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Abstract 
In this Chapter we will start by briefly summarising the basic concepts of the electronic 

structure of conjugated polymers. This will enable the discussion of the relevant 

descriptions of the dielectric function. We will relate these descriptions to the model 

parameterisations which are used in advanced ellipsometric analysis of thin films such as 

those used in devices for organic photovoltaics (OPVs) and light emitting diodes 

(OLEDs). Amongst other things, such parametric descriptions are useful to deal with 

structural changes in conjugated polymer thin films. Once the models are presented, we 

will provide representative examples of the nexus between morphology and optical 

constants, and how the latter can be employed to infer aspects of the former. First, we will 

discuss how chain conformation affects the optical properties. Then, we will explain the 

anisotropic behaviour of conjugated polymer films due to their intrinsic molecular 

anisotropy and review different cases (f. i., oriented films or semicrystalline polymers). 

We will also describe structural changes that occur upon blending polymers with 

fullerenes and concomitant variations of the optical properties. Here we will focus on 

state of the art low band gap polymers mixed with fullerenes. Finally, real-time 

ellipsometric experiments in which these structure-property relationships can be 

exploited will be presented. 

15.1 Introduction  
 

Conjugated polymers are technologically interesting materials sharing the general 

advantages of polymers and the optical and electrical properties characteristic of 

semiconductors.[1] This unique combination of features offers substantial benefits for 

applications in the fields of photovoltaics,[2] light emitting diodes, [3] and transistors,[4] 

where different molecular structures, morphologies and device architectures provide the 
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required useful functionalities (cf. Chap. 12). Ideally, as macromolecules, polymers can 

be designed and synthesised to achieve the desired behaviour and can be processed using 

low-cost solution methods to engineer a wealth of devices. Although solution processing 

is probably the greatest benefit for polymer electronics, many properties of the polymer 

electronic devices depend entirely on the processing conditions and with them, their 

device performance.[5] Some technologically relevant donor polymers and the ubiquitous 

acceptor fullerene derivative PCBM (Phenyl-C60-butyric acid methyl ester) are depicted 

in Fig. 15.1. Spectroscopic ellipsometry has emerged as a useful technique for the design 

of new materials, control of microstructure and characterization and optimization of 

device-layer films.[6] It helps to evaluate not only structural features such as film 

thicknesses and composition profiles but it is also the technique of choice to study the 

basic optical properties of the active organic semiconducting films, which result from the 

combination of both chemical nature and morphology. 

 

 

Figure 15.1: Chemical structures of conjugated molecules and polymers considered in this chapter.  

 

In this Chapter, we concentrate on these structure-property relationships, aiming our 

attention to the UV-VIS spectral range which is relevant for optoelectronic applications. 

With this focus, we will discuss the dielectric functions of conjugated polymers and how 

different aspects of their morphology affect them. This will help to explore how the nexus 

between morphology and optical constants can be exploited to gain information about 

technologically relevant processes such as blending and monitoring real-time structural 

evolution during processing. 
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15.2 Basic concepts 
 

The particular balance of interactions taking place in a conjugated polymer film 

determines its optical properties. These interactions are strongly affected by 

morphological variations and therefore there is a strong structure-property nexus. In 

general, the basic optical behaviour will be given by the properties of the polymer 

backbone. However, the strong differences observed when comparing solution and solid 

samples indicate that the optical properties are also modified by the final microstructure 

resulting from the characteristics of the polymer chains (regio regularity, side chains, 

weight average molar mass and polydispersity) [7] as well as the processing conditions 

such as the applied coating technique, the choice of solvent, polymer concentration (or 

viscosity of the polymer solution), drying conditions, and post-deposition treatments.[8-

10] The interactions with the substrate may also play a role in determining the final 

structure, as discussed for some polymers in Chap. 5. 

 

15.2.1 Structure and optical properties 
 

The structural properties of polymers have been described in Chap. 5 in connection with 

their physical properties.  In the case of conjugated polymers, structural aspects acquire 

high importance because of their large impact on the electronic structure and 

concomitantly on their optical properties and suitability for specific applications. The 

semiconducting character of conjugated monomers and polymers emerges from the 

bonding via sp2 hybridization among C atoms.[1] The non-hybridised p orbitals from 

neighbouring C atoms overlap forming π bonds, which allow for delocalisation of 

electrons leading to conducting or semiconducting electronic structures, depending on the 

bandwidth that results from the number of interacting C atoms or conjugation length. In 

common with other organic semiconductors (see Chap. 13), these materials are composed 

of light atoms and have relatively low packing densities. Consequently, their dielectric 

constant ε1 takes low values and the dielectric screening of interactions between electrons 

is limited. Therefore, the Coulomb interaction and the exchange energy between electron 

pairs with parallel or anti-parallel spin are much stronger than in traditional inorganic 

semiconductors.[11] One consequence of the low dielectric screening is that photoexcited 

electron-hole pairs (aka excitons) are tightly bound and mostly restricted to molecular 

sites. [12,13]  In addition, intermolecular interactions are usually of the van-der-Waals 

type, hence weaker than the intra-molecular covalent bonding. As a result, the optical 

excitations of the solids have strong localised character and resemble the molecular 

spectra albeit with some shifts and broadenings that depend on the particular 

microstructure. Several factors contribute to shift and broaden the spectra and it is 

difficult to disentangle them.  
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Considering the polymer as an ensemble of repeating units, the optical spectra will be an 

inhomogeneously broadened average due to dispersity and different orientations of these 

polymer molecules. Molecular electronic transitions with vibronic replicas reflect the 

significant electron-phonon interaction.[14] The frequencies of vibrations that couple to 

electronic states are usually high, resulting in large total bandwidths that in the polymer 

frequently give rise to broad electronic transitions.  The intensity distribution of the 

replicas given by the transition probabilities from the 0-th vibrational level of the ground 

state to the m-th vibrational level of the excited state, I0−m , usually corresponds to a 

Poisson distribution given by I0−m = (Sm/m!)e−S , where S is the Huang-Rhys parameter 

that indicates the number of quanta involved in the vibrational excitation.  The dominant 

transition is the 0-0 (or S0−1 ← S0−0 ) only when the molecule distortion is small. Variable 

distances between molecules and conformational disparity are other sources of 

broadening. These fluctuations have direct influence on the strength of inter- and intra-

molecular interactions, thus the conjugation length, and with it also the spectral position 

of the electronic band.[15] In general, an increased conjugation length leads to a spectral 

redshift. But this spectral signature can correspond to various structural situations.[16] 

For example, crystalline polymers are actually composed of both crystalline and 

amorphous regions.  In highly crystalline domains the chains form stacks (lamellas) 

where interactions are favoured and the optical band appears redshifted compared to 

amorphous domains. Then, the spectral position of the overall band can be correlated with 

the degree of crystallinity.[17]  However, a redshift can also be the result of an increased 

planarity (larger conjugation length) of the individual chains, especially in the case of 

short repeat units.  In fact, the assignment of spectral signatures observed in a polymer 

film is quite complex.[18] Many features of the intricate interplay of interactions are 

captured in the HJ-aggregate model [19] in which the electronically coupled monomers 

in a single polymer chain behave as a J-aggregate and the π-stacked chains interact as an 

H-aggregate.  The J- or H- character is determined by the sign of the Coulomb coupling 

which is negative between adjacent repeat units (Jintra < 0), and positive (Jinter > 0) between 

neighbouring chains. However, the overall behaviour of the HJ-aggregate is not intuitive 

because it depends on the competition between both mechanisms including the particular 

configuration of the chain and also the disorder.[20] By the mixing of interactions, relative 

intensities of the vibronic peaks can also deviate from the Poisson distribution. Finally, 

structural differences can also affect the observed oscillator strength. These can be 

associated to anisotropic behaviour or to a 3D isotropic increase in absorption due to 

conformational changes, especially in increased linearity of chains of rigid 

monomers.[21] 

Table 15.1 summarises expected effects of structural variations on the optical properties 

of organic semiconductors. Usually, combinations of these effects are present in 

experimental situations. Particular cases of morphological changes will be presented in 

Sect. 15.3, focusing in different aspects of conformation and crystallinity.  We will also 

deal with anisotropic optical behaviour in polymeric films. 
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Table 15.1: Summary of likely effects on the spectral characteristics of optical spectra expected for several 

structural situations referred to the case of an isolated monomer or repeat unit.  

Structural change Cause Energy shift Broadening Optical density 

Gas to solid Polarisation ↓ ↑ ≈ 

J-aggregation Excitonic 

coupling (J<0) 

↓ ↑ ↓ 

H-aggregation Excitonic 

coupling (J>0) 

↑ ↑ ↑ 

Order Conjugation ↓ ↑ ≈ 

Curvature Persistence ≈ ≈ ↑ 

 

 

15.2.2 Ellipsometry and dielectric function 
 

The fundamentals of ellipsometric measurements and analysis have been presented in 

Chap. 1. Particular considerations and precautions to optimise measurements in samples 

of conjugated polymers and to extract reliable information from them have been recently 

reviewed.[6] Usually, spectra acquired at multiple angles of incidence (VASE) and on 

possibly multiple samples (varying film thickness and or substrate), are considered. Then, 

to extract material properties from VASE data a multilayer optical model must be built 

describing the sample(s) under consideration. [22,23]  Briefly, the effect of reflection on 

light polarisation is described applying transfer matrix algebra. An overall reflectance 

matrix is obtained by multiplying individual matrices that describe reflection at each 

interface and propagation through each individual layer. Therefore, parameters of the 

model are, besides the number of layers forming the structure, their thicknesses and 

dielectric functions. These may be taken from available databases or determined from the 

studied spectra. The dielectric functions of composite materials as well as roughness and 

intermixing layers are represented by effective-medium models. With these 

implementations, the reflectance matrix can be evaluated and the parameters of interest 

fitted by a least-squares method to the measured spectra. 

Two main data analysis approaches are commonly used to determine the optical response 

of the unknown materials. In a simple case of a film on a known substrate, or when only 

one of the materials in the multilayer is unknown, it is possible to run a point-by-point 

numerical fit to obtain n and k by fixing the film thickness to that found from the 

transparency range imposing k = 0. Direct point-by-point fits are extremely useful as no 

assumptions about the spectral dependence of the unknown optical functions are made 

and arbitrary dispersion relations can be reproduced. An improvement of this numerical 

procedure is to model n and k by smooth functions such as splines [24] which improves 
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the fit convergence and smoothness of the result. The most common approach, however, 

is to model the optical response of the unknown materials using parameterised analytical 

functions of the energy according to the physical properties of the studied materials.[23] 

The principal disadvantage of parametric models is a loss of flexibility in the description 

of the dielectric function. Only features assumed to be present by the choice of model will 

be represented in the fit. They do, however, have advantages such as choosing functions 

that satisfy Kramers-Kronig consistency and can be appropriately correlated to 

fundamental electronic properties. Moreover, an analytical expression of the optical 

constants is then available for use in other models and can be parameterised for 

descriptions of alloys, for instance.  

As already discussed, the optical properties of conjugated polymer films can be quite 

complex due to the basic molecular nature of the polymer and the fact that the particular 

conformation is decisive to determine the effective optical properties of the film, both in 

terms of spectral features (reflecting the electronic density of states) and anisotropy 

(reflecting orientation). Even in a single-component film, a multi-phase morphology is 

likely to occur. Because of the abundant morphological variations in polymers, this is a 

case in which a physical parameterisation of the dielectric function that allows describing 

structural variations and transformations by varying the model parameters is especially 

useful. As in many other film systems, transparent polymers (or measurements in the 

transparency region) may be modelled by a Cauchy dispersion,[23] which is useful to 

investigate film thickness or whether there is optical anisotropy, for instance. However, 

in the majority of cases it is necessary to represent the absorption bands. Several authors 

performed systematic studies to compare how well different line-shapes described 

ellipsometry data for thin conjugated polymer and macrocycle films.[25-27] These 

studies established that it was essential to allow for asymmetric lineshapes in order to 

reproduce the experimental measurements. Taking into account the physical nature of the 

electronic excitations in conjugated polymers, the standard critical point model (SCP) 

provides the most consistent description and it was proven to fit best the experimental 

data with the minimum number of parameters. It is based on the expression of the 

dielectric function due to a critical point (CP):[11,28] 

εCP(ω) = C − A eiϕ( ħω −Eg+iΓ )n ,   (15.1) 

where n = D/2 − 1 is related to the dimensionality D = 3, 1, 0 of the CP (the dependence 

for D=2 is logarithmic) and the phase angle ϕ is a multiple of π/2 that identifies its kind 

(maximum, minimum or saddle point) for each D. In practice, ϕ is allowed to take any 

value as a phenomenological way of accounting for combined shapes which arise from 

diverse causes such as many-body interactions or even unresolved bands. The amplitude 

is given by A, the transition energy by Eg, and the lifetime broadening by Γ. The parameter 

C describes a constant background that takes into account contributions in the UV, beyond 

the measured energy range. The SCP model considers that the dielectric function can be 

reproduced by a sum of CPs. Strictly, Eq. (15.1) only describes the most resonant term of 

each CP contribution to the dielectric function and to improve the fitting of CP parameters 

it is advantageous to consider numerical derivatives of the experimentally obtained 
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dielectric function. Otherwise, additional broad CPs may be added to account for not 

constant but weakly varying backgrounds. For example, Arwin et al.[25] performed 

detailed line-shape analyses of second derivative spectra determined point-by-point on 

polythiophene thin films. They compared symmetric (Gaussian and Lorentzian) and 

asymmetric (0D and 3D CPs) models and found that only asymmetric lineshapes were 

satisfactory to explain the experimental measurements. Other authors compared several 

models to reproduce the dielectric function itself, confirming this conclusion, for instance 

on films of several metal phthalocyanines.[26] For many conjugated polymers, [27] the 

analysis of the ellipsometric data using the SCP model allowed to distinguish between 

localised excitons for amorphous polymeric films, and 1D/2D delocalisation of the 

electronic wavefunction for highly crystalline films or containing planar conformations 

of chains.[27] A description based on a 1D density of states was also employed by 

Zhokhavets and co-workers in order to estimate the exciton binding energy ( Eb ) from 

the dielectric function of polythiophenes.[29] They compared the band edge to a modelled 

1D band gap in order to extract Eb. The obtained Eb values from this approach were about 

0.6 eV for P3OT [29] and also for PFO, [30] in reasonable agreement with exciton binding 

energies obtained with other techniques [31]. Notice that not always parametric models 

have a clear physical meaning. For instance, fittings with symmetric lines have been used 

to investigate morphological issues such as anisotropy [32-34] but typically the oscillators 

included in such models were not related to the electronic structure of the investigated 

organic semiconductors.  

 

Figure 15.2: (a) Dielectric function of a PffBT4T-2OD film blade coated onto a glass slide at a substrate 

temperature of 110ºC. The displayed curves compare results obtained both numerically (splines) and 

parametrically (Standard Critical Point model). (b) Numerically built (expt.) and fitted second derivative 

spectra compared to the derivative calculated from the parameters of the dielectric function fit using the 

SCP model. Arrows mark the obtained energies in both ways. The shoulder near 2.1 eV is better resolved 

by the numerical derivative approach and appears much broader and somewhat shifted for the SCP model. 

Figure 15.2 shows an example of dielectric function fitting and lineshape analysis on a 

poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3’’’-di(2-ocltyldodecyl)-

2,2’;5’,2’’;5’’,2’’’-quaterthiopen-5,5’’’-diyl)] (PffBT4T-2OD) film deposited at 110 ºC. 

This low band gap polymer is one of the record holding materials with over 11% 
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photovoltaic power conversion efficiency. The parametric SCP model dielectric function 

reproduces quite well the numerical result. In this case, six 0D CPs were needed to obtain 

a satisfactory fit of the ellipsometry spectra, see Fig. 15.2 (a), one of them at higher energy 

and another providing a weakly varying background.  The other four CPs (listed in Table 

15.2) agree with those present in the numerical second derivative spectra shown in Fig. 

15.2 (b) in which the weaker shoulder near 2.1 eV is much better resolved and determined. 

This comparison illustrates the fact that sharp and isolated transitions can be well 

determined by fitting the dielectric function but weaker contributions near stronger ones 

can be distorted by the backgrounds. 

 

Table 15.2. Comparison of the fitted energies and broadenings of the four peaks plotted in Fig. 15.2 (b) 

using the SCP model dielectric function or the same model applied to the second numerical derivative. 

CP number 1 2 3 4 

ESCP (eV) 1.80 1.89 2.15 2.50 

E2der (eV) 1.79 1.90 2.12 2.49 

SCP (eV) 0.11 0.14 0.48 0.20 

2der (eV) 0.14 0.12 0.10 0.20 

 

15.3 Examples of structural variations  
 

Structural variations occurring in conjugated polymer device-layer films are fundamental 

to tune and optimise the optical properties for a given optoelectronic application. 

Enormous efforts have thus been dedicated to understand and control the morphologies 

that result from different processing routes. At the same time, the correlation between 

those morphologies and the resulting optical behaviour is of particular interest. In this 

context, spectroscopic ellipsometry is most helpful to investigate the link between optical 

properties and film microstructure.  

In general, both thermodynamics and kinetics determine the polymer arrangements in the 

film and complex structures may form with direct impact on the film’s spectral optical 

behaviour.  Although different contributions are difficult to disentangle, here we describe 

three main structural variations that occur in single-phase (one-component) conjugated 

polymer films and correlate them to observed spectral changes. We distinguish between 

conformation, crystallinity and anisotropy, which affect in different ways the strengths of 

the interactions and ultimately the absolute values and/or the energy positions of the 

optical bands. 
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15.3.1 Conformation 
 

 

Figure 15.3: Schematic representation of the main conformation variations and their effect on the position 

and strength of the electronic transitions. 

 

Conformation effects refer to intrinsic molecular properties which result both from steric 

and electronic interactions. The former derive from the chain regularity, side chain 

structure, and molecular weight (MW); the latter determine the torsional potentials [35] 

that regulate the alignment of successive monomers. Various conformation variations and 

their effect on the optical absorption are schematically depicted in Fig. 15.3. The case of 

the low-bandgap polymer thieno[3,2-b]thiophene-diketopyrrolopyrrole (DPP-TT-T) is 

representative and has been well studied. [21] This low-bandgap copolymer shows 

photostability under prolonged excitation in the low energy absorption band [36] and 

allows for high field-effect transistor mobilities and good performance as the donor in 

solar cells. [37] These efficient qualities are correlated to the predominant trans 

conformation of the polymer chains. In this configuration, the successive monomers are 

rotated by approximately 180 degrees relative to each other, which leads to more linear 

oligomer structures than the other limiting conformation case when the successive 

monomers are equally oriented (cis). In the cis structure, the backbone is curved within 

the conjugated plane and results in lower optical absorption.[21] Note that in this case 

more curved or more linear long oligomers differ in the oscillator strength but not, to a 

first approximation, in the transition energies. The observed effect is associated to the 

concept of persistence length, λp , which can be thought as a relative propensity of the 

polymer to adopt a linear structure. On the other hand, the transition energies are closely 

related to the conjugation length, which structurally is associated to planarity. It is 

interesting to think how one chain could be linear but not necessarily planar (if adjacent 

monomers are rotated with respect to each other). Similarly, one chain could be planar 

but have more or less curvature, if each repeat unit is bonded in cis or trans 

conformations. In addition, the same effect was observed in solution and was insensitive 

to dilution, confirming the intrinsically high λp value in DPP-TT-T. [21] Figure 15.4 
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shows that this effect is enhanced both with the position of the branching point on the 

polymer side chains [38] and even more with the molecular weight of the polymer, which 

favours an extended  λp. 

 

Figure 15.4: Optical constants (n, k) for pristine polymer films of DPP-TT-T with (a) C1 and (b) C3 

branching points (the synthesis details are given in Ref.[38]) and for several number-average molecular 

weights (adapted from Ref. [21]). 

 

A different example of conformation variation is the case of the blue-light emitting 

conjugated polymer poly(9,9-dioctylfluorene) (PFO).[39] This material appears in a 

diversity of polymorphic forms [40,41] with different values of torsion angle between 

monomers. The most interesting conformer is the β-phase in which the torsion angle 

between adjacent monomers is 180°. In contrast, most solution processed films contain a 

broad distribution of torsion angles leading to a wormlike chain conformation or glassy 

structure. In this respect, β-phase represents an example in which planarity is enhanced 

and thus conjugation length is increased. In fact, the optical features associated to this 

phase are a new transition altogether. Figure 15.5 shows the refractive indices measured 

for two spin-coated films of PFO. In the glassy+β sample a fraction of chain segments 

was driven to adopt the planar conformation, giving rise to a distinct peak at lower energy 

even if the β-phase fraction is below 10%. In this case, compared to the predominant 

disordered phase, since the fluorene units are relatively short the well-defined planar 

chain segments have a higher conjugation length, even if no crystallisation takes place. 

[41,42] 
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Figure 15.5: Optical constants (n, k) for glassy and glassy+β PFO films (see Ref.[27]) as determined by 

ellipsometry. The low energy absorption feature appears due to the higher conjugation length characteristic 

of the planar β-phase conformation (see sketch). 

 

15.3.2 Crystallinity 
 

Crystallisation refers to the aggregation of the polymer chains in a regular or ordered 

fashion.  Obviously, the degree of stereoregularity and the strength of intermolecular 

interactions affect the ability of a polymer to form crystalline domains, which are stacks 

of orderly folded chains (called lamellas). For a material with tendency to crystallise, the 

degree of crystallisation will strongly depend on molecular weight, as entanglement 

between chains appears in long molecules. Kinetic factors also have a large influence in 

crystallisation processes: solution processing often results in kinetically-trapped out-of-

equilibrium microstructures.  However, a highly crystalline polymer is rarely entirely 

ordered, this means that there are amorphous regions between lamellas and the degree of 

crystallinity (or paracrystallinity) is a parameter by itself.  Frequently, lamellas tend to 

order forming spherical regions from a nucleation point called spherulites, i.e. spherical 

crystallites. (In thin films, the equivalent 2D structures with circular symmetry are still 

called spherulites.) Amorphous domains are still present within the spherulites or between 

their boundaries.  

A well-known example of steric effect occurs in poly (3-hexylthiophene) (P3HT) which 

contains a mixture of regioisomers. The relative ratio of these regioisomers in the 

resulting polymer gives the regioregularity. Highly regioregular RR-P3HT tends to 

crystallise easily and is preferable for applications such as transistors and photovoltaics 

as both, electrical and optical properties are enhanced (see Chap. 12). On the contrary, the 

irregular substituent distribution in regiorandom RRa-P3HT forces the thiophene units to 

twist away from planarity, hindering crystallisation.[44] Figure 15.6 compares the 
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refractive indices of regiorandom (amorphous) P3HT and two RR-P3HT samples with 

different degrees of crystallinity. The spectrum of RRa-P3HT is blue shifted and displays 

smaller oscillator strength compared to the RR counterparts. The former is due to the 

reduction in conjugation length associated to the frequent twists forced by steric 

interactions of the side chains. The latter is a combination of a smaller average density 

(amorphous chains cannot pack as densely as crystalline ones) and a lower degree of 

linearity in the chain (as it was discussed in section 15.3.1) The dielectric function is 

proportional to the density of dipoles, and this is in most cases proportional to the material 

density (see e.g., [39]). Interestingly, the optical properties are also clearly affected by the 

degree of crystallinity [20,45]. As it was discussed in section 15.2.1, the main optical 

transitions have vibronic replicas whose intensity is described by the Huang-Rhys 

parameter. Samples with higher crystallinity often result in higher intensities for the 

lowest vibrational levels with respect to higher energy vibronic peaks. Moreover, the 

broadening of each transition and vibronic sideband increases with disorder. To be able 

to distinguish vibronic sidebands is, in itself, a sign of chain ordering. For instance, x-ray 

diffraction shows that both PffBT4T-2OD (Fig. 15.2) and DPP-TT-T (Fig. 15.4) are 

partially ordered. Increasing ordering in DPP-TT-T by reducing curvature leads not only 

to higher overall oscillator strength, but also, to a redistribution of peak intensities in 

favour of the lowest energy transitions, as observed in Fig. 15.4. 

 

 

 

Figure 15.6: Optical constants (n, k) for P3HT with different crystallinity. a) Spectral differences observed 

in films of amorphous regiorandom (RRa) and device-quality semicrystalline regioregular (RR) material.  

The sketches illustrate that only the stereoregular chains are able to form crystalline domains. (b) Spectrum 

of a well-ordered film of crystalline P3HT according to Ref. [43]. The sketch indicates that large crystallites 

are associated to this spectrum. 
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15.3.3 Anisotropy 
 

Anisotropic optical properties originate both from the intrinsic anisotropy of polymer 

chains and from the material microstructure. Since most conjugated polymers behave as 

rigid-rod-like macromolecules, even amorphous solution-processed polymer films may 

exhibit preferential molecular orientation (in-plane vs. out-of-plane) giving rise to a 

uniaxial dielectric tensor. Therefore, evaluation of the optical anisotropy is necessary to 

correctly establish the oscillator strength of the transitions.[6] Higher degree of 

orientation of the film associated to an increased alignment of the chains tends to enhance 

the anisotropy, leading to different values of the tensor components as well as varying 

transition energy positions. This is similar to the case of films made from ordered organic 

small molecules (see Chap. 13). Certain mixtures of orientations of ordered as well as 

disordered phases normally coexist in the films giving an effective anisotropic behaviour 

which averages to a higher symmetry [46] than that of a perfectly ordered domain.  

Figure 15.7 shows the complex refractive indices determined by ellipsometry on a 

regioregular (>90%) P3HT film with both random polycrystalline and oriented spherulitic 

regions. [47]  Interestingly, the area where orientation was suppressed was still highly 

crystalline and its isotropic optical properties showed spectral features typical of 

crystalline P3HT.  An example of a film containing spherulites is shown in the figure. The 

Maltese cross patterns centred at each spherulite viewed between crossed polarizers 

evidence their birefringent nature and the radial disposition of polymer chains, which can 

be parallel or perpendicular to the radial direction.  The anisotropic optical response in 

the measured spherulitic region was well represented, within experimental error, by a 

uniaxial model with a variable in-plane optic axis aligned with the fibres. In this case, as 

shown in Fig. 15.7, the index along the fibres is higher than perpendicular to them, 

indicating that the polymer chains align parallel to the fibres.  Although the two reported 

crystalline polymorphs of regioregular P3HT are monoclinic,[48] domain misalignment 

and amorphous interlamellar material leads to at most orthorhombic-like dielectric tensor, 

for example in biaxially strained films.[44]  Crystallinity can be approximately evaluated 

by considering that the spectra can be represented by an average of RR and RRa mixtures. 

[49] For the case of Fig. 15.7, this gives a qualitative estimation of almost complete 

crystallinity parallel to the fibres whereas the isotropic and the perpendicular spectra 

contained about 10-20% of RRa spectral contribution.[47]  

 

 



14 

 

Figure 15.7: a) Complex refractive index (n, k) data in two zones of a RR-P3HT film. The anisotropic 

components were measured on a spherulite and the isotropic curves correspond to a region where 

orientation was suppressed. The inset shows a film (2.5x2.5 cm2) with spherulites viewed between crossed 

polarizers. Adapted from Ref. [47]. b) Sketch of a spherulite and preferential orientation of the lamellas 

within the fibrils according to the deduced uniaxial dielectric tensor represented below. 

15.4 Blending  
 

Mixing different materials into composites is often utilised in the organic semiconductor 

field. For instance, white lighting can be achieved by blending blue, green and red 

emitting materials with energy alignment as to produce cascade energy transfer between 

them. In photovoltaics, blending electron donor and acceptor molecules into the so called 

bulk heterojunction has emerged as the most effective way of simultaneously obtaining 

efficient charge separation of the photoinduced excitons while maintaining good light 

absorption (for which relatively thick films are required). The optical properties of 

blended films are, in general trends, a combination of the optical properties of the 

constituents weighted by the corresponding volume fraction. Figure 15.8 shows the 

complex refractive index of blends of DPP-TT-T with the acceptor PC70BM. The 

absorption profile includes the transitions of the corresponding components. For instance, 

the main absorption band of the polymer (Figure 15.4) is also easily observed in the blend. 

Not just that, the increase in absorption obtained with increasing molecular weight is also 

preserved in the blends. 

The new optical transitions that emerge when mixing, such as the charge transfer excitons, 

have absorption strengths that are several orders of magnitude smaller than the transitions 

of the individual components.[50]  In this respect, one could think of using effective 

medium approximations (EMAs, see Chap. 1) to describe the optical properties of these 
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blends provided that the two materials are well mixed in comparison to the wavelength 

of light. In good solar cell systems such as those described in Ch. 12, this is the case as 

the domain size is limited to a few tenths of nanometers (roughly twice the exciton 

diffusion length). The major difficulty arises, however, from the fact that during the 

deposition of the film the two materials interfere in the way each other would solidify 

when alone. It is known, for instance, that fullerenes tend to partially prevent polymer 

crystallisation. In terms of the optical properties this would mean that the optical 

properties of each individual component are not the same as the optical properties of that 

component when mixed. It has been reported, for instance, that the degree of anisotropy 

decreases with blending.[51]  Moreover, the two components may be inhomogeneously 

distributed in the vertical direction (perpendicular to the plane of the substrate), forming 

composition profiles of the two species. [52]  This will depend on the surface energies as 

well as the solubilities of the different compounds in the solvent and additives used, and 

ellipsometry can be employed to determine such segregation.  

 

Figure 15.8: Optical constants (n, k) for blend films of DPP-TT-T-C3 and PC70BM for several number-

average molecular weights of the polymer (cf. Ref.[21]). 

 

Since it is difficult to predict a priori the effect of blending on the morphology and 

subsequent optical properties, blends are often treated as a completely new material, as 

though it was an alloy. Otherwise, advanced effective medium approximations are 

required which include the fact that the degree of crystallinity and orientation can vary. 

[53,54] 

When one of the two compounds has a robust morphology, i.e. approximately 

independent of processing, ellipsometry can be used to evaluate if the optical properties 

of the other component have changed upon blending. For instance, blends of amorphous 
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polythiophene (RRa-P3HT) with two types of fullerenes revealed that for small amounts 

of fullerene there is mixing at the molecular level, i.e. the amount of small molecules is 

below the miscibility limit within the polymer matrix.[55]  In this context, ellipsometry 

was used to deduce the optical properties of the fullerene component in the blend, 

demonstrating the disappearance of the absorption bump often associated to fullerene 

aggregation. 

15.5 Monitoring in real time 

 

The strong nexus that exists between the optical and structural properties on conjugated 

polymer thin films implies that real time ellipsometry can be employed to infer important 

structural information. Perhaps the simplest case corresponds to following the 

morphology as a thin film experiences thermally induced phase transitions. In Sect. 

15.3.2. we explained that the crystalline and the amorphous versions of a given polymer 

have substantially different refractive indices. By exposing a thin film to a ramp of 

temperature, it is possible to actually monitor the different phases directly in a single 

material film. Figure 15.9. shows the temperature dependent refractive index for regio 

regular P3HT (after [56]). As the temperature is increased, the film expands reducing like 

this the density of dipoles and thus the oscillator strength. Thermally activated vibrations 

statistically decrease the conjugation length, and thus gradual blue shifts are found upon 

heating. Peaks also broaden with temperature, becoming less well resolved. These general 

trends can abruptly change when the temperature is raised above a characteristic phase 

transition temperature. For instance, the speed at which the aforementioned effects 

happen will accelerate when taking the film above the glass transition temperature. The 

transition between crystalline and molten film is, perhaps, the one that results in the 

largest variation in optical properties, as shown in Figure 15.9. Indeed, the optical 

properties of the molten film resemble those of the regio random P3HT (see Figure 15.6.). 

It has been shown that the temperature dependence of the ellipsometric raw data can be 

used to monitor phase transitions.[6] Figure 15.9. b) and c) exemplify this for a RR-P3HT 

film with a kink observed for the glass transition temperature, while a sudden change is 

found upon melting (on heating) or crystallisation (on cooling).  

Since phase transitions can depend on the geometrical confinement imposed by the thin 

film geometry, their corresponding temperatures often vary with respect to the 

bulk.[57,58]  The average thermal transition temperature depends thus on film thickness. 

Recently, ellipsometry has been employed to determine the profile of phase transition 

temperatures through the depth of thin films. Interestingly, the phase transition 

temperatures at the free surface have been found to be higher than those at the buried 

interphase, possibly due to the enhanced polymer packing at the surface granted by the 

extra free volume. [56] 
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Figure 15.9: (a) Optical properties of regio regular P3HT as a function of temperature (adapted from 

reference [56]). The kinks just below 100ºC observed in the measured ellipsometric angles in (b) and (c) 

are due to the glass transition, and the larger changes near 200ºC correspond to melting or crystallisation 

(see text).  

Thermal annealing can also be employed in blend films and monitored upon annealing 

by means of ellipsometry. Indeed, the phase diagram of polymer and fullerene blends can 

be determined using this technique.[59] The polymer crystallinity, which can be partially 

frustrated when processing both materials simultaneously, may be restored by thermal or 

vapour annealing the films. [52] The crystallisation process is accompanied by molecular 

diffusion in the out of equilibrium structure formed from quenching the solution, as 

ordering could not be achieved without expelling foreign molecules from the inside of a 

forming crystallite. Correlation between these two processes has been followed using 

ellipsometry for the case of P3HT blended with PCBM.[52] The complexity of blends 

makes them, however, a very difficult system to model. An interesting way of 

investigating diffusion processes isolated from crystallisation was proposed by the NIST 

group.[60] They fabricated bilayer structures of the donor and acceptor types of molecules 

and ellipsometrically followed the composition of each of the sublayers when applying 

temperature. They found that the glass transition of the polymer sets the onset for 

fullerene diffusion. Moreover, they investigated the miscibility limits using this approach.  

Film formation has also been investigated using ellipsometry during the deposition itself. 

The film thinning upon solvent removal can be easily determined spectroscopically. 

Moreover, the solidification and even the existence of pre-aggregates in solution can be 

identified with in situ ellipsometry.[9,10] This technique can also be employed to 

investigate the role of solvent additives during the film deposition. For instance, 

ellipsometry collected during drying of a solution of the high performing PffBT4T-ODT 
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(see Figure 15.1 for chemical structure) blended with PC70BM showed that there are two 

main drying regimes.[61] First, the wet film thins by evaporating the main carrier solvent, 

greatly increasing the solid content concentration, and then the solvent additive leaves 

very slowly the viscous film. During the second regime, the polymer still enhances its 

crystallisation, as the solvent additive mainly dissolves the fullerene.  

These very advanced experiments are paving the way for the use of ellipsometry as an in 

situ quality monitoring tool during the fabrication of roll to roll photovoltaic modules (see 

Ch. 12). [62,63] 

15.6 Summary 
 

In this chapter we have explained the nexus between the ellipsometrically deduced optical 

properties and the film morphology in polymer semiconductors. We have first given an 

introduction to the electronic properties of conjugated polymers and how the way in 

which molecules arrange in the solid state can alter the electronic and optical properties 

versus isolated polymer chains. We have then correlated these with their dielectric 

function, describing both the numerical inversion of the ellipsometric data as well as the 

most common parametric description of the dielectric function. The following sections 

explained the effect of conformation, crystallinity and molecular orientation on the optical 

properties. Since blends of different materials are often the technologically relevant 

architecture, especially in organic photovoltaics through the bulk heterojunction concept, 

we devoted some attention to the optical properties of blend films focussing on the 

deviations observed experimentally from the basic mixing theories. In the final section 

we reviewed some of the latest results on the use of in situ ellipsometry in polymer 

semiconductors, and how the optical properties can be used as a proxy to address the 

major morphological changes happening upon phase transition or during film formation.   
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