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Abstract 

 

Organic solar cells attract both scientific and economic interest due to their potential for 

clean and cost-effective photovoltaic energy conversion. Continuous evolution of this 

field relies on materials research, including synthesis of new compounds and fine control 

over film microstructure, as well as improved device architectures. In this context, 

spectroscopic ellipsometry is a helpful characterization tool, stretching over material 

preparation, device structure, and device modelling. This chapter will provide a general 

perspective of aspects that can be investigated by ellipsometry in these systems. The 

acquired insights enhance our capability to understand and model the optoelectronic 

properties of photovoltaic devices. 
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15.1 Introduction 

 

The field of organic solar cells or photovoltaics (OPV) is in continuous development 

mainly driven by its advantageous traits: environment-friendly low-cost generation of 

energy owing to the possibility of large area manufacturing of flexible, light-weight, 

semi-transparent devices with low energy payback times. Progress in this field is largely 

based on the design of new materials, control of microstructure and the improvement of 

device geometries. In this context, spectroscopic ellipsometry is gaining attention for the 

characterization and optimization of layered devices. The technique can be helpful to 

evaluate new active materials, obtain detailed depth profiles of material composition, and 

study solid-state microstructure of organic semiconductors, which can be very varied 

depending on the physical phase and molecular orientation, so that the device optical 

properties emerge as a combination of both chemical nature and solid state packing. 

https://link.springer.com/chapter/10.1007/978-3-319-75377-5_15
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The device architectures developed for OPVs take into account the particular properties 

of organic semiconductors. Active layers must be thin to optimize the efficiency of charge 

extraction. This is partly due to the large binding energies of photoexcited electron-hole 

pairs (called excitons) and their short diffusion length, LD ~20 nm, before recombination. 

Such excitons need to reach the p-n (or donor-acceptor, D-A) junction to dissociate into 

free charges. Once this charge transfer process happens, the charge extraction is also 

hindered by a very low charge-carrier mobility that limits the effective charge separation 

and collection. Since sufficient layer thickness is needed to absorb a reasonable amount 

of photons, in planar junctions a thickness compromise must be met. Fortunately, organic 

semiconductors have relatively strong absorption coefficients and operational thicknesses 

are not too large. It is also possible to tailor the active compounds via chemical synthesis 

to reach improved matching with the solar spectrum. The device architecture that 

addresses the mentioned drawbacks is the bulk heterojunction concept shown in Fig. 15.1, 

in which D and A compounds are blended to increase the available interface and to 

shorten the distance from any point to an interface. The morphology and phase separation 

in the blend are critical to OPV performance and in favorable cases can be evaluated by 

SE. As a non-invasive tool, SE can also be applied in-situ and in real-time to evaluate 

film deposition kinetics, to monitor temporal changes in morphology such as those 

occurring during post-deposition treatments, and even be an in-line monitoring tool to 

assess organic photovoltaic thin film microstructure during roll-to-roll processing. [1,2] 

 

 

Fig. 15.1 Schematics of the active layer for several device configurations based on donor-acceptor (D-A) 

junctions. The main absorber is assumed to be the donor (red region). The two relevant lengths for planar 

junctions are given in a) and b), where LD represents the exciton diffusion length and  the maximum value 

of absorption coefficient of the donor. c) Bulk heterojunction with vertical phase separation region which 

is detailed in d) assuming a P3HT:PCBM blend. 
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15.2 Ellipsometric Characterization of Organic Semiconductors 

 

In this section, we focus on the optical properties of single-phase materials that form the 

active layers of OPVs. The visible range spectra of organic semiconductors generally 

exhibit several bands that predominantly comprise electronic transitions between π-

electron levels and their vibronic sidebands. Measured transitions display lineshapes 

resulting from a Poisson distribution of the oscillator strength over the series of vibronic 

replicas, described by a Huang-Rhys parameter. The frequencies of vibrations that couple 

to electronic states are usually high, giving rise to large total bandwidths. The 

intermolecular interactions, different conformations or states of order further broaden the 

spectral features resulting in asymmetric absorption bands and shoulders. Commonly, the 

analysis of these vibronically structured peaks is kept simple and they are modelled as 

asymmetrically broadened electronic transitions.[3] Fitting of ellipsometric spectra of 

films has been already described in Chapter 3 and common strategies for the particular 

case of polymer semiconductors have been recently reviewed.[4] Here, we describe 

results obtained in different organic semiconductor materials. We consider first single 

crystal molecular semiconductors, as useful model substances. Then, we turn to thin films 

which are obtained using two main methodologies: thermal evaporation and solution 

processing. In all two cases the processing conditions or choice of the substrates have a 

large influence on the resulting microstructure, impacting the corresponding optical 

properties. Typically, molecules with low molecular weight are insoluble but relatively 

ordered films can be obtained by vacuum evaporation in favorable conditions. Crystal 

polymorphism is, however, an issue to be dealt with. For high molecular weights, 

typically polymeric chains, solution processing methods are employed and the resulting 

films are as a rule of thumb more disordered. Therefore, structural aspects acquire high 

importance when characterizing organic films for OPVs. 

 

15.2.1 Single Crystals 

 

The study of single crystal molecular materials is interesting from two perspectives. 

Firstly, it offers access to unique fundamental phenomena in solid state optical properties. 

Secondly, it provides helpful references to understand the optical properties of other 

organic semiconductors more common to OPV application. The main objective in single 

crystal ellipsometry is to determine the dielectric tensor. In the case of molecular single 

crystals this objective has been hampered by the lack of appropriate single crystals as well 

as by the difficulty of reliably determining the dielectric tensor of low symmetry crystals. 

Some OPV relevant single crystalline materials have been investigated using ellipsometry 

including for instance tetracene,[5] pentacene,[6] and fullerite (C60).[7] The C60 crystal is 

cubic at room temperature and therefore optically isotropic. The rest of crystals are 

anisotropic, crystallize usually in monoclinic or triclinic systems and the dielectric tensor 

cannot be diagonalized in a fixed coordinate axes set.[8] Exact treatments taking into 
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account all degrees of freedom of the dielectric tensor allowed by symmetry have been 

applied in part of the spectrum to two prototypical organic semiconductors which are 

model compounds for organic optoelectronics: Anthracene and the perylene derivative 

PTCDA (perylene tetracarboxylic dianhydride). Both crystallize in monoclinic systems. 

Historically, the photovoltaic effect in organic semiconductors was first measured in 

anthracene. However, it is not currently used for OPV because of its high band gap, which 

is partly due to rather weak intermolecular interactions in the crystal leading to optical 

spectra of strong molecular character, as shown in Fig. 15.2. In spite of this, the crystalline 

molecular arrangement in anthracene, with a monoclinic angle of 124.7º, has a large 

impact into its dielectric tensor components. In particular, the phenomena of dispersion 

of principal axes of the dielectric tensor and non-coincidence for axes of the real and 

imaginary part of the tensor are well marked in anthracene.[9] The intermolecular 

interactions are stronger in PTCDA, for which the band character of the electronic 

structure is rather extended. The availability of detailed ellipsometric studies of single 

crystal PTCDA allowed testing refined theories of electronic structure of this class of 

semiconductors.[10] The monoclinic angle in PTCDA is 98.8º, close to orthogonal, but 

nevertheless the low symmetry manifests in the dielectric tensor.[11] In both mentioned 

examples the unit cells contain two molecules and the lowest singlet excitons display 

similar Davydov splittings (cf. Sect. 4.5.2) of the order of 40 meV. The observation of 

these fine splittings is considered a signature of crystalline perfection. 

 

 

Fig. 15.2 Ellipsometric spectra of a) Anthracene (001) and b) -PTCDA (102) single crystal cleaved 

surfaces given as pseudo-values < n > and < k >. The unit cells projected on the measured planes are given 

as insets. In both cases, the monoclinic b axis is on the plane and the unit cells contain two inequivalent 

molecules, giving rise to Davydov splittings. The latter are indicated on the lower excitonic peaks by 

vertical lines and arrows. 
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15.2.2 Vacuum Evaporated Films 

 

The active layers in early OPV designs were composed by low molecular weight organic 

materials, i.e., small molecules or pigments. The initially studied structures were similar 

to inorganic devices, with planar heterojunctions deposited by thermal evaporation. The 

active films of these OPVs were usually combinations of metallo-phthalocyanines (MPc) 

with M = Cu, Zn acting as donor materials and perylene derivatives such as PTCBI 

(perylene tetracarboxylic bisbenzimidazole) and PTCDA acting as acceptors. An 

immediate evolution was to implement fullerenes C60 and later on C70 as acceptors since 

their spherical shape is advantageous to produce suitable blends with the mostly planar 

MPc molecules.[12] Hence, fullerenes remain the most chosen acceptors for bulk 

heterojunction (BHJ) devices despite their relatively limited spectral overlap with the 

solar spectrum. In the context of BHJs, the field of OPV is dominated by solution 

processed polymeric films (see Sect.15.2.3.). However, the more precise control both in 

molecule synthesis and purification, film morphology, and reproducibility in device 

fabrication offered by vacuum deposited small molecules maintains a sustained research 

activity in the field. Improvements in performance are seeked in multilayer architectures 

with multiple heterojunctions and tandem configurations. The increased complexity and 

cost of the multilayers should be balanced by a higher achievable efficiency. These 

systems are also regarded as models to obtain a fundamental understanding of the 

efficiency limiting mechanisms in OPVs. Compared to solution processing, upscaling can 

be more difficult for thermally evaporated systems needing vacuum. Roll-to-roll 

compatible vacuum technologies do, however, exist. 

Ellipsometric characterization plays a central role in the development of new materials 

and improved structures, helping to evaluate both the spectral match and the film 

morphology, i.e., molecular orientation in films, polymorphism and interdiffusion 

between layers. The reference systems are MPc/fullerene combinations. Thus, research 

efforts to improve the overall spectral overlap with the solar spectrum are aimed to 

examine new donors as well as new acceptors to combine with fullerenes or to substitute 

them. In addition, optical anisotropy must be evaluated [13] to optimize in-plane 

absorption.[14] Even if the symmetry of single crystals is monoclinic or triclinic, films 

always display some disorder and the effective symmetry is at most orthorhombic [4] but 

normally is tetragonal. Hence, in most cases, only two components fully describe the 

uniaxial optical response of films with the most usual situation of the optic axis 

perpendicular to the film surface. Many donors other than MPcs have been considered 

including diindenoperylene (DIP),[13] squaraines,[15] as well as more complicated 

molecules designed with different moieties to tailor an improved performance.[16] 

Comparatively, less non-fullerene small molecule acceptors are capable of providing 

improved efficiencies. Among others, perfluorinated analogs of phthalocyanines [17] and 

subPcs [18] have been considered because fluorine acts as electron-withdrawing group 

and reduces the HOMO level of the molecules which become effective acceptors whereas 

the spectral match remains quite suitable. Figure 15.3 shows the anisotropic optical 
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functions of perfluorinated CuPc films. Different polymorphs result from deposition at 

different substrate temperatures: films deposited on unheated substrates display a 

spectrum similar to that of CuPc whereas films deposited on heated substrates show a 

strong redshifted exciton. Spectroscopic details can be related to the local arrangements 

of neighboring molecules. In all known CuPc polymorphs the molecular stacks are rather 

eclipsed forming H-aggregates. Such a redshifted exciton is the signature of staggered 

molecular stacks or J-aggregates, as observed in bulk F16CuPc. Interestingly, the concepts 

of H- and J- aggregation have been extended to respectively describe interchain and 

intrachain coupling in conjugated polymers.[19] 

 

 

 

Fig. 15.3 Optical functions of two films of F16CuPc deposited at different substrate temperatures. The 

observed effective optical anisotropy was uniaxial. Solid (dashed) lines give the ordinary (extraordinary) 

optical component obtained by point-by-point fitting. In a) the substrate was not directly heated, in b) it 

was kept at 230ºC. c) Schemes of the molecular structure and of the film arrangement, where different 

crystal polymorphs are given by the herringbone angle . 

 

15.2.3 Solution Processed Films 

 

As mentioned above, most organic films for OPVs are deposited from solution because 

this alternative offers many advantages, including low cost, high flexibility, low thermal 

budget and up-scalability. Different techniques such as spin coating, blade coating, inkjet 

printing and screen printing are often used to deposit conjugated polymers and soluble 

versions of small molecules. In particular the fullerene derivatives PCBM (Phenyl-

C(60,70)-butyric acid methyl ester) depicted in Fig. 15.4 along with some usual donor 

polymers.  
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Fig. 15.4 Molecular structures of typical solution-processed OPV materials. 

 

The optical properties of polymer films can be quite complex. In addition to the basic 

molecular nature of the polymer, the particular conformation is decisive to determine the 

effective optical properties of the film, given by both the spectral features (resulting from 

the electronic density of states) and the anisotropy (resulting from orientation). Even in a 

single-component film, a multi-phase morphology can occur. Because of the abundant 

morphological variations in polymers, it is pertinent to apply a physical parameterization 

of the dielectric function that allows describing structural variations and transformations 

by varying the model parameters. Systematic comparisons of the fitting quality of 

different dispersion models to the ellipsometry data for films of conjugated polymers 

coincide in concluding that asymmetric lineshapes are the most suited. The case of P3HT 

as the most important polymer in the context of OPV is illustrative. Arwin and Jansson 

[20] found that the best description of its optical properties was given by modified 

Lorentzian resonances which consist in adding a phase to a Lorentzian oscillator. This is 

a phenomenological approximation to account for asymmetric lineshapes that arise from 

the interacting electrons and local vibrational modes subjected to inhomogeneous 

broadening. In addition, the excitonic model is able to describe the expected underlying 

physics. However, the full spatial localisation represented by excitons might be 

incomplete to describe the electronic wavefunction of highly crystalline conjugated 

polymers such as regioregular P3HT, with possible delocalization in up to two 

dimensions.[21] To account for different dimensionality, the general standard critical 

point (SCP) lineshapes described in Chapters 4 and 5 are the natural extension. This 

model was shown to be superior to other analytical representations of the dielectric 

function of polymeric thin films. [3] It was shown that analysis of ellipsometric 

measurements using the SCP model gave results consistent with the anticipated physics: 

The electronic wavefunctions for highly crystalline films or containing chains with planar 

conformations displayed 1D/2D delocalization [3] in contrast to localized excitons for 
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amorphous polymeric films. Zhokhavets and co-workers [22] also employed a 1D density 

of states to describe anisotropic spin-coated thin films of poly(3-octylthiophene) (P3OT). 

From this model, they obtained a value of around 0.6 eV for the exciton binding energy 

(Eb), in fairly good agreement with Eb values obtained with other techniques. Gurau and 

co-workers [23] conducted a combined multi-technique study of the anisotropy of P3HT 

and P3OT films and used SE to correlate the spectral changes and degree of order in the 

films. They analyzed their data in terms of critical points using derivative spectra and 

tried to correlate the fine structure observed in the spectra with the local order in terms of 

Franck-Condon progressions. Other descriptions of the dielectric function of P3HT 

include explicit modelling of this fine structure by a Huang-Rhys vibronic envelope.[24] 

However, it has been pointed out that the Huang-Rhys description is probably too simple, 

not adequate to provide a satisfactory explanation of the evolution of the spectrum with 

local order.[23] A more complex theory has been recently developed for P3HT based on 

weakly coupled H-aggregates. This alternative model allows to extract relevant 

parameters such as an interchain bandwidth and intrachain order (conjugation length) 

from the polymer absorbance.[25] 

As shown in Fig. 15.5 for some usual donors and acceptors, the refractive index of thin 

film solution processed organic semiconductor ranges between 1.7 and 2.1, while typical 

maximum extinction coefficients reach values about k = 1. We note that solution 

processed polymers may exhibit preferential molecular orientation leading to uniaxial 

anisotropy. The in-plane index (shown in Figure 15.5 b) is then higher than the out-of-

plane (extraordinary) index.[26] 

 

 

Fig. 15.5 Refractive index n and extinction coefficient k for several solution processed materials. a) 

acceptors b) donors. 
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15.3 Device Architectures  

 

Organic photovoltaics belong to the third generation solar cell class in which a thin film 

of a highly absorbing direct semiconductor is sandwiched between two metals with 

different work functions, one of which is transparent to allow light go through. Given the 

aforementioned characteristics of free carrier generation in organic semiconductors, the 

active layer can be either a bilayer (p-n heterojunction), a bulk-heterojunction (BHJ), or 

a p-i-n like structure formed by embedding a mixed layer in between two layers of the 

pure components. These architectures are depicted in Fig. 15.6 (a), (b) and (c), 

respectively. While BHJs are the preferred choice for solution processed cells, active 

layers comprising several layers with different degrees of mixing can be obtained by 

thermal evaporation. 

Historically, in the most conventional device architecture, often called “normal” or 

“standard” geometry, light reaches the active layer through the anode. In the so-called 

“inverted” geometry depicted in Fig. 15.6(d), light reaches the active layer through the 

cathode. The anode and cathode are defined by the choice of electrodes, but also, 

importantly, by introducing electron and hole blocking layers, respectively. The 

conductive polymer PEDOT:PSS is typically used as electron blocking layer which 

besides shifting the work function of the corresponding metal electrode, helps planarizing 

the surface of the contact for the correct subsequent deposition of the active layer. In the 

inverted structure, surfactants are used in order for the water based dispersion of 

PEDOT:PSS to be properly deposited on top of the typically hydrophobic active layer. 

Alternatively, evaporated or solution processed MoO3 has also been used as electron 

blocking layer. Typical hole blocking layers include calcium, LiF, ZnO and TiOx. The 

latter two can be deposited using physical methods, but also from precursor solutions 

using wet deposition methods (from spin coating to roll-to-roll compatible slot dye 

coating). 

 

 

Fig. 15.6 Schematic representation of the most common device architectures. a) to c) display standard 

structures in which the active materials are combined in different ways, namely a) bilayer planar junction, 

b) bulk heterojunction, and c) combination of both as a bilayer with a wide intermixed zone. d) Inverted 

structure with bulk heterojunction. 
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In the context of device architectures, ellipsometry provides information at different 

levels. First, it helps to assess the structure itself, giving non-destructive estimates of 

thicknesses for the different layers of the stack. It also enables the monitoring of 

morphological aspects, such as buried interfaces, intermixing between different layers, or 

the appearance of phase separation between components. Finally, ellipsometry provides 

the required optical parameters used as input in the modeling and optimization of organic 

photovoltaics. 

 

15.3.1 Vertical Structures 

 

Within the described device architectures, vertical structure arises not only by design, as 

in advanced tandem organic photovoltaic cells [27] containing complex engineered 

multilayer stacks, but also unintentionally, in form of surface roughness, interphase 

boundaries and segregation within one layer, and intermixing at the interface between 

adjacent layers. The design of optimal devices for photovoltaic applications requires an 

accurate control of both the dielectric function and vertical structure because effects such 

as anisotropy and optical cavity interference can be dominant for light absorption in solar 

cells.[28,29]  Rigorous modelling is crucial to improve the understanding of the internal 

photon conversion efficiency and allows design improvements.[30]  Although some 

structural features like interphase mixing and segregation may be not too important to 

alter photonic behavior, their impact on electrical performance is significant, as they 

strongly affect injection and recombination properties.[31] 

Evaluation of vertical structures relies on structural models built from multilayers 

containing effective medium approximations (EMAs) to account for the mixed layers, as 

described in Eq. (3.9). Typical mixed layers include surface roughness with sub-

wavelength features, composed by the underlying material and void. This approximation 

gives good results in many situations, particularly if the rough overlayer is thinner than 

about 10% of the total film thickness. For thicker rough overlayers, conventional 

ellipsometric results may still be reliable with more complex analysis protocols and be 

well correlated to structural techniques. [32,33] Optical contrast is required for a 

successful evaluation of depth profiles by SE. For conjugated polymers, the contrast in 

the spectral transparency region is usually poor but the technique can take advantage of 

absorption contrast in films of the order of the absorption depth. Typical suitable 

thicknesses are in the range of 0.1 to 0.01 times the incident wavelength. In all cases, the 

availability of accurate reference dielectric functions eases the interpretation of the data. 

The study of photovoltaic devices can be simplified by examining bilayer films as model 

systems. Organic bilayers are often partially miscible and interlayers are generally 

present. Experiments that require a sharp interface can benefit from a critical validation 

of film structure by ellipsometry, for instance in order to determine the exciton diffusion 

length.[34] 
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Bilayers obtained by solution processing commonly have a diffuse interface because it is 

problematic to find orthogonal (incompatible) solvents for depositing layers sequentially. 

The first deposited layer may partially (or totally) dissolve when a second layer is put on 

top resulting in a mixed interfacial layer. Interfacial mixing can also appear to some extent 

for bilayers formed by thermally evaporating the top layer or after an annealing step. 

Ferenczi et al. explored interdiffusion for bilayers composed of PCBM and P3HT.[35] A 

solvent-free stamp transfer process was used to deposit the top PCBM layer so that the 

as-prepared bilayers showed sharp interfaces. Subsequent thermal annealing caused the 

formation of a broad mixed layer capped by a fullerene and a P3HT single component 

layers. The resulting triple stack showed much better performance as a photodiode than 

the as-prepared bilayers. Analysis of the ellipsometric data evidenced the intermixing and 

the obtained vertical profiles allowed to model the photodiode spectral response 

satisfactorily.[35] 

 

15.3.2 Bulk Heterojunctions 

 

The protocol to produce the technologically relevant BHJ structure, see Figs. 15.6(b) and 

(d), is to form a mixed layer by spin coating from a solution already containing two 

materials. In essence, the optical properties of the resulting blend film can be represented 

using an EMA such as the Bruggeman model of Eq. (3.9). In most cases, the assumptions 

inherent to an EMA model are justifiable. These comprise the situation that the 

components are well mixed (on a scale below 0.1 the wavelength) and that any additional 

optical excitations such as interface charge transfer have negligible spectral weight.[36]  

Hence, these models work well as an approximation and are very useful to deal with 

structural parameters. However, some basic suppositions of the EMA models might be 

invalid in some cases.[37,38]  For instance, the mixing process may lead to domains of 

the pristine materials with a different microstructure than that of the single material films 

used to obtain reference dielectric functions. In particular, the amount of anisotropy or 

the extent of crystallinity have been shown to vary and are also dependent on the 

processing conditions. For instance, the n and k values for P3HT:PCBM blends strongly 

depend on annealing conditions and weight fraction, as shown in Fig. 15.7. In addition, 

since most organic materials are somewhat miscible,[39] for all practical purposes a 

ternary system is formed, made up of nearly pure domains of each material plus a fine 

intermixed blend of both. More refined models including those structural modifications 

such as effective ternary mixing [40,41] or anisotropic inclusions [42] must be used or 

further developed in order to find out the dielectric function of the blends from those of 

the constituent materials. As a matter of fact, the most accurate alternative is, probably, 

to consider the blend film as a different material system, comparable to an alloy system, 

and determine its particular dielectric function as though it was a new compound.[28,43]  

A helpful option for that is to build flexible material functions, like are frequently used 

when dealing with alloys,[38] based upon data libraries that gather diverse ways of 

processing reference films. In this way, satisfactory models of both the morphology and 

the anisotropy should be attainable and allow to deduce detailed profiles.[43] Having said 
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that, the heterogeneity of such films can also yield a spatial variation of the dielectric 

function, producing averaged results that depend to some extent on the measurement spot 

loci and size. 

In spite of not always being the most precise description, using the dielectric function of 

the pristine components to model blend materials is a rather reliable procedure to 

investigate structural homogeneity. For example, the vertical phase separation in blends 

of P3HT and PCBM has been successfully evaluated using VASE [40,44,45], and the 

same for other photovoltaic systems such as APFO3:PCBM [38] and 

PCPDTBT:PC70BM.[46]  For this purpose, the blend films were analyzed by 

decomposing the profiles in several sublayers with their corresponding dielectric 

functions deduced from an EMA model allowing for different compositions of the two 

materials. Appealingly, as-spin-coated films were seen to exhibit an intrinsic amount of 

vertical phase separation, and it was revealed that this segregation increased when 

exposing the film to temperature or solvent vapor.[44] Moreover, ellipsometry was useful 

to explore the dependence of the specific depth profile on a diversity of conditions related 

to the hydrophilicity of the substrate,[43,44] variable processing history,[44] the 

crystallinity of the polymer,[47] and the composition ratio of the blend,[38,45] as 

illustrated in Fig. 15.7. Conducting PEDOT:PSS layers with a component of un-

complexed PSS were also found to exhibit vertical concentration profiles that could be 

characterized using ellipsometry.[48] 

 

 

Fig. 15.7 Refractive index n and extinction coefficient k for P3HT:PCBM blends spin coated at 4000 rpm 

before and after 15 minutes of annealing at 140ºC. Larger changes for larger PCBM contents upon 

annealing are related in this case to the variation of depth profile and degree of crystallinity of the polymer. 

 

15.3.3 Full Devices 

 

Since ellipsometry is highly sensitive to film thickness and layer morphology, this 

technique is especially suited as a non invasive tool to monitor device quality. Figure 15.8 

shows an example of the use of ellipsometry to assess the homogeneity of an organic 

photovoltaic module in inverted geometry, see Fig. 15.6 d), as it was being built. 

Ellipsometry was first measured at several loci over a 4 cm2 sample after the deposition 

of the blocking layer (glass/ITO/ZnO), then after the deposition of the active layer 
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(P3HT:PCBM) and finally after the deposition of the hole conducting layer (modified 

PEDOT:PSS). The data clearly show that the last layer is not homogeneous and it should 

be reformulated to improve the wettability of PEDOT:PSS on top of the hydrophobic 

active layer. 

 

Fig. 15.8 Raw ellipsometry spectra (cos  of an organic solar cell structure with inverted geometry as 

represented in Fig. 15.6(d). ITO was coated by sputtering and the other three layers from solution by knife 

coating. Measurements on three different points across the sample at various stages: a) ZnO/ITO/glass 

sample, b) P3HT:PCBM/ZnO/ITO/glass sample, and c) PEDOT:PSS/P3HT:PCBM/ZnO/ITO/glass 

sample. 

A complete device often has a metallic electrode on top of the PEDOT:PSS layer 

deposited by thermal evaporation or screen printing. Evaluation of the full device 

requires, then, measuring through the glass. In this case, the available spectral range is 

smaller (due to the UV absorption of a ca 1mm thick glass substrate). Flexible samples 

are typically supported on PET substrates. These are highly anisotropic,[49] which 

complicates the analysis of the ellipsometric angles. 

Besides quality control, ellipsometry is regularly used to obtain the input parameters that 

are needed in order to model and optimize the organic photovoltaic devices. Contrary to 

other photovoltaic technologies, charge transport in organic semiconductors is typically 

poor, with mobilities several orders of magnitude lower than that of amorphous silicon. 

This imposes a limitation with respect to how thick the active layer can be: thicker films 

absorb more light, but charges generated too far from the electrodes may recombine 

before they can be collected. The optimum film thicknesses for the multilayer stack will 

then be related to the absorption coefficient of the materials, electron and hole mobilities 

of the active layer and the degree of (unintentional) doping.[50] 

In this context, ellipsometry can provide the complex refractive index for each of the 

relevant materials. With this input information, the electric field distribution within the 

active layer can be determined, and thus the profile of photogenerated excitons.[29] An 

electric model is then used to estimate the charge collection depending on the 

recombination rates and transport properties of the system. In this way, optimum film 

thicknesses can be determined theoretically. In most cases, the optimum thickness for the 

active layer corresponds to that of the first optical interference maximum for low mobility 

semiconductors (70nm-100nm), and to the second interference maximum for materials 

whose transport is better (ca 225 nm).[50-52] This type of modeling can be used to 
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explore also the suitability of this technology for specific applications, such as 

greenhouses [53] and color tunable photovoltaics for building integrated generation.[54] 

15.4 Monitoring Organic Solar Cells 

 

Ellipsometry is a non invasive and relatively fast technique (measurement time 1 s), and 

thus it is useful to monitor changes in film properties via in-situ experiments. Two main 

types of information can be accessed, either dynamic or thermodynamic. Examples of the 

former include the study of film formation from solution or the structural changes induced 

by post-deposition treatments. Thermodynamic aspects such as miscibility limit, phase 

transition temperatures or even full phase diagrams have also been investigated.  

15.4.1 Monitoring Thermal Stability 

 

In the context of bulk heterojunction solar cells, the glass transition is one of the key 

parameters to understand the thermal stability of the cell. If the operational temperature 

(up to 85ºC) is higher than the glass transition temperature, the morphology of the blend, 

and thus performance, will change with operation time, which is unacceptable for most 

applications. Providing access to the glass transition of the material in thin film form is, 

therefore, a very useful contribution from ellipsometry to this field. This is especially so 

if we consider the large number of reports that show that phase transition temperatures of 

geometrically confined polymers differ from the bulk values obtained by Differential 

Scanning Calorimetry (DSC).[55-57] 

Whereas some of the studies require analysis of the full set of ellipsometric data as a 

function of time, it has been pointed out that for small variations in morphology or 

thickness (such as those typically occurring while thermally annealing), the ellipsometric 

angles themselves depend approximately linearly with film thickness.[4] This observation 

opens up the opportunity of retrieving useful pieces of information directly from the raw 

ellipsometry data. This includes the determination of the glass transition temperature of 

thin films using the kink that appears in the evolution of  with temperature, which 

reflects the different coefficients of thermal expansion before and after the glass 

transition.[39] 

Besides the glass transition temperature, in-situ ellipsometry can be employed to 

characterize thoroughly the phase evolution in quasi-isothermal experiments, including 

the determination of crystallization and liquid crystalline temperatures. Some examples 

in the literature include PFO,[55] F8BT,[55] P3HT,[58] APFO3,[56] APFO9,[56] 

pBTTT,[59] and PCDTBT.[60] The full phase diagram for photovoltaic blends consisting 

of the low band gap polymer APFO3 and fullerene (PCBM) were deduced using 

ellipsometry in combination with polarized microscopy.[39] For this, the temperature 

dependence of the ellipsometric angles was recorded for several polymer: fullerene 

compositions. The phase diagram was then constructed and revealed a eutectic behavior 
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including a lyotropic phase. This study provided information on the miscibility limit of 

both compounds, and demonstrated that the miscibility limit depends on the molecular 

weight of the polymer. The authors correlated the high glass transition temperatures with 

the high thermal stability of the corresponding devices and also the miscibility limit with 

the recombination probability for the blends. 

15.4.2 Monitoring Morphology Evolution 

 

As it has been mentioned throughout this chapter, the way in which donor and acceptor 

molecules pack in the solid state to form the blend film is a critical aspect for the operation 

of organic photovoltaics. The two materials should form a finely interpenetrated network 

to allow charge generation and extraction. Optimum domain sizes are around 10-20 nm, 

furthermore, the domain purity is crucial to avoid charge recombination leading to 

performance loss. Being so critical, a myriad of methods to control the film morphology 

have emerged. These include control of the drying kinetics during solution deposition via 

solvent mixtures, use of solvent saturated atmospheres, varying stage or solution 

temperature, or the use of additives. Alternatively, the structure of some blend films can 

be modified after deposition using treatments such as thermal or vapor annealing.  

The time scales of deposition and post deposition treatments are very different, being a 

few seconds for the former, and several minutes for the later. In both cases, in-situ 

ellipsometry can offer insights into morphology evolution, as exemplified in Fig. 15.9. 

This is because the optical features associated to isolated molecules, molecular aggregates 

and crystalline domains are all different. 

 

Fig. 15.9 Schematic representation of the evolution of a polymer-fullerene blend upon thermal annealing. 

The spectra illustrate qualitative changes in extinction coefficient curves that may help to monitor 

morphology changes in real time. 

 

For the workhorse bulk heterojunction material system P3HT:PCBM, ellipsometric 

studies have been carried out by exposing the films to saturated atmosphere of solvent 

vapor.[44] The ellipsometric data exhibited variations due to changes in oscillator 
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strength and density, which were used to deduce the onset of polymer crystallization. 

Subsequent lateral and vertical diffusion of fullerene molecules [44,45,61] yielded finally 

a blend structure offering superior solar cell performance. Similarly, Wang et al.[62] have 

ellipsometrically monitored the evolution of these blends upon thermal annealing. Three 

distinct regimes were identified. First, the solvent trapped within the film evaporated, 

followed by the polymer crystallization and finally, the phase separation of the two 

components. 

The bilayer geometry constitutes a useful system to study microstructure evolution. In 

this case, two layers of the pure constituents are deposited sequentially, typically first the 

polymer and then the fullerene from an orthogonal solvent or thermally evaporated on top 

of the polymer film. This system is valuable because the starting point is very well defined 

(pure vertical domains of each component) and then upon application of an external 

stimulus, such as temperature, the morphology evolves. The kinetics of molecular 

diffusion, as well as the miscibility limit have been studied by measuring ellipsometry on 

bilayers.[35,63] In a study comprising two polymers and four different fullerenes, 

ellipsometry enabled to understand how mixing only occurred above the glass transition 

of the polymer, and was consistent with swelling of the polymer by the fullerene.[63] For 

absorbing materials, the limitation here is that films ought to be thin enough to enable 

optical access to the bottom layer. The use of ellipsometry to investigate polymer film 

swelling by penetrants has been recently reviewed by Ogieglo and colleagues.[64] 

The characterization of thin film changes during fast deposition processes is yet more 

challenging due to the very wide timescales (from milliseconds to minutes) and the fast 

changing film properties, starting from the few microns thick wet film down to the 100 

nm thick dried film. Other deposition methods have also been explored, such as dip 

coating [65] (see Fig. 15.10) and knife coating [66,67]. It is worth noting that high speed 

photometry was also used to monitor the spin-coating process of non-conjugated polymer 

blends.[68] Polarized photometry has also allowed to monitor the layer-by-layer growth 

of small molecule films.[69] 

The drying kinetics of a knife-coated P3HT:PCBM film was explored by combining in-

situ ellipsometry and X-ray measurements.[66] This encouraging report revealed 

different steps in film formation. In the wet film, the polymer chains start to crystallize 

by way of heterogeneous nucleation when the concentration of polymer surpasses 50%. 

Due to the remaining solvent, a self-annealing step takes place. This evolution is 

monitored by following the ellipsometrically deduced film thickness and extinction 

coefficients. As a first approximation, the changes in thickness and refractive index 

during annealing or in the last stages of film formation can be rationalized in terms of 

variations in film density () and polarizability ().[61,65,70] For a given system with an 

accessible transparent spectral window, the variation in refractive index far from the 

absorption edge can be approximated as: 
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Equation (15.1) has been used to correlate the values of density and polarizability with 

the length of the polymer side chains in different films,[71] and to compare the values 

before and after thermal annealing [44,71] as well as during deposition.[65]  For the case 

of post-deposition treatments, the film mass at two given times has to be conserved, and 

then the previous equation can be rewritten as: 
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By analyzing the time dependent ellipsometry data, the refractive index and thickness can 

be found independently. Then, this relationship allows to estimate the polarizability 

variations occurring during a post deposition treatment and correlate them to the 

morphology of the film. These variations may be originated, for instance, by the evolution 

of the average degree of molecular orientation upon annealing.[65] 

Clearly, the development of in-situ ellipsometry for the characterization of organic solar 

cells films during deposition or annealing is at an early stage, so far. The very reassuring 

already reported results, however, encourage further investigations to cast light into such 

topics as the effect of additives, molecular weight, or crystallization tendency.  

 

Fig. 15.10 Dependence of the optical constants of a P3HT film upon drying. a) Spectral changes of the 

extinction coefficient. The arrow marks the wavelength of maximum absorption, 550nm. b) Time evolution 

of n and k at selected wavelengths. 

 

15.4.3 Monitoring Fabrication 

 

Besides the great sensitivity to small thickness and/or dielectric function changes, the new 

generation of commercially available ellipsometers equipped with CCD detection are also 

very fast, with acquisition times around 50 ms. In-situ characterization of layers and 

stacks in-line during roll-to-roll processing has, therefore, become a reality.  
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Indeed, two groups have already built stand alone in-line ellipsometers into lab scale roll-

to-roll systems devoted to the fabrication of organic photovoltaics.[1,2] The 

advancements introduced by one such system have been protected via patent filing.[72] 

Very fast data acquisition, processing and analysis are key features of these pieces of 

equipment. In order to have access to the full width of the rolling web, the optics of the 

ellipsometer are scanned (translated) perpendicularly to the roll to roll moving direction. 

Alternatively, an expanded beam geometry coupled to a 2D detector with no moving parts 

has also been proposed for in-line quality monitoring during roll-to-roll 

manufacturing.[73] 

 

15.4.4 Monitoring Degradation 

 

Stability is one of the key challenges to overcome before organic photovoltaics can reach 

the market. Besides the aforementioned thermal stability, photodegradation and chemical 

stability need to be addressed. Interestingly, most common degradation pathways 

affecting the active layer in OPVs, such as chain scission or shortening, conjugation 

breaking via defects, etc, result in a reduction of conjugation length, yielding blue shifted 

absorption and loss in vibronic sideband spectral resolution. The absorption spectrum, 

therefore, reflects the degree of degradation of a given material. Note, cautiously, that the 

electronic processes are affected by degradation much more strongly via trap formation, 

in such a way that an absorption loss of less than 3% might be associated to the same 

degree of degradation than a solar cell efficiency loss of 80%. 

In a pioneering work on photooxidation of polythiophenes from 1994, Arwin and Jansson 

proposed the ex-situ ellipsometric determination of the absorption coefficient as an easy 

magnitude measurement to detect degradation.[20] They observed how photodegradation 

resulted in a loss of oscillator strength, and a broadening of absorption. Similar studies 

have been conducted on other polymers, such as MHPPV [74] and small molecules, such 

as Alq3.[75] The structural stability of polymer/fullerene blends has also been assessed 

via ellipsometry.[76] These authors find that the vertical composition profile evolves over 

time, with fullerene molecules accumulating at the surface. This has a clear effect on the 

corresponding solar cells as a fullerene rich interface can act as an electron conducting 

layer. 

There is plenty of room for further studies of the stability in this type of systems. In 

particular, in-situ real time investigation of the degradation of photovoltaic systems under 

controlled oxygen, humidity and temperature conditions might prove very useful. In the 

case of lead halide perovskite based hybrid photovoltaics, ellipsometry has been used in-

situ while exposing the material to water vapor [77] revealing a reversible hydration 

process. Similar studies applied to organic photovoltaics will help to increase our 

understanding of the degradation pathways and how to cut them short. 
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15.5 Hybrid Approaches 

 

For the sake of completeness, we mention briefly the use of ellipsometry for 

characterization of hybrid active layers in solar cells. Current organic-inorganic mixed 

approaches evolved from the concept of dye-sensitized solar cells. These electrochemical 

or Grätzel cells are composed by a mesoporous titania matrix with a thin layer of dye 

attached to the surface and embedded in an electrolyte solution. The thickness and 

porosity of the mesoporous TiO2 have a relevant effect on the cell performance and can 

be characterized by ellipsometry.[78] Evolution of this concept to solid state brings 

hybrid approaches closer to the concept of bulk heterojunctions, like that represented in 

Fig. 15.1(c) where a hole-transporting polymer (frequently spiro-MeOTAD) replaces the 

electrolyte. In other studies, infiltration of a donor polymer to replace both the dye and 

the electrolyte has been considered, where the inorganic semiconductor TiO2 acts as the 

acceptor. These vertically mixed heterojunctions are efficiently characterized by SE [78] 

also in this case. Another widely used acceptor is ZnO. Optical properties of blends 

between ZnO and several polymers such as P3HT have been investigated by SE and have 

been successfully correlated to the color of full devices.[79] Effective medium 

approximations have been applied to study structural aspects in polymer-quantum dot 

blend films [80] which are also used in hybrid solar cell concepts. Last but not least, lead 

halide perovskite-based solar cells evolved from the same hybrid concept. Chapter 16 is 

devoted to this hybrid kind of solar cells due to the current enormous interest and intense 

activity in this field of research. 

15.6 Summary 

 

In this chapter we have reviewed a representative selection of significant examples 

regarding the use of spectroscopic ellipsometry for the characterization of organic 

semiconductors applied to solar cells. Throughout the chapter, we have detailed the 

particularities of organic semiconductors that ultimately define the device architectures 

and indicated which aspects can be characterized by ellipsometry both regarding material 

preparation and device structure. First, we have described the ellipsometric 

characterization of single-phase materials that form the active layers of OPVs including 

single crystals and films of small molecules and polymers. We have further outlined the 

use of ellipsometry for the characterization of device-quality layers such as films with 

vertical structure, either a single blend layer or sequentially deposited layers. Also, we 

have pointed out the real time in situ application of ellipsometry to monitor film 

deposition processes and post-deposition treatments. Finally, we have commented on 

characterization aspects of organic-inorganic hybrid solar cell materials. In all cases, an 

accurate knowledge of the dielectric functions of the materials, enabled by the use of 

ellipsometry, is essential to understand and model the optoelectronic properties of 

photovoltaic devices. Moreover, advanced ellipsometry can provide fundamental 

information about the structural configuration of the thin films, along with the phase 
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separation of components, the quality of interfaces, and characteristics of molecular 

kinetics for the fabrication processes. 
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