT and derivates were studied. An exhaustive analysis of 

the IDTBT (two different molecular weights) was made and a superficial one for the 
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derivates. After several experiments, the dichlorobenzene was decided as the best 

solvent to made films. 

 

One of the most important results is that the mobility does not change with the 

thermal treatments given to the transistors. For the thermal treatment of the transistor, it 

is important to say that it was made when the active layer (IDTBT in this case) is on the 

top. Then, after the treatment, the insulator layer and the top gate was grown so the 

annealing was made with the same conditions of the samples of the other techniques. 

 

 

Figure 36 Mobility data of the IDTBT transistors. 

 The charge carrier mobility values are more or less the same in each sample. The 

small differences might be associated with changes in the ideality of the I-V curves, which 

do not seem to be microstructure-related. If there are changes in the mobility due to the 

annealings, the results are shielded by the intrinsic error related to the extraction of 

parameters from the I-V curves of transistors. 
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Figure 37 I-V data IDTBT transistors. 

 

In order to understand the electrical behavior, it is important to know if there are 

changes on the solid-state microstructure.  

 

On the as cast GIWAXS pattern of the IDTBT they are observed essentially three 

diffraction peaks. One thick in the out of plane (010) at q = 14 nm-1 related with the 

stacking of the π-π bonds or π-π stacking and the refection in the in plane (001) due to 

the periodicity of the backbone of the polymer. It is curious that the IDTBT does not have 

the typical out of plane refection (100). This means that it does not have periodic 

alternation of aliphatic and aromatic regions contrary to what usually happens with 

conjugated polymers. 

 

 

The molecular orientation was also measured by NEXAFS showing less energy 

peaks on the π-π* bonds. This means that the chains are preferably horizontal, although 

there is a small proportion of chains in a vertical orientation, sustaining the GIWAXS 

results.  
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Figure 38 a) GIWAXS pattern and b) NEXAFS of the IDTBT. 

  

To determine the thermotropic behavior, two different temperature-resolved 

experiments were taking. In situ taking GIWAXS patterns every 5 degrees and ex situ 

images (annealings of 10 minutes) every 20 degrees. The data recorded was integrated 

along the in plane and out of plane directions as a function of the scattering vector (q). 

 

The structural behavior of this polymer at temperatures between room temperature 

and 300 ºC where it is totally melted. Increasing the temperature, the polymer acquires 

more energy so it is able to move easily. Thus altering the short-range molecular order 

and promoting the supramolecular one. In other words, switching to les q the π-π 

stacking reflection and appearing the (100). This changeover can be explained like the 

transition from crystal to liquid crystal in other conjugated polymers like PBTTT. 
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Figure 39 Integrations of IDTBT in situ experiment. 

 

Thermotopic materials, in the field of semiconductor materials, are semicrystalline 

or semiparacrystalline (partially ordered) in the low-temperature region but in this case it 

happens the opposite. At low temperatures it is disordered but, increasing the 

temperature, it becomes more ordered until 260 ºC approximately. The most rational 

thing of why it becomes more order is the formation of crystals but by GIWAXS it is 

demonstrated that no. There most accurate alternative is the undercooled liquid. In this 

case, the molecules tends to self-assemble spontaneously into a more-or-less ordered 

structures. In addition, the order increase during the heating reorganizing and 

compacting the lattice. Consequently, when semiconducting polymers are heated up 

(below the order-disorder transition temperature, TO-D) both (100) and (010) diffraction 

peaks tend to increase and/or become narrower. When this temperature is surpassed, 

the structural order disappears. 

 

To study this we used the parameter g118119. In the Figure 40 is represented the 

evolution of this parameter in the three representative reflection on the GIWAXS 

experiments. In the (001) and the π-π stacking reflections, the order increase modestly 
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from 150 ºC approximately that correspond exactly with the formation of a clear (100). 

This process means that the chains are more near between them and the periodicity of 

the backbone becomes more regular. Also, in the same way, the decreasing of the (100) 

g parameter with the temperature indicates the appearance and arrangement of the 

lamellar stacking. 

 

Figure 40 Evolution of the g parameter in the in situ GIWAXS experiment. 

 

Based on these findings, a more comprehensive investigation into the thermal 

characteristics of this material is warranted, prompting the application of Flash DSC. 

 

The first experiment was carried out using the isochronous annealing explained in 

the materials and method chapter. The time isotherm time was 1h each annealing, the 

maximum temperature 400 Celsius and the minimum -80. All the coolings were at 4000 

K/s forcing the material to be freeze in the state of the ageing. In the next chart are 

represented the heat flow against the temperature for each ageing (the heating ramp just 

after the ageing and a reference).  
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Figure 41 Isochronal annealings of 1h from -60 ºC to 180 ºC. 

 

To clarify the information of the Figure 41, the excess of the heat flow (ΔHF) was 

represented versus the temperature. ΔHF was calculated subtracting the reference line 

to the measurement. With this simple operation, any peaks (not near zero values) 

evidence calorimetric features. In this case, IDTBT reveal 3 different endothermic peaks 

which means three different thermal transitions27. 

 

The third process is easy to determine. It is strange because the endothermic peak 

is located at 10 ºC, very low temperature having in account that the minimum ageing 

temperature where it appears is 80 ºC. Therefore, this process cannot be associated 

with something physical that occurs in the ageing like physical ageing or crystallization 

during the annealing. During the cooling it cannot be also a crystallization because the 

material does not have enough time to order so the peak (for rejection) is the melting of 

crystals. In this thermal region, the IDTBT tries to self-assemble into an ordered structure 

composed by layers of aromatic and aliphatic nanodomains. Then, the aliphatic regions 

are able to crystallize. The peak of the process 3 is due to the melting of this crystals.  



74 
 

The first process (blue) is due to the physical ageing of a region of the IDTBT. It 

occurs at -10 Celsius and we think that is associated to the Tg of the lateral chains. We 

are not able to link this transition with the lateral chains but observing the shape, the 

position and the behavior we can say that it is a vitreous transition. We can discard the 

degradation and the melting of crystals due to the low temperatures and the shape of 

the endothermic peak. 

 

The second process is the most intricated one. It encompasses a very wide range 

of temperature so is important to explain properly this. It is important also to mark that 

appears above what we associate as the Tg of the lateral chains. When this Tg is 

exceeded, the system starts to gain mobility. It could lead in three different reasons: a 

melting of the ordered domains in the system, structural relaxation of the glassy phase 

or a transition from liquid crystal to isotropic liquid. The liquid-liquid transitions the 

endothermic peak is not shifted so much so this theory can be discarded. Also, the 

appearance of the peak at an annealing at 20 Celsius starts at 60 degrees and, visually, 

at room temperature the material seems solid. As if this were not enough, at this 

annealing temperature, the π-π stacking begins to deteriorate in the GIWAXS analysis. 

It is inferred that this disruption is associated with the disorder of intermolecular 

aggregates characterized by a limited short-range order. This transition is very broad 

suggesting a very big heterogeneity due to the large range in which this process appear. 

It is also agreed with the (100) GIWAXS peak. It is visible until room temperature (when 

the process 2 in Flash DSC starts to contribute) but starts to acquire importance at 140 

Celsius approximately and disappear at the same temperature in both techniques 

(temperature order-disorder or TO-D = 260 ºC) when the domains become disordered.  
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Figure 42 Integration of the ΔHs values and extrapolation of the thermal transitions. 

 

Last of this, the third process seems to be related with the side chains only. It is 

interesting because the overshoot appears when the ageing temperature is above 80 

degrees but the peak is located at 10 degrees approximately. At this temperature, the 

(100) peak in the GIWAXS starts to take importance. That means that in this thermal 

region the backbone and the alkyl chains of the IDTBT increases its order into a layered 

structure. When the nanodomains are formed, maybe the linear chains can crystallize or 

physically aged during the cooling step. It is possible because this endothermic peak 

disappears when the material does not exhibit more peaks (in the rest of the ageings) 

and not before.  

 

The process 2 explained before is only a theory. This experiment does not bring 

light to clarify totally this. It is not clear if this process is due to the melting-like transition 

of the ordered regions or if it is related with the glass transition. To disclose this paradigm, 

a sequence of 2 or 3 consecutive isothermal steps in an ascending or a descending way 

were developed.  
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Figure 43 Descending (a) and ascending (b) isochronal annealings. 

 

 The physical ageing was finally discarded because in the ascending sequence 

with the annealings at 20 and 100 Celsius and the annealing at 100 does not have the 

same result. If this process were due to physical ageing, the annealing at 100 after the 

annealing at 20 should delete the thermal history generate by the less temperature 

ageing. Furthermore, when 100 and 20 degrees of annealing are done, three peaks 

appear due to the three processes but if the same sequence is done in ascending order 

only the peaks at 20 and 200 ºC approximately pop up. This implies that, when there 

was an annealing at 100 Celsius, it effectively erases the thermal changes that occurred 

during the prior isothermal treatment at 20 ºC. However, when the order is reversed, the 

annealing process at 20 ºC induces further modifications in the material, resulting in the 

appearance of an additional peak. 

 

This discrepancy between the results from ascending and descending sequences 

explain the compatibility with the ordered regions theory. When there is an annealing of 

100 preceded by another of 20, the melting temperature increase due to the improve of 

the growth and arranged of the ordered regions. Conversely, when the 100 ºC is followed 

by the 20 ºC annealing, with the first step ordered regions are created that melt at 200 

ºC approx.  During the subsequent annealing at 20 ºC, these crystallites formed at 100 

ºC remain unaltered, maintaining their melting point at around 200 ºC due to their 

origination under more thermodynamically favorable conditions. However, it's important 

a) b) 
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to note that the annealing at 20 ºC has the potential to stimulate the formation of 

additional ordered regions through nucleation processes. 

 

According to our data, the side chains glass transition occurs at a maximum 

temperature of -10 ºC, maybe the melting of side-chain crystals between 0 and 50 ºC, 

the melting of backbone ordered regions at a maximum temperature of 150 ºC and an 

order-disorder liquid-liquid transition at  250 ºC. Thus, with respect to structural 

organization, the primary phase transitions of significance are the breakdown of short-

range order occurring at temperatures below 150 °C, marked by the system's 

transformation into a liquid state, and the subsequent loss of conformational and 

translational order at 250 °C. 

 

In the panel a and b of the Figure 44, it can be appreciated a notably reduction in 

the roughness below 200 ºC which is consistent with the transition temperatures 

identified previously. GISAXS results indicate starting from 120 ºC there are some small 

but appreciate structural changes in the range between 500 and 1.5 nm. There are 

structures of 20 nm until 160 ºC that start to disappear and 100 nm size structures start 

to growth. This study corroborates the idea if the 20 nm structures correspond to 

aggregates and the 100 nm structures are domains layered liquid crystalline structures 

characterized by the (100) GIWAXS peak. Annealing near 300 ºC disrupts also these 

larger structures, as suggested by the reduction of the scattering in the region of low q.  
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Figure 44 a) AFM images with the roughness values b) and GISAX ex situ integrations c). 
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4.4)   onclusions 

 

In this chapter, the IDTBT is studied. It is demonstrated that this known “near 

amorphous” polymer, in reality, has a high order at nanoscale. This type of polymer 

named high performing were considered amorphous-like but, in recent works and our 

study is demonstrated that are highly ordered at the nanoscale. 

 

On other side, the charge mobility (around 1 cm2/Vs) is independent from the 

annealing temperature and thereby from the microstructure. The movements of the 

electrons are along the backbone. The planarity of the chains is maintaining during the 

range of temperatures studied so the change in the microstructure does not affect their 

electronic properties. 

 

To summarize, our conclusions are visually captured in the Figure 45. This 

investigation delves into four key transitions while examining the material through the 

application of Flash Differential Scanning Calorimetry and Grazing Incidence Wide-Angle 

X-ray Scattering principally. A primary emphasis on two transitions occurring below 50 

degrees. These transitions are associated with the formation of backbone aggregates 

and alterations in the side-chain regions. A pivotal shift is observed at around 150 °C, 

marking the beginning of backbone mobility. Lastly, a transition at 250 °C is indicative of 

the loss of backbone order.  

 

 

Figure 45 Summary of the transitions of the IDTBT. 
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"La ciencia no tiene patria, porque el 

conocimiento pertenece a la humanidad, y 

es la antorcha que ilumina el mundo." 

Louis Pasteur 
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5)  Glassy Phase Engineering 

for Tunning 

Photoluminescence in PFO 

5.1)  Summary 

 

The chapter analyzes vitreous polymers' thermodynamic state, focusing on the 

concept of fictive temperature (Tf). Poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO) is 

scrutinized, revealing crucial insights into its glassy behavior connected to optoelectronic 

properties. It is established that the control of Tf is key (like crystallinity) in shaping the 

optoelectronic properties of semiconducting polymers.
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5.2)  Introduction 

 

Light emission and detection are important milestones for scientists, aiming to 

understand how to make efficient emitters and photodetectors. They catch 

environmental light and transform it, thanks to the cones and rods, into electricity and an 

image is interpreted by the brain. Nowadays, a wide quantity of different sensors is 

developed to cover an extensive wavelength range.  

 

This type of sensors is used in diverse applications, from measuring the light 

radiation in the desert to adjust the time exposure in a camera. Also, they are important 

in microscopy and astronomic observations but the most important one is the data 

transmission. To use light pulses (faster) than electric pulses to send information. 

 

In recent decades, technological advances have led to significant innovation in the 

field of light sensors, particularly in the development of organic light sensors (OLD). 

These new materials based on organic materials have provided significant advantages 

in terms of flexibility, production costs, and energy efficiency. 

 

5.2.1)  Organic light sensors 

 

The organic light sensors (OSD) are one of the most innovative materials in the 

field of light detection and optic properties. Modifications on the conjugated polymers or 

small molecules properties are used to detect light changes in the environment. They 

have also high sensitivity and a very wide range in the light spectrum acting from UV to 

near infrared wavelengths. This makes them an attractive option for applications such 

as digital cameras, lighting control systems, medical devices or motion sensors. 

 

The light detection process of these sensors is almost the same as the work of 

each component in an organic solar cell. Firstly, the light that is going to be detected hits 

the OSD. Then, the energy of the photons is absorbed and, if this is enough, an electron 

of the material is excited and jumps to a high energy state level. When electrons have 

energy in excess, they can return to the basal energy and emit light with another 
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wavelength or separate from the atom and move freely. In the latter case, they can be 

collected (applying a potential to help them to move) and used to extract electrical current 

or be recombined with a hole and also emit the energy. 

 

With respect to inorganic sensors, OSD present the advantage of being flexible 

and light, therefore exhibiting the possibility of being integrated in clothes or bandages. 

Changing the chemical structure, they are able to sweep a broad spectrum of 

wavelengths, thus providing specific sensors for particular purposes. Furthermore, their 

efficiency is very high, it means that almost all the photons that fall into the sensor are 

absorbed by the OSD. Last but not least, one of the most important advantages is their 

scalability. Normally, the way to produce them is by solution casting on a substrate. By 

this method, large quantities of OSD can be made with low costs and in a sustainable 

way. 

 

In contrast, there are some obstacles that need to be overcome. The first one is 

the competitiveness with traditional semiconductors based on the silicon technology. 

They are very well established in the market and the whole niche currently is covered by 

them. Related to it, they must fulfill some standards and regulations that nowadays are 

set up for conventional inorganic semiconductors. 

 

To be competitive with the actual sensors, OLDs have to improve their quantum 

efficiency and, more importantly, their stability and durability. These materials should be 

very sensitive to the humidity because the water acts as tramps for the hole and 

electrons. Also, they have to overcome their resistance to the oxidation, sharp 

temperature changes… All of these factors can affect their stability, durability and, 

therefore, their usability. 

 

These materials find their most crucial applications in the realm of organic light-

emitting diodes (OLEDs) for image-related devices. In the market, we can witness a 

proliferation of televisions and smartphones equipped with OLED screens, primarily due 

to their exceptional ability to deliver deep blacks and high-resolution displays. Moreover, 

the adaptability of these materials has given rise to flexible screens and sensors for 

digital cameras, contributing to their widespread adoption. 
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Another significant application area is the domain of data transmission via optical 

fiber, where these materials shine due to their high efficiency and cost-effectiveness, 

making them ideal for addressing a wide range of bandwidth requirements. Beyond this, 

they play a pivotal role in proximity and gesture/movement recognition technologies, 

enhancing user interfaces and interaction with various devices. 

 

In the context of image-related devices, these materials extend their importance to 

the field of biomedical detection, serving as near-infrared (NIR) detectors for the analysis 

of tissues and the diagnosis of diseases. This diverse range of applications underscores 

the versatility and significance of these materials in our modern technological landscape. 

 

Normally, the tuning of the principal characteristic of OLDs are achieved by two 

main strategies, that are the development of new materials by changing the chemical 

structure and by changing the crystalline structure. However, the glassy phase is also 

emerging crucial to tune material performance. This work will be focused specifically on 

the characterization of the glass thermodynamic state via the fictive temperature, whose 

definition will be introduced in the next subsection. 

 

5.2.2)  Fictive temperature 

 

The fictive temperature (Tf), originally formulated by Tool120 and associated with 

the 'frozen-in' liquid structure in the glassy state, serves as a conceptual tool for 

characterizing the non-equilibrium state of a glass previously cooled from its high-

temperature, molten state121. Tf is defined as the temperature at which a glass with given 

thermodynamic state would be at equilibrium. Hence, Tf quantifies the extent of deviation 

from equilibrium that persists in the glassy state122. If the glass has reached equilibrium, 

its Tf is identical to the actual temperature.  

 

Given its definition, Tf is identified as the point where the glass line intersects the 

extrapolated equilibrium line at a specific enthalpy. In calorimetric measurements, where 

the first derivative of the enthalpy is characterized, Tf is typically derived from heat flow 

curves during a heating scan after cooling. When employing identical heating and cooling 

rates, with the heating scan immediately following the cooling scan, the resulting Tf is 
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referred to as the limiting fictive temperature, denoted as Tf′123. The fictive temperature 

(Tf) is generally determined by using Moynihan’s method124. This defines Tf as the 

temperature at which the area of the aged sample and that of the unaged sample are 

the same. The equation is the next: 

 

∫ (𝐶𝑝𝑙 − 𝐶𝑝𝑔)𝑑𝑇 =  ∫ (𝐶𝑝 − 𝐶𝑝𝑔)𝑑𝑇
𝑇>𝑇𝑔

𝑇<𝑇𝑔

𝑇>𝑇𝑔

𝑇𝑓
′

 

Equation 5 Moynihan's method to calculate Tf. 

 

Where, Cpl and Cpg are the heat capacity of the liquid and glass, respectively, and 

Cp is the apparent heat capacity of the sample at each temperature. It is noted that the 

differences in Tf between the same material having two different thermal histories are 

related to the differences in their enthalpy overshoots124. 

 

Tf exhibits a decreasing trend with prolonged ageing time or diminished cooling 

rate. As the glassy structure approaches equilibrium, Tf converges toward the value of 

the ageing temperature itself. 

 

In essence, the glass transition temperature (Tg) marks the shift of an amorphous 

material from a supercooled liquid to glassy state. Determined by observing changes in 

heat capacity or thermal expansivity during cooling, often using dilatometry, Tg is highly 

sensitive to the cooling rate, yielding distinct values for the same material under different 

rates. Conversely, the fictive temperature (Tf) defines the structural state of a glass 

during heating. It is the temperature at which specific properties, like specific volume or 

enthalpy, intersect with the equilibrium liquid line when extrapolated along the glass line. 

Both, Tg and Tf, depend on the cooling rate, with a common assumption of their 

approximate equality under similar conditions. Tg signifies a fundamental transition 

impacting mechanical properties, while Tf reflects the structural aspects of the glass, 

capturing the degree of relaxation during cooling and heating.  
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Together, these temperatures provide insights into the dynamic behavior and 

structural transformations of glass-forming materials, enhancing our understanding of 

their thermal properties and practical applications125.

 

Figure 46 Fictive temperature scheme. 

 

In this chapter, the Tf of poly(9,9-di-n-octylfluorenyl-2,7-diyl), a renowned polymer 

with a very intense photoluminescence, is characterized following a wide variety of 

thermal histories. 

 

5.2.3)  PFO 

 

Poly(9,9-di-n-octylfluorenyl-2,7-diyl) or PFO was synthetized in the 80s as parrot 

of the emerging field of organic electronics, particularly in OLEDs and organic 

photovoltaic cells. It was developed to exhibit strong electroluminescence properties. 

This made it a promising material for new technologies for flat-panel displays and 

lighting. PFO and its derivatives played a crucial role in the development of OLED 
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technology. OLED displays offered advantages over traditional liquid crystal displays 

(LCDs) in terms of better color reproduction, faster response times, and flexibility126–130. 

 

It is flexible, almost transparent, low weight and all the properties related to the 

polymers and, also, it can be dissolved in the common organic solvents giving it the 

advantage in the industry field. 

 

 

Figure 47 PFO chemical structure. 

 

PFO solid state shows all the morphological behaviors mentioned in the Chapter 

2) . In particular, PFO has reported α phase, β phase and liquid crystalline, all influenced 

by alterations in the surrounding solution environment131132.  

 

The α-phase of PFO is characterized by a well-ordered hexagonal lattice structure. 

The repeating units align in a way that maximizes π-π stacking interactions, leading to 

good charge transport properties with high crystallinity and stiffness which contributes to 

PFO's favorable optoelectronic properties133. This crystalline structure tends to be the 

most stable and dominant crystalline phase in PFO at room temperature129. 

 

The β-phase is another crystalline phase of PFO, typically observed at lower 

temperatures than the α. The exact structure and properties of the β-phase can be 

influenced by factors such as cooling rates during solidification and the presence of 

additives or impurities126. The β-phase structure may involve a different lattice 

arrangement compared to the hexagonal lattice found in the α-phase130134. Compared to 

the α-phase of PFO, the β-phase often exhibits lower charge carrier mobility135128. 
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In the nematic phase, the long flexible polymer chains of PFO tend to align along 

a common axis, but they lack positional order. This means that, while the chains have 

orientational order, they are not arranged in a regular pattern as they are in a crystalline 

solid136137. 

 

The objective of this part of the work is to tune the photoluminescence 

changing the physical behavior of the vitreous phase of the PFO. 

 

In summary, the flexibility, lightness, and easy processability make organic light 

sensors a pertinent successor to inorganic sensors, creating a new frontier in flexible 

sensor technology. The current focus is on enhancing efficiency, stability, and versatility, 

while maintaining their affordability, sustainability, and potential for large-scale 

production. 

 

5.3)  Results and discussion 

 

This polymer can explore all thermodynamic states mentioned in the chapter 2) . It 

may be either in the amorphous, crystalline or liquid crystal phase. It has relatively low 

thermal transition temperatures well defined. Therefore, suitable thermal protocols can 

be designed to minimize the risk of significant degradation issues. In addition to (at least) 

two crystalline forms, PFO exhibits a nematic liquid-crystalline mesophase (here after 

referred to as the NEM state) in the temperature range immediately above the crystalline 

phase(s) along with an isotropic liquid phase (here after referred to as ISO state) at 

higher temperatures. 

 

To understand the thermal behaviour of the polymer, samples were aged for 30 

min over a wide temperature range between -80 and 280 Celsius, followed by heating 

scans at 4000 K s-1 that are showed in Figure 48. Following the development of 

calorimetric features resulting from ageing, this procedure allows unveiling the thermal 

events triggered by a given thermal protocol. In this way, three regions can be 

distinguished: isothermal annealing at or below 70 ºC results in the arise of an endotherm 

at low temperatures (gray areas of Figure 48), between -20 and 100 °C depending on 
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the annealing temperature, testifying the physical ageing of the glassy polymer and the 

subsequent recovery in proximity of the glass transition. Then, between 70 and 110 ºC 

crystallization to the  form takes place during the annealing step, highlighted by a 

sharper and more intense melting endotherm taking place at 130-140 °C (purple areas, 

Figure 48). Annealings between 110 °C and 220 °C allow the formation of the liquid 

crystal phase, that eventually disrupts during the weak endothermic transition at 260 °C 

(red area, Figure 48). 

 

Figure 48 Isochronous method applied to the PFO polymer. 

 

To provide a quantitative picture, the endothermic peaks were integrated to assess 

the enthalpy variation resulting from each thermal event. The outcome of this analysis is 

plotted in Figure 49. As in the Figure 48, the grey data are associated to the physical 

ageing of the glassy polymer, the purple one to the crystals and the soft red one to the 

liquid crystal. 

 

Extrapolating the high temperature part of the enthalpy variation by a straight line, 

the upper temperature limit of each thermal event can be determined. This procedure 

delivers the upper limit of Tg about 70 ºC, that of the crystallization process of 110 ºC and 

that of the liquid crystal formation at 220 Celsius. 
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Figure 49 Integration of the excess heat flow in the isochronous method. 

 

The present work is focused on the tuning the Tf by modifying the glass thermal 

history and inspecting the dependence of the photoluminescence on Tf and physical 

states. Following previous work by Valentina et al.122, a thermal protocol to reliably obtain 

the desired physical state of PFO was developed. The temperature programs to obtain 

the isotropic and the liquid crystal phase at the beginning of FSC experiments, as well 

as the protocol to assess the vitrification kinetics of PFO, were showed in Figure 50. The 

isotropic liquid (LQ) is obtained simply by cooling the polymer at 4000 K s-1 from 300 °C 

up to 80 °C (Figure 50 a). On the other hand, the maximum amount of liquid crystal (LC 

phase) is achieved by performing an isothermal annealing at 90 degrees for 30 minutes 

(green step, Figure 50 b) to attain maximum crystallinity, then heating at 4000 K/s to 170 

°C to melt crystals, and cooling down to 80 °C, thereby obtaining the liquid crystal (purple 

steps, Figure 50 b). After these pre-treatment steps, the kinetics of vitrification of PFO 

could be assessed by cooling the system from 80 °C up to -80 °C at a specific rate c 

(orange step, Figure 50 a and b), and by acquiring a heating scan from -80 °C up to 300 

°C at a fixed rate of 4000 K s-1. The temperature programs in Figure 50 a and b have 

been looped by varying the cooling rate c in a range between 4000 and 0.01 Ks-1. In this 

way, the thermodynamic state of the glass can be tuned by varying the cooling rate from 
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the melt. The slower the cooling rate, the lower the enthalpy state attained by the glass, 

and therefore the lower its Tf, resulting in a more pronounced endothermic peak 

associated with physical ageing. 

 

 

Figure 50 Methods to tune the Tf from a) the isotropic liquid and b) the liquid crystal states. 

 

In the Figure 50 b in green and purple is plasmed the following protocol to obtain 

the liquid crystal structure avoiding the crystals. Then, in orange, varying the cooling rate 

from the melt with this method, the thermodynamic state of the glass can be altered. The 

slower the cooling rate, the lower the enthalpy state attained by the glass, and therefore 

the lower its Tf, resulting in a more pronounced endothermic peak associated with 

physical ageing. 

 

Similarly, the typical signature of glass equilibration resulting from physical ageing 

is the development of an endothermic overshoot with magnitude increasing with ageing 

time (Figure 51). The magnitude of the overshoot and temperature interval where this is 

located depends on the ageing time and temperature. Shortly after the beginning of 

ageing, it grows on top of the specific heat step underlying the glass transition. At longer 

ageing times, the endothermic overshoot shifts to higher temperatures, indicating that 

accessing low energy states delays devitrification when heating the aged samples138. 
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Figure 51 Endothermic peak associated to the physical ageing at different cooling rates from the liquid 

crystal and isotropic liquid. 

 

Using the Moynihan’s method (Equation 5 and Figure 46), the Tf could be 

calculated for each scan characterized by a different cooling rate c and for both LC and 

LQ physical states of PFO. Figure 52 represents the vitrification kinetics of PFO, in which 

the cooling rate c, that is the inverse of a characteristic time of perturbation, is graphed 

as a function of the inverse fictive temperature. In this way, the super-Arrhenius 

temperature dependence of vitrification could be assessed for both physical states of 

PFO. Noteworthy, the liquid crystal (LC) shows higher Tf than LQ, considering that the 

isotropic liquid exhibits a more disordered system than the liquid crystal.  

 

Another performed approach to characterize the two phases of PFO was to study 

the spontaneous fluctuations of the system related to the main -relaxation, in terms of 

thermal susceptibility. To do that, step-response FSC analyses were employed to assess 

the frequency dependent dynamic glass transition temperature (Tg
dyn), that is the glass 

transition obtained for linearly perturbated systems.  

 

As was explained in the Chapter 2) the inflection point of the reversing specific heat 

(Cprev, corresponding to the modulus of Cp
*, is identified to determine the temperature-
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dependent relaxation time (τ). This relaxation time represents the characteristic time 

scale of the alpha relaxation process at different temperatures. By conducting multiple 

step-response experiments at varying temperatures, the alpha relaxation dynamics can 

be characterized across a wide frequency range, spanning approximately six orders of 

magnitude. This rigorous characterization approach offers valuable insights into the 

molecular dynamics and thermal behavior of glassy materials, enabling a comprehensive 

understanding of the alpha relaxation phenomenon139140. 

 

In Figure 52, the temperature dependence of spontaneous fluctuations of PFO, 

has been plotted together with the vitrification kinetics in an activation graph. It was 

conducted for the samples measure from the Isotropic liquid and the liquid crystal. 

 

 

Figure 52 Liquid dynamics of PFO (open symbols), showed as the inverse relaxation time (τ -1) as a 

function of the inverse dynamic glass transition temperature (1000/Tg
dyn), compared to the vitrification 

kinetics (full symbols) of LQ and LC phases of PFO. 
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Figure 53 Comparison between α-relaxation dynamics (τ -1) and vitrification kinetics (βc), the latter divided 

by the Frenkel-Kobeko-Reiner constant C (equal to 500 and 200 for LQ and LC, respectively), of PFO in 
isotropic liquid (LQ) and nematic form (LC). 

 

The α-relaxation dynamics, characterized by τ-1, reflect the rate at which molecular 

rearrangements occur within the material, offering insights into its relaxation behavior 

and molecular mobility. A higher of τ-1 value indicates slower relaxation dynamics, 

suggesting decreased molecular mobility and longer relaxation timescales. On the other 

hand, vitrification kinetics, D, provide information about the rate of cooling required for 

the material to transition from a mobile to a rigid glassy state. A higher value of D implies 

a faster vitrification process, indicating the material's propensity to undergo glass 

transition under specific cooling conditions141142. 

 

All of this is given by the approximation of the data to the Vogel-Fulcher-Tammann 

(VFT) equation. It is commonly used to describe the temperature dependence of 

relaxation times (τ) in glass-forming materials. The parameters include the logarithm of 

the characteristic relaxation time at a reference temperature (log τ0), the temperature 

coefficient (D), and the characteristic temperature (T0) 31143. 

 

τ = log(τ0) +
𝐷 ∗ 𝑇0

𝑇 + 𝑇0
 

Equation 6 Vogel-Fulcher-Tammann (VFT) equation. 
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This equation parameters provide insights into the temperature dependence of the 

relaxation timescale (τ) and into vitrification kinetics, particularly in relation to the 

temperature at which the relaxation timescale becomes extremely long, signifying the 

onset of glass transition. However, differences in the temperature coefficient (D) and the 

characteristic temperature (T0) suggest variations in the temperature sensitivity and 

fragility of the relaxation process. From the other side, A lower T0 value suggests that 

the material approaches the glass transition temperature at a lower temperature, 

indicating a higher propensity for vitrification. 

 

Table 1 VFT parameters. 

VTF parameters Log t0 D T0 

LQ -14 6.71 288.1 

L  -14 6.90 278.0 

 

 

Focusing on the LC and LQ (Table 1), both forms exhibit the same log(τ0) value. 

This similarity implies that, at a specific temperature, the materials in both forms have 

similar molecular mobility and relaxation behaviors. While the log(τ0) values are identical, 

there are differences in D and T0. The LC form has a slightly higher D value but not 

enough indicating that both have a similar fragility. The LC form has a lower T0 value 

compared to the LQ form, indicating that it approaches the glass transition temperature 

at a lower temperature. This suggests that the LC form may have faster vitrification 

kinetics compared to the LQ form, as it reaches the critical relaxation timescale at a lower 

temperature. 

 

To see if the Tf variation has a significant effect on their optoelectronic properties, 

photoluminescence of the samples deposited on the chip with the thermal protocol (Tf 

determined) is performed. Four temperatures were selected, two from LQ and two from 

LC to discard the effect of the pre-structure of the polymer. Also, an as-cast sample was 

measured and plasmed on the Figure 54. 
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There is a clear tendency for both peaks of the spectrum to shift towards higher 

wavelengths regardless of the initial state of the polymer (isotropic liquid or liquid crystal). 

With the decreasing of the Tf, the first peak is shifted to higher wavelengths allowing us 

to tune the light emission.  

 

Figure 54 a) Photoluminescence spectras of the selected samples and b) position of the most relevant 

peak vs the fictive temperature of the samples. 

 

With this first overview of the possibility of controlling the thermodynamic state of 

the vitreous phase to tune the photoluminescence new possibilities for optoelectronic 

devices are opened. Not only improving the crystallization better devices are obtained. 

With this approximation, also amorphous or near amorphous polymers can be used for 

new electronic technologies. 
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5.4)   onclusions 

 

The thermodynamic state of the vitreous polymers is a difficult field of knowledge. 

Thanks to the flash DSC, we are able to distinguish and understand how the Tf behaves. 

In this case, the LC form appears to have a greater temperature sensitivity and a 

tendency for faster relaxation and vitrification compared to the LQ form. 

 

The behavior of PFO in a 2D structure is the same as in bulk so active layers on 

thin film devices are possible. Also, a wide range of Tf were obtained controlling only the 

cooling rate. To enlarge the range the cooling rate control were developed from the 

isotropic liquid state and liquid crystal state.   

 

But the most important and relevant conclusion is that the control of the Tf is also 

determinant to control the optoelectronic properties of organic semiconductor polymers. 
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"La ciencia no consiste en acumular 

datos, sino en unirlos." 

Sir William Lawrence Bragg 
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6)  Conclusions 

 

As main conclusions, the utilization of the TMDSC (Thermal Modulated Differential 

Scanning Calorimetry) has enabled precise reproduction and compositional analysis of 

solar cells and the active layer morphology on sensors and transistors. By faithfully 

replicating the solar cell and the transistor/sensor active layer using a flash DSC chip, 

we can investigate the morphology of the real active layer through calorimetry. Also, the 

GIWAXS and GISAXS provide a lot of information understanding the direction and the 

range of order. These techniques, along with other complementary approaches, allow 

us to understand and modify nano and microstructures at our discretion. 

 

To know the real composition on the bulk heterojunction in a solar cell as in the 

Chapter 3) discovering that a 50:50 weight mechanical mixture has, in real, 37.5% of the 

small molecules and the rest polymer in the intermix phase.  

 

To study a “near amorphous” polymer as active layer on a thin film transistor like 

in the Chapter 4) In this case is demonstrated that IDTBT is, at a glance, amorphous 

because there are no order at microscale but has a high order at nanoscale with 4 key 

temperatures. -10 and around 50 Celsius associated to the aggregation of the backbone 

and the sidechains, one at 150 when the backbone mobility starts and the order 

increases a 250 °C associated to the melting of the material. 

 

To understand and tune the amorphous phase of the polymers modifying the 

cooling rates and the start state (isotropic liquid or liquid crystal) to control the changes 

on the optoelectronic properties. In Chapter 5, the fictive temperature (Tf) of PFO was 

adjusted to manipulate its optoelectronic properties, achieving a range of approximately 

30 K within which Tf could be modulated in a timely manner (not requiring extended 

durations). Although stabilization of Tf remained elusive, it became evident that 

prolonged cooling times are necessary to gradually decrease it. 

 

Now, I want to rewrite the conclusions in Spanish for my family and the people that 

does not know English and want to know what is about this work. 
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Conclusiones 

 

Como principales conclusiones de este trabajo se encuentran la utilización de la 

TMDSC (Calorimetría Diferencial de Barrido Modulada Térmicamente) que ha permitido 

reproducir con precisión y analizar la composición de las células solares, la morfología 

de la capa activa de los transistores y sensores. Al reproducir fielmente la célula solar o 

la capa activa de un transistor o sensor utilizando un chip de flash DSC, podemos 

investigar la morfología de la capa activa real mediante calorimetría. Además, gracias al 

GIWAXS y GISAXS, comprendemos la dirección y el rango de orden en la muestra. 

Estas técnicas, junto con otros enfoques complementarios, nos permiten comprender y 

modificar a nuestro antojo la nano y microestructura del material. 

 

Para entender la composición real de una hetero-unión de una placa solar como 

en el capítulo 3) En este apartado se analiza una mezcla mecánica de 50:50 % en peso 

de donor y aceptor con un recocido en atmósfera saturada. Se determina que, en 

realidad, la fase entremezclada tiene sólo un 37,5 % de aceptor. 

 

Para estudiar los polímeros denominados “casi amorfos” como capa activa en 

transistores. En el capítulo 4) se demuestra como el IDTBT que hasta la fecha es 

considerado de esta familia, en realidad tiene un alto orden a escala nanométrica 

aunque no se aprecie ningún orden a escala micrométrica. Éste tiene 4 temperaturas 

clave. Asociadas a la formación de agregados de la cadena principal y a las cadenas 

laterales son -10 y 50 ˚ . A los 150 grados la cadena principal comienza a adquirir 

movilidad y ordenarse y a 250 ˚  el material funde.  

 

Para modificar el estado termodinámico de la fase amorfa a antojo modificando la 

velocidad de enfriamiento y el estado desde el que se enfría (líquido isotrópico o cristal 

líquido). En el Capítulo 5, la temperatura ficticia (Tf) de PFO se ajustó para manipular 

sus propiedades optoelectrónicas, logrando un rango de aproximadamente 30 K dentro 

del cual Tf podría modularse de manera oportuna (sin requerir tiempos muy largos). Por 

otro lado, la estabilización de la Tf no se consigue debido a que se necesitaría un 

enfriamiento excesivamente lento. 
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"En ciencia, algunos experimentos 

tienen éxito y otros, enseñanza." 

John C. Polanyi 
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