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CHAPTER I: INTRODUCTION TO PHOTOVOLTAICS AND AIM 

OF THE WORK 

1. HISTORY OF PHOTOVOLTAICS 

All living beings extract energy from the environment to convert it into other 

forms of energy used for their sustenance. Throughout history, man has developed 

and expanded his ability to use and harvest energy in all its forms, starting from 

the discovery of fire to the last generation of nuclear power plants. Since the 

industrial revolution to nowadays, the World Energy Consumption has increased 

exponentially in response to developed countries modern living standards, that are 

leading to a continuous expansion of the global energy demand and production 

(see Figure 1).  

 
 
Figure 1 Representation of the World energy consumption over years since 1800.[1] 

 

However, the limited availability of primary exhaustible energy sources (i.e. 

fossil fuels and uranium) and the long-term adverse effects on the environment 

due to their exploitation, reflects the urgency to develop new strategies to 

effectively utilize other primary energy sources: the renewable ones. 

The most clean, renewable and sustainable energy known to humankind is solar 

energy. In a way similar to the natural photosynthetic process, through which 

plants transform solar radiation energy into another form of energy such as the 

chemical potential, a photovoltaic device transform the photons energy into 

electrical energy. Electrical energy is one of the most important within secondary 

energetic sources, since it can be easily distributed, stored and used for many 

application.[2]  

The ‘photovoltaic effect’, the mechanism through which a solar cell converts the 

photon energy into mobile electrons, thus electricity, was first observed in 1839 by 

the French physicist Becquerel in an electrochemical experiment.[3] Later, in 1876, 

William Adams and Richard Day observed photoconductivity in a solid state device 
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made of a thin layer of Selenium sandwiched between two heated platinum 

contacts.[4] In the following years, while the first well performing Selenium/Gold 

based solid-state solar cell was built with an efficiency of 1%, photovoltaic effects 

were also observed in Copper/Copper Oxide thin films, in Lead Sulphide and 

Thallium Sulphide. The photovoltaic effect in these first photodiode-like structures 

was related to the existence of a barrier to the produced photocurrent flow at one 

of the two semiconductor/metal interfaces (i.e., rectifying action) by Goldman and 

Brodsky in 1914, while the relative theory was developed by Walter Schottky, 

Neville Mott and others in 1930.[5] 

However, it was not until the 1950s, with the development of good quality 

silicon wafers for applications in the emerging technology of solid state electronics, 

that potentially useful quantities of power were produced by photovoltaic devices 

(PVs). In fact, the discovery of a way to manufacture positively (p) and negatively 

(n) doped silicon led to the preparation of silicon p-n junction structures with 

much better rectifying action than Schottky barriers and a better photovoltaic 

behavior. The first silicon solar cell, reported by Chapin, Fuller and Pearson in 

1954, showed in fact an efficiency of 6%.[6]  

In parallel, the discoveries leading to the birth of modern organic chemistry, in 

the end of the 19th and the beginning of 20th centuries, led to increased scientific 

and commercial interests in the research on organic materials. Anthracene was the 

first organic compound in which photoconductivity was observed by Pochettino in 

1906[7] and Volmer in 1913,[8] while in the early 1960s it was discovered that many 

common dyes, such as methylene blue, had semiconducting properties.[9] Later, 

these dyes where among the first organic materials to exhibit the photovoltaic 

effect, together with many other biological molecules such as carotenes, 

chlorophylls, porphyrins and phthalocyanines, while the first organic photovoltaic 

(OPV) device was described by Tang in 1986.[10] 

The progress in the PV technology had a strong impulse after the 1970s oil 

crisis, which pushed the scientific and industrial research to produce around 15% 

efficient Si-based inorganic PVs, also called first generation PVs, whose market 

expanded at a rate of 15% per annum in the late 1990s and even more in the last 

years (30% per annum).[11] However, the inherent limitation to a real broad scale-

up of first generation PV technologies is determined by the very laborious and 

energy consuming processing of Silicon wafers, representing more than 60% of the 

manufacturing costs of Si-based PVs. Therefore, the scientific and industrial 

research in the last decades were mainly directed to the increase of the device 

efficiency and to the reduction of materials and production costs, these efforts 

leading to the current emerging PV technologies such as organic photovoltaics.  

 

2. ORGANIC PHOTOVOLTAIC (OPV) 

The organic photovoltaic (OPV) technology is thought to provide an excellent 

alternative to Si-based PVs in those applications where the importance of price and 

mechanical properties dominate over high performances or lifetime.  
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Before going into a deeper analysis on OPV devices, a comparison between 

the properties of semiconducting inorganic and organic materials could be 

useful to understand the main advantages and drawbacks for their application 

in the photovoltaic technology. 

 

2.1. Inorganic and organic semiconductors 

 

The key differences between inorganic and organic semiconductors lie in 

their electronic structures. Traditional inorganic semiconductors are 

crystalline ordered solids where atoms are covalently bounded and electrons 

(and their wave’s functions) are spatially delocalized over the crystalline 

lattice. The energy states allowed for these electrons form the semiconductor 

valence and conduction bands, which are dense (continuous) energy bands 

separated by an energy gap (the band gap, Eg). In inorganic PV cells, an 

electron can be promoted from the valence to the conduction band upon light 

absorption (or other excitation mechanisms), generating free delocalized 

charges which can be driven to the electrodes through the application of an 

external electrical potential. 

 On the opposite, traditional organic semiconductors are conjugated 

molecular or polymeric compounds with a structure characterized by a 

sequence of sp2 hybridized carbon atoms with un-hybridized pz atomic 

orbitals. These atomic orbitals give rise to molecular σ and π electronic 

orbitals respectively. The bonding (π) and antibonding (π*) orbitals of 

molecules compose the valence and conduction bands of the organic 

semiconducting material, identified as the highest occupied and lowest 

unoccupied molecular orbitals respectively (HOMO and LUMO). Since 

polymeric semiconductors are usually disordered (amorphous) materials, with 

weakly interacting Van-der-Waals bonded macromolecules, a narrower band 

width distribution and a much weaker delocalization of electronic 

wavefunctions among neighbouring molecules occur, causing the HOMO and 

LUMO bands to be discrete and not continuous. Therefore in OPV devices, the 

usual product of light absorption is a tightly bounded electron-hole pair, also 

called Frenkel exciton or mobile excited state,[12] which is an electrically 

neutral species which, to first order, is unaffected by electric fields.  

The intrinsic electronic diversity between inorganic and organic materials 

causes firstly a significant difference in the relative importance of interfacial 

processes in inorganic PV and OPV devices, which is closely related to the 

described charge generation mechanisms. While in inorganic PV cells free 

charges are directly generated upon light absorption under normal conditions, 

light absorption in organic materials results in the production of a mobile 

excited state which can dissociate into free charges only at an heterointerface 

where the exciton dissociation driving force overcomes the coulombing 

interaction which tightly bounds the electron-hole pair.[13] This notably 

influences the photoactive material structure, at the micro- and nanoscopic 
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level, necessary for the inorganic and organic PV devices to function most 

efficiently. 

Another consequence of the intrinsically different electronic structure of  

organic and inorganic semiconducting materials is their charge transport 

mechanism. Band transport is the mechanism typically observed in inorganic 

semiconductors, where delocalized charges are efficiently screened by the 

surrounding lattice, due to the high dielectric constant of inorganic materials, and 

are transported through the material bulk in the continuous conduction band of 

the semiconductor without important energy losses. Differently, in amorphous 

organic semiconductors the conductive electronic states are more localized. 

Charges, poorly screened by the neighbour molecules due to the low dielectric 

constant of organic materials,[14] polarize and distort the surrounding lattice 

forming the polarons, which diffuse between adjacent molecules through a 

thermally activated and less efficient hopping mechanism, comparing to band 

transport.[15]  This explains the much lower charge mobility of amorphous organic 

solids (usually lower than 10-2 cm2/V·s)[16] comparing to that of crystalline 

inorganic semiconductors.  

The very different cohesion forces in crystalline inorganic solids and 

polymeric organic solids easily explain also the different physical and 

mechanical properties of the two materials. While inorganic crystalline 

semiconductors are rigid and brittle, have high processing (fusion) 

temperatures and are reasonably stable to degradation processes with water 

and oxygen, organic amorphous or semicrystalline polymeric materials are 

flexible and lightweight, can be dissolved at low temperatures (this rendering 

their processing cheaper, easier and transferrable to industrial processes in 

continuum), but often suffer of easy degradation in ambient conditions.  

The electronic structures of inorganic and organic semiconductors also 

determine a difference in their light absorption properties, leading organic 

materials to have higher absorption coefficients in the visibile light range 

(~105 cm-1) compared to inorganic semiconductors (~103 - 104 cm-1). On the 

other hand, lower Eg values can be obtained for p- and n-doped inorganic 

semiconductors, allowing an efficient absorption of solar light in its most 

extended spectral region (the infrared), while only band gaps limited to values 

higher than 1.4-1.5 are obtainable for organic semiconductors, confining the 

solar light absorption to the visible spectral region. 

Finally, it should be reminded that the number of the synthetically available 

inorganic semiconducting compounds is extremely lower than their organic 

counterparts. Therefore an easier tuning of the chemical and physical properties 

by accurate molecular design and engineering, increasing the control on the 

performances optimization, is achievable for organic semiconductors comparing to 

inorganic ones. 

In the history of OPV devices, research efforts aimed to the exploitation of the 

described advantageous characteristics of organic materials, while trying to 
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overcome the problems intrinsically linked to their use, such as a low electrical 

conductivity, the presence of impurities and a low stability in ambient conditions. 

 

2.2. Single layer OPV devices 

 

The first OPV devices had a very simple structure made of a single layer of 

photoactive organic material comprised between a semi-transparent electrode and 

a non-transparent one.[17] However, the reported quantum efficiencies were very 

low because of the discussed poor charge mobility of the semiconducting organic 

layer, in the order of 10-3 cm2/V·s, very low comparing to that of single crystalline 

silicon (about 103 cm2/V·s). This low charge mobility, combined with a low 

interfacial area between the organic layer and the charges-extracting electrodes, 

bounded the efficiency of single layer OPV devices to very low values (around 

0.1%). 

 

 
 

Scheme 1 Processes and energetics occurring in a single layer D/A organic solar cell. 

 

From a physical point of view, in single-layer OPV devices a thin layer of 

Schottky barrier is formed between the lower workfunction (WF) electrode and 

the organic layer, which is typically p-type, or hole conducting (Scheme 1). The 

diffusion of electrons from the low WF electrode into the organic material 

generates a depletion region (electrons enriched, or poor in holes). The resulting 

electric field causes the HOMO and LUMO bands-bending towards the Schottky 

contact, inside the depletion region. This field therefore facilitates the dissociation 

of excitons generated in or diffused into the depletion region, so the generated 

electrons can be collected by the low WF electrode while the holes can be 

transported across the film to the higher WF electrode. Because of the short 

diffusion length, most excitons generated outside the depletion region recombine 
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to the ground state and do not contribute to the photocurrent. Moreover, since free 

charges travel in the same phase, important charge losses due to recombination 

are also present. These factors explain the very low PV performances of single-

layer OPVs. 

 

2.3. Donor/acceptor bilayer heterojunction OPV devices 

 

The second generation of OPV devices was first demonstrated by C. Tang in 

1986,[18] with a surprisingly high efficiency of 1%. The success of this kind of 

device consisted in the introduction of the donor-acceptor heterojunction concept. 

The device consisted in fact of a bilayer of p- and n- type organic semiconductors, 

also called as donor (D) and acceptor (A). In this kind of devices, once a photo-

generated exciton, formed either in the D or A layer, reaches the D/A interfacial 

heterojunction by diffusion, the electrons would transfer to (or remain in) the 

acceptor LUMO (LUMOA) and the holes would transfer to (or remain in) the donor 

HOMO (HOMOD). The frontier orbital energy offsets between the donor and the 

acceptor (LUMOD-LUMOA and HOMOD-HOMOA) are the key driving forces for the 

exciton dissociation (or charge separation). Due to both the internal field across 

the electrodes and the chemical potential driving forces, the electrons and holes 

can diffuse to the electrodes, in D/A bilayer heterojunction OPV devices, much 

easier than in single layer ones. The probability of charge recombination in bilayer 

devices is then reduced thanks to the dissociation of the Frenkel exciton electron-

hole pair, which allows the electrons and holes to diffuse in two separated 

phases/layers.  

However, the efficiency of bilayer devices is still limited by a low charges 

generation, mainly due to: i) the low exciton diffusion length in the D and A phases, 

typically some tens of nanometers, and ii) the low D/A heterojunction interfacial 

area available for excitons dissociation into separated charges, leading most 

excitons generated far from the D/A interface to recombine to the ground state. 

In Scheme 2 are represented the described processes and energetics. 

 
 

Scheme 2 Processes and energethics occurring in a bilayer D/A organic solar cell. 
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2.4. Donor/acceptor bulk heterojunction (BHJ) OPV devices  

 

A logical way to enhance the D/A binary heterojunction OPV devices efficiency 

is to maximize the D/A interfacial area while decreasing the exciton diffusion 

pathway to the D/A interface. This can be done by intimately blending the donor 

and acceptor materials, to form a bulk heterojunction (BHJ) active layer (Figure 

2).  

 

 
Figure 2 Schematic representation of a bulk heterojunction solar cell, composed of two finely 

intermixed phases of a donor (in BLUE) and an acceptor (in RED). 

 

Efficiency indeed has been greatly improved in the first BHJ OPV devices, 

comparing to bilayer D/A heterojunction OPV ones: numerous cells employing 

poly(p-phenylene-vinylene) (PPV) or polythiophene derivatives (e.g. MEH-PPV, 

MDMO-PPV, P3HT or P3OT) as donors[19] and CN-PPV[20] or fullerene 

derivatives[21] as acceptor have been intensely studied and reached near unity 

photoinduced charge separation efficiency. 

The higher efficiency of D/A BHJ cells comparing to D/A bilayer cells can be 

attributed mainly to the reduction of exciton losses due to: i) a larger D/A 

interfacial area and ii) to the reduced dimensions of D and A domains in which 

excitons are formed and have to diffuse to reach the D/A interface. If the length 

scale of the D/A blend domains is similar to the D and A exciton diffusion lengths, 

most of the excitons generated in either material may reach the heterojunction 

interface. This allows to increase the BHJ photoactive film thickness, comparing to 

single or bilayer devices, up to more than 100 nm (one order of magnitude higher 

than the typical exciton diffusion length of amorphous organic semiconductors)[22] 

in order to maximize the photons harvesting.  

On the other hand, the typical low charge carrier mobility of organic 

semiconductors and the possible discontinuities in the electrons and holes 

conduction pathways through the A and D phases could limit the overall 

photoinduced charges collection at the electrodes. Indeed, one of the possible 
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limiting factors to the BHJ OPV devices efficiency are non-geminate (between 

electrons and holes dissociated from different excitons) recombination processes.   

These considerations evidence how the BHJ film morphology plays a 

fundamental role on the device efficiency. The optimal morphology should result 

indeed in a fine intermix of D and A domains, with sizes that meet the compromise 

between the D and A exciton diffusion lengths and a high D/A interfacial area, 

together with the need of bicontinuous percolation pathways for charges transport 

at the electrodes. Therefore, the D/A BHJ film preparation method plays a key role 

in determining the final BHJ film morphology. High-vacuum thermal co-

evaporation is a possible technique which is often used for molecular organic 

semiconducting materials, while the deposition of a D/A blend solution with 

techniques such as spin coating, blading or printing are usually employed for 

polymeric OPVs. In solution based processes, the accurate choiche of solvent, 

solvent mixtures and/or additives, of the film drying time and temperature and of 

the film post-processing treatments allows a fine control of the final BHJ film 

morphology. 

Despite the difficulty to favorably match the numerous factors determining the 

overall BHJ OPV devices efficiency, in recent years extraordinary improvements 

have been achieved for the BHJ OPV cells efficiency, now overcoming the ~ 10 % 

and still rapidly increasing.[23] 

 

2.5. Polymer:fullerene BHJ OPV devices 

 

Several approaches to organic photovoltaic active BHJ composites have been 

investigated to date. These include strategies based on photoinduced charge 

transfer within blends of low molecular weight molecules, blends of conjugated 

polymers, molecular dyads, or conjugated polymer:small molecule blends. Since 

ultrafast photoinduced electron transfer from a conjugated polymer as donor to 

buckminsterfullerene (C60) or its derivatives as acceptor was first observed in 

1992 by Sariciftci et al.,[24] this material combination has been extensively studied 

in BHJ OPV cells. In 1995 it was fabricated the first fully organic BHJ solar cell 

based on a mixture of a soluble PPV derivative with a fullerene acceptor (the C60 

derivative phenyl-C61-butyric acid methyl ester, or PC61BM,[25] Figure 3), while in 

2001 it was obtained the first truly promising result for polymer:PC61BM BHJ solar 

cells, through a BHJ film nanoscale morphology accurate optimization, yielding to a 

power conversion efficiency of 2.5%.[26]  
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Figure 3 Chemical structure of phenyl-C61-butyric acid methyl ester, PC61BM. 

 

For this reason, in this thesis, the type of organic photovoltaic active BHJ 

composite studied is the polymer:fullerene blend. The typical fullerene derivatives 

soluble derivatives PC61BM and PC71BM (analogous of the former, with a C70 core 

instead of C60 one) will be the only molecular acceptor species analyzed in this 

work, while many different conjugated polymers will be studied and applied (see 

Chapter II). 

 

3. WORKING PRINCIPLES IN BHJ OPV DEVICES 

For a deeper analysis on the strength and weak point of the OPV technology and 

of the possible solutions that research could offer for this technology 

improvements, a better understanding on the basic working principles in BHJ OPV 

devices is given in this Section. 

As represented in Scheme 3, the functioning of BHJ OPV devices under 

illumination can be divided into 5 steps: light absorption with exciton 

formation, exciton diffusion to the donor/acceptor interface, exciton 

dissociation into free-charges, free-charges transport through the donor or 

acceptor phases to the interface with the electrodes, free-charges collection at 

the electrodes.[27] It has to be noted that light absorption, in this 

schematization, only involves the donor material. Indeed in BHJ OPV devices, 

the main light absorber is in most cases the organic electron donor material, 

since the absorption coefficient and spectral coverage in the visible range of 

traditional electron accepting organic materials is usually much lower than 

those of their electron donor counterpart. 

In the following sections we try to analyze more in detail each step of the 

functioning of BHJ OPV devices under illumination.  
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Scheme 3 Schematic representation of the steps occurring in BHJ OPV devices. 

 

3.1. Light absorption and exciton formation 

 

Light absorption mainly involves the D/A blend layer and within D and A the 

strongest absorbing material is often the former one. The incident photons 

penetrate into the device and reach the photoactive layer, which absorbs light with 

a certain efficiency. 

The efficiency of light absorption depends first on the optical absorption 

coefficient of D and A in the film, which is strictly correlated to their molar 

absorbivity or molar extinction coefficient (the intrinsic capacity of light 

absorption by a single molecule), their density (the number of molecules for 

volume unit) and their absorption cross section (the orientation of the absorbing 

molecules comparing that of the incident light electromagnetic field). The 
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absorption coefficient varies with wavelength depending on the distribution and 

density of the electronic and vibrational energetic states of the organic material, 

and on the transitions moments associated with them. Moreover, it is limited by 

the semiconductor bandgap, defined by the difference between its LUMO and 

HOMO levels (the smallest difference between the ground and excited electronic 

states bands)[28] in such a way that only photons with energy > Eg can be absorbed. 

Therefore, the strategies for the enhancement of the absorption coefficient of 

organic materials involve an accurate tuning of its molecular electronic structure 

and its intermolecular packaging and ordering in the photoactive film. Some of 

these strategies will be discussed in more detail in Chapter II. However, in general, 

the absorption coefficient is much higher for organic materials than for Si, so that 

usually about 100 nm thin active films are sufficient to absorb between 60% and 

90% of the incident light, if a reflective back contact is used. 

The second factor influencing the device absorption efficiency is the light 

pathway length inside the photoactive film. This mainly depends on the film 

thickness which, as discussed before, is limited by the typical low charge carrier 

and exciton mobilities of organic materials. Other factors influencing the light 

penetration and pathway inside the active layer are reflection, refraction and 

scattering at the interfaces within the device layers and at the device/air interface. 

In particular, reflection could causes optical losses, while an accurate managing of 

scattering and refraction phenomena inside the device could lead to enhanced 

photoactive layer light absorption. Some strategies for light managing in BHJ OPV 

devices will be discussed in Chapter V. 

The third factor determining the light absorption efficiency of the photoactive 

layer of a solar cell is the overlap between its absorption spectrum and the solar 

radiation one. The extraterrestrial solar radiation (Air Mass 0, or AM0)[29] consists 

in a flux of photons emitted with a distribution of energies similar to the emission 

of a black body at 5960 K, while at the Earth level, being filtrated by the 

atmosphere, it still has similar spectral features, with some wavelength regions 

being attenuated (Air Mass 1.5, or AM1.5)[30] (see Figure 4).  
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Figure 4 Extra-terrestrial solar spectrum (Air Mass 0, or AM0, blue line) and terrestrial solar 

spectrum (Air Mass 1.5, or AM1.5, red line). 

 

As it can be seen, around a half of the total light power lies in the infrared 

region, in the range of low energy radiations. Since the solar radiation absorption 

by the active layer is determined by the overlap between the solar photons flux 

and the absorption coefficient integrated over energies > Eg, another strategy for 

the absorption enhancement is the lowering of the semiconductors band gaps. 

Some of these strategies will be discussed in more detail in Chapter II  and in 

Chapter IV. 

Light absorption promotes the electrons lying in the ground state to one of the 

excited states of the organic semiconductor, with the formation of the Frenkel 

exciton. The separation of the exciton into free charges can occur only if a driving 

force sufficient to overcome the coulombic attractive energy (EB) between the 

exciton electron-hole pair is present. 

 

3.2. Exciton diffusion to the donor/acceptor interface 
 

The condition for exciton separation into free charges can occur only if the 

exciton is allowed to diffuse to the D/A interface dissociation sites. The exciton, 

mainly formed in the D phase, diffuses as long as geminate recombination 

processes (between the electron and hole which make up the exciton) do not take 

place. Dexter (between adjacent molecules) or Forster (long range) energy 

transfers can take place between an excited donor molecule, considered as an 

energy donor, and another molecule that receives the excitation energy, 

considered as an energy acceptor, as illustrated in Scheme 4.[15]  
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Scheme 4 Schematic representation of the Forster and Dexter energy exchange mechanisms 

within two molecules (1 and 2) with HOMO1, LUMO1 and HOMO2, LUMO2 energy levels respectively. 

 

The Dexter energy transfer occurs through the overlapping of the electron 

clouds of the frontier orbitals of two neighboring molecules (represented as 

LUMO1, LUMO2, HOMO1 and HOMO2 in the scheme). This mechanism does not rest 

upon allowed electronic transition probabilities, but the total spin of the system 

must be conserved during the energy transfer. The energy transfer (or exciton 

diffusion) through Dexter mechanism has an efficiency that decays exponentially 

with distance, thus it can occur only within very short distances (in the order of 

0.3–2 nm).  

On the other hand, the Forster energy transfer occurs through non-radiative 

dipole–dipole coupling between an excited donor molecule and an energy-

accepting donor molecule. Spins of both molecules involved are conserved during 

Forster energy transfers, under a condition imposed by allowed dipolar electronic 

transitions. The efficiency of the Forster energy transfer is inversely proportional 

to the sixth power of the distance, thus it is a longer-range process comparing to 

the Dexter one, and occurs within distances in the order of 3–10 nm. 

The D domain size in BHJ devices, then, should be kept approximately in the 

same range of the efficient excitons diffusion length determined by the described 

energy transfer processes, in order to effectively compete with the various exciton 

recombination mechanisms that will be discussed in the following sections. 

Exciton diffusion lengths in typical organic polymeric or molecular donor phases in 

BHJ OPVs ranges from around 5 nm[31]  to more than 100 nm (only in a few cases, 

i.e. some perylene derivatives).[32] 
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3.3. Charge separation at the donor/acceptor interface 

 

Excitons surviving to recombination processes are allowed to diffuse into the D 

or A phases and reach the D/A interface. If the energy difference between the 

ionization potential IPD of the electron donating material and the electron affinity 

EAA of the electron acceptor material is larger than the exciton binding energy EB, 

that is usually 0.1-0.2 eV, exciton dissociation is energetically favorable. This can 

be resumed in Equation 1 as:  

 

IPD − EAA − EB < 0         Eq. 1 

 

The charge transfer at the D/A interface is tipically very fast and very 

efficient,[33] occurring usually within a time range < 100 fs. After exciton 

dissociation, the hole stays on the donor molecule while the electron is transferred 

on the acceptor molecule. Thus, charge carriers are spatially separated, residing on 

two separate molecules, this leading to lowered recombination rates (occurring 

within micro- to milliseconds time ranges) as compared to the recombination of 

Frenkel excitons (occurring within time ranges of nanoseconds). Nonetheless, the 

positive and negative charges are still bound by Coulombic attractive forces. 

Therefore, a further step is necessary for the final charge pair dissociation.  

To overcome the coulombic attraction between the electron-hole pair, spatially 

separated but still bound at the D/A interface, an electric built-in field is needed. 

This internal field is mainly determined by the different work-functions of the 

electrodes at the two sides of the device. If this difference is too low, geminate 

recombination of the charges pair is very probable.[34] On the other hand, if the 

field supported charge carrier separation is successful, electrons and holes can 

diffuse and be transported towards their respective contacts, in order to generate 

a photocurrent.  

 

3.4. Charge transport in the D and A phases 

 

The charge transport mechanism in organic semiconductors depends on the 

degree of order of the molecular species in the BHJ film. Charge transport 

mechanisms can be divided into two general classes: band or hopping transport.  

As discussed before, band transport is the mechanism typically observed in 

inorganic semiconductors, where charges are delocalized over the electronic states 

constituting the conduction band of the semiconductor. With this mechanism, 

charge transport occurs without important energy losses. A similarly efficient band 

transport mechanism takes place in highly purified molecular crystals (even 

though the presence of traps significantly deviates from such a behavior), for 

which, at room temperature, conductivity values in the range 1 to 10 cm2/V·s can 

be achieved.[35]  

In the opposite case, such as in amorphous organic semiconductors, the 

conductive electronic states are more localized rather than consisting in electronic 
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bands. Thus charges, mainly localized on a single molecule rather than delocalized 

over a crystalline lattice, polarize and distort the surrounding lattice forming the 

polarons. The mechanism by which charge carrier transport (or polaron diffusion) 

occurs between adjacent molecules is the thermally activated hopping 

transport.[15b] Comparing to band transport, this mechanisms is generally less 

efficient and is responsible of the much lower charge mobility of amorphous 

organic solids (usually lower than 10-2 cm2/V·s)[16] comparing to that of crystalline 

organic and inorganic semiconductors. 

Since semiconducting organic films used in BHJ OPV devices are generally 

amorphous or semi-crystalline, the hopping charge transport mechanism usually 

prevails.  

Another important limiting factor, in BHJ OPV devices,  for the charge transport 

of free charges from the exciton dissociation sites to the electrodes, resides in the 

intrinsic morphological features of the D and A phases, characterized by finely 

intermixed and contorted domains of the two materials. The necessity to have a 

photoactive film thickness in the order of hundreds of nm to guarantee a high 

incident light absorption, and the requisite of a fine D and A phases intermixing to 

guarantee a high D/A interfacial area for high charge separation yields, is difficult 

to combine with the need to have bi-continuous D and A phases in order to ensure 

an efficient free charges transport from the D/A interface to the contact electrode. 

To fulfill all these requirements, the accurate control of the BHJ morphology is one 

of the most challenging key issues in the preparation of efficient devices. 

 

3.5. Charge collection at the electrodes 
 

For the collection of free charges at the respective positive and negative 

electrodes to occur, the work-function of the cathode should have a lower energy 

than the LUMOA level and the work-function of the anode should have a higher 

energy than the HOMOD level. The differences between the WF of the electrode and 

the LUMOA or HOMOD energies determine whether there are ohmic or blocking 

contacts for the injection of charges at the corresponding electrodes. When the 

electrode/organic contact is non-ohmic, the interfacial energy level alignment 

between the organic frontier orbitals and the WF of the contacts could cause 

electrical losses for the device, while for ohmic contacts a charge collection at the 

electrodes with higher efficiency could be expected.[22] 

Common electrode materials used as electron collecting contacts (low WF 

required) in BHJ OPV devices are Al, Ca, and Ag, and their charge extraction ability 

is more or less efficient depending on the kind of organic electron transporting 

material. For example, an ohmic contact is known to form between the WF of Ca 

and the LUMOA of PCBM, the most common electron acceptor used in BHJ OPVs. On 

the other hand, high WF materials like Au are preferred as hole collecting contacts.  

Since one contact has to be at least partly transparent for light penetration into 

the device, very thin metal layers could be used (e.g. about 15-20 nm of Au). 

Alternatively, Indium Tin Oxide (ITO), a semiconductor made of In2O3 (90%) and 
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SnO2 (10%), transparent to visible light due to its high bandgap (around 3.7 eV) 

and highly conductive due to its oxygen vacancies, is commonly used as 

transparent electrode.[36] 

Many different interactions at the organic/electrode interface could occur, 

depending not only on the respective organic and electrode energy levels 

alignment, but also on their physical and chemical characteristics. Such 

interactions involve dipole formation, wavefunction hybridization, charge transfer, 

chemical reactions, physical intermixing, etc.[37]  All these factors affect the 

mechanisms and efficiency of the charge extraction process at the electrodes. For 

example, a thin oxide layer formed at the metal interface due to impurities or 

adsorbed species on the organic material constitutes a potential barrier for 

charges extraction. In addition, the high thermal energy of the metal, which is often 

deposited onto the organic layer by evaporation, could cause some “hot” metal 

atoms and clusters to diffuse into the organic layer and create non-geminate 

charge recombination sites, or could result into possible damage of the organic 

material due to high metal condensation energies. Moreover, also the selectivity of 

the electrodes towards only positive or negative charges should be guaranteed in 

order to minimize the non-geminate recombination of charges due to non-selective 

charges extraction at the BHJ film/electrode interface. For all these reasons, a thin 

intermediate layer, also called as buffer layer, is often interposed between the 

organic BHJ film and the metal electrode.[38] Buffer layers tipically consists of 

semiconductor films forming selective ohmic contact with the LUMOA (cathode) or 

with the HOMOD (anode). In addition, buffer layers often work also as protective 

barrier, as energy level pinners, as surface flatteners and also as optical spacer. 

Some typical anode buffer layers are the polymeric PEDOT:PSS and some metal 

oxides such as MoO3 and V2O5, while typical cathode buffer layers are LiF, TiO2 and 

ZnO. A deeper study on different kind of buffer layers will be given in Chapter III. 

 

4. FUNDAMENTAL PHOTOVOLTAIC PARAMETERS 

4.1. Equivalent circuit of BHJ OPV devices 

 

To better understand the functioning of a solar cell, it is useful to represent it 

with an equivalent circuit. Indeed, the solar cell can take the place of a current 

generator in a simple electric circuit, as represented in Figure 5.[39]  
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Figure 5 a) Schematic representation of the equivalent circuit of a solar cell; b) I-V and P-V 

curves of a typical solar cell. 

 

When light illuminates the cell, it develops a potential difference which: when 

the terminals are isolated (infinite load resistance, or RL) is open circuit voltage, or 

Voc; when the terminals are connected and the circuit is closed, the current drawn 

is called as the short circuit current, or Isc. For any intermediate RL, the cell 

develops a voltage V comprised between 0 and Voc and delivers a current I such 

that V = I*RL . The I(V) behavior is determined by the current-voltage characteristic 

of the cell under illumination (blue curve in Figure 5b), which varies with the 

incident light intensity and also with RL. Since the current is roughly proportional 

to the illuminated area, the current density J is often used instead of I (and 

correspondingly Jsc instead of Isc). This is the simplest, ideal diode model of a solar 

cell. 

The operating regime of the solar cell is the range of bias, from 0 to Voc, in which 

the cell produces power (red curve in Figure 5b), with a power density given by 

Equation 2: 

 

P = I·V           Eq. 2 

 

At V < 0 and V > Voc the illuminated device consumes power to generate current.  

The RL load of the circuit to which the cell is connected develops a potential 

difference between the device terminals even when the cell is not illuminated. This 

potential difference generates a current which acts in the opposite direction to the 

photocurrent produced under illumination, and the net current flowing in the 

circuit is then reduced from its short circuit value. This reverse current is usually 

called the dark current, or Idark(V) (Jdark(V) if considering the current density). 

Since most solar cells behave like a diode in the dark, showing a rectifying 

behavior due to their asymmetric junction, their dark current density Jdark(V) 

varies like the one of an ideal diode, as in Equation 3:[40] 

 

      
  

               Eq. 3 
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where J0 is the reverse current, kB is Boltzmann's constant, q is the electron 

elementary charge and T is temperature in Kelvin degrees. 

The overall I(V) response of the cell, its current-voltage characteristic, can be 

approximated as the sum of the short circuit photocurrent and the dark current. 

This step is known as the superposition approximation. Although the reverse 

current which flows in an illuminated cell is not formally equal to the current 

which flows in the dark, the approximation is reasonable for many photovoltaic 

materials. 

The net current density in the cell is then described by Equation 4: 

 

J(V ) = Jsc - Jdark(V )         Eq. 4 

 

which becomes Equation 5 for an ideal diode:[41] 

 

          
  

               Eq. 5 

 

Since empirically the real diode behavior deviates from the ideal diode relation, 

an ideality factor has to be introduced, leading to Equation 6:[42] 

 

          
  

               Eq. 6 

 

where ξ is the ideality factor, which i.e. for silicon based diodes is usually 1< ξ 

<2.  

Also BHJ OPVs deviate from ideality and by analyzing their deviations we can 

upgrade the equivalent circuit of the cell to a more representative one and define 

other significant parameters better describing the solar cell behavior. 

The simplest extension of Equation 6 to better describe the real BHJ OPV device 

functioning consists in introducing losses through a series resistance Rs and a 

parallel resistance Rp.[40] Rs represents contact resistances such as ohmic losses in 

the front and rear contact. Rp includes any current bypassing the D/A interface as 

well as shunt currents through shorts. Based on Equation 6 this leads to Equation 

7: 

 

          
        

        
     

  
      Eq. 7 

 

The equivalent circuit of a real BHJ OPV device can be upgraded by adding Rs 

and Rp and represented as in Figure 6.  
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Figure 6 a) Schematic representation of the equivalent circuit of a real BHJ OPV device; b) 

evolution of the I-V curves of a solar cell with increasingly high Rs; c) evolution of the I-V curves of a 

solar cell with gradually lower Rp. 

 

The real I(V) behavior of a BHJ OPV is substantially modified by the two 

resistors Rs and Rp in such a way that the voltage V drops over the serial resistance 

Rs, whereas the shunt Rp resistance adds the current Ip = V − IRs)/Rp to the cell 

output current. The overall effect on the increase of Rs or the decrease of Rp on the 

I(V) characteristics of the cell is resumed in Figures 6b and 6c respectively. 

 

4.2. I-V curves: PCE, Isc, Voc, FF 
 

The most important parameters of a photovoltaic cell, directly derivable from 

the cell I(V) curve, are: the short-circuit current Isc, the open circuit voltage Voc, the 

fill factor FF and the power conversion efficiency (PCE).  
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Figure 7 Schematic representation of the most important parameters derivable from the I(V) 

and P(V) curves of a solar cell under illumination. 

 

In Figure 7 the typical I(V) and P(V) curves of a solar cell are represented, 

together with the described parameters. 

As discussed before, Voc is the voltage at which no current flows through the 

solar cell. For traditional single junction inorganic solar cells, Voc is mainly 

determined by the band gap of the absorbing semiconductor, although being 

limited by the recombination of charges through radiative processes, as firstly 

hypothesized by Shockley and Queisser in 1961.[43] On the opposite, in BHJ OPVs 

charge separation at the D/A interface occurs very efficiently. Due to this, as 

demonstrated by several studies,[44] in BHJ OPV devices the Voc strongly depends 

on the energy difference between the HOMOD-LUMOA offset at the D/A interface of 

the cell, rather than on the D band gap. In addition, the experimental values for Voc 

can differ from those inferred from that difference, depending on the D/A blend 

morphology and on the electrodes morphology and nature.[45] In fact, differently 

from the Shockley and Queisser theory, since severe quenching of the excited 

states occur at the D/A interface by effective charge separation processes, charge 

losses mainly occur by non-radiative recombination pathways instead of radiative 

ones.[46] 

As discussed before, Jsc is the current flowing through the solar cell when V = 0. 

At a certain photon flux, Jsc primarily depends on the property of the D material to 

absorb light and create excitons, this being in turn determined by the material 

absorption coefficient and band gap, and on the exciton diffusion at the 

donor/acceptor interface which varies with the materials exciton diffusion lengths. 

Secondly, Jsc also depends on the carrier mobility in the D and A phases, thus on 

their electrical conductivity and morphology in the BHJ film. 

The maximum electric power produced by the OPV cell under illumination is the 

maximum of the power curve (Pmax) and corresponds to the maximum power point 

(MPP) in the I(V) curve. At the MPP, the cell produces a certain Im under an applied 

voltage of Vm. The ratio between the maximum power obtained by the cell (Im·Vm, 
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or Pmax) and the theoretical maximum power that could be obtained from the cell 

(Isc·Voc) is called the fill factor FF, calculated as in Equation 8: 

 

   
    

       
         Eq. 8 

 

The FF is therefore an indicator of the quality of a photovoltaic cell. In fact it 

represents the deviation of the I(V) behavior of the cell from ideality. These 

deviations are significantly affected both by the ideality factor (ξ) of the cell and 

also by its electrical resistances (Rs and Rp). Indeed, increasingly higher Rs and 

lower Rp lead to lower FF and consequently lower cell efficiencies. Strategies to 

decrease the contact resistances (thus lowering Rs) include the accurate choice and 

processing of the buffer layers and electrodes, while the strategies to decrease the 

shunt currents bypassing the D/A interface (thus increasing Rp) involve the 

improvement of the BHJ morphology as well as the control and tuning of the 

energetic and kinetics involved in the charge separation process. Both these 

strategies are usually employed in the optimization of FF and efficiency of BHJ OPV 

cells. 

The solar cell power conversion efficiency is the ratio of the electrical output of 

a solar cell to the incident light power to which the cell is exposed. This is 

calculated by dividing output power density at its maximum power point (Pm, in 

W/m2) by the incident light irradiance (PL, in W/m2), as in Equation 9: 

 

    
  

  
  

          

  
         Eq. 9 

 

The PCE measured in standard temperature (25°C) and illumination conditions 

(incident radiation PL = 100 mW/cm2 and AM1.5 spectral shape) is the 

conventional efficiency (η) value given for any solar cell. 

 

4.3. Quantum efficiency  

 

Another important photovoltaic parameter characterizing solar cells is the 

External Quantum Efficiency (EQE), also called incident-photon-to-current 

efficiency. EQE is defined as the ratio between the number of photoinduced 

charges extracted out of the solar cell (Ne) and the number of incident photons 

(Nph), as in Equation 10: 

 

    
  

   
           Eq. 10 

 

Since the number of photons coming from any source (included the sun) is 

dependent on the photons energy, therefore on the radiation wavelength, usually 

the EQE values for a determined solar cell are given as a function of wavelength λ, 

and EQE(λ) is also called the spectral response. 
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The EQE(λ) can be directly determined from the short-circuit current Isc(λ) of 

the cell illuminated at each wavelength λ and the incident light intensity Ji(λ) at the 

same wavelengths, by Equation 11: 

 

        
  

   
  

      

     
 
  

  
         Eq. 11 

 

where c is the speed of light and h is the Planck constant. Therefore, the 

convolution of EQE(λ) over the entire λ range of the incident radiation spectrum, 

gives the total photocurrent of the cell (Isc).  

The EQE is smaller than the internal quantum efficiency (IQE), which represents 

the conversion of absorbed photons into charges within the cell, because in EQE 

the light absorption capability of the active layer and the possible losses due to 

reflection and scattering are also taken into account. For this reasons EQE is 

usually far from unity for most BHJ OPV cells. 

 

5. LIMITING FACTORS IN BHJ OPV DEVICES EFFICIENCY 

Before presenting the aim of this work, a brief resume of the main loss factors 

and mechanisms during BHJ OPV devices functioning should be given. The losses 

within any D/A heterojunction solar cell may be grouped into three categories: i) 

relaxation of excitons which fail to diffuse to, and separate at, the D/A interface; ii) 

recombination of geminate electron-hole pairs formed at that interface which fail 

to fully dissociate into free charge carriers (called geminate recombination); iii) 

recombination between dissociated carriers generated by different absorption 

events (called non-geminate recombination). The latter loss mechanism 

encompasses all those recombination processes involving carriers facing the 

“wrong” electrode (surface recombination, or leakage) and processes involving the 

recombination of oppositely charged carriers diffusing through the bulk, often 

referred to as bimolecular recombination.[47] 

In BHJ OPV cells with coarse, sub-optimal D/A blend morphology, exciton 

recombination in the D or A phase far from the D/A interface could be an 

important efficiency limiting factor, this usually leading to low photocurrents. 

On the other hand, in most nanomorphology-optimized bulk heterojunction 

solar cells, the efficiency of the D exciton quenching by A species at the D/A 

interface is close to unity. This implies that after a fine tuning of the BHJ active 

layer processing conditions, exciton diffusion is not usually a strongly limiting 

process.[48] Under short-circuit conditions, non-geminate losses are generally 

observed to be very low,[49] therefore in this condition the main loss mechanism 

leading to sub-optimal external quantum efficiency is primarily the geminate 

recombination one.[50] On the other hand, away from short-circuit conditions and 

particularly close to VOC, a combination of geminate and non-geminate 

recombination losses  mechanisms are expected to shape the solar cell J-V 

behaviour. In detail, as the operating condition is moved from short-circuit to 
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open-circuit, the macroscopic electric fields present in the device due to electrode 

charge tend to zero (‘flat band’ conditions). This reduction in internal electric field 

results in a retardation of the charge carrier extraction time at the electrodes, 

which leads to an increase in the steady state charge carrier density in the 

photoactive layer towards open-circuit. This increase in charge carrier density can 

result in an important increase in non-geminate recombination losses as the cell 

voltage is increased. It has been shown that these non-geminate losses may be 

quantified as a function of bias and light intensity and used to understand the light-

intensity dependence of FF and VOC in many BHJ OPV cells.[51] It should also be 

considered that the reduction of the internal electric field close to open-circuit 

conditions influences also the dissociation efficiency of photogenerated charge 

carrier pairs; therefore the magnitude of geminate recombination may be directly 

dependent upon this field, and therefore upon cell voltage.  

Many investigation techniques aiming to quantify voltage-dependent geminate 

recombination and charge density dependent non-geminate recombinations, 

limiting the Jsc, Voc and FF of BHJ solar cells have been developed and successfully 

applied to many small molecule- or polymer-based BHJ OPVs, those techniques 

including transient photovoltage measurements, charge extraction measurements, 

transient absorption spectroscopy and impedance spectroscopy.[47,52] These 

analysis allow to correlate the VOC with the materials energetics (ionization 

potential of the donor and electronic affinity of the acceptor), the charge 

photogeneration efficiency and the recombination kinetics. As such, the deep study 

on the described loss mechanisms are an effective tool for achieving the systematic 

optimization of the performances of OPV devices. 
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6. THE AIM OF THIS WORK: STRATEGIES TO IMPROVE THE BHJ OPV 

CELLS PERFORMANCES 

This work is focused on the characterization and optimization of BHJ OPV 

devices, in particular those where the active layer is made of polymeric donor 

materials and standard fullerene-based acceptor materials. The thesis is divided 

into chapters, each one treating different aspects that are critical in determining 

the performances of BHJ OPV, such as the device materials, architecture or 

implementation of additional functional components. 

Chapter II is focused on the optimization of the performances of BHJ OPV 

devices by the accurate study and tuning of the properties of the polymeric donor 

material employed. In particular, the strategy of using co-polymers with electron 

withdrawing and electron donating alternate units is explored. A study on two 

different families of co-polymers is presented. The tuning of the chemical structure 

of the monomeric units, inter-moieties spacers and solubilizing side-groups is 

shown to effectively modulate the polymer optical, electrical, morphological, and 

photophysical properties. These properties are then correlated with the 

performances of the corresponding BHJ OPV devices, which are fully optimized 

and characterized.  

In Chapter III the work is focused on the optimization of the BHJ OPV cells 

performances by a deeper study on the role of buffer layers employed in the 

devices. To this aim, active layers made of poly(3-hexylthiophene) (P3HT) and 

PC61BM as standard and deeply studied in literature donor:acceptor couple are 

employed. The study focuses on two different semiconducting metal-oxides, such 

as TiOx and ZnO, employed as cathode buffer materials, while PEDOT:PSS is used in 

any case as anode buffer layer. The optical, morphological and electrical properties 

of these materials have been investigated and their functioning as thin film buffer 

layers in inverted structure BHJ OPVs devices is analyzed and compared with the 

reference P3HT:PCBM-based devices made by employing LiF/Al cathode and 

ITO/PEDOT:PSS anode. 

In Chapter IV an overview of the light managing techniques that possibly 

improve the solar cell light absorption is given. A deeper study on the technique of 

light trapping inside the device, obtained by using a scattering material in the 

device architecture, is applied in standard P3HT:PCBM based devices.  

The methods and techniques for the preparation and characterization of 

materials and devices,  the discussion of results, the bibliographic references and 

some conclusions are specified in each chapter, while general conclusions of the 

thesis work and future perspectives are given in Chapter V. 
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CHAPTER II: PHOTOACTIVE POLYMERS, THE DONOR 

MATERIALS 

 

1. POLYMERIC SEMICONDUCTORS AS DONORS IN BHJ OPVS 

As a component in the active layer, the donor material serves as the main 

absorber to solar photon flux, as well as the hole transporting phase. Research on 

BHJ OPVs has developed into two the two main branches of “polymeric” or “small 

molecule” solar cells, depending on the macromolecular or molecular nature of the 

organic semiconductor used as donor (being the acceptor organic material in most 

cases the small molecule PC61BM or PC71BM). 

 

1.1. Advantages of using polymeric donors over small molecule ones 

 

There are several advantages in using polymeric versus molecular π-conjugated 

semiconductors. First of all, the processing from solution of polymeric comparing 

to molecular materials into thin films usually generates smoother and more 

uniform layers, due to the inferior tendency to aggregation and crystallization of 

the long macromolecular chains of polymers comparing to small molecules. This 

enables a great control of the organic film structural and morphological 

characteristics even at large scale levels, through easy and cheap solvent-based 

processes. The first techniques employed for the deposition of small molecules-

based organic thin films with controlled structural and morphological 

characteristics, due to their higher tendency to crystallization, were high vacuum 

and/or high temperature evaporation processes, which are quite expensive 

techniques difficult to extend to the industrial scale. However, very recently the 

preparation of efficient small molecules-based BHJ OPV devices by solution-based 

deposition techniques, thanks to the accurate fine tuning of the materials physical 

properties through their chemical structure engineering, has been demonstrated 

and reported in literature.[1] 

An advantage of the use of polymers over small molecules is that solution based 

printing techniques necessitate a great control of the solution rheological 

properties, which can be tuned more efficiently for polymer-based solutions rather 

than for molecular ones, due to the possibility to control polymers molecular 

weights. Moreover, polymeric crystalline domains are typically much smaller than 

the length scale of several opto-electronic devices, resulting in isotropic transport 

characteristics. This results in low device-to-device performance variability, which 

is particularly important for solar cells reproducibility and integration into solar 

panels.  

Other advantages regard the easiness of fabrication, from solution deposition 

processes, of the multilayers that usually compose the BHJ OPV stack. This often 

requires that each stacked layer is inert to the solvents and processing 

temperatures at which it is subsequently exposed during device manufacture. The 
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reduced solubility parameter window of polymers and their larger bulk viscosity 

comparing to molecular solutions, typically increases the probability to find 

orthogonal solvents for subsequent solution depositions, thus expanding the 

choice of polymeric materials that can be used in devices.  

In addition, since polymers do not vaporize before decomposition and thus have 

negligible vapor pressure, they are not susceptible to interlayer diffusion during 

the device fabrication processing or with device aging. 

Finally, polymers exhibit the visco-elastic behavior tipical of plastic materials. 

Therefore, the mechanical properties of nanometer-thick polymeric semiconductor 

films render them potentially compatible with BHJ OPV devices fabrication onto 

flexible substrates. 

 

1.2. Traditional donor polymers and recent achievements 

 

The first semiconducting polymers used as donors in OPV cells are shown in 

Figure 8. 

 

 

 

 

 

 

 

 

 
 

Figure 8 Structures of P3HT, MEH-PPV and MDMO-PPV. 

 

Dialkoxy substituted poly(para-phenylene vinylene)s such as MEH-PPV and 

MDMO-PPV have been the first class of polymers employed in the OPV technology. 

While with polymer-only photovoltaic devices efficiencies as low as 10-2 – 10-3 % 

were achieved,[2] the combination of MEH-PPV with an electron acceptor (usually 

PC61BM) led to a OPV polymer-based device with an impressive enhanced 

efficiency of 2.9%.[3] Regioregular P3HT is also a widely studied polymer for its use 

in BHJ OPV cells. While an initial promising efficiency of ~ 3% - 4% was achieved 

for P3HT:PCBM based cells,[4] record PCEs > 6% were reached thanks to the use of 

different acceptors.[5] The studies on P3HT, MEH-PPV, and MDMOPPV based OPV 

cells paved the way to understanding how bulk-heterojunction OPV cell function 

and what are the critical parameters affecting efficiency and stability. In particular, 

many useful models of the OPV devices energetics and kinetics were proposed 

basing their fundamentals on these studies. 

In parallel, a wide number of strategies aimed to the optimization of the active 

layer morphology in order to improve the device performances have been 

investigated: the use of solvent mixtures or additives, different photoactive layer 
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thermal or solvent annealing, controlled film forming conditions and many 

others.[6] 

Most importantly, the gradual understanding of the functioning of OPV devices 

and the results coming from the materials optimization flowed into the design of 

new π-conjugated, promising, donor polymers, resulting in present day efficiency 

records over 9% (certified).[7] In the next sections, some of the strategies that have 

been pursued in order to improve the BHJ OPV device performances by accurately 

designing and processing new donor polymers are illustrated. 

 

1.3. Requisites for polymeric semiconductors to work as donor in BHJ 

OPV devices 

 

Polymeric semiconductors for OPV applications must present some essential 

features. The first one is a highly π-conjugated backbone: the extension of the π-

conjugation along the polymer backbone and the enhancement of the 

intermolecular π-π stack are both known to enable some solution and solid state 

key properties such as high absorption coefficient and high electrical 

conductivity.[8] Moreover, π-conjugation strongly influences other polymer 

properties such as red-ox potentials and frontier molecular orbital energy levels.[9] 

One of the possible strategies for the extension of the π-conjugation length of 

the conjugated segments along a polymeric chain is the use of heterocyclic rings, 

benzofused systems or bridging atom,[10] helping the polymer backbone 

planarization through reduced steric effects or increased rigidity. Another strategy 

is the combination of alternated electron rich and electron poor units in so called 

“push-pull” or “donor-acceptor” structures, which extending the π-conjugation 

along the polymer backbone enhances the polymer electrical properties.[11]  

Another essential characteristic of polymeric semiconductors for OPV 

applications is indeed a suitably low band gap. Eg depends on several parameters 

encompassing both intra- and intermolecular considerations.[10] Upon 

intramolecular parameters, the energy related to the bond length alternation 

determines a lower Eg for quinoid electronic ground states comparing to aromatic 

electronic ground states. Moreover, structural deviations from coplanarity of 

conjugated aromatic rings in the same polymer backbone also determine an 

increase in the Eg by decreasing the π delocalization. Therefore, polymers with a 

more rigid backbone with increased monomers coplanarity should have a lower Eg. 

In addition, in the case of poly(aromatic)s, the delocalization of π electrons along 

the chain is in competition with their confinement within the aromatic ring. Thus 

polymers with a lower resonance stabilization energy of aromatic monomers 

should have an increased delocalization of π electrons along the chain, resulting in 

a lower Eg. The inductive and mesomeric effects of substituents on the monomeric 

units also palys an important role in the Eg tuning, other than increasing the 

polymer conductivity. In particular, electron withdrawing substituents reduce Eg 

by decreasing the polymer LUMO energy while electron donating substituents 

reduce the Eg by increasing the HOMO energy. Thus the use of “push-pull” 
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structures is a very popular method among chemists to obtain low band gap 

polymers and will be applied also in this work, as illustrated in the following 

sections.[11] Finally, also the interchain interactions play an important role in 

tuning the Eg: intermolecular π and π* orbitals with a high overlap determine an 

increase of the width of the polymer HOMO and LUMO bands and contribute to 

lower Eg. 

From an energetic point of view, the pre-requisites of a polymeric 

semiconductor to be employed as donor in BHJ OPV devices is the suitable 

positioning of its frontier orbital energies with those of the electron acceptor 

material composing the BHJ active layer. For example, since the most common 

electron accepting material family is that of fullerene derivatives, having HOMO 

and LUMO levels lying around -6.0 and -4.0 eV respectively, a polymer suitably 

associable with those acceptors should have HOMO and a LUMO levels with 

energies at least 0.2 eV correspondingly higher. 

Another important requirement for polymeric semiconductors to be efficiently 

applied as donors in BHJ OPV devices is the substitution of their backbone with 

lateral functional substituents. These substituents play a double role: firstly, they 

work as solubilizing chains, which are essential for the polymers processing from 

solutios; secondly, they can enhance the bulk intermolecular interactions in order 

to help exciton diffusion and electrical condictivity.[12] The effects of the presence 

and position of lateral side groups on the backbone of a family of polymers will be 

analyzed more in detail in the following sections of this chapter.  

Other important parameters characterizing and influencing the polymers 

properties are molecular weight and polydispersity. Polymers, in fact, consist in a 

distribution of macromolecules with different chain lengths and molecular 

weights. The polydispersity index (PDI) represents the distribution of the 

molecular masses of a given polymer sample, while the molecular weight is always 

given as a weight (Mw) or number (Mn) average within all the molecular weights 

of that sample. The PDI and Mw (or Mn) of polymers mainly influence solubility, 

filmability and morphology of both the pristine material and of the blend in BHJ 

OPVs. Usually, polymers with higher Mn (or Mw) are more difficult to dissolve in 

solution, but after slow film forming process, usually present higher mobilities. On 

the other hand, low PDI usually enables a higher reproducibility of the chemical 

and physical properties of a polymeric film with a certain Mw. In general, the 

optimal values of Mw or PDI strongly depend on the polymer structure; however, 

for most polymers a Mn between 20 and 60 kDa and a PDI of 1.2-1.8 are 

reasonable threshold values.[13] An example of the effect of a polymer Mw on the 

corresponding BHJ OPV performance is given in the following sections. 

Finally, together with the polymer structural design, the parallel control on the 

BHJ film morphology is necessary for optimal device performances. In fact, also the 

active layer film forming process (deposition technique, solvent or solvents 

mixtures nature, use of additives, thermal or solvent annealing) strongly influences 

the polymer properties and performance in BHJ OPVs. 
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In the following sections, some strategies aimed to the optimization of BHJ OPV 

devices performances by an accurate design and processing of the donor polymers 

are presented. 

 

2. POLYMERIC DONOR DESIGN AND PROCESSING STRATEGIES TO 

IMPROVE BHJ OPV DEVICES PERFORMANCES 

2.1. A new class of efficient Si-DT-based polymers 

 

An efficient method to extend and enhance the π-delocalization and lower the 

band-gap of donor polymers is the above mentioned “push-pull” concept, where π-

electron-rich (donor) and π-electron-deficient (acceptor) conjugated moieties are 

combined into the repeating units of the polymer backbone.  

In donor-acceptor polymers, the energy and delocalization of the HOMO is 

mainly determined by the HOMO of the electron poor unit, while energy and 

delocalization of the LUMO by the electron rich unit. As a result, the photophysical, 

electrochemical and photovoltaic properties of the polymer can be widely tuned 

thanks to the large range of ‘push’ and ‘pull’ units that can be used, enabling a fine 

control of the HOMO and LUMO energies independently. For example, the push-

pull polymer approach is used to design polymers with lowered HOMO energy in 

order to increase device Voc. There is also some evidence that push-pull polymers 

may allow charge pair separation at a lower driving force comparing to other 

classes of polymers, maybe owing to the intramolecular charge transfer (CT) 

features,[14] between the electron rich and electron poor polymer moieties, of their 

ground and/or excited electronic states. 

Within push-pull polymers, one of the approaches aimed to push down the 

polymer HOMO include substitution of carbon atoms in the polymer structure by 

more electron-rich atoms such as sulfur, nitrogen, silicon. This strategy has 

intensively stimulated the development of the most efficient polymers for OPV 

devices, leading to devices with efficiencies over 7%.[15] Among the huge variety of 

fused hetero-aromatic rings based monomers used in this class of push-pull co-

polymers, dithieno[3,2-b:2′,3′-d]silole (SiDT, see Figure 9) based polymers have 

attracted much attention due to their intrinsic advantages and potentialities in 

optoelectronic devices such as organic light emitting diodes (OLEDs)[16], organic 

light emitting transistors (OFETs)[17] and OPV cells.[18]  

 

 
 

Figure 9 dithieno[3,2-b:2′,3′-d]silole (SiDT) unit. 
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The SiDT electron rich unit is obtained by replacing the carbon bridging atom in 

fluorene with a silicon atom (Si). Silicon based monomers such as SiDT, 

analogously to their carbon-based counterparts with aromatic rings bridged 

together in a condensed configuration, stiffen the polymer backbone leading to a 

reduced conformational disorder and enhanced interchain -interactions. This 

possibly improves the polymer optical and charge transport properties in the solid 

state. Additionally, the presence of silicon atoms, that is less electronegative and 

has more polarizable p atomic orbitals comparing to the C atom, reduces the 

energy of the molecular π orbitals determining a reduction of the HOMO energy 

levels. Since, as discussed before, the Voc of a BHJ OPV is proportional to the 

difference between the HOMO level of the donor material and the LUMO level of 

the acceptor material, this reduction in the polymer HOMO energy could effectively 

increase Voc of the resulting BHJ solar cells. Moreover, a lower lying HOMO level 

could also enhance the chemical stability of the polymer towards moisture 

oxidizing species. Another effect that could be given by the presence of the Si atom 

in the SiDT unit is that effective orbital mixing between the silicon’s σ*-orbital and 

the π*-orbital of the adjacent butadiene fragment could occur, this leading to a 

low-lying LUMO and correspondingly lower the band-gap of the SiDT based 

polymer comparing to a carbon bridged monomeric analogue.[19] Finally, the 

tetravelence of the silicon atom in the SiDT unit offers two additional substitution 

sites for the incorporation of alkyl chains, in order to enhance not only the 

solubility of the polymer, but also the molecular packing and the interactions 

between the donor and acceptor materials.[20] 

Recently, several groups have proven the potential of this class of polymers as 

donor materials for high-efficient BHJ solar cells. For instance, Bazan et al.[21] 

obtained  PCEs of 5.9 %, with open-circuit voltage of 0.57 V, short-circuit current 

density of 17.3 mA/cm2 and fill factor of 61%, using new donor–acceptor (D-A) 

silole-containing polymers blended with PC71BM. A recent work of Tao[22] et al., 

describing a new alternating copolymer of dithienosilole and thienopyrrole-4,6-

dione, afforded PCE of 7.3 %, with VOC = 0.88 V, JSC = 12.2 mA/cm2 and FF = 68 %.  

In this work the SiDT unit is coupled, to give polymers with push-pull 

structures, with some thiophene-substituted monomeric units, in particular 

differently substituted dithiophene (-DT-) or tetrathiophene (-TT-) monomers. 3-

substituted thiophenes are one of the most studied moieties used as co-

monomers[23] and monomeric units[24] for semiconductor/optical applications. 

These semiconductors exhibit unique self-assembly ability and form highly 

structured thin films when deposited from solution under appropriate conditions. 

Moreover, they can be easily subsituted in position 3 or 4 of the thiophene rings 

enabling an easy tuning of the polymer physical, chemical and electrical properties. 

In this work, by increasing the length of the thiophene based comonomer passing 

from dithiophene (-DT-) to tetrathiophene (-TT-) monomers, additional 

solubilizing alkyl chains (n-dodecyl  groups) have been placed on the thiophene 

rings, in position 3 or 4, in order to improve the overall polymer solubility even at 
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room temperature and to evaluate their effects on thin films properties and device 

performance.  

In addition, the substitution of elecron-rich cyano groups on the oligothiophene 

units have been tested. Indeed, the presence of the CN groups on the 

oligothiophene moiety where the HOMO is localized should reduce the HOMO 

energy of the polymer, enabling greater opern-circuit photovoltages comparing to 

the unsubstituted oligothiophene based polymers. 

Therefore, in this section, it is reported the synthesis, characterization and 

structure-property relationship of a series of novel donor polymers P(1)-DT-SiDT, 

P(2)-DT-SiDT, P(3)-TT-SiDT, and P(4)-TT-SiDT (Figure 10). 

 

 
Figure 10 Chemical structures of polymers P(1)-DT-SiDT, P(2)-DT-SiDT, P(3)-TT-SiDT, and 

P(4)-TT-SiDT. 

 

Solution-processed BHJ solar cells, using P(1)-DT-SiDT, P(2)-DT-SiDT, P(3)-

TT-SiDT, and P(4)-TT-SiDT as electron donor materials and PC61BM (or PC71BM) 

as electron acceptor counterparts, were fabricated, optimized, and fully 

characterized. The optical, electrical, morphological, and photophysical properties 

of the corresponding thin films are reported and discussed in order to evaluate the 

relationship between molecular tuning, electronic structure, nanoscale 

morphology, kinetics of charge transfer processes and OPVs performance for this 

class of polymers.  

Finally, PCEs up to ~ 5% and Voc greater than 0.8 V have been achieved, without 

the need of additional processes such as thermal or solvent annealing. 

 

2.1.1. Experimental 

2.1.1.1. Materials and Methods 

 

 All reagents, PEDOT:PSS (poly(3,4-ethylenedioxythiophene): poly(4-

styrenesulfonate), Clevios P VP A1 4083, H.C. Starck), PC61BM and PC71BM 

(American Dye Source), Molybdenum Oxide (MoO3, Sigma-Aldrich), 1,8-

diodooctane (Sigma-Aldrich) and various anhydrous solvents (Sigma-Aldrich) 

were purchased from commercial sources and used without further purification, 

unless otherwise noted.  
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The synthesis and characterization (NMR spectra, Elemental analysis, GPC 

analysis, electrochemical analysis) of all intermediates and polymers were done by 

Dr. Facchetti’s group at Polyera Corporation, Skokie, Illinois, USA. Cyclic 

voltammetry (CV) was performed on a VC-2 Cell Stand electrochemical station 

equipped with BAS Epsilon software (Bioanalytical Systems, Inc., Lafayette, IN).  

The electrolyte solution was dry acetonitrile containing 0.1 M tetra-n-

butylammonium hexafluorophosphate electrolyte.  A 1.0 mm diameter platinum 

disk electrode, platinum wire counter electrode and Ag reference electrode were 

employed. Ferrocene/Ferrocinium (Fc/Fc+, 0.54 V vs. SCE) was used as an internal 

reference for all measurements. Thermogravimetric (TGA) and differential 

scanning calorimetry (DSC) analysis were performed simultaneously on a STA i 

series instrument at a ramp rate of 10°C/min under N2 (ramp: 25 to 600°C) at 

atmospheric pressure in a platinum crucible. 

 

2.1.1.2. OPV Device Fabrication and Characterization 

 

Patterned ITO-coated glasses (Rs ~ 10 Ω/sq) were cleaned in sequential 

sonications (for 15 min) in deionized water, acetone and isopropanol. After final 

sonication step, substrates were dried with a stream of N2 gas and then placed in 

an oxygen plasma chamber for 10 min. Next, a thin layer (~ 30 nm) of PEDOT:PSS 

(Clevios P VP Al 4083) was spun-cast on the ITO surface and subsequently 

annealed at 150°C for 15 min. Alternatively, 5 nm of MoO3 were deposited onto 

ITO substrates by thermal evaporation in a vacuum of ~ 2 x 10-6 Torr. Samples 

were then transferred inside the glove box (<0.1 ppm of O2 and H2O) for active 

layer and top contact deposition. In the meantime, the active blends were 

formulated inside the glove box, in various ratios (wt/wt), with a total 

concentration of 16 mg/mL in dry CHCl3. The mixture solutions were sonicated at 

~ 50°C for 1 hour and then spun-cast on top of the ITO/PEDOT:PSS surface. Before 

cathode deposition, the substrates were then either thermally annealed by varying 

the temperature and the time of the process or left as-cast. To complete the device 

fabrication, LiF/Al or Ca/Al cathodes (0.6 nm/100 nm or 20 nm/80 nm, 

respectively) were next deposited sequentially without breaking vacuum (~3 x 10-

6 Torr) using a thermal evaporator directly connected to the glove box. The I–V 

curves of complete OPV devices were recorded by a Keithley 236 source-measure 

unit under simulated AM1.5G illumination of 100 mW/cm2 (Abet Technologies Sun 

2000 Solar Simulator). The light intensity was determined by a calibrated silicon 

solar cell fitted with a KG5 color glass filter to bring spectral mismatch to unity. 

The active area of the solar cell was exactly 6 mm2. During testing, each cell was 

carefully masked, by calibrated mask, to prevent an excess photocurrent generated 

from the parasitic device regions outside the overlapped electrode area. All solar 

cells were tested inside the glove box with oxygen and moisture free environment.  

External Quantum Efficiency (EQE) was measured with a home built system on 

encapsulated devices: monochromatic light was obtained with a Xenon arc lamp 

from Lot-Oriel (300 Watt power) coupled with a Spectra-Pro monochromator. The 
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photocurrent produced by the device passed through a calibrated resistance (51 

Ω) and the voltage signal was collected after the resistance with a Lock-In Digital 

Amplifier-SR830. Signal was pulsed by means of an optical chopper (~ 500 Hz 

frequency). A calibrated Silicon photodiode was used as reference. 

 

2.1.1.3. Hole-only Devices Fabrication and Characterization 

 

The single-carrier diodes are based on the use of electrodes that suppress the 

injection of either electrons or holes, resulting in hole- or electron-only devices. 

The hole-only devices, used to investigate the hole transport behavior of the active 

layers, were fabricated following the same procedure presented above except for 

the top electrode, which was replaced with Au (50 nm) 

(glass/ITO/PEDOT:PSS/Blend/Au). The charge mobility was calculated by fitting 

the current density–voltage curves, recorded in dark conditions with the Mott–

Gurney equation (Space Charge Limited Current, SCLC model),[25] reported in 

Equation 12:  

 

J = (9/8) μεrε0(V2/d3)        Eq. 12 

 

where J is the current density, μ is the mobility, εr is the relative permittivity of 

the blend, ε0 is the permittivity of vacuum, d is the thickness of the active layer, and 

V is the voltage. 

 

2.1.1.4. Thin-film characterization 

 

 All thin-film characterizations were performed in air. Solution and thin film 

optical absorption spectra were recorded on a JASCO V-550 spectrophotometer.  

The thickness of the various films was measured by a profilometer (KLA Tencor, P-

6) on glass/ITO/PEDOT:PSS substrates. Atomic Force Microscopy (AFM) images 

were taken with a Solver Pro (NT-934 MDT) scanning probe microscope in tapping 

semi-contact mode. The AFM images were recorded directly on the tested devices.  

Photoluminescence (PL) spectra were obtained by exciting the samples with the 

second harmonic of a femtosecond Ti:Sapphire laser at 450 nm. Time resolved 

measurements were performed with a monochromator coupled to a Hamamatsu 

streak camera (time resolution ∼ 2 ps). PL spectra were recorded with an optical 

multichannel analyzer. All photoluminescence measurements were performed 

with the samples kept in vacuum (∼ 10–6 mbar) at room temperature. The decay 

times are obtained by fitting the experimental data with the bi-exponential 

function reported in Equation 13:  

 

        
  

    
  

 
    

  
    
  

 
      Eq. 13 
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where t1 and t2 represent the components of the decay lifetime, w1 and w2 the 

corresponding pre-exponential factors (weights) and y0 and t0 two fitting 

constants. 

 

2.1.2. Results and discussion 

 

2.1.2.1 Polymers synthesis and thermal properties 

 

The present P(1)-2T-SiDT, P(2)-2T-SiDT, P(3)-4T-SiDT, and P(4)-4T-SiDT 

copolymers (abbreviated in the text as P(1), P(2), P(3) and P(4), respectively) 

were synthesized as schematically represented in Scheme 5.  

 
 

Scheme 5. Schematized synthesis procedure of the P(1)-P(4) polymers. 

 

The 4,4-bis(2-ethylhexyl)-2,6-bis(trimethyltin)-dithieno[3,2-b:2′,3′-d]silole (Sn-

SiDT) monomer and dibrominated (unsubstituted or 3,3′-dicyano)-

oligothiophenes based ((1)-2T-Br, (2)-2T-Br, (3)-4T-Br, and (4)-4T-Br) 

comonomers, were combined and purified via Stille crosscoupling reaction in 

refluxing toluene, using tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)3) and 

Tri(o-tolyl)phosphine (Tol3P) as catalysts. The resulting polymers were 

precipitated in methanol, collected by filtration, washed with methanol and further 

purified by Soxhlet extraction to remove low molecular weight fractions. The 

remaining part was extracted with chloroform and the resulting polymers 

structures and purities have been supported by 1H NMR spectra and elemental 

analysis, here not reported for brevity.  

The polymers thermal properties were investigated both by TGA and DSC at a 

temperature ramp rate of 10°C/min under nitrogen atmosphere. The TGA data 

indicate that all polymers are robust with decomposition temperatures (Td) above 
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350°C (Table 1), defined as the temperature at 5% mass loss. Notably, no 

significant thermal transitions were identified in the DSC data up to ~ 320°C. 

 

2.1.2.2. Polymers optical and electrochemical properties  

 

The purified polymers P(1)-P(4) have average molecular weights (Mn), 

determined by high temperature GPC, ranging from 4.6 kDa to 8.6 kDa with a 

polydispersity index (PDI) between 1.8 and 2.3, as summarized in Table 1. 
 

Table 1. Molecular weights and thermal, optical and electrochemical properties of P(1)-P(4). 

[a] determined by GPC using polystyrene standards and 1,2,4-trichlorobenzene as eluent;  [b] in 

CHCl3; [c] spin-coated from CHCl3 solutions on glass substrates; [d] Egap
o = 1240/λo. 

 

Polymers P(1) and P(2) are sufficiently soluble in chlorinated solvents for 

device fabrication (e.g. ~10 mg/ml in chloroform), thanks to the presence of the 

two branched 2-ethylhexyl alkyl chains linked to the Silicon atom in the 

dithienosilole unit. However, increasing the length of the thiophene based 

comonomer, passing from P(1)-P(2) to P(3)-P(4), additional n-dodecyl chains 

have been introduced on the 3 or 4 thiophene positions, to improve the co-polymer 

solubility even at room temperature.  

 

 

 

Poly
mer 

 

Mn 
[kDa][a] 

Mw 
[kDa][a] PDI Td 

[°C] 

Solution [b] Thin-film [c] EHOMO 
[eV] 

ELUMO 
[eV] 

λmax 
[nm] 

λo 
[nm] 

Egap
o 

[d] 
[eV] 

λmax 
[nm] 

λo 
[nm] 

Egap
o [d] 

[eV]   

P(1) 8.6 15.9 1.8 > 350 514 610 2.03 530 655 1.89 - 5.22 - 3.19 

P(2) 4.6 10.8 2.3 > 380 550 685 1.81 586 717 1.73 - 5.63 - 3.82 

P(3) 6.7 15.0 2.3 > 350 542 708 1.75 588 723 1.71 - 5.47 - 3.72 

P(4) 6.4 12.5 2.0 > 360 529 636 1.95 599 726 1.71 - 5.52 - 3.57 
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Figure 11 Uv-Vis absorption spectra of pristine polymers in: (A) CHCl3 solutions, (B) thin-films 

spin-coated from CHCl3.  

 

The optical absorption spectra of the pristine polymers P(1)-P(4) in dilute 

chloroform solutions and as thin films are displayed in Figure 11. The detailed 

absorption data, including absorption maxima wavelengths (max) in solution and 

film, as well as the corresponding onset (o) and bandgap values (Egapo) are 

summarized in Table 1. All compounds exhibit relatively broad absorption bands, 

which indicates that a significant part of the solar spectral flux is absorbed, 

contributing to the generation of photocurrents.  

The solution absorption profiles of polymers P(1)-P(4) (Figure 9A) exhibit a 

narrow variation of the max values, ranging from 514 to 550 nm. By comparing 

P(1) and P(2) spectra, a 36 nm red shift between the corresponding max values 

can be observed. This effect is related to the presence of the -CN groups, that 

simultaneously lowers both the HOMO and LUMO energy levels and enhance T2 

acceptor capabilities resulting in a lower polymer bandgap (Table 1). However, 

the electronic effect of the -CN substituents seems to be attenuated by the presence 

of the two additional adjacent thiophene rings present in P(3) and P(4), reducing 

the max red shift of these two polymers with respect to P(1). It is worth noting 

that, despite the isomeric structures of the P(3) and P(4) in which the only 

difference is the position of the alkyl chains linked to the thiophene spacers, the 

shape of the corresponding absorption spectra are significantly different. In 

particular, the broader spectrum of P(3) and the sharp shoulder peak at the longer 

wavelength region (~ 650 nm) might suggest a more favorable backbone 

conformation, which could be responsible of a partial pre-aggregation of the 

polymer backbone in solution.[26] 

The thin film spectra of P(1)-P(4) (Figure 11B) are significantly broadened 

(except P(3)) and red shifted relatively to the solution spectra. The resulting red 

shift magnitude (max = maxsol - maxfilm) increases, proceeding from P(1) to P(4) 

(max = 16, 36, 46 and 70 nm, respectively), probably due to the progressive 

enhancement of the interchain - interactions as a function of the substitution 

and length of the thiophene-based comonomers. Except P(1), the thin film 

absorption spectra of the polymers P(2), P(3) and P(4) show vibronic structures 
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around the maximum of absorption, with a more pronounced shoulder at ~ 650 

nm, indicating a partial polymer chain ordering in the solid state. It should be 

noted that P(3) exhibits the most intense shoulder relatively to the main 

absorption peak, suggesting stronger intermolecular interactions, in agreement 

with the polymer behavior in solution.  

 

 
 

Figure 12 A. CV of P(1)-P(4) polymers. B. Schematic energy level diagram with HOMO and 

LUMO levels of P(1)-P(4) polymers and of PC61BM. 

 

The cyclic voltammetry (CV) curves of P(1)-P(4) are reported in Figure 10a 

and the polymers EHOMO and ELUMO values, also reported in Table 1, are 

schematically depicted in Figure 12b. As shown in Figure 12a, the 

electrochemical oxidation onsets (Eox) of P(1)-P(4) are 0.78 V, 1.19 V, 1.03 V and 

1.08 V, respectively. On the basis of the oxidation onsets, the HOMO energy levels 

of the present polymers were estimated to lie at -5.22 eV, -5.63 eV, -5.47 eV and -

5.52 eV for P(1)-P(4), respectively.[27] It has to be noted that these polymers are 

also expected to be more resistant to oxidation in ambient conditions comparing to 

P3HT (EHOMO ~ -5.0 eV).[28] 

The reduction peaks of the cyclic voltammograms were not assigned since they 

were not clearly visible, thus the LUMO energy levels were calculated by the 

equation: ELUMO = EHOMO + Egapo (Egapo were determined from the optical absorption 

spectra of pristine polymers in solution, Table 1). The LUMO levels for P(1)-P(4) 

were then estimated to lie at 3.19 eV, 3.82 eV, 3.72 eV and 3.57 eV, respectively, 

yielding ELUMO offsets between the polymers and PC71BM of more than 0.3 eV, 

which should ensure efficient exciton dissociation.[29] 

Note that the incorporation of electron-withdrawing -CN substituents on the 

thiophene rings effectively lowers both LUMO and HOMO energies. Indeed, 

comparing to P(1), a ELUMO (difference between the LUMO energies of the two 

polymers) of 0.63 eV and EHOMO (difference between the HOMO energies of the 

two polymers) of 0.41 eV were observed for P(2). Since the LUMO energy lowering 

is greater than the HOMO one, P(2) results to be a more stable and lower bandgap 
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polymer comparing to P(1) (with a Egap , calculated as the difference between the 

two polymers Egap values, of 0.22 eV). A less marked effect can be expected for 

polymers P(3) and P(4), where the introduction of two electron-rich thiophene 

spacers should increase the -electron density, thus attenuating the electronic 

effect of the -CN groups on the macromolecular frontier orbitals energy levels. As 

supposed, P(4) exhibits, comparing to P(1), a ELUMO of 0.38 eV, EHOMO of 0.30 eV 

and Egap of 0.08 eV. However, the discrepancy observed for P(3), which exhibits, 

with respect to P(1), a ELUMO of 0.53 eV, EHOMO of 0.25 eV and Egap of 0.28 eV, 

can be explained considering the additional contribution of the intermolecular - 

interactions observed in solution, which further lower the Egapo (see Table 1) and 

thus the resulting LUMO level of P(3).   

The obtained HOMO and LUMO energies of P(1)-P(4) suggest that high open-

circuit voltages (VOC)[29] should be achievable when P(1)-P(4) are combined, for 

example, with PC61BM in BHJ OPV devices.  

 

2.1.2.3. Devices optimization and characterization  

 

The potential of polymers P(1)-P(4) as donor materials in OPV devices was 

investigated in BHJ solar cells using PC61BM or PC71BM as acceptor counterparts. 

The device structure employed was the standard glass/ITO/PEDOT:PSS/Active 

Layer/LiF/Al. The active blend was spin-coated from dry chloroform solutions 

(chloroform was found to be the optimum solvent) and the most efficient OPV 

devices were obtained without additional thermal treatments.  

 
Table 2. OPV characteristics of the most representative polymer:PCXXBM based BHJ solar cells. 

[a] Additive: 2% (v/v) of 1,8-diiodooctane; [b] 5 nm of MoO3 as anode buffer layer; [c] Alternative 

cathode: Ca (20 nm)/ Al (80 nm). 

 

Polymer : PCXXBM 

ratio (wt/wt) 

 

VOC 

[mV] 

 

JSC 

[mA/cm2] 

 

FF 

[%] 

 

PCE 

[%] 

 

P(1) : PC61BM (1.5:1) 451 1.30 31 0.18 

P(1) : PC61BM (1:1) 671 2.22 43 0.64 

P(1) : PC61BM (1:1.5) 360 3.44 36 0.45 

P(1) : PC71BM (1:1) 426 3.18 45 0.61 

P(2) : PC61BM (1.5:1) 542 1.59 30 0.26 

P(2) : PC61BM (1:1) 627 1.94 39 0.47 

P(2) : PC61BM (1:1.5) 461 2.04 38 0.36 

P(2) : PC71BM (1:1) 712 1.12 32 0.25 

P(3) : PC61BM (1.5:1) 854 6.67 51 2.90 

P(3) : PC61BM (1:1) 872 7.05 57 3.49 

P(3) : PC61BM (1:1.5) 875 6.59 52 3.02 

P(3) : PC71BM (1:1) 905 4.52 55 2.25 

P(3) : PC71BM (1:1)[a] 838 8.05 59 4.00 
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P(3) : PC71BM (1:1)[a,b] 820 8.57 62 4.32 

P(3) : PC71BM (1:1)[a,b,c] 830 8.78 62 4.52 

P(4) : PC61BM (1.5:1) 880 5.25 42 1.96 

P(4) : PC61BM (1:1) 775 7.70 46 2.78 

P(4) : PC61BM (1:1.5) 907 4.38 54 2.15 

P(4) : PC71BM (1:1) 908 3.97 49 1.77 

P(4) : PC71BM (1:1)[a] 831 7.73 57 3.70 

P(4) : PC71BM (1:1)[a,b] 820 8.60 61 4.30 

P(4) : PC71BM (1:1)[a,b,c] 850 9.25 63 4.90 

 

 

 
 

Figure 13 J–V plots, under illumination, of optimized as-cast BHJ solar cells based on: (A) 1:1 

(wt/wt) P(1)-P(4):PC61BM  films; (B) 1:1 (wt/wt) P(1)-P(4):PC71BM films; (C and D) 1:1 (wt/wt) 

P(3):PC71BM and P(4):PC71BM films using progressively: i) 2% (v/v) of DIO, ii) MoO3 as anode 

interfacial layer, and iii) Ca /Al as cathode. 

 

Table 2 summarizes the photovoltaic parameters, while current density–

voltage (J–V) plots under standard illumination for the solar cells based on P(1)-

P(4):PC61BM (or PC71BM) active blends are shown in Figure 13.  

A first optimization of the P(1)-P(4) based BHJ solar cells was carried out by 

using PC61BM as acceptor material. The optimal D:A ratio was found to be 1:1 

(wt/wt) for all polymers. Upon increasing (1.5:1) or decreasing (1:1.5) the donor 

content in the active blend a significant drop in JSC, VOC and FF was observed, 

resulting in lower PCEs.  
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By comparing the performances of optimized OPV devices based on 1:1 (wt/wt) 

P(1)-P(4):PC61BM films (Figure 13A and Table 2) the main difference is 

represented by JSC, which reflects the gap in the overall PCEs. Indeed, the less 

efficient solar cells based on P(1) and P(2) yield current densities of ~ 2 mA/cm2 

with maximum PCEs of 0.64 % and 0.46 %, respectively, while the solar cells based 

on P(3) and P(4) afford JSC of ~ 7 mA/cm2 with PCEs of 3.49 % and 2.78 %, 

respectively.  

 

 
Figure 14 Linear attenuation coefficient spectra of the P(1)-P(4):PC61BM active layers. 

 

The light harvesting properties of the P(1)-P(4):PC61BM active layers can be 

estimated by their linear absorption coefficient spectra, which are reported in 

Figure 14. Since only slight differences, except for P(1), in terms of linear 

absorption coefficients were found for the P(2)-P(4):PC61BM films and since the 

thickness of the films is almost constant (~100 nm), the higher JSC values observed 

for P(3)-P(4):PC61BM based devices comparing to P(1)-P(2):PC61BM based ones, 

can be mainly ascribed to the variations in terms of morphological, photophysical 

and charge transport properties of the blends. 

To better understand the charge transport properties of the polymers, the dark 

I-V curves of hole-only devices, prepared as reported in the experimental section 

and consisting in a stack of glass/ITO/PEDOT:PSS/polymer/Au, were measured, 

allowing to evaluate the hole mobility (h) of pristine polymer films by the 

SCLCmethod.[30]  As expected, h was found to be one order of magnitude higher for 

P(3) and P(4) (4 · 10-4 cm2 V-1 s-1 and 6 · 10-4 cm2 V-1 s-1, respectively) with respect 

to P(1) and P(2) (~ 10-5 cm2 V-1 s-1 for both polymers). It has to be noted that the 

charge mobilities calculated for P(3) and P(4) are in agreement with those of 

other highly efficient donor polymers.[31]  

For each polymer:PC61BM based solar cell the average value of VOC (VOCav), 

estimated from the open circuit voltages observed at different D:A wt/wt ratios 

(Table 2), track the progression:  
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VOCav P(1) < VOCav P(2) < VOCav P(3) ≈ VOCav P(4) 

 

rather than:  

 

VOCav P(1) < VOCav P(3) ≈ VOCav P(4) < VOCav P(2) 

 

which was expected from ELUMOA - EHOMOD theoretical considerations[29] (Table 

1). The low VOCav of P(2), despite its low lying HOMO level, could be ascribed to its 

poor film-forming properties, as confirmed by AFM images (see below), likely 

leading to poor exciton stabilization and dissociation, and low D:A phase 

segregation, all factors that are known to influence the VOC.[32] P(3) and P(4) based 

solar cells, in agreement with the ELUMOA –EHOMOD  offset and in combination with 

good film forming properties, show relatively high VOCav (up to ~ 850 mV). 

Several efforts to optimize the thin-film nanomorphology of 1:1 (wt/wt) P(1)-

P(4):PC61BM solar cells were carried out, for instance by using  different solvents 

(e.g. chlorobenzene or o-dicholobenzene) and thermal annealing (in the range 80-

140°C and for different times), but no significant improvements were achieved.  

Therefore, alternative approaches to enhance the OPV performance of the P(1)-

P(4) based polymer solar cells, with particular attention for the most efficient 

donors P(3) and P(4), have been employed in order to improve the device light 

harvesting, nanoscale self-organization of the active BHJ layer and related charge 

transport/extraction processes. To this end, we used respectively: i) PC71BM as 

acceptor material, ii) 1,8-diodooctane (DIO) as processing solvent additive, iii) 

Molybdenum oxide (MoO3) and Calcium (Ca) as alternative anode and cathode 

interfacial layers. 

 

Figure 15 UV-Vis absorption spectra of: A) as-cast 1:1 (wt/wt) P(1)-P(4):PC61BM films spin-

coated from CHCl3 solutions, B) as-cast 1:1 (wt/wt) P(1)-P(4):PC71BM films spin-coated from CHCl3 

solutions. 

 

P(1)-P(4):PC71BM films, deposited from chloroform solution by using the best 

performing blend ratio found for PC61BM, were then prepared in order to enhance 

the blend film absorption in the spectral range between 350 and 550 nm, as shown 
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in Figure 15A and B.[33] The resulting OPV performance have been reported in 

Table 2. Despite the improved overall light harvesting of the composite blends, the 

resulting BHJ OPV devices exhibit lower PCEs comparing to the analogous PC61BM 

based ones.  

This result may reflect suboptimal film morphologies as observed by AFM 

investigation (see next section), likely due to a poorer miscibility of PC71BM poor 

with the polymers,[34] thus limiting the D:A phase-segregation, charge generation 

and transport within the active blends, in agreement with the observed low 

photocurrents. 

The incorporation of solvent additives, such as 1,8-diiodooctane (DIO), to the 

blend solutions is a widely used method to promote an optimal self-organization of 

the BHJ components in order to improve the corresponding OPV characteristics.[35] 

Indeed, it was found that the addition of 2% (v/v) of DIO to P(3)-P(4):PC71BM 

blend solutions led to improved film morphologies, as will be discussed later with 

the morphological analysis, and greatly enhanced PCE. P(3) based BHJ OPVs shows 

indeed VOC, JSC, FF and PCE of 838 mV, 8.05 mA/cm2, 59 % and 4.00 %, respectively. 

Similarly, P(4) based solar cells yields a PCE of 3.70% with VOC, JSC, and FF of 831 

mV, 7.73 mA/cm2 and 57%, respectively. For both polymers, the mayor 

improvement has to be ascribed to the almost doubled JSC, indicative of well-

ordered nanoscale morphology of the active layer, which correlate well with the 

simultaneous increase of FF and charge mobilities.  

Indeed, the hole mobilities (h) (estimated by SCLC model) of optimized (1:1 

wt/wt) P(3)-P(4):PC71BM films processed with DIO (2% v/v) were found to be 1.1 

· 10-4 cm2 V-1 s-1 and 2.0 · 10-4 cm2 V-1 s-1, respectively, very similar to those 

measured for the pristine polymers. In comparison, the h of (1:1 wt/wt) P(3)-

P(4):PC71BM based devices processed without DIO were found to be 7.2 · 10-5 cm2 

V-1 s-1 and 8.1 · 10-5 cm2 V-1 s-1, respectively, in agreement with above mentioned 

film morphological features.  

Further improvements in terms of PCE, up to ~ 5%, for (1:1 wt/wt) P(3)-

P(4):PC71BM based solar cells were obtained by replacing conventional anode and 

cathode interfacial layers (PEDOT:PSS and LiF) with thin films of Molybdenum 

oxide (MoO3, 5 nm) and Calcium (Ca, 20 nm), respectively. The introduction of 

MoO3 (5 nm) mainly determines an increase of the FF and JSC values. Enhanced FF, 

passing from 59 % to 62 % and from 57 % to 61% for P(3) and P(4) based 

devices, respectively, could be ascribed to the quasi-ohmic contact between the 

HOMO level of the polymer and the conduction band-edge of MoO3 (~ 5.4 eV),[36] 

that favors the hole extraction process and reduces the contact resistance.[37] 

Moreover, MoO3 interlayer seems also to promote a more favorable redistribution 

of the light intensity within the active layer, as a result of the refractive index 

matching between MoO3 and active blend[36], in agreement with the enhanced JSC 

measured for P(3) and P(4) based cells (from 8.02 to 8.57 mA/cm2, and from 7.73 

to 8.60 mA/cm2, respectively).  

Additionally, the use of Ca/Al as cathode generates higher VOC and JSC values as a 

result of its lower work function, compared to LiF/Al, which primarily increases 
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the built-in electric field of the cell, also responsible for optimal charge extraction 

and collection processes.[38] As a result, the most efficient P(3) based solar cell 

exhibits VOC = 830 mV, JSC = 8.78 mA/cm2, and FF = 62 %, with PCE = 4.52 %. 

Similarly, the P(4) based solar cell shows VOC = 850 mV, JSC = 9.25 mA/cm2, and FF 

= 63 %, with PCE = 4.90 %. 

 

 
 

Figure 16 EQE plots of optimized as-cast BHJ solar cells based on: (A) 1:1 (wt/wt) P(1)-

P(4):PC61BM  films; (B) 1:1 (wt/wt) P(3)-P(4):PC71BM (1:1) films using 2% (v/v) of DIO, MoO3 as 

anode interfacial layer, and iii) Ca /Al as cathode. 

 

A deeper understanding of the different photocurrent generation efficiencies 

can be given by the study of the spectral responses of the devices. Figure 16A and 

B shows the external quantum efficiency (EQE) spectra of best devices based on 

1:1 (wt/wt) P(1)-P(4):PC61BM and P(3)-P(4):PC71BM films. The EQE plots are 

consistent with the broad optical absorption spectra of the active blends (Figure 

15A and B). EQE spectra of 1:1 (wt/wt) P(1)-P(4):PC61BM (Figure 16B) exhibit 

the highest generated-electrons over incident-photons ratio, comprised within 10 

% and 35 %, in the spectral range between 450 and 600 nm, corresponding to the 

lower energy absorption band of the polymers.  

Figure 16B shows the EQE responses of the most efficient P(3)-P(4):PC71BM 

based devices, in which the profiles are greatly enhanced in the whole wavelength 

range (350-700 nm) with maxima of 46% and 51% (at ~ 560 nm), respectively for 

P(3) and P(4) based solar cells, as expected from the high photocurrents 

measured for these devices. Convolution of these EQE spectra with the AM1.5 solar 

spectrum gave calculated short circuit current densities in good agreement, within 

the ~ 5% experimental error, with those obtained from J-V measurements.  

Finally, because of the relatively large bandgap (∼1.7 eV) of P(3) and P(4) the 

photocurrent is generated in the spectral range below 700 nm, as shown in the 

EQE spectra. Therefore, it is worth noting that this class of polymers can be also 

suitable for a bottom cell in a solution-processable tandem solar cell. 
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2.1.2.4. Morphological analysis 

 

After analyzing the optical and electrical properties of the P(1)-P(4):PCXXBM 

active layers, morphological analysis were performed (by tapping-mode AFM) in 

order to gain a deeper understanding on how the molecular structure of polymers 

P(1)-P(4) affects the solar cell output parameters. 

 

 
 

Figure 17 Tapping mode AFM images (size: 5 µm x 5 µm) of optimized as-cast 1:1 (wt/wt) 

P(1)-P(4):PCxxBM: (A) P(1):PC61BM (RMS = 0.7 nm); (B) P(2):PC61BM (RMS = 0.8 nm); (C) 

P(3):PC61BM (RMS = 1.9 nm); (D) P(4):PC61BM (RMS = 1.0 nm); (E) P(3):PC71BM (RMS = 1.2 nm); 

(F) P(4):PC71BM (RMS = 1.2 nm); (G) P(3):PC71BM processed with 2% (v/v) of DIO (RMS = 3.8 nm); 

(H) P(4):PC71BM processed with 2% (v/v) of DIO (RMS = 2.7 nm). 

 

Figure 17 shows topographic images of representative as-cast 1:1 (wt/wt) 

P(1)-P(4):PC61BM (or PC71BM) films processed with and without additive.  

The topographic images of optimized as-cast P(1):PC61BM and P(2):PC61BM 

based films (Figure 17A and 17B) exhibit a smooth and almost featureless 
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surfaces, with very low roughness of 0.7 and 0.8 nm (calculated as Root mean 

square, or RMS, deviation) which might suggest a low ordering, self-organization 

and phase-segregation of the BHJ components. As a result, poorly formed 

percolation pathways could be expected leading to limited charge transport 

and/or collection processes within the active blends, as confirmed by the low JSC, 

FF and PCE obtained from the corresponding BHJ OPVs. On the other hand, the 

surface morphology of P(3)-P(4):PC61BM films is significantly different from those 

observed for P(1)-P(2):PC61BM blends. As shown in Figure 17C and D, for both 

P(3) and P(4) based blends, the roughness of the films is improved to 1.9 and 1 

nm respectively, with domains sizes drastically reduced and with the formation of 

more defined and much finer nanostructures. These blend film topological features 

are likely due to an enhanced polymer aggregation and blend phase-segregation, 

leading to the registered higher OPV responses of the resulting P(3)-P(4) based 

solar cells.  

To better understand the evolution of OPV device performance of the most 

efficient P(3)-P(4) polymers, the surface morphology of the polymer:PC71BM 

films, produced with and without additive (DIO, 2% v/v), was also investigated. 

For the 1:1 (wt/wt) P(3)-P(4):PC71BM films processed without DIO, the AFM 

topographic images reveal the formation of small and regular unconnected grains 

or circular islands (Figure 17E and F). As a consequence of the miscibility gap 

between the polymers and PC71BM in organic solvents, the formation of island-like 

PC71BM clusters in polymer:PC71BM blends is often observed and has been found 

to be detrimental to solar cell performance.[39,34a] Indeed, this kind of morphology 

is expected to result in inefficient exciton separation and lack of the bicontinuous 

interpenetrating pathways necessary for charge transport, in agreement with the 

relatively low hole mobilities and OPV performance of P(3)-P(4):PC71BM based 

devices (Table 1). On the other hand, the use of processing solvent additives such 

as DIO is known to improve the morphology of the active layer by generating much 

finer nanostructures, removing grain boundaries and promoting an optimal D:A 

intermixing.[35] As a result, the P(3)-P(4):PC71BM based solutions processed with 

2% (v/v) DIO generate films with more continuous and well-organized domains, as 

shown by AFM images (Figure 17G and H). The improved morphologies and the 

relatively high charge mobilities measured on these films, confirm the formation of 

optimal nanoscale phase separations and interpenetrating networks in the entire 

photoactive layer, in perfect agreement with the more than doubled photocurrents 

and PCEs up to ~ 5% of the devices fabricated/processed under these conditions. 

 

2.1.2.5. Photo-luminescence (PL) quenching studies 

 

Photoluminescence (PL) and time resolved photoluminescence (TRPL) are 

experimental techniques that can provide information about the efficiency and 

kinetics of the charge-transfer processes occurring within the D:A blend. PL 

spectra and lifetimes of pristine P(1)-P(4) films spin-coated on glass/PEDOT:PSS 
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were used as reference and compared with those of the corresponding 1:1 (wt/wt) 

D:A blends.  

 
 
Figure 18 PL spectra of pristine polymer and blend films, spin-coated from CHCl3 on glass, of: 

(A) P(1) and 1:1 (wt/wt) P(1):PC61BM; (B) P(2) and 1:1 (wt/wt) P(2):PC61BM; (C) P(3), 1:1 

(wt/wt) P(3):PC61BM and 1:1 (wt/wt) P(3):PC71BM processed with 2% (v/v) of DIO; (D) P(4), 1:1 

(wt/wt) P(4):PC61BM and P(4):PC71BM processed with 2% (v/v) of DIO. Laser excitation: λmax = 

450 nm. Insets: unquenched PL decays of pristine polymer films and quenched PL decays of blend 

films. Decays are all measured at the λ maximum of emission of the irradiated film. 

 

PL experiments were performed by exciting the samples with a pulsed laser at 

450 nm. Intense PL spectra with structureless bands centered at 636, 719, 712 and 

716 nm were registered for pristine P(1), P(2), P(3) and P(4)  films, respectively 

(Figure 18). The Stokes shift between the absorption and emission maxima of 

P(1)-P(4) films (<130 nm, a value comparable to that of other polymers, for 

example ~100 nm for MDMO-PPV),[40] allows the attribution of the registered PL 

band to the emission from the first singlet excited state to the ground state, 

transition with a relatively small conformational relaxation.  
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Table 3. TRPL lifetimes and PL quenching ratios measured for P(1)-P(4) based films. [a] films 

spin-coated on PEDOT:PSS from CHCl3 solutions. 

 

Film [a] 
 

PL lifetime (t1
p, t2

p) [ps] [b] 
Weights (W1

p, W2
p) [%] 

Quenching 
Ratio 
[Q] 

P(1) t1
p = 59 ± 15 (6 %), t2

p = 12 ± 1 (94 %) -- 

P(2) t1
p = 304 ± 9 (29 %), t2

p = 44 ± 2 (71 %) -- 

P(3) t1
p = 374 ± 3 (68 %), t2

p = 42 ± 3 (32 %) -- 

P(4) t1
p = 324 ± 8 (63 %), t2

p = 39 ± 3 (37 %) -- 

P(1) : PC61BM tb = 5.4 ± 0.2 (100 %) 0.67 

P(2) : PC61BM t1
b = 183 ± 31 (17 %), t2

b = 20 ± 1 (83 %) 0.84 

P(3) : PC61BM t1
b = 67 ± 3  (7 %), t2

b = 13 ± 1 (93 %) 0.94 

P(4) : PC61BM t1
b = 75 ± 1 (15 %), t2

b = 17 ± 1 (85 %) 0.92 

P(3) : PC71BM + 2%   DIO t1
b =  92 ± 7 (11 %), t2

b = 16 ± 1   (89 %) 0.91 

P(4) : PC71BM + 2% DIO t1
b = 74 ± 5 (29 %), t2

b = 18 ± 1  (71%) 0.84 

 

 

For these emissions, biexponential decays were registered in the TRPL 

experiments, and the corresponding fitting parameters and decay lifetimes are 

reported in Table 3. It is worth noting that the introduction of the -CN group on 

the polymer backbone, passing from P(1) to P(2), increases the fluorescence 

lifetimes by ~ 5 times. This effect, accompanied by the already discussed tuning of 

the HOMO and LUMO energy levels, spectral bathochromic shift and a probable, 

but not measured, increase in PL quantum yield, has been also reported in other 

cyano-substituted conjugated polymers.[41]  

Also the introduction of two additional thiophene rings in the copolymer 

backbone of P(3) and P(4) significantly influences the PL lifetime. In particular, 

passing from P(2) to P(3)-P(4), independently from the position of the alkyl 

chains, the longer component of the PL decay (at ~300-350 ps) becomes 

predominant in the biexponential fitting expression. Since for some polymers 

longer PL decay lifetimes are attributed to higher crystallinity[42], an overall 

enhanced crystalline phase of P(3) and P(4) films comparing to P(1) and P(2) can 

be expected. This would be in agreement with the higher charge transport 

properties and the increased nanostructuration of the surface morphology of the 

corresponding active blends, observed by AFM, passing from P(1)-P(2) to P(3)-

P(4) based films. 
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For the polymer:fullerene blends in which PC61BM was used as acceptor, most 

of the light is absorbed by the polymer and the contribution of PC61BM to 

absorption is negligible. Since also the emission quantum yield of fullerene 

derivatives is usually much lower (<10-3) than the emission of highly conjugated 

polymers[43], the PL spectra and lifetimes measured for P(1)-P(4):PC61BM blend 

films has to be mainly ascribed to the polymer quenched emission. Indeed, the 

occurrence of effective charge-transfer from the polymers to PC61BM is confirmed 

by the observed quenching of the PL emission when going from pure P(1)-P(4) to 

P(1)-P(4):PC61BM films (Figure 18), accompanied by the strong decrease of the 

PL lifetimes, where the shorter component of the biexponential decay (5 ps for 

P(1) and ~ 20 ps for P(2)-P(4)) becomes predominant (Table 3 and insets Figure 

18).[44] The PL quenching ratios Q can be calculated for each polymer through the 

PL decays lifetimes, following Equation 14: 

 

      
   

   
  

   

  
 
 
 
 
  

   

        Eq. 14 

  

where tip and tjb are the ith and jth components of the lifetime found by fitting the 

PL decay of the polymer alone and the D:A blend films respectively, and wip and wjb 

are their relative weights in the fitting expression.[45] Therefore, the so obtained Q 

counts for all the deactivation processes for the polymer excited state due to the 

presence of PC61BM, including charge transfer, that is assumed to be the main 

deactivation pathway. An increase in Q is found going from P(1):PC61BM to 

P(2):PC61BM. This could be ascribed to the lengthening of the P(2) PL lifetime, as a 

result of the previously mentioned electronic effect of the -CN groups on the 

polymer electronic states. In fact, since P(2) has a longer lived excited state 

comparing to P(1), the probability that its polaron diffuses at the D:A interface and 

gives and electron-transfer reaction with fullerene, rather than a radiative decay, 

increases comparing to P(1). 

A further increase in Q passing from P(2):PC61BM to P(3)-P(4):PC61BM is 

observed, accordingly to the corresponding increased JSC. This can be due to the 

presence of two additional thiophene rings in the polymer repeating unit that 

might promote the intermolecular electronic coupling between the polymer chains 

and/or between polymer and fullerene, the latter leading to increased quenching 

ratio, indicative of a more efficient charge-separation process. Indeed, a much finer 

and defined blend film nanostructuration, likely due to enhanced polymer 

aggregation and D:A phase segregation, was observed in the AFM topographic 

images of P(3)-P(4):PC61BM films comparing to P(1)-P(2):PC61BM. 

For the PL and TRPL study on P(1)-P(4):PC71BM blend films, additional 

considerations have to be taken into account. Differently from PC61BM, the C70-

based acceptor exhibits a significant visible light absorption.[46] Therefore charge 

generation by photo-excitation of the polymer:PC71BM based films could arise, 

other than from the polymer excitons, also from the fullerene excitons, either by 

direct hole transfer from the fullerene to the polymer, or by exciton energy 
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transfer from the fullerene to the polymer, followed by the conventional electron 

transfer from the polymer exciton to the fullerene.[47] Since at 450 nm the P(1)-

P(4) polymers and the PC71BM exhibits comparable extinction coefficients and the 

PC71BM emission lies in the same spectral region (~720 nm)[44] as the P(2)-P(4) 

pristine polymers, the quenched PL registered for the P(2)-P(4):PC71BM blend 

films could be attributed both to the polymer or fullerene, and a univocal 

interpretation of the relative quenching processes results more complicated than 

for the P(1)-P(4):PC61BM blends. In any case, the PL quenching experiments 

performed on optimized P(3) and P(4) blends with PC71BM as acceptor and DIO 

(3%, v/v) as additive, showed a further decrease in the PL intensities comparing to 

P(3)-P(4):PC61BM films (Figure 18C and 18D). This indicates that equally 

efficient (or better) charge separation occurs between the best performing 

polymers, P(3) and P(4), and the acceptors, PC61BM and PC71BM, for those films 

were morphology is optimal for the device performances. In fact, very similar PL 

decays were measured for the P(3)-P(4):PC61BM-based blends and the P(3)-

P(4):PC71BM (with 3% DIO) based ones in the TRPL experiments (Table 3). 

Moreover, this might indicate that the use of DIO does not have a strong influence 

on the charge separation process kinetics, but it might rather affects the polymeric 

phase morphology such as domain sizes, cristallinity and spatial arrangement. The 

additive-induced morphology of P(3)-P(4):PC71BM blends also corresponded, as 

expected, to the most efficient P(3) and P(4) based devices.[48] 

 

2.1.3. Conclusions 

A new series of silole-based polymers have been designed, synthesized and 

characterized. Rational and sequential structural modifications on the thiophene-

based spacers allowed the evaluation of the polymer chemical structures on the 

main properties of this interesting class of donor materials. It was found that the 

incorporation of -CN substituents and the presence of two additional 

alkylthiophene moieties (P(3) and P(4)) in the polymer backbone significantly 

influence the optical, electronic, morphological, photophysical, charge transport 

and subsequently the performance of the resulting devices.  

As exected, the presence of the -CN substituents in the backbone of P(2) lowers 

the bandgap and the LUMO energy of the polymer enhancing its optical and 

photophysical properties, comparing to the unsubstituted polymer P(1). 

Moreover, the presence of the longer alkylthiophene moieties in P(3) and P(4) 

significantly increases the polymer solubility, electrical properties (light 

absorption and hole mobility) and improves the nano-structuring and opto-

electrical properties of the corresponding blend films, comparing to P(1) and P(2). 

As a result, while the PCEs of P(1)-P(2) based OPV devices are lower than 1%, the 

optimized P(3)-P(4) based cells exhibit PCEs approaching 5%. In particular, the 

BHJ solar cell based on P(4):PC71BM film showed a PCE of 5% with VOC, JSC and FF 

of 850 mV, 9.25 mA/cm2 and 63 %, respectively.  
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The obtained results combined with a relatively simple synthetic procedures, 

make this series of polymers a promising benchmark for further developments of 

new efficient semiconducting donor polymers for applications in BHJ OPVs. Indeed, 

the device performance could be further improved by the optimization of the 

photoactive materials taking advantages from the findings and basic 

considerations reported and discussed in this study.  

 

2.2. A new push-pull polymer with unsaturated spacer 

 

2.2.1. Introduction 

 

Within the strategies used to lower the bandgap of donor polymers for BHJ OPV 

application is the afore mentioned push-pull approach, where π electron-rich and 

π electron-poor fragments are alternated along the π-conjugated backbone.[49] This 

section focuses on a new push-pull polymer where 4,8-dialkoxy-benzo[1,2-b:4,5-

b’]dithiophene (BDT) and 2,1,3-benzothiadiazole (BTD) (Figure  19) are 

alternated as π electron-rich and π electron-poor groups, being separated by a 

vinyl-spacer to form a new polymeric structure. 

 

 

Figure 19 Structure of donor BDT and acceptor BTD constituting units of the of the investigated 

D-A polymers. 

 

The donor BDT group has been recently used in a significant number of highly 

efficient polymers for BHJ devices,[50] including some of the present record 

polymers with overall conversion efficiencies approaching 8%.[51] The acceptor 

BTD ring has lately received great attention thanks to its electron-withdrawing 

strength and ability to effectively lower the LUMO energy.[52] Again, the use of BTD 

allowed to build a new polymer with top-ranked PCE (6.1%) and a remarkable 

internal quantum efficiency approaching unity.[53] 

Furthermore, the use of the donor BDT and/or acceptor BTD led to polymers 

with optimal HOMO, LUMO, and bandgap energies, closely matching those of ideal 

conjugated polymers for OPV devices, showing that these polycyclic 

heteroaromatic rings are very effective constituting units for the design of well 

performing π-conjugated polymers for BHJ cells. Nevertheless, very few reports 

have described the simultaneous use of both fragments in the same polymeric 

backbone.[54] In these studies, an aryl-aryl bonding was always present to link the 
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BDT and BTD groups either directly to each other or alternated with thienyl 

spacers.  

The most simple combination, the polymer P(BDT-BTD), was investigated by 

Hou, Yang and co-workers (Figure  20).[54a] An electrochemical bandgap of 1.9 eV 

and a PCE of 0.90% in combination with PC61BM were reported. 

 

 
 

Figure 20 Structure of polymer P(BDT-BTD). 

 

In spite of the very large variety of push-pull polymers, relatively few examples 

of vinylene-linked conjugated polymers for OPV, where the π electron-rich and the 

π electron-poor moieties are heteroaromatic fragments separated by a vinylene 

(V) spacer, have been described. This could be mostly due to the more stringent 

synthetic issues and to the lack of convenient commercial precursors. However 

incorporating vinylene bonds in an aromatic polymer backbone could lead to an 

increase of the degree of coplanarity of the polymer monomeric units, as the 

vinylene bond reduces steric hindrance of nearby aromatic rings,[55] thus leading 

to enhanced π-conjugation, intermolecular π-stacking, and, accordingly, reduced 

bandgap.[56] Swager, Epstein and coworkers have pioneered the use of V-linked 

push-pull polymers with π electron rich alkoxybenzene rings[57] as alternatives to 

conventional poly(p-phenylenevinylene) (PPV) systems.[58] Naso, Farinola and 

coworkers have investigated several fluorinated PPVs.[59] Reynolds et al. have 

recently reported a vinylene-linked BTD-based polymer with a low bandgap 

energy (1.7 eV) but still modest OPV efficiencies (0.3%).[60] Abbotto et al. has 

recently described two V-linked push-pull polymers where the electron-poor 

moiety was a pyridine ring with different substitution patterns and the electron-

rich moiety was either 3,4-ethylenedioxithiophene (EDOT),[61] or pyrrole.[62] The 

energetic characterization of the EDOT polymers P(2,5-Py-V-EDOT) and P(2,6-

Py-V-EDOT) revealed HOMO (-5.1/-5.0 eV), LUMO (-3.4 eV) and narrow bandgap 

(1.6/1.7 eV) energies fitting materials-design rules for optimized OPV. However, as 

for Reynolds’s case, photovoltaic devices in combination with PC71BM afforded a 

relatively modest PCE of  ~ 0.5% (AM 1.5G, 100 mW/cm2), which was mostly 

attributed to the low molecular-weight of the polymers accessible via the chemical 

route.   
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Figure 21 Structure of the polymer P(BDT-V-BTD) investigated in this work. 

 

The first example of a vinylene-linked BDT-BTD low-bandgap polymer P(BDT-

V-BTD) (Figure 21) is presented here. The polymer has been synthesized via 

metal catalyzed poly-coupling reaction and fully characterized in its optical, 

electrochemical, charge carrier mobility, and photovoltaic properties. DFT/TDDFT 

computations have been performed for model oligomers to analyze their optical 

and electronic properties. 

 

2.2.2. Experimental 

 

2.2.2.1. Polymer characterization and computational investigations 

 

Absorption spectra were recorded on a V-570 Jasco spectrophotomer. 

Transition temperatures were determined by DSC using a Mettler Toledo DSC 821 

instrument with a heating and cooling rate of 15 °C/min under nitrogen. TGA was 

performed with a Mettler Toledo TGA/DSC STARe system at a heating rate of 10 

°C/min under nitrogen. GPC analyses was recorded on a Waters 1515 separation 

module using polystyrene as a standard and THF as an eluant. 

The electrochemical characterization was performed by differential pulsed 

voltammetry (DPV) and cyclic voltammetry in a two compartment three electrode 

cell assembled in an Argon filled glove box ([O2]<1 ppm) using an EG&G PARSTAT 

2263 potentiostat/galvanostat. A gold disc, a Pt flag, and a Ag/AgCl wire were used 

as working, counter, and pseudoreference electrode, respectively. The electrolyte 

was a 0.1 M solution of tetrabutylammonium perchlorate (Fluka, electrochemical 

grade, ≥99.0%) in anhydrous dichloromethane (Sigma Aldrich >99.8%).  The 

working electrode disc was well polished with an 0.1 μm alumina suspension, 

sonicated for 15 min in deionized water and washed with 2-propanol before use. 

The pseudoreference electrode was calibrated either by adding ferrocene (0.5 mM) 

to test solution (reductive DPV) or externally by a 0.5 mM solution of ferrocene in 

the electrolyte (in absence of the polymer). Both calibrations provided the same 

result; the corresponding cathodic peak potentials differed for less than 5 mV. 

Some computational investigations have been performed with the Gaussian 03 

program package.[63] 3-21G* and 6-31G* basis sets were used for geometry 
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optimizations. A 6-31G* basis set were used for single point energy calculations. 

For all calculations, a polarizable continuum model (PCM) to describe solvation 

effects has been used.[64]  

 

2.2.2.2. Devices fabrication and characterization 

 

Photovoltaic devices were fabricated with the standard architecture 

ITO/PEDOT:PSS/P(BDT-V-BTD):PCxxBM/LiF/Al. Indium-Tin Oxide (ITO) covered 

glass substrates (sheet resistance ~ 10 /sq) were cleaned sequentially by 

ultrasonic treatment in deionized water, acetone and isopropyl alcohol, then dried 

and placed in a Oxygen/UV plasma chamber cleaner for 10 minutes. A poly(3,4-

ethylenedioxythiophene) /poly(styrenesulfonate) (PEDOT:PSS) (Baytron P) layer 

about 80 nm thick was spin-coated at 2000 rpm (60 s) onto the substrates, 

followed by annealing at 150 °C for 30 minutes. PC61BM and PC71BM were bought 

from American Dye Source. Two blended solutions of P(BDT-V-BTD) and PC61BM 

in dry CHCl3 were prepared, with polymer concentration of 7 mg/mL and PC61BM 

concentrations of 7 and 10.5 mg/mL, leading to solutions with polymer:fullerene 

weight ratios of 1:1 and 1:1.5 respectively. Another solution was prepared with 

P(BDT-V-BTD) (7 mg/mL) and PC71BM (10.5 mg/mL) in dry CHCl3 leading to a 

solution with P(BDT-V-BTD):PC71BM weight ratio of 1:1.5. Blend solutions were 

kept in an ultrasonic bath for 2 hours, then spin-coated in air at 1500 rpm for 60 

seconds onto glass/ITO/PEDOT:PSS substrates (active layer thickness 50 nm). LiF 

and Al cathodes (0.6 nm and 70 nm thick) were deposited sequentially through a 

mask on top of the active layer in a vacuum chamber at a pressure of    10-6 Torr. 

The active area of the device was 6 mm2. Current density-voltage curves were 

recorded with a Keithley 236 source-meter unit by illuminating a single device 

through a mask with simulated AM 1.5G irradiation (100 mW/cm2) from an Abet 

Technologies Sun 2000 Solar Simulator. All devices were tested in oxygen and 

water free environment inside a glove box filled with nitrogen. The thicknesses of 

the films were measured by a profilometer. AFM images were taken with a Solver 

Pro (NTMDT) scanning probe microscope in semi-contact tapping mode. 

Absorption of thin films was measured using a JASCO spectrometer.  

EQE was measured with a home built system on encapsulated devices: 

monochromatic light was obtained with a Xenon arc lamp from Lot-Oriel (300 

Watt power) coupled with a Spectra-Pro monochromator. The photocurrent 

produced by the device passed through a calibrated resistance (51 Ohms) and the 

Voltage signal was collected after the resistance with a Merlin Lock-In Digital 

Amplifier. Signal was pulsed by means of an optical chopper (around 500 Hz 

frequency). IQE was calculated starting from the EQE and absorption spectra, 

taking into account the following assumptions: i) 7% of incident light is reflected at 

the air /glass interface, ii) the Al contact is considered a perfect mirror, therefore 

the fraction of light absorbed by the active layer (A%) is calculated from the 

doubled absorption spectrum (Abs) of the active layer, as in Equation 15: 
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                     Eq. 15  

 

thus IQE = EQE/A%. 

Bottom-gate/top-contact OFETs were fabricated on hesamethyldisilazane 

(HMDS)-treated, p-doped Silicon wafers covered with a SiO2 dielectric layer. 

Trimethylsilation of the SiO2 surface was done by exposure to HMDS vapours in 

air-free, room temperature reaction. P(BDT-V-BTD):PC61BM 1:1.5 (w/w) or 

P(BDT-V-BTD) pristine films were prepared in the same condition used for the 

OPVs active layers preparation. To complete the OFET devices, 50 nm of Au were 

thermally evaporated over the semiconducting layer through a shadow mask in a 

vacuum chamber at a pressure of    10-6 Torr to yield the source and drain 

electrodes (channel length = 1000 µm and channel width = 70 µm). 

 

2.2.3. Results and Discussion 

 

2.2.3.1. Synthesis, chemical characterization, and optical properties  

 

The polymer synthesis and NMR, GPC, DSC and TGA characterization was done 

in Prof. Abbotto group at University of Milano-Bicocca, Italy. P(BDT-V-BTD) was 

obtained according to Scheme 6 by a Stille poly-cross-coupling reaction catalyzed 

by Pd(PPh3)4 starting from the bis-trimethyltin derivative 1 and the bis-2-

bromovinyl BTD derivative 2.  

 

 
Scheme 6 Synthesis of the polymer P(BDT-V-BTD). 

 

Polymerization proceeded in good yields producing materials with moderate 

number-average molecular weights. The polymer was precipitated in methanol, 

collected by filtration, and purified by Soxhlet extraction. Low-molecular-weight 

oligomers were removed by extraction with n-hexane. The soluble higher-

molecular-weight fraction was extracted with chloroform with a significant 

portion of solid residue, not soluble in common organic solvents, remaining in the 

Soxhlet thimble. 
1H NMR spectra confirmed the polymer structure. UV-vis spectroscopy, GPC, 

DSC, and TGA were used to characterize the new polymer. Table 4 summarizes the 

main structural, optical, and thermal properties of the polymer along with those of 

the reference polymer P(BDT-BTD) containing the same donor and acceptor 

heteroaromatic units but without the vinylene spacer.[54a]  
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A second polymer, where the two linear octyl chains of the BDT unit were 

replaced by two 2-ethylhexyl branched chains, was prepared starting from the 

corresponding bis-trimethyltin precursor.[54b] Although photophysical properties 

were similar to that of the octyl derivative, solubility and film processability 

unexpectedly resulted poorer and no significant photovoltaic response in OPV cells 

in combination with PC61BM or PC71BM was measured. For these reasons the 2-

ethylhexyl substituted polymer was no further considered in this work. 

The GPC data revealed molecular-weights which are somewhat smaller than 

P(BDT-BTD). The small optical bandgap (around 1.7 eV) calculated is in perfect 

agreement with that observed for reference P(BDT-BTD). 

 

 
Table 4. Structural and optical properties of P(BDT-V-BTD) in CHCl3 solution and as a thin film 

and comparison with reference polymers. [a] obtained by GPC. [b] optical bandgap, calculated on 

the low energetic edge of the absorption spectrum, o, as Egap
o = 1240/). [c] Glass transition 

temperature determined by DSC; [d] Decomposition temperature determined by TGA (5% weight 

loss). [e] From ref. 16a. [f] Data in THF. 

 

 

 

 
 

Figure 22 Normalized absorption spectra of P(BDT-V-BTD) measured in CHCl3 solution (solid 

line) and as thin film (dashed line). 

    CHCl3 solution film   

Polymer 
Mw[a] 
(kg 

mol-1) 

Mn[a] 
(kg 

mol-1) 
PDI 

max 

(nm) 

o 

(nm)  

Egapo 

[b] 
(eV) 

max 

(nm) 

o 

(nm) 

Egapo [b] 
(eV) 

Tg [c] 

(°C) 
Td [d] 

(°C) 

P(BDT-

V-BTD) 
12.3 7.2 1.7 560 730 1.7 561 850 1.5 - 330 

P(BDT-

BTD)[e] 
31 18 1.7 591[f] 730[f] 1.7[f] 595 850 1.5 - 270 
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Figure 22 shows the UV-Vis spectra in solution and as thin film of P(BDT-V-

BTD). When measured as thin film, the absorption spectrum of P(BDT-V-BTD) is 

broadened in the low-energy portion, likely due to aggregated networks from π-π 

interactions in the solid state also arising from the vinylene-induced increased 

planarity. This results in lower energy absorption onset and optical bandgap (1.5 

eV), again as similarly found for P(BDT-BTD). A thermogravimetric and 

differential scanning calorimetry analysis was carried out in order to determine 

the thermal stability and transitions of the new polymer. The polymer exhibited a 

reasonable thermal stability with a degradation temperature above 300 °C and 

higher than that of the reference polymer (Table 4). The thermal stability is 

therefore satisfactory for use in OPVs and other optoelectronic devices. The DSC 

scan revealed no obvious thermal transitions in the temperature range from 25 to 

400 °C. 

 

2.2.3.2. Electrochemical characterization 

 

 
 

Figure 23 Full range CV of P(BDT-V-BTD) in 0.1 M TBAPF6 CH2Cl2 solution at 20 mV/s. 

 

The electrochemical characterization was done in Prof. Abbotto group at 

University of Milano-Bicocca, Italy. The polymer powder was dissolved (0.5 mM) in 

an electrolyte solution of 0.1 M tetrabutylammonium perchlorate (TBAClO4) in 

CH2Cl2. Cyclic voltammetries performed in the potential range between 0.7 and -

1.8 V showed several redox processes (Figure 23). Oligomer oxidation and 

reduction processes lie at potential above 0.2 and below -1.5 V, respectively, and 

the corresponding peak positions and currents are stable upon cycling. Before both 

processes, sharp charge-trapping-like peaks were observed, the current and 

potential of which shifted cycle by cycle. The reversible redox process at around -

1.0 V was observed only after the first scan. The process increased upon cycling 
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and is likely due to the redox system of coupled chains which grows at high 

oxidative potentials (> 0.5 V). 

 
 

Figure 24 CVs of P(BDT-V-BTD) in 0.1 M TBAPF6 CH2Cl2 solution at 20 mV/s performed in 

different potential ranges. 

 

To better understand the electrochemical behaviour, the two potential regions 

wherein oligomers oxidation and reduction take place were separately explored 

(Figure 24). Here the charge trapping peaks were no longer visible and 

accordingly the current relative to the intermediate potential redox process did 

not increase.  

 
 

Figure 25 DPVs of P(BDT-V-BTD) in 0.1 M TBAPF6 CH2Cl2 solution at 10 mV/s. 

 

HOMO-LUMO energy values were determined by Differential Pulsed 

Voltammetry (Figure  25). Since both peaks showed irreversible features 

compared to the peak of the internal standard (Fc/Fc+), in this specific case energy 

values were estimated by the onsets of the rising currents. The onsets were 

calculated by taking the intercepts between peak tangent and current baseline.  

The results are collected in Table 5 along with those of the reference polymer. 
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Table 5 Electrochemical properties of P(BDT-V-BTD) in 0.1 M TBAPF6 CH2Cl2 solution and 

comparison with reference polymers. All potentials are reported vs. Fc/Fc+ and HOMO and LUMO 

energies are derived from the electrochemical data based on the assumption that the Fc/Fc+ redox 

couple is 5.2 eV relative to vacuum. [a] Electrochemical bandgap, obtained from the difference 

between the reduction and the oxidation potential onset (or LUMO and HOMO energies).  [b] From 

ref. 16a. [c] HOMO and LUMO recalculated from ref. 16a by considering that the Fc/Fc+ redox 

couple is 5.2 eV relative to vacuum. 

 

 

 

The different energetic values with respect to reference P(BDT-BTD) are 

somehow difficult to explain, being the acceptor and donor components identical.  

Indeed, if the data for P(BDT-BTD)[54a] are re-calibrated (the pseudo-reference Ag 

electrode re-calibrated vs. ferrocene) the oxidation/reduction onsets lie in a 

potential region very similar to the vinylene-linked polymer. Thus, the re-

calculated HOMO/LUMO levels of the P(BDT-BTD) were actually in excellent 

agreement with those of P(BDT-V-BTD). 

 

2.2.3.3. Structural theoretical calculations 

 

To get insight into the structural properties of the investigated systems, some 

simple theoretical calculations on the monomers BDT-V-BTD and BDT-BTD and 

on their selected oligomers (BDT-V-BTD)n and  (BDT-BTD)n were performed by 

Dr. De Angelis group at ISTM-CNR of Perugia, Italy. To reduce the computational 

overhead, the n-octyl and n-dodecyl chains of the monomers BDT-V-BTD and 

BDT-BTD were replaced with a methyl (-CH3) substituent, thus looking at the 

P(Me-BDT-V-BTD) and P(Me-BDT-BTD) models. In particular, the theoretical 

study of a polymeric systems can be performed via two different approaches: (i) by 

considering the infinite polymer as a periodic system, and (ii) by analyzing 

extended systems with increasing but finite dimension.[61] Here the second 

approach has been chosen. 

 

Polymer 
Eoxo 

(V) 

HOMO 

(eV) 

Eredo 

(V) 

LUMO 

(eV) 

EgapEC [a] 

(eV) 

P(BDT-V-BTD) 0.30 -5.5 -1.50 -3.7 1.8 

P(BDT-BTD)[b]  
-5.1 

(-5.6)[c] 
 

-3.2 

(-3.7)[c] 
1.9 
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Figure 26 Optimized geometries of (Me-BDT-V-BTD)n and (Me-BDT-BTD)n monomers (n = 1) 

and oligomers (n = 3, 5). 

 

The optimized geometries of representative systems are shown in Figure 26. 

The optimized structures are planar in all cases, apart from the methoxy groups 

lying outside the plane. This suggests that in the P(BDT-V-BTD), the -V- spacer 

does not a have a mayor role in helping the planarization of the polymer backbone, 

but it could rather have an influence on the polymer solid state morphology, 

electronic and optical properties. 

 

2.2.3.4. Photovoltaic properties 

 

The use of P(BDT-V-BTD) in combination with fullerene derivatives (PC61BM 

and PC71BM) as donor and acceptor materials in BHJ OPV devices was investigated. 

The standard OPV configuration glass/ITO/PEDOT:PSS/donor:acceptor/LiF/Al 

was used. Devices fabrication details are reported in the Experimental Section.  
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Figure 27 J-V curves, under illumination, of optimized P(BDT-V-BTD):PCBM solar cells.  

 
Table 6 Photovoltaic parameters of  optimized P(BDT-V-BTD):PCBM based devices, compared 

to reference polymer P(BDT-BTD) solar cell. [a] Values taken from ref 16a. 

 

 

Figure 27 shows the characteristic current density-voltage plots of the most 

representative solar cells with different donor:acceptor weight ratios and different 

acceptors, measured under standard AM 1.5G illumination.  

The best performing device yielded a PCE of 0.74% with current density, open 

circuit voltage and fill factor of 2.69 mA cm-2, 0.68 V, and 41%, respectively (Table 

6). The Voc values measured for the P(BDT-V-BTD) based devices are almost 

independent on the blend composition and on the acceptor (PC61BM or PC71BM). 

The mean Voc value of 0.68 V well matches with the Voc reported for solar cells 

based on the analogous single bonded P(BDT-BTD) donor material (see Table 6), 

in agreement with the similar molecular structure and the HOMO energy levels of 

the two polymers (Table 5). On the other hand, within all P(BDT-V-BTD) based 

solar cells, the measured FF and JSC did not exceed 45% and 2.69 mA cm-2, 

respectively. This could be due to unfavourable thin-film electrical and/or 

morphological characteristics hampering the PCEs of the devices, despite the 

optimization of the polymer optoelectronic properties.  

Materials 
D:A ratio 
(wt/wt) 

Jsc 
(mA/cm2) 

Voc 
(V) 

FF 
(%) 

PCE 
(%) 

P(BDT-V-BTD): PC61BM 1.2:1 2.20 0.70 34 0.52 

P(BDT-V-BTD): PC61BM 1:1 2.34 0.70 35 0.58 

P(BDT-V-BTD): PC61BM 1:1.5 2.69 0.68 41 0.74 

P(BDT-V-BTD): PC71BM 1:1.5 2.05 0.71 45 0.66 

P(BDT-V-BTD): PC61BM 1:1.8 2.24 0.68 38 0.58 

P(BDT-BTD): PC61BM[a] 1:1 2.97 0.68 44 0.90 
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Many efforts to improve the device performances were carried out by following 

a variety of strategies. In general, the variation of the donor:acceptor blend ratios 

is well known to affect significantly the photovoltaic parameters. By increasing the 

polymer amount in the blend films, going from 1:1 to 1.2:1 P(BDT-V-BTD):PC61BM 

weight ratio, corresponding to blend films with an excess of polymer, we observed 

a slight decrease of the overall OPV performance (PCE going from 0.58 to 0.52, 

mainly due to decreased Jsc and FF) (Table 6). On the opposite, by increasing the 

PC61BM content, from 1:1 to 1:1.5 D:A weight ratio, a raise in JSC (from 2.34 to 2.69 

mA cm-2) and FF (from 35% to 41%) were obtained, leading to a PCE of 0.74%. 

These results could be likely ascribed to enhanced charge separation and transport 

processes in the active blend due to a more favorable self-organization of the 

interpenetrating donor and acceptor phases. A further increase of the PC61BM 

content led to reduced JSC, and consequently PCEs (Table 6), confirming the best 

donor:acceptor blend weight ratio of 1:1.5. 

It is well known that thermal and solvent annealing of the active layer or of 

complete BHJ OPV devices could lead to improved blend film nano-morphology, 

electrical properties and device performances.[65] It was found that thin film 

thermal annealing in the range 60-140 °C, and for different times, resulted in film 

degradation, adversely affecting photovoltaic parameters. Moreover, different 

solvents (e.g., toluene, chlorobenzene and ortho-dichlorobenzene) were used to 

spin-cast the blends, but poor quality films were obtained as a consequence of the 

limited polymer solubility. The most macroscopically homogeneous and 

electrically uniform films were obtained from chloroform solutions, resulting in 

the best OPV performances. 

In order to increase the device photocurrent generation, strategies to improve 

the light collection ability of the blend film were carried out. The photocurrent 

generation, together with other parameters such as hole mobility, optimum 

annealing temperature and ideal morphology, is also determined by the amount of 

photons absorbed by the active layer, which in turns depends on the onset 

wavelength of the polymer (Egapo) and on the film absorbance. 

A high polymer absorption molar coefficient (ε) is obtained in solution (εmax = 

3.5 x 105 mol-1cm-1 considering Mw = 12.3 kg mol-1), which is of the same order of 

magnitude of other well performing OPV polymers.[66] Therefore, in addition to the 

intrinsically high polymer molar absorption, the active layer film thickness was 

increased with the aim to enhance the overall blend film absorbance. Indeed, in 

P(BDT-V-BTD):PC61BM based devices, increasing the film thickness up to 50 nm 

led to an improvement in photocurrent generation and overall efficiency. However, 

a further increase in the active layer thickness, although leading to enhanced film 

absorbance, did not afford improved JSC and PCE. Optimized 50-nm thick active 

layer films showed absorbance values lower than 0.3 over the visible spectral 

window. Therefore, it is likely that such low film absorption, limited by thickness 

(50 nm), besides other morphological and electrical device features, is an 

important factor limiting the photocurrent response of P(BDT-V-BTD) based 

devices. On the other hand, since the active layers in optimized devices still have > 
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50% transparency in the visible region, their potential use as photoactive 

materials in semi-transparent cells for tandem or stackable devices could be 

considered in future works on P(BDT-V-BTD) based devices.[67] 

An additional strategy to improve the photocurrent response of P(BDT-V-BTD) 

based solar cells is based on the replacement of PC61BM with PC71BM as acceptor 

material in the active layer, in order to exploit the superior light harvesting 

properties of the latter in the visible region.[68] Although an enhancement in the 

absorption spectrum of the P(BDT-V-BTD):PC71BM blend film was recorded in 

comparison with the analogous PC61BM based film, no significant improvements of 

PCE values were observed (Table 6). This result might be attributed to the 

possible PC71BM aggregation tendency and its poor miscibility with the polymer, 

resulting in lower thin-film quality with limited nanoscale morphology, phase 

separation and, thereby, inferior electrical properties compared to PC61BM based 

devices.[69]  

Hole mobility (μh) of P(BDT-V-BTD) based films was measured in order to 

investigate the polymer charge carrier transport properties which, together with 

other parameters such as optical absorption, morphology and energetic levels 

alignment, affect the performances of a donor material in BHJ OPV devices. The μh 

of the polymer in pristine and blended films (with PC61BM) was measured in 

organic field effect transistor (OFET) devices.[70] The transfer plots of a top-contact 

OFET prepared with optimized P(BDT-V-BTD) film spun on Si/SiO2/HDMS 

showed, as expected, a p-type behaviour with μh = 6.3·10-5 cm2 V-1s-1, in agreement 

with other low band-gap polymers showing similar OFET hole mobilities and 

comparable or better photovoltaic performances compared to P(BDT-V-

BTD).[61,71] Moreover, OFET devices prepared with optimized P(BDT-V-

BTD):PC61BM film exhibited a μh value of 4.6·10-5 cm2 V-1s-1, very similar to that 

measured for the polymer alone, indicating that the presence of PC61BM does not 

significantly affect the morphology and the continuity of the polymer phase. 

Polymer carrier mobility is strictly correlated with molecular weight and nano-

morphology. In particular, recent works on P3HT clearly confirmed the 

relationship between polymer charge carrier mobility, OPV performance, and 

molecular weight.[72] In fact it was demonstrated that P3HT OFET mobility is 

controlled by the probability of carriers to cross the low-conductive disordered 

regions lying within the highly-conductive crystalline domains. This probability is 

higher for high molecular weight P3HT samples where molecular connections 

bridge the crystalline domains, while it is lower in low molecular weight P3HT 

films where the inter-crystalline molecular connections are missing. Therefore, it is 

possible that the relatively low molecular weight of P(BDT-V-BTD), which affects 

the polymer electrical and morphological characteristics, could represent one of 

the critical factor that limits the photovoltaic performance of the corresponding 

BHJ solar cells.  
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Figure 28 AFM topographic images of: a) the P(BDT-V-BTD):PC61BM and b) P(BDT-V-

BTD):PC71BM blend films affording the best OPV performances. 

 

To get an insight into the micro- and nano-structural organization of the 

polymer in the active layer, the morphological features of the P(BDT-V-

BTD):PC61BM and P(BDT-V-BTD):PC71BM blend films affording the best OPV 

performances were investigated by tapping-mode AFM.  

The measurements revealed surface roughness (RMS) of ∼1.3 and ∼ 1.5 nm for 

the P(BDT-V-BTD):PC61BM and the P(BDT-V-BTD):PC71BM films, respectively 

(Figure 28a and b respectively), suggesting a smooth and homogeneous surface of 

the blends. The two thin films have similar morphologies but different domain size, 

which depends on the nature of the acceptor in the blend. P(BDT-V-BTD):PC61BM 

film exhibits smaller features with respect to the P(BDT-V-BTD):PC71BM film, 

likely due to the lower aggregation tendency of PC61BM compared to PC71BM.[69] 

This might also justify the better performance of the PC61BM based devices. 

To analyze the spectral response of the best performing solar cell, the EQE 

spectrum of P(BDT-V-BTD):PC61BM 1:1.5 (wt/wt) based device was measured.  

 
 

Figure 29 EQE (open circles) and IQE (filled squares) spectra of optimized P(BDT-V-

BTD):PC61BM, 1:1.5 (w/w) devices. The absorption spectrum of the active layer (black line) is 

included for comparison. 
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The EQE spectrum (Figure 29) shows the highest generated-electrons over 

incident-photons ratio, comprised within 0.15 and 0.17, in the spectral range 

between 450 and 650 nm, which corresponds to the lower-energy absorption band 

of the polymer. This indicates that photocurrent mainly arises from the absorption 

of P(BDT-V-BTD) in the photoactive layer. The short-circuit current density of the 

device inferred from convoluting the EQE over the entire wavelength range (350 – 

750 nm) matches well, within the experimental error, with the JSC value obtained 

in the J-V curve measurement (2.53 and 2.69 mA cm-2, respectively). An estimation 

of the IQE of the (BDT-V-BTD):PC61BM 1:1.5 (w/w) device is also given in Figure 

29. While IQE values inferior to unity over the entire spectral range reveal limited 

photocurrent generation capability of the device,[73] the fraction of light absorbed 

by the active layer (A%, calculated from Absorbance, see Experimental Section) 

results as high as 0.8 in the range 450 – 650 nm, which is consistent with the 

similarity of the IQE and EQE curves. Therefore, the modest photocurrent 

generation capability in the optimized P(BDT-V-BTD):PC61BM devices has rather 

to be attributed to limited polymer charge mobility than to poor active layer light 

collection efficiency. 

 

2.2.4. Conclusions 

 

A new heteroarylene-vinylene donor-acceptor low bandgap polymer is 

presented. The design has been based on the unprecedented combination of strong 

 electron-rich (BDT) and  electron-poor (BTD) alternating units together with a 

vinylene spacer in order to exploit increased planarization along the π backbone 

and efficient π delocalization with respect to the most common approach in the 

literature presenting direct aryl-aryl connection.  

The electrochemical investigation has highlighted the ambipolar character of 

the new polymer, with both p- and n-doping processes being observable. The 

coupling of the two strong  electron-rich and  electron-poor moieties effectively 

led to the obtainment of the low band gap P(BDT-V-BTD) polymer, with HOMO 

and LUMO energies in agreement with the reference P(BDT-BTD). On the other 

hand, the presence of the vinylene spacer allowed for lower bandgap energies and 

improved thermal stability compared to the corresponding species with direct 

bonding between the two heteroaromatic units. In conclusion, the experimental 

studies have ascertained structural, photophysical, and electronic properties 

matching optimal materials design rules for efficient donor polymers in OPV 

devices. Investigation of the photovoltaic properties in BHJ OPV devices containing 

P(BDT-V-BTD) as the donor has given high photovoltages but low photocurrents, 

comparing to the reference polymer. The still non-optimal thin-film nano-

morphologies and hole mobility properties, likely due to the relatively low 

molecular weight, could account for the modest PCE lower than 1%, which is 

nonetheless similar to those obtained for the reference P(BDT-BTD). Efforts are 
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under way to efficiently convert the encouraging properties of these 

heteroarylene-vinylene donor-acceptor polymers into more efficient OPV devices. 

 

 

3. CONCLUSIONS 

In this chapter some of the strategies for the optimization of the performances 

of BHJ OPV devices by the accurate study and tuning of the properties of the 

polymeric donor material have been investigated. In particular, the strategy of 

using push-pull polymers, having electron withdrawing and electron donating 

alternate units, has been explored.  

In the first family of newly synthesized polymers studied, the electron rich unit 

di-thieno-silole (SiDT) was coupled with differently substituted dithiophene and 

terthiopene electron rich moieties in four different push-pull polymers. The 

strategy included the incorporation of strongly electron withdrawing substituents 

(-CN) on the thiophene-based unit, in order to lower the bandgap and the HOMO 

and LUMO energies of the polymer, enhancing its optical, photophysical and 

photovoltaic properties. Moreover, alkylthiophene chains were added on the 

quarter-thiophene moiety in order to increase the polymer solubility and electrical 

properties (light absorption and hole mobility) and also to improve the nano-

structuring and opto-electrical properties of the corresponding blend films. As a 

result of the application of these strategies, while the PCEs of OPV devices 

prepared with SiDT-unsubstituted dithiophene based polymer were lower than 

1%, the cells based on SiDT and substituted quaterthiophene electron poor and 

rich monomeric units respectively exhibited PCEs approaching 5%, with VOC, JSC 

and FF of 850 mV, 9.25 mA/cm2 and 63 %, respectively. 

On the other hand, in a new heteroarylene-vinylene push-pull low bandgap 

polymer, the unprecedented combination of the strong  electron-rich (BDT) and 

the  electron-poor (BTD) alternating units separated by a vinylene spacer was 

studied. The presence of the vinylene linker led to increased planarization along 

the π backbone and efficient π delocalization with respect to reference system, in 

which the electron rich and poor moieties are directly connected through aryl-aryl 

ligand. Indeed, while the HOMO and LUMO energies were in agreement with the 

reference polymer, the presence of the vinylene spacer allowed the lowering of the 

polymer optical bandgap, probably due to a polymer increased intermolecular  

stack. As a result of this strategy, high photovoltages (but low photocurrents) were 

obtained by using this new polymer as donor material in BHJ OPV devices. The still 

non-optimal thin-film nano-morphologies and hole mobility properties, likely due 

to the relatively polymer low molecular weight, could account for the modest PCE 

lower than 1%, which is nonetheless similar to those obtained for the reference 

polymer in which the two BDT and BTD moieties are directly linked.  

The tuning of the chemical structure of the monomeric units, inter-moieties 

spacers and solubilizing side-groups were then shown to effectively modulate the 

polymer optical, electrical, morphological, and photophysical properties. The 
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obtained results combined with a relatively simple synthetic procedures, make the 

presented approaches a promising benchmark for further developments of new 

efficient semiconducting donor polymers for applications in BHJ OPVs. Indeed, the 

device performance could be further improved by the optimization of the 

photoactive materials taking advantages from the findings and basic 

considerations reported and discussed in these studies.  
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CHAPTER III: CHARGE EXTRACTING (BUFFER) LAYERS 

1. INTRODUCTION ON THE ROLE OF BUFFER LAYERS 

The steep increase of the overall performance of OPVs registered in the last 

years has been mainly due to the combination of optimized active layer nanoscale 

morphology and improved electronic properties of the active materials, mainly of 

the donor component, as seen in the Chapter II. However, the performance of a BHJ 

OPV device, and in general of any solar cell, is also affected by the electrodes.  

The role of electrodes in solar cells is to efficiently collect and extract charges. In 

the first chapter it has been explained the importance of having a sufficient energy 

level alignment between the charge transporting material energy and the charge 

collecting electrode energy levels, in order to achieve high solar cells efficiencies. 

Moreover, since in BHJ OPV devices the electrons and holes transporting materials 

are both in contact with the anode and the cathode, non-geminate recombination 

of charges due to non-selective charge extraction at the BHJ film/electrode 

interface should be somehow avoided. To meet both these needs, the structure of 

BHJ polymer/fullerene solar cells usually includes functional layers interposed 

between the BHJ active layer and the electrode interfaces, both to favor charge 

extraction and to enhance the selectivity of the electrodes towards electrons or 

holes.[1] These additional layers, called buffer layers, are then essential for 

achieving maximum performance in polymer solar cells and the usual structures of 

BHJ solar cells include both an anode buffer layer (ABL) and a cathode buffer layer 

(CBL). 

A number of electrode buffer layers has first been established for organic light-

emitting diodes and later on has been transferred to polymer solar cells.[2] Buffer 

layers can strongly affect the properties of the organic/electrode interface by 

inducing interfacial charge redistributions, device polarity modifications, and/or 

chemical reactions.[3] Buffer materials are mainly selected on the basis of their 

energy levels and charge transport properties, but they can also serve as 

smoothers for an excessive roughness of the substrate,[4] as barriers for the 

diffusion of the top electrode through the active layer, and as oxygen and water 

scavengers. Moreover, in some cases, they can enable better light absorption 

playing the additional role of optical spacers, enabling a favorable distribution of 

light into the device.[5]  

Buffer layers are also used for reversing the cell polarity.[6] In fact glass/ITO is 

commonly used as the anode, usually in combination with a low-work function 

metal such as Al. This device polarity is commonly indicated as “standard device 

configuration” (OPV, Figure 30a). For the ITO to be used as cathode, its work 

function should be tuned towards higher energies, in order to increase its electron 

affinity, and this is usually achieved by using the appropriate CBL, while a lower 

energy metal (such as Ag or Au) should be used as metal electrode. The device 

geometry in which the ITO is used as cathode and the metal electrode as anode is 

called “inverted device configuration” (i-OPV, Figure 30b). 
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Figure 30 Schematic representation of: (a) a standard configuration solar cell (OPV) and (b) 

inverted configuration solar cell (i-OPV). 

 

Historically BHJ OPVs have been developed in the normal device configuration, 

where the ABL is the first layer of the OPV stack to be deposited on the glass/ITO 

substrate. Since the late 1990s, PEDOT:PSS,  has been the most widely used anode 

buffer layer, in conventional cell architecture (through solvent-treated ABLs), 

because it shows many favorable properties, such as high electrical conductivity, 

good transparency in the visible range, good planarization of eventual ITO 

superficial spikes and, being soluble in water, a good resistance to the organic 

solvents used for the subsequent deposition of the active layer.[7] Other organic 

ABL used in BHJ OPV devices and reported in literature include polymers such as 

Poly[3,4-(1-hydroxymethyl)ethylenedioxythiophene] (PHEDOT),[8] doped 

poly(aniline)s (i.e. a-PANIN),[9] poly[(9,9-dioctylfluorene)-co-N-(4-(1-

methylpropyl)phenyl)diphenylamine] (PFT),[10] small molecules such as copper 

phtalocyanines (CuPcs)[11] and self assembled monolayers.[12] Some inorganic 

materials can also be used as ABL: they mainly consist in semiconducting 

transparent transition metal oxides such as MoO3, V2O5, VOx, NiO and WO3.[13] One 

of the main disadvantages in using these materials is that they often need to be 

deposited by evaporation techniques in high temperature/high vacuum conditions 

to achieve optimal electrical, morphological and optical properties, this limiting 

their use to high-costs or lab-scale applications. Only recently MoO3 layers 

processed from metal-oxide nanoparticle dispersions have been reported in 

literature.[14] 

In inverted configuration devices the use of PEDOT:PSS as ABL presents some 

drawbacks, the most important being the high polarity of its dispersion in water, 

leading to wettability problems associated with the underlying organic active 

layer. This could render necessary the use of surfactants or additives in the 

PEDOT:PSS aqueous suspension, which however could decrease the PEDOT:PSS 

electrical conductivity. For this reason, evaporated ABL such as CuPc or MoO3, V2O5 

etc. are often used as ABL in inverted device configuration. 
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Lithium fluoride (LiF)[15] and Ca are the most frequently used CBL in 

conventional solar cells, usually combined with an aluminium electrode. On the 

other hand, some semiconducting metal oxides are well known in literature for 

applications as CBL, including TiO2, TiOx, ZnO[16] and Cs2CO3.[17] These CBLs are 

more often used in inverted device structures, since they often require high 

temperature treatments after film deposition, processes which are incompatible 

with the underlying organic active layer in case of normal configuration devices. 

In the following sections a study on the influence of different CBL (TiOx and 

ZnO) buffer layers on the corresponding devices performances is presented. 

Particular attention is given to the morphological and electrical characteristics of 

the studied metal oxide layers used in inverted devices configurations affecting the 

overall device performances. 

 

2. TIOX AND ZnO BASED CBL: EFFECTS ON THE CHARGE 

RECOMBINATION AND EFFICIENCY OF INVERTED DEVICES 

As discussed in the introduction, traditionally BHJ OPV devices have been 

developed in the standard configuration, with the ITO working as the anode and 

the metal as cathode. Nevertheless, in conventional organic BHJ solar cells the 

metal cathode must have a low work function (such as Ca or Al), with consequent 

problems of device stability in air and/or moisture due to the easy oxidation of the 

low WF metal. Moreover, PEDOT:PSS could degrade the ITO electrode, due to its 

strong acidity, this also affecting the device stability with time. 

On the other hand, inverted device configurations have recently attracted lots of 

attention due to their increased stability comparing to standard devices. In fact in 

this configuration the higher WF metal electrode (such as Au and Ag) is more 

resistant to air and moisture oxidation, thus improving the overall cell stability.[18] 

 

 
 
Figure 31 Energy levels with respect to the vacuum diagrams of the materials used in our 

conventional (a) and inverse (b) solar cells. 

 

Therefore, the advantages or drawbacks of using a standard or inverted 

configurations have been presented for a series of devices prepared by using a 

reference blend of P3HT and PC61BM as the active layer. Two different CBL (TiOx 

 

ZnO 
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and ZnO) were used to prepare devices with the inverse configuration, the 

reference LiF was used as CBL in the standard configuration and PEDOT:PSS was 

used in all cases as ABL (Figure 31). 

The difference in efficiency within the cells was measured and correlated to the 

morphological properties of the CBL and eventually to the morphological changes 

induced by the bottom buffer layer on the active blend. Moreover, the electrical 

properties of the devices under working conditions were analyzed through charge 

extraction and charge recombination experiments, using short and open circuit 

transient photovoltage measurements. The results have been finally discussed and 

analyzed in order to explain the influence of the metal oxide selective contact on 

the overall device efficiency.  

 

2.1. Experimental 

Indium tin oxide (ITO, 4 Ohm/sq) covered glass substrates were first cleaned 

with acetone in order to remove the photo-protective layer. Substrates were then 

placed in an ultrasonic bath, once in acetone and twice in 2-propanol, each bath 

lasting 5 min. Finally they were dried at 80 °C for 10 min followed by 20 min of 

ozone treatment.  

In the case of the inverted devices, the metal oxide layers for i-OPVs were 

prepared with different procedures depending on the material. The TiOx layer was 

deposited onto clean ITO substrates by spin coating a solution of commercial 

Titanium(IV)-butoxide (reagent grade, 97%) diluted in isopropyl alcohol until the 

desired thickness was reached (around 30 nm). Samples were then dried in the 

oven at 90 °C for 5 min. The ZnO layer was prepared by spin coating a nanoparticle 

dispersion prepared according to Pacholski method.[19] Briefly, 0.11 g of zinc 

acetate dihydrate was dissolved in 50 ml of methanol under vigorous stirring at 60 

°C. Subsequently, a 0.03 M solution of KOH (25 ml) in methanol was added 

dropwise, at 60 °C, and the reaction mixture was stirred for 2 h at 60 °C. The 

obtained colloidal suspension, without any further purification treatment, was spin 

coated at 2000 rpm for 30 s onto the substrate. The thickness of the ZnO layer was 

estimated to be around 10 nm. The ZnO deposition process was followed by a 5 

min air annealing at 150 °C. All the metal oxide layers were treated with oxygen-

plasma for 20 minutes just before spin coating. 

For the normal configuration devices, PEDOT:PSS (Clevios P VP Al 4083) was 

deposited onto the ITO substrates by spin coating (5000 rpm, 1 min, resulting 

thickness around 30 nm) and annealed at 110 °C for 10 min.  

For all devices, chlorobenzene (SDSr, analytical grade) solutions of regioregular 

poly(3-hexylthiophene-2,5-diyl) (P3HT, Rieke Specialty Polymers) and PC61BM, 

(Nano-Cr) were used. The P3HT:PC61BM solution (19 mg/mL total concentration, 

P3HT:PC61BM ~ 1:0.9 w/w) was prepared and stirred at 70 °C overnight in inert 

atmosphere. The active layer was deposited via the automatic doctor blading 

technique, at a speed of 20 mm/s and a temperature of 70 °C, which lead to 
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approximately 300 nm thick films. Films were annealed at 150 °C for 20 minutes in 

inert atmosphere. 

For the inverted devices, the PEDOT:PSS working as ABL (Clevios P VP Al 4083) 

was spin coated over the active layer (2000 rpm, 1 min, resulting thickness of 

about 30 nm), after the addition of a suitable surfactant (Zonyl FS300 from 

Baytron, 1 wt %) to improve the active layer wettability and annealed at 110 °C for 

10 min. The metal contact (100 nm of Au) was deposited on PEDOT:PSS  by high 

vacuum thermal deposition at a pressure of around 1 · 10-6 mbar. 

For normal devices, the top electrode was composed of 10 nm of Ca (as CBL) 

and 100 nm of Ag by high vacuum thermal deposition at a pressure of around 1 · 

10-6 mbar. 

Evaporation through a shadow mask led to devices with 9 mm2 active area. 

The I–V measurements were carried out with an ABET 150 W Xe lamp equipped 

with an adequate set of filters to achieve a solar spectrum of AM 1.5G (intensity 

100 mW·cm-2), a Keithley model 2600 digital source meter and homebuilt Labview 

software.  

The transient photovoltage measurements (TPV) were done with a system 

schematized in Figure 32.  

 

 
Figure 32 Schematic representation of the TPV experimental setup. 

 

The devices were directly connected to an oscilloscope (Tektronix TDS2022, 1 

MO) and illuminated with a ring of white Luxeon Lumileds white LEDs. A small 

perturbation (~2 mV) was applied through a light pulse (N2 laser excitation 

through a Coumarine 153 dye solution produced 550 nm emission with ~50 ns 

pulses) and the corresponding voltage drop was measured. The charges 

recombination rate (kR) was calculated for illumination intensities ranging from 

0.1 sun to 1 sun. The Voc of the device before laser perturbation under that light 

illumination intensity was measured by a simple voltmeter. 

Charge Extraction (CE) measurements were performed with a setup 

schematized in Figure 33.  
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Figure 33 Schematic representation of the CE experimental setup. 

 

The devices were held in an open circuit equilibrium through illumination with 

white light (white Luxeon Lumileds LEDs). Then the light was switched off and the 

circuit contemporarily closed (switch I2 open and switch I1 close), while the 

charges were forced to pass through a resistor (R, with resistance ~50 Ohm) 

(Figure 33). The time-dependent variation of the potential through R is due to the 

device discharge and the recombination losses are sufficiently low to be 

negligible.[20] Integrating the voltage decay over time at a specific light bias allows 

to calculate the excess concentration of charge accumulated in the device in the 

working conditions specified. 

 

2.2. Results and discussion 

 

2.2.1. Metal oxide thin film morphology 

 

The scanning electron microscopy (SEM) topographic images of the ZnO and 

TiOx layers deposited on ITO have been registered and are reported in Figure 34. 

 
Figure 34 SEM images of the ZnO (a) and TiOx (b) layers on ITO. 

 

It can be seen that the ZnO layer consists of a homogeneous distribution of 

nanoparticles with a diameter of some tens of nanometers, while the TiOx layer 
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consists in a compact coating of small (sub-micrometric) nanoparticles with some 

overlying isolated bigger (micrometric) aggregates.  

On the other hand, PEDOT:PSS films prepared by spin coating are known to be 

very smooth (RMS ~ 1.5 nm) and homogeneous.[21]  

It should be stressed that the different morphologies of the bottom buffer layer 

could reasonably influence the crystallinity, morphology and homogeneity of the 

overlying P3HT:PC61BM film, thus influencing some of the overall photovoltaic 

parameters of the corresponding device. 

  

2.2.1. Devices photovoltaic characterization 

 

The working parameters, under standard light irradiation conditions, are 

reported for all the studied standard and inverted configuration devices in Table 

7. 

 
Table 7 Photovoltaic parameters of the studied i-OPVs and OPVs. 

 

The devices consisted of the same photoactive P3HT:PCBM organic layer 

prepared and treated in all cases with the same procedures. On the other hand, 

since different contact architectures were used, the observed differences in the I–V 

curve characteristics could be ascribed to the effects of the selective contacts used. 

The best device efficiency has been obtained for the normal configuration device, 

having PEDOT:PSS as ABL and Ca as CBL. 

 Both i-OPVs present a slightly lower Jsc. This could be due to: i) a lower 

thickness of the active layer due to a lower affinity of the P3HT:PC61BM with the 

metal oxide underlying layer during spin coating deposition; ii) a lower 

transmittance of the semi-transparent glass/ITO/metal oxide electrode, comparing 

to the glass/ITO/PEDOT:PSS one; iii) a lower reflectivity of the top PEDOT:PSS/Au 

contact comparing to the Ca/Ag one, decreasing the back-reflected light towards 

the active layer, which also contributes to photocurrent generation during device 

functioning; iv) a higher Rs of the metal oxide/ITO cathode comparing to the Ca/Ag 

one. The Jsc difference between ZnO-based i-OPV comparing to the reference OPV is 

Cell Voc (V) 
Jsc 

(mA/cm2) 
FF (%) PCE (%) 

OPV 
ABL = PEDOT:PSS 

CBL = Ca 
0.60 9.67 56 3.28 

i-OPV 
CBL = ZnO 

ABL = PEDOT:PSS 
0.60 8.91 57 3.09 

i-OPV 
CBL =  TiOx 

ABL = PEDOT:PSS 
0.55 9.06 52 2.61 
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the reason for the inferior performances of the former device with respect to the 

latter. Nevertheless, the differences in Jsc are not the mayor factor influencing the 

overall devices performances. 

Regarding FF, the greatest difference is found between the TiOx based i-OPV 

device and the  other two: only a FF of 52% is measured for the former device, 

comparing to 56-57% of the other two devices. This decrease could be maybe 

ascribed to the different morphology of the active layer blend induced by the 

different polarity, roughness and homogeneity of the underlying substrates. 

Indeed, the inhomogeneity of the TiOx surface comparing to the ZnO or the 

PEDOT:PSS ones, demonstrated by SEM analysis, seem to support this hypothesis. 

Finally, the most striking photovoltaic parameter variations measured for this 

family of devices is their Voc, which is 0.60 V for both the standard OPV and the 

ZnO-based i-OPV (within 4 mV of difference), while is 0.55 V (~ 50 mV lower) for 

the TiOx-based i-OPV. 

The Voc in OPV devices is found to be proportional to the difference between the 

donor HOMO and the acceptor LUMO.[22] This also means that in this type of solar 

cell, the Voc could be limited by the distribution of the tail states of the HOMO and 

LUMO levels and by the recombination processes that could occur at the 

donor/acceptor interface between electrons in the acceptor LUMO and holes in the 

donor HOMO. 

Therefore, to gain a deeper understanding of the influence of the different metal 

oxide layers on the recombination processes at the D/A interface and on the 

charge distribution in the HOMO and LUMO states of the donor and the acceptor, 

comparative studies with the Transient Photovoltage and the Charge Extraction 

techniques were performed.  

 

2.2.2. Charge recombination dynamics 

 

CE is a technique used to calculate the amount of charges accumulated in a 

device under light illumination in open circuit. This condition is a dynamic 

equilibrium between charge photogeneration and charge recombination 

processes. A white light pulse, long enough to achieve equilibrium, has to be 

applied to accumulate charges in the device, which is held under open circuit. Once 

the light is switched off, the device is contemporarily switched to short circuit and 

the accumulated charges allowed to travel through a resistance (R ~ 30 Ohms) 

where the cell potential decay is measured. The described trends of light and cell 

voltage are reported in a graph over time in Figure 35 (a), while an example of the 

voltage decay obtained with this measure, when the cell is switched to short circuit 

and the light is switched off, is reported in Figure 35 ( b). 
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Figure 35 a) Trends of the light intensity (red line) and of the voltage of the cell (blue line) over 

time in the CE experiment. b) Example of the voltage drop across the resistance R during CE 

measurement. 

 

The decay of the potential with time varies with the device discharge process, 

including charge recombination kinetics. Therefore, at different light intensities, 

different discharge transients are recorded. By dividing the transient voltage (V(t)) 

measured through the resistance by R and integrating the so obtained current 

transient (I(t)) over time, the charges extracted from the device after illumination 

(Q) can be calculated, as in Equation 16: 

 

    
    

 
                   Eq. 16 

 

Therefore, the density of charges (n) accumulated in the device at that light 

intensity and in open-circuit, is calculated as the ratio between Q and the 

elementary charge (q), divided by the volume of the charge-accumulating layers of 

the device (Vol), as in Equation 17: 

 

   
 

     
          Eq. 17 

 

Finally, the density of charges n can be calculated for different light intensities, 

corresponding to different light-biases (light induced Voc).  

UNIVERSITAT ROVIRA I VIRGILI 
ORGANIC BULK-HETEROJUNCTION PHOTOVOLTAIC DEVICES: MATERIALS, DEVICE ARCHITECTURES AND INTERFACIAL PROCESSES 
Margherita Bolognesi 
Dipòsit Legal: T.56-2014 
 



CHAPTER  III: CHARGE EXTRACTING (BUFFER) LAYERS 

86 
 

n was then calculated with CE experiments for all devices, considering the 

P3HT:PC61BM layer, the TiOx/P3HT :PCBM and ZnO/P3HT:PC61BM layers as the 

main capacitors in the standard OPV, in the TiOx-based i-OPSC and in the ZnO-

based i-OPV respectively. Figure 36 shows the charge densities n, accumulated in 

the devices at different Voc, obtained under increasingly higher applied light biases 

(E). 

 
Figure 36 Charge density n accumulated in the ZnO-based i-OPV (blue), TiOx-based i-OPV (red) 

and standard OPV (black) devices versus the applied light induced equilibrium Voc (E). 

 

A different trend emerges for the devices: in particular, the TiOx-based device 

present a higher charge density (charge accumulation) comparing the ZnO-based 

and the standard devices, for the same light bias (E). In other words, for the same 

charge density accumulated in the device, different Voc are measured for the 

different devices. For example, for the TiOx-based i-OPV at 1 sun illumination, a 

light bias shift towards lower voltages  (~ 50 mV) can be observed. This is in 

perfect agreement with the Voc values obtained for the studied devices during the 

I-V curves measurement. 

The charge accumulation in BHJ OPVs is usually described by a density of states 

(DOS) with a Gaussian distribution. For example, the capacitance C of BHJ OPV 

devices, which is directly indicative of the device charge accumulation and 

proportional to charge density, can be measured with impedance experiments. 

Then, the C distribution over energy represents the DOS of the organic 

semiconductor blend, and can then be fitted to a Gaussian curve having the 

following expression (Equation 18):[23] 

 

      
 

    
      

      
 

   
         Eq. 18 

 

where E is the potential, N is the maximum limit of charge density per volume 

unit, E0 is the potential at maximum capacitance which is related to the theoretical 
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maximum Voc of the device and σ, correlated with the curvature of the DOS curve, 

represents the dispersion degree of the DOS of the organic semiconductor blend.  

Since capacitance can be related to the total charge density n using Equation 

19: 

 

n(E) =  C(E) dE         Eq. 19 

 

by combining Equation 18 with Equation 19 it can be obtained Equation 20:  

 

      
 

 
     

    

   
           Eq. 20 

 

Therefore, by fitting the experimental n vs. E data, obtained in the CE 

experiment, with Equation 20, an estimation of N and σ can be obtained. In this 

case, the maximum of the DOS distribution, E0, relatively to this donor–acceptor 

couple, is considered to lie at the energetic onset (ECT) of the charge transfer state 

arising from the ground and excited state interactions between P3HT and PCBM, as 

recently reported in literature.[24] 

The experimental n values versus light-induced bias (E), fitted with Equation 

20, gave the fitting parameters reported in Table 8. 

 
Table 8 Approximated fitting parameters (N and σ) of experimental n versus E data with 

Equation 20. 

 

CELL n (cm-3) σ (eV) 

TiOx-based i-OPV 2 · 1018 0.30 

Standard OPV 3 · 1018 0.23 

ZnO-based i-OPV 4 · 1018 0.23 

 

It can be seen that the fits are in agreement with the experimental data if the 

DOS is assumed to be centered at E0 = ECT = 1.1 eV.[24b] From the fitting we can also 

extrapolate the theoretical maximum density of the charge (N) that can be 

accumulated by the studied devices, corresponding to approximated values lying 

between 2 and 4 · 1018 cm-3 for all devices. As it can be seen, the range of charge 

densities and light biased Voc that can be investigated with the CE technique is 

limited comparing to the the theoretical maximum values of N and E0 expected 

from Equation 20. Therefore, the extrapolated N and σ values should be 

considered as approximated values.  

The extrapolated N are in all cases two orders of magnitude larger than the 

measured n at 1 sun of light bias (100 mW cm-2). This discrepancy is due to the 

limit imposed by the bimolecular charge recombination processes, which increase 

with increasing light intensities and hamper the Fermi level of the electron 
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acceptor from reaching the LUMO energy and the Fermi level at the electron donor 

from reaching the HOMO level.  

On the other hand, different  values resulted from the three devices: a σ of ~ 

0.23 eV was found for the standard OPV and for the ZnO-based i-OPV, while a 

slightly higher σ of 0.30 eV was found for TiOx based i-OPV. Since σ is 

representative of the disorder of the DOS distribution centered at E0, as defined 

above, this result indicates a broadening of the DOS distribution for the TiOx-based 

inverted device, comparing to the other two. This broadening can be attributed to 

the presence of the TiOx layer, that either: (a) provides, in addition to the energetic 

states determined by P3HT and PCBM, additional trap states that can be filled by 

free charge carriers during the device performance, or (b) influences the 

morphology of the overlying organic layer and therefore its DOS distribution, or (c) 

both. However, this DOS broadening could be the factor responsible for the lower 

Voc measured in the TiOx-based i-OPV, comparing to the reference and the ZnO-

based i-OPV devices. 

To get insight into the interfacial charge recombination processes occurring 

within the active layer, which are also known to limit the Voc in BHJ OPV devices 

under operating conditions, TPV experiments were performed. The TPV technique 

has been previously applied to the study of OPVs to analyze the relationship 

between the charge density, the DOS distribution and the charge recombination 

kinetics in the organic photoactive layer.[25]  

In the TPV experiments, the device is held in open circuit conditions, so the just-

generated charges recombine to return to the previous equilibrium status with a 

kinetic that is proper of that open-circuit equilibrium state. The obtained data 

therefore permit: i) the study of the dependence of the recombination with the 

amount of charge, and thus, with the potential; ii) compare the recombination 

constants of different devices. 

The device is illuminated with white light to reach equilibrium. Then, the system 

is perturbed with a light pulse, usually with a laser at a wavelength matching the 

absorption of the active layer. This pulse perturbs the device open-circuit potential 

and the decay of Voc after the perturbation is measured. The variation of white light 

intensity allows the measurement of different decays, depending on the amount of 

charges accumulated in the device. The observed drop in voltage at each light bias 

was fitted with an exponential decay as in Equation 21: 

 

V = V0 exp (-t/)        (Eq. 21) 
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Figure 37 Charges recombination lifetimes (τ) extracted from the TPV experiment fitted 

towards the n values, extracted from the CE experiment, at the corresponding light biases. 

 

Since the rate of the recombination process is strongly dependent on n, the 

extracted lifetimes () at each light bias were plotted against the charge density (n) 

corresponding to the same light bias, and reported in Figure 37 on a log–log plot. 

For the three studied devices, the  versus n plots resulted in equivalent trends, in 

particular they all showed a pseudo-first order exponential behaviour. As 

previously found in literature, these trends are indicative of the bimolecular 

recombination process occurring within the organic layer.[26] Therefore, for the 

OPV and i-OPV devices (both TiOx- and ZnO-based ones), despite the difference in 

the nature of the selective contacts, the analyzed charge recombination kinetics 

can be associated only to the bimolecular recombination process occurring 

between holes in the P3HT phase and electrons in the PC61BM phase. Therefore, 

additional charge recombination processes occurring in the TiOx-based i-OPV 

device and involving the charge accumulated at the TiOx/active layer interface, or 

in the bulk TiOx layer, can be excluded or considered negligible. 

Taking into account these considerations, the lower Voc registered for the TiOx–

based i-OPV device compared to the ZnO-based i-OPV and the reference OPV can 

be reasonably explained on the basis of their different DOS distributions, as shown 

in Figure 38.  

 

UNIVERSITAT ROVIRA I VIRGILI 
ORGANIC BULK-HETEROJUNCTION PHOTOVOLTAIC DEVICES: MATERIALS, DEVICE ARCHITECTURES AND INTERFACIAL PROCESSES 
Margherita Bolognesi 
Dipòsit Legal: T.56-2014 
 



CHAPTER  III: CHARGE EXTRACTING (BUFFER) LAYERS 

90 
 

 
Figure 38 DOS distributions of HOMO and LUMO levels with different disorders (1and 

2) determining different energy gaps (q·Voc1 and q·Voc2) and Voc (Voc1 and Voc2). 

 

In fact, even though the HOMO and LUMO levels involved in the charge 

separation (and recombination) processes are centered at the same energy levels 

and their maxima are separated by the theoretical maximum energy gap E0, their 

DOS around the maxima are differently distributed. The filling of the HOMO and 

LUMO levels with a broader DOS distribution (2) then leads to a lower 

effective energy gap (indicated in the figure as q · Voc2) while the filling of the 

HOMO and LUMO levels with a narrower DOS distribution (1) leads to a 

higher effective energy gap (q · Voc1). Therefore, for the same charge density, while 

the recombination kinetic remains the same for all devices (as revealed by the TPV 

experiment), the broader DOS distribution of the TiOx-based i-OPV device is the 

main factor leading to a lower Voc comparing to the standard OPV and to the ZnO-

based i-OPV, which in turns both show a narrower DOS (as shown by the CE 

experiment). 

 

3. CONCLUSIONS 

In this work a series of efficient inverse i-OPVs and standard OPVs with 

P3HT:PC61BM based solar cells were prepared. The best efficiency was found for 

the device with the standard architecture. Slightly lower efficiency was found for i-

OPV device with ZnO as CBL comparing to the standard one, mainly due to a lower 

Isc probably due to optical losses. On the other hand, slightly lower efficiency was 

measured for TiOx-based i-OPVs due to lower Voc, compared to the ZnO-based i-

OPV and to the standard device. The analysis of the charge density distribution in 

the devices under working conditions under different light biases revealed a 
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difference in the DOS distribution of the TiOx-based i-OPV, comparing to the ZnO-

based i-OPV and the standard devices. Transient photovoltage measurements in 

open-circuit conditions at different light biases showed that the charge 

recombination kinetics are comparable for the three different devices. The 

recombination kinetics were found to be dependent on the charge density through 

the same exponential function, characteristic of a bimolecular recombination 

process occurring within the organic layer. Taking into account these 

considerations, the decreased Voc of the TiOx-based i-OPV device, leading to its 

inferior performances, was explained by its different DOS distribution rather than 

to increased charge recombination kinetics. This different DOS distribution, both of 

the HOMO and LUMO states, is indeed induced by the TiOx metal oxide layer  on the 

active layer blend through morphological and/or electrical changes. The results 

and discussions provided in this work open new insights for further investigations 

on i-OPVs. For instance, new metal oxides with reduced trap-densitites and/or 

more uniform film surfaces, leading to narrower DOS distributions, could be 

employed in i-OPV devices, paving the way towards higher Voc  and efficient i-OPVs. 
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CHAPTER IV: LIGHT MANAGING TECHNIQUES IN OPV 

It has been shown that through an accurate engineering of the photoactive 

materials, of the processing conditions, of the buffer layers and of the architecture 

of OPV devices, important improvements in devices efficiency can be achieved. 

Nevertheless, the main limiting factor for the OPV cells performances is the 

difficulty to maximize the EQE, because of the organic active layer thickness 

limitations. This is mainly due to the mismatch between the common light 

absorption depth (hundreds of nanometers) and the exciton diffusion length (tens 

of nanometers) through the contorted BHJ morphology of the photoactive film, 

which remains the bottleneck that limits the maximum thickness of the active 

layer.[1] 

This limit could be overcome by employing light managing techniques able to 

concentrate, trap or tune the light inside the device, in order to enhance the flux of 

photons absorbed by the active layer.  

 
1. DIFFERENT APPROACHES FOR LIGHT MANAGING IN OPV 

Light managing techniques for optoelectronic devices such as solar cells span 

from collector mirrors,[2] fiber based and micro lenses,[3] light concentrators,[4] 

luminescent concentrators,[5] anti-reflection coatings[6] and surface plasmon 

resonators.[7] 

Collector mirrors and concentrating lenses collect the light hitting a certain area 

and by simply exploiting the physical principles of reflection (mirrors) or 

refraction (lenses) on curved surfaces, focusing that light onto a smaller area 

where the solar cell is installed. Therefore, the radiation power density incident on 

the solar cell results increased and contemporarily the surface coverage of the 

device can be reduced, with significant materials costs reduction. However, the 

main limit of this technology is that it usually exploits bulky structures in addition 

to the normal solar cells or panels, thus rendering more complicated the overall 

device line production. 

Luminescent concentrators are a particular class of equipments through which 

sunlight is both concentrated and wavelength-tuned. In detail, the incident light, 

before reaching the active layer, passes through the luminescent concentrator 

layer, formed by a matrix in which luminescent molecules (which could be organic 

dyes, inorganic phosphors, or quantum dots, etc..) are dispersed. The role of these 

molecules is to absorb light which would not be absorbed by the active layer and 

re-emit it at a longer wavelength, in the range of the absorption spectrum of the 

active layer. 

Anti reflective coatings are beneficial for OPV cells due to the inherent strong 

reflection from the glass substrates on which devices are usually prepared. 

Moreover, the various dielectric layers (including the substrate, the photoactive 

layer, and the buffer layers) included in OPV devices trigger a considerable amount 

of reflection at interfaces leading to optical losses. Therefore, nanostructured 
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materials or high-refraction index materials or other strategies able to minimize 

these losses have been suggested, including ‘‘moth-eye’’ structures,[8] self-

assembled monolayers of nano-silica spheres,[9] one-dimensional periodically 

micro-structured lens surfaces,[10] and hierarchically patterned surfaces using 

template-mediated UV replica molding.[11] 

Surface plasmon resonators are able to trigger high local absorption in OPV 

solar cells within the material’s absorption window by exploting the physical 

principle of plasmon resonance. Surface plasmons are bound electromagnetic 

oscillations of electrons at the interface between a metal and a dielectric material 

stimulated by light and amplifying the electromagnetic radiation at the resonance 

wavelength. The generation of plasmon resonators then usually needs metal nano-

particles implanted on surfaces or embedded in dielectric media, with obvious 

increase in the device materials costs together with possible consequent problems 

such as shorts and surface wrinkling. 

On the other hand, the simplest light trapping approach that could enhance the 

active layer absorption and cell photocurrent is the employment of light scattering 

centres in the device structure. The randomization of the light propagation 

pathway inside the solar cell stack results in an increased interaction between the 

solar radiation and the photoactive absorbing layer. This, in principle, might lead 

to a substantial enhancement of active layer absorption, device short-circuit 

photocurrent and PCE.[12] In the dye sensitized solar cells (DSSCs) technology, the 

use of a scattering material in the device structure is a consolidated technique 

since more than fifteen years.[13] Indeed, the introduction of a TiO2 layer with large 

nanoparticles[13a,b,c] or the dispersion of nanozeolites into the standard TiO2 

nanoporous layer has shown significant improvements in terms of performance 

and lifetime stability[13d,e]. On the other hand, controlled light scattering in BHJ OPV 

devices is a relatively recent technique. In particular, research has focused on the 

use of metal oxide (TiO2, ZnO, MoO3,...)[14] or metallic (Au, Ag,…)[7] nanostructured 

materials (often nanoparticles) dispersed in the buffer layer or in the active layer 

of the OPV stack. However, these materials allowed the enhancement of the OPV 

devices performance by mainly exploiting their plasmon resonance effects and 

buffer layer work-function tuning, rather than light scattering.  

 

2. SCATTERING PARTICLES IN THE PEDOT:PSS LAYER OF 

P3HT:PC61BM-BASED SOLAR CELLS 

Here, an application of hydrotalcite nanoparticles (HTs) as scattering centers in 

OPV devices is presented. 

Hydrotalcites are among the most attractive cheap and non-toxic micro- and 

nano-structured inorganic materials and have been already used in a wide range of 

applications in the fields of polymeric nanocomposites,[15] heterogeneous 

catalysis,[16] photochemistry[17] and dye sensitized photovoltaics.[18]  

In detail, HTs have the general formula [M(II)1-xM(III)x(OH)2]x+[Anx/n]mH2O, 

where M(III) cations are typically Al, Cr, Fe, or Ga and M(II) are typically Mg, Zn, Ni, 
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Co, or Cu, while An- is a charge balancing anion (organic, inorganic or 

metallorganic) with n as ionic valence and x is the M(III) molar fraction. They can 

be easily synthesized in a variety of dimensions, with crystallite diameters ranging 

from some micrometers[19] to nanometers.[20] For their chemical nature, HTs reveal 

a high affinity with the sulfonate groups of PSS (poly(4-styrenesulfonate)),[21] 

enabling their potential use in composite materials with PEDOT:PSS.  

One of the most common type of HTs are the Zn(II)-Al(III) based HTs (ZnAl-

HTs), that can be easily synthesized in the form of crystalline nanoplatelets with a 

diameter of about 150-200 nm and a thickness of ~ 20 nm.[20c,d] This high aspect-

ratio could allow a preferential in-plane self-orientation of HTs in the composite 

ZnAl-HTs/PEDOT:PSS material, thus leading to homogeneous and smooth films 

with a maximized scattering cross-section per particle. 

On the basis of the hydrophilicity, electrical inertness and semi-transparency 

properties of ZnAl-HTs, it is here reported their application in the PEDOT:PSS layer 

of OPV solar cells. P3HT:PC61BM based BHJ solar cells incorporating pristine 

PEDOT:PSS or ZnAl-HTs/PEDOT:PSS films have been fabricated with the standard 

OPV structure (Figure 39), revealing an interesting and effective bi-functionality 

of the ZnAl-HTs/PEDOT:PSS composite film, both as hole transporting and light 

scattering layer. 

 

 
 
Figure 39 a) Schematic representation of a standard BHJ OPV and b) a BHJ OPV with the 

composite HTs/PEDOT:PSS film acting as scattering layer. 

 

Two different synthetic routes have been used to prepare ZnAl-HTs: the first 

one is based on a variation of the known urea method, using a mixture of water 

and ethylene glycol as solvent,[18b] while the second one is based on the double 

microemulsion process.[20c,d] Both methods led to crystalline ZnAl-HTs (called 

respectively ZnAl-HTwg and ZnAl-HTµE) with similar dimensions but different 

aggregation tendencies.  

Since HTs are metal hydroxides which can be dissolved in acid environments, a 

pH-neutral PEDOT:PSS formulation is used in this work. The morphological, optical 

and electrical properties of the composite ZnAl-HTwg/PEDOT:PSS and ZnAl-
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HTµE/PEDOT:PSS films have been studied for different HTs concentrations and 

correlated with the corresponding OPV performances. 

 

2.1.  Experimental 

 

2.1.1.  Materials and methods 

 

All reagents, regioregular P3HT (Rieke Metals), PC61BM (American Dye Source), 

PEDOT:PSS (Orgacon™ N-1005, Sigma-Aldrich), Zn(NO3)2·6H2O, Al(NO3)3·9H2O, 

cetyltrimethylammonium bromide (CTAB), urea and various solvents were 

purchased from commercial sources and used without further purification unless 

otherwise specified. Synthetic details and the procedure for the preparation of 

colloidal aqueous dispersions of ZnAl-HTs nanoparticles are reported in 

literature.[18b, 20c,d] 

 

2.1.2. HTs/PEDOT:PSS thin-films preparation and characterization 

 

pH-neutral PEDOT:PSS was used after previous filtration with a 0.45 µm filter. 

The ZnAl-HTs dispersions in water were sonicated for 10 minutes before use. The 

concentration of ZnAl-HTµE and ZnAl-HTwg starting solutions were 6.6 mg/mL (for 

lower concentrations mixed solutions) or 15 mg/mL (for higher concentrations). 

To avoid dilution effects, small volumes (at maximum, a volume of 67 µL in 1 mL, 

used for the 5 wt% ZnAl-HTs/PEDOT:PSS solution) of these ZnAl-HTs dispersions 

were added to the PEDOT:PSS aqueous solution to prepare mixed ZnAl-

HTs/PEDOT:PSS blends with the following nanoparticles loads: 0.25%, 0.50%, 1%, 

5% (weight % vs. PEDOT:PSS solid content). Each solution was sonicated at room 

temperature for 10 minutes, then ZnAl-HTs/PEDOT:PSS films were prepared by 

spin coating (on pre-cleaned and plasma-treated glass substrates) at 4000 rpm for 

1 minute and subsequent annealing at 120 °C for 10 minutes. The thicknesses of 

the various films were measured with a profilometer (KLA Tencor, P-6) and all 

resulted ~ 50 nm thick.  

HTs and HTs/PEDOT:PSS films were imaged with a scanning electron 

microscope SEM, ZEISS LEO 1530 FEG, after metallization with gold. AFM images 

were taken with a Solver Pro (NT-934 MDT) scanning probe microscope in tapping 

mode. 

For X-ray diffraction (XRD) analysis, the films were prepared by drop casting 

blends with HTs loads of 5 wt% for both ZnAl-HTµE and ZnAl-HTwg , in order to 

achieve detectable variations. XRD patterns were recorded with a Philips X’PERT 

PRO MPD diffractometer operating at 40 kV and 40 mA, step size 0.0170 2θ degree 

and 20 s step scan, using the CuKα radiation and an X’Celerator detector. 

The total transmittance (T%) of the doped and undoped PEDOT:PSS films was 

measured with a Perkin-Elmer Lambda-9 UV-vis spectrophotometer equipped 

with an integrating sphere. 
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The descriptive scattering parameters of the doped and undoped PEDOT:PSS 

films were determined experimentally from laser in-line transmission (LT) 

measurements.[22] Haze parameter Ht[23] have been derived by measuring the 

linear and total transmission of a monochromatic light passing through the sample. 

The 488 nm emission of an Ar+ Innova 90 Coherent laser passes perpendicularly 

through the sample (the power is set at 40 mW in order to have a high signal to 

noise ratio but avoiding any possible distortion due to local heating of the sample) 

and the transmitted light is collected through a lens by a Ophir laser power meter. 

The transmitted light collected after passing through a pinhole positioned 50 cm 

after the sample, with a narrow (diameter  = 1 mm) or wide ( = 20 mm) 

aperture, are called Tlin (in-line transmitted light) and Ttot (total transmitted light) 

respectively.  

The conductivity of doped and undoped PEDOT:PSS films was measured 

through the four-point probe technique applied to devices with glass/ITO 

electrodes arranged in the geometry reported in Figure 44.[24] 

 

2.1.3. Device fabrication and characterization 

 

Patterned ITO-coated glasses (Rs ~ 10 Ω/sq, ITO roughness RMS <1 nm) were 

cleaned in sequential sonicating baths for 10 min, twice in acetone and once in 

isopropanol, then cleaned in an ozone-plasma chamber for 10 min. Next, the 

PEDOT:PSS or HTs/PEDOT:PSS layer was spun-cast from the corresponding 

acqueous suspensions on the ITO surface at 4000 rpm, for 1 minute, and 

subsequently annealed at 120°C for 10 minutes (as for the films on glass). Samples 

were then transferred inside the glove box (<0.1 ppm of O2 and H2O). A 

P3HT:PC61BM 1:1 (wt/wt) solution was previously prepared in glove box with a 

total concentration of 60 mg/mL in dry chlorobenzene: orthodichlorobenzene (1:1 

v/v) and left under stirring and heating at 70 °C overnight. The P3HT:PC61BM 

solution was then spun-cast on top of the ITO/PEDOT:PSS or ITO/ZnAl-

HTs/PEDOT:PSS surface at 1000 rpm for 10 seconds. The wet active layers were 

slowly dried and then annealed at 110 °C for 10 minutes. To complete the device 

fabrication, LiF/Al cathodes (0.6 nm and 100 nm respectively) were next deposited 

sequentially without breaking vacuum (~ 3 x 10-6 Torr) using a thermal 

evaporator directly connected to the glove box. The current–voltage (I–V) 

characteristics of complete OPV devices were recorded by a Keithley 236 source-

measure unit under simulated AM1.5G illumination of 100 mW/cm2 (Abet 

Technologies Sun 2000 Solar Simulator). The light intensity was determined by a 

standard silicon photodiode filtered with a KG5 color glass filter to bring spectral 

mismatch to unity. During testing, each device was illuminated through a 

calibrated mask (exactly 6 mm2), to avoid any excess of photocurrent generated 

from the parasitic device regions outside the overlapped electrode area. All solar 

cells were tested inside the glove box in oxygen and moisture free environment. 

EQE spectra were measured with a home built system on encapsulated devices: 

monochromatic light was obtained with a Xenon arc lamp from Lot-Oriel (300 
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Watt power) coupled with a Spectra-Pro monochromator. The photocurrent 

produced by the device passed through a calibrated resistance (50 Ω) and the 

voltage signal was collected with a Lock-In Digital Amplifier SR830. Signal was 

pulsed by means of an optical chopper (~ 500 Hz frequency). A calibrated UV-

enhanced Silicon photodiode was used as reference.  

 

2.2. Results and discussion 

 

2.2.1. HTs/PEDOT:PSS thin-film properties  

 

Before comparing the OPV properties of doped and undoped PEDOT:PSS based 

solar cells, we investigated the structural properties of HTs once dispersed in the 

polymeric matrix, together with the resulting HTs/PEDOT:PSS composite thin-film 

morphological, electrical and optical properties. Some key parameters, required 

for these films to be used as scattering layers in OPV devices, were analyzed: i) the 

chemical and structural stability of the HTs in the PEDOT:PSS matrix; ii) the 

homogeneous distribution of the HTs in the film, combined with a preferential in-

plane self-orientation; iii) the HTs/PEDOT:PSS composite film surface regularity 

and flatness, to favor the subsequent deposition of the photoactive layer; iv) the 

maintenance of the optical (high visible light transmission) and electrical (high 

conductivity) properties of the HTs/PEDOT:PSS thin-film. To this end, a variety of 

techniques, such as x-ray diffraction, scanning electron microscopy, atomic force 

microscopy, visible light total transmission and electrical conductivity, have been 

used for deep investigations. 

 
Figure 40 XRD patterms on glass substrates of: a) ZnAl-HTµE and ZnAl-HTwg powders compared 

to the ZnAl-HTµE and ZnAl-HTwg films; b) ZnAl-HTs/PEDOT:PSS hybrid films prepared with a HTs 

load of 5 wt% vs. PEDOT:PSS, compared to the reference PEDOT:PSS film. 

 

Figure 40a shows the XRD patterns of pristine ZnAl-HTµE and ZnAl-HTwg 

powders compared to the ZnAl-HTµE and ZnAl-HTwg films, while in Figure 40b are 

reported those of the ZnAl-HTs/PEDOT:PSS hybrid films prepared with a HTs load 

of 5 wt% (required for detectable variations) compared to the undoped 

PEDOT:PSS film. It can be seen that in the composite films the main reflections at 
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8.0 Å and 8.7 Å (Figure 40b) are the same as in the HTs pristine films (Figure 

40a) and compatible with the presence of bromide and nitrate anions in the 

interlayer region.[20c,15d] The presence of these reflections indicates that the 

lamellar structure of HTs is preserved in the polymer matrix, excluding any 

delamination process due to the HTs/PEDOT:PSS interactions. Moreover, the very 

weak reflection detected at 4.4°, corresponding to a d spacing of 20.6 Å, indicates a 

partial intercalation of some PSS species in the interlayer region of HTs,[21] 

confirming the good affinity between sulfonate groups of the PSS and HTs. In 

addition, unlike the powder spectra (Figure 40a), where the HTs are randomly 

arranged, the absence of any in-plane reflections (h,k ≠ 0) at high angles evidences 

a favourable in-plane orientation of the HTs nanoplatelets in the composite film.[25] 

SEM was used to characterize the topography of the blend films.  

 

 
 

Figure 41 SEM images of: a) pristine ZnAl-HTµE;b) 0.50 wt% ZnAl-HTµE/PEDOT:PSS; c) pristine 

ZnAl-HTwg and d) 0.50 wt% ZnAl-HTwg/PEDOT:PSS based films deposited on glass substrates.  

 

In agreement with the previous considerations, the SEM image of the ZnAl-HTµE 

/PEDOT:PSS film with 0.50 wt% of HTs (see Figure 41b) shows that the HTs 

nanoparticles are homogeneously dispersed in the PEDOT:PSS matrix. In addition, 

the preferential in plane orientation of the platelets is confirmed, since the 

majority of the HTs are embedded in the bulk PEDOT:PSS layer and only a few 

superficial protrusions are present. However, the SEM image of the blend ZnAl-

HTwg/PEDOT:PSS with 0.50 wt% HTs load (see Figure 41d) shows some 

nanoparticle aggregates, indicating the slightly higher aggregation tendency of 

ZnAl-HTwg, compared to ZnAl-HTµE, in agreement with the images of pristine ZnAl-

HTwg (Figure 41c) and ZnAl-HTµE (Figure 41a) films.  
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Figure 42 AFM images (20x20 µm) of the films on glass substrates: a) pristine PEDOT:PSS (RMS 

= 5.0 nm); b) ZnAl-HTµE/PEDOT:PSS, 0.50 wt% of HTs vs. PEDOT:PSS (RMS = 5.1 nm); c) ZnAl-

HTµE/PEDOT:PSS, 1 wt% of HTs vs. PEDOT:PSS (RMS = 5.6 nm); d) ZnAl-HTµE/PEDOT:PSS, 5 wt% of 

HTs vs. PEDOT:PSS (RMS = 17 nm); e) ZnAl-HTwg/PEDOT:PSS, 0.50 wt% of HTs vs. PEDOT:PSS 

(RMS = 5.1 nm); f) ZnAl-HTwg/PEDOT:PSS, 1 wt% of HTs vs. PEDOT:PSS (RMS = 10 nm); g) ZnAl-

HTwg/PEDOT:PSS, 5 wt% of HTs vs. PEDOT:PSS (RMS = 30 nm). 

 

The morphological properties of the doped and undoped PEDOT:PSS based 

films have been also investigated by AFM (Figure 42). The topographical analysis 

of ZnAl-HTµE /PEDOT:PSS films reveals that ZnAl-HTµE loads of 0.50 wt% and 1 

wt% (Figure 42b and c) have a weak influence on the film roughness (RMS of ~ 

5.0 and 5,6 nm, respectively), which is very similar to that of the undoped 

PEDOT:PSS film (Figure 42a, RMS ~ 5.0 nm). However, by further increasing the 

ZnAl-HTµE content up to 5 wt%, the RMS sharply increases to 16.8 nm, due to the 

formation of micrometric aggregates (Figure 42d). A similar trend, with a higher 

dependence on the HTs loads, is found for ZnAl-HTwg based composites, for which 

the RMS increases from ~ 5.1 nm to ~ 10 nm and ~ 30 nm for particles loads of 

0.50 wt% (Figure 42e), 1 wt% (Figure 42f) and 5 wt% (Figure 42g) respectively, 

in accordance with the higher aggregation tendency of ZnAl-HTwg with respect  to 

ZnAl-HTµE.  
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Figure 43 Total transmittance of the substrates: glass/ITO/PEDOT:PSS (black curve), 

glass/ITO/ZnAl-HTµE/PEDOT:PSS with 5 wt% of HTs vs. PEDOT:PSS (blue curve); glass/ITO/ZnAl- 

HTwg:PEDOT:PSS with 5 wt% of HTs vs. PEDOT:PSS (red curve). 

 

Finally, the total transmittance of the PEDOT:PSS film and of the most highly 

doped (5 wt%) HTs/PEDOT:PSS films (see Figure 43), measured with a 

spectrophotometer equipped with an integrating sphere to take into account the 

contributions of both unscattered and scattered light, results unvaried in the whole 

visible range (350 – 850 nm). This excludes the possibility that any variation in the 

photovoltaic response of the solar cells could be due to a change in transparency of 

the buffer layer following the inclusion of HTs.  

 

Figure 44 I-V curves measured in the four-points probes resistivity experiments on devices 

prepared with doped or undoped PEDOT:PSS films having electrodes and contact geometry 

represented in the upper-left side of the image. The slopes of the interpolation lines  gives for each 

set of points the following approximated resistivity (R) values for the films: R(PEDOT:PSS) = 82 Ω · 

cm; R(ZnAl-HTwg/PEDOT:PSS, 0,5 wt%) = 78 Ω · cm; R(ZnAl-HTwg/PEDOT:PSS, 5%)  = 71 Ω · cm; 

R(ZnAl-HTµE/PEDOT:PSS, 0,5 wt%) = 82 Ω · cm; R(ZnAl-HTµE/PEDOT:PSS, 5 wt%) = 81 Ω · cm. 
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Analogously, the conductivity experiments on the HTs/PEDOT:PSS films reveals 

that any influence on the PEDOT:PSS conductivity due to the presence of HTs in the 

film (up to 5 wt% of ZnAl-HTµE or ZnAl-HTwg) can be neglected (Figure 44). 

 
Figure 45 AFM images of the P3HT:PC61BM films deposited on glass/ITO/PEDOT:PSS (a, RMS = 

46 nm), glass/ITO/ZnAl- HTwg:PEDOT:PSS with 0.25 wt% of HTs vs. PEDOT:PSS (b, RMS = 46 nm), 

glass/ITO/ZnAl- HTµE:PEDOT:PSS with 0.25 wt% of HTs vs. PEDOT:PSS (c, RMS = 49); 

glass/ITO/ZnAl- HTµE:PEDOT:PSS with 0.50 wt% of HTs vs. PEDOT:PSS (d, RMS = 40). 

 

The positive results obtained from the morphological, electrical and optical 

analysis on the HTs/PEDOT:PSS films suggested to test them in BHJ OPVs. In 

particular, the smooth and regular surfaces observed for the HTs/PEDOT:PSS films 

with lower HTs concentrations (0.25 and 0.50 wt%) is not expected to induce 

morphological changes of the overlying P3HT:PC61BM layer, (as evidenced by AFM, 

Figure 45). In addition, the HTs in-plane preferential orientation is favorable for 

maximizing the HTs/PEDOT:PSS film light scattering properties. 

 

2.2.2.  Scattering of HTs:PEDOT:PSS films  

 

To investigate the scattering effects of the HTs/PEDOT:PSS films, laser in-line 

transmission measurements (LT, Figure 46a) were performed on doped and 

undoped PEDOT:PSS films deposited on glass. 
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Figure 46 a) Scheme of the laser in-line transmission measurements; b) ΔHt parameters (versus 

glass) calculated for the ZnAl-HTs/PEDOT:PSS films (left y axis, filled squares) compared to the Isc 

values of the ITO/(ZnAl-HTs/PEDOT:PSS)/P3HT:PC61BM/LiF/Al corresponding devices (right y 

axis, empty squares), at different ZnAl-HTs concentrations (0, 0.25, 0.50, 1 and 5 wt% of ZnAl-HTs 

vs. PEDOT:PSS). Data relative to ZnAl-HTµE are reported in blue and data relative to ZnAl-HTwg in 

red. 

 

In general, with this method an approximation of the diffused transmittance 

(Tdif) of a semi-transparent sample is given by the difference between the film total 

transmittance (Ttot) and linear transmittance (Tlin). An approximated haze 

parameter (Ht) for transmitted light can then be determined as Ht = (Ttot–Tlin)/Ttot 

= Tdif/Ttot. In this way, the enhanced light scattering properties of the ZnAl-

HTs/PEDOT:PSS films, compared to the bare PEDOT:PSS film, can be evaluated 

through the difference between their Ht and the Ht of the reference PEDOT:PSS film 

(this ratio can be called as differential haze, or ΔHt). Therefore, the Ht parameters 

of undoped PEDOT:PSS and HTs/PEDOT:PSS composited films on glass have been 

calculated, and the corresponding ΔHt are reported in Figure 46b. As expected, the 

ΔHt values of the glass/ZnAl-HTµE/PEDOT:PSS films at various particle 

concentrations increases with respect to the glass/PEDOT:PSS reference film, 

following the same trend of the corresponding devices JSC measured at 1 sun (also 

reported, for comparison, in Figure 46b). In particular, a maximum ΔHt is obtained 
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for a particle concentration of 0.50 wt%, while at higher concentrations (1 and 5 

wt%) ΔHt gradually decreases. 

Analogously, the ΔHt of the glass/ZnAl-HTwg/PEDOT:PSS films increases with 

respect to the bare glass/PEDOT:PSS film, reaching a maximum value for 0.25 wt% 

particle concentration and gradually decreases for higher ZnAl-HTwg loads, again 

following the Isc trend of the corresponding OPV devices. It has to be noted that 

the decrease in the ΔHt parameter for high particles concentrations, both for ZnAl-

HTµE and ZnAl-HTwg, is likely due to the formation of the micrometric aggregates 

previously observed in the morphological analysis of the highly doped PEDOT:PSS 

films (SEM and AFM images, Figures 41 and 42, respectively). 

These measurements validate our hypothesis, confirming that the addition of 

the ZnAl-HTs to the PEDOT:PSS layer enhances the scattering properties of the film 

for the transmitted light. 

 

2.2.3. Devices performance  

 

The potential of HTs as effective scattering centers in OPV devices was 

investigated in BHJ solar cells using P3HT:PC61BM as active layer. The device 

structure employed is glass/ITO/PEDOT:PSS/P3HT:PC61BM/LiF/Al (Figure 39). 

Details for the device fabrication and characterization are given in the 

experimental section. Different HTs loads (0.25 wt%, 0.50 wt%, 1 wt%, 5 wt% HTs 

vs. PEDOT:PSS) have been tested.  

 
Table 9 Summary of the photovoltaic performances of the P3HT:PC61BM based BHJ OPV devices 

prepared with different buffer layers: pristine PEDOT:PSS, or PEDOT:PSS doped with different 

loads of ZnAl-HTwg or ZnAl-HTµE. The reported parameters are the values averaged over ~ 15 

devices and the maximum values (in brackets). 

 

 

Table 9 summarizes the photovoltaic response data of the corresponding BHJ 

OPV devices (maximum and average values calculated over ~ 15 devices.  

ZnAl-
HTs 
type 

ZnAl-HTs/ 
PEDOT:PSS 

wt% 

Jsc 
(mA/cm2) 

Voc 
(V) 

FF 
(%) 

PCE 
(%) 

- 0 7.21 (7.32) 0.54 (0.54) 63 (66) 2.47 (2.58) 

ZnAl- 
HTwg 

0.25 7.55 (7.67) 0.54 (0.54) 64 (66) 2.63 (2.73) 

0.50 7.64 0.54 65 2.68 

1 7.52 0.54 62 2.51 

5 5.98 0.56 57 1.93 

ZnAl- 
HTµE 

0.25 7.89 0.55 62 2.68 

0.50 8.04 (8.21) 0.54 (0.54) 64 (67) 2.76 (2.98) 

1 7.17 0.54 65 2.54 

5 6.42 0.54 60 2.09 
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Figure 47 J-V plots of the best performing P3HT:PC61BM based BHJ OPV devices prepared with 

doped or undoped PEDOT:PSS films.  

 

Representative current density-voltage plots of the best performing solar cells, 

measured under standard illumination AM1.5G, are shown in Figure 47. The 

optimized reference solar cell, based on pristine pH-neutral PEDOT:PSS (~ 50 nm), 

affords a JSC of 7.32 mA/cm2, a Voc of 0.54 V, a FF of 66% and a PCE of 2.58%.The 

highest OPV performances were achieved for the devices prepared with 0.50 wt% 

of ZnAl-HTµE and 0.25 wt% of ZnAl-HTwg dispersed in the PEDOT:PSS layer. In fact, 

when the ZnAl-HTµE/PEDOT:PSS composite film (with HTs 0.50 wt%) is used in 

the solar cells, the best device exhibits a JSC of 8.21 mA/cm2, a VOC of 0.54 V, a FF of 

67% and a PCE of 2.98%, which corresponds to ~16% PCE improvement  with 

respect to the reference cell(~12% on average). A similar but less marked trend 

was observed for ZnAl-HTwg based devices, for which the best performance is 

peaked at a particle load of 0.25 wt%, leading to JSC, Voc, FF and PCE of 7.67 

mA/cm2, 0.54 V, 66% and 2.73%, respectively, which correspond to an 

improvement of ~ 12% with respect to the reference cell (~6% on average). 

Noticeably, the main factor determining the efficiency improvements for the 

devices with HTs/PEDOT:PSS layers is the enhancement of the short-circuit 

current density, in perfect agreement with the light scattering properties of the 

doped buffer layer. 

By further increasing the HTs content (up to 5 wt%) in the PEDOT:PSS films, the 

JSC, FF and PCE significantly decrease. This could be ascribed to several factors, 

such as: i) the presence in relatively high percentage of electrically inert HTs, 

increasing the series resistance within the OPV device; ii) a reduced nanoscale self-

organization of the overlying photoactive layer (P3HT:PC61BM), induced by the 

rough and irregular surface of the highly doped buffer layer.  

It should be noted that within all films, the highest ΔHt has been obtained for the 

ZnAl-HTwg/PEDOT:PSS film with 0.25 wt% nanoparticles concentration. However, 

the corresponding ZnAl-HTwg/PEDOT:PSS based solar cell doesn’t show the 

highest photocurrent, within all devices. This discrepancy could be explained 

through the higher aggregation tendency of the former particles comparing to the 
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latter, as discussed before (Figure 41). The possible presence of aggregates, 

embedded in the composite film bulk or at the ITO/PEDOT:PSS interface, for low 

particles loads (25 wt% and 0.50 wt%), cannot be excluded through SEM or AFM 

surface analysis (Figures 41b and 41d, Figure 42b and 42e). Therefore it is 

reasonable to assume that the limiting factor for the photocurrent generation of 

the HTwg/PEDOT:PSS based device is the higher content of aggregates in the 

HTwg/PEDOT:PSS film comparing to the HTµE/PEDOT:PSS one, which could 

partially limit the charge extracting ability of the former buffer layer comparing to 

the latter. 

A further evidence of the effectiveness of the ZnAl-HTs/PEDOT:PSS films in 

enhancing the devices photocurrent through light scattering can be given by the 

study of their spectral response.  

 
Figure 48. External Quantum Efficiency (EQE) spectra of the best performing P3HT:PC61BM 

based BHJ OPV devices prepared with doped or undoped PEDOT:PSS films.  

 

Figure 48 shows the External Quantum Efficiency (EQE) spectra of the best 

performing solar cells with ZnAl-HTs/PEDOT:PSS films, in comparison with the 

reference cell. 

The resulting EQE values are gradually enhanced passing from the reference 

device (maximum EQE = 0.56),  to the cells based on 0.25 wt% of ZnAl-HTwg 

(maximum EQE = 0.58), to the one with 0.50 wt% of ZnAl-HTµE (maximum EQE = 

0.60). Convolution of these EQE spectra with the 1.5AM solar spectrum gave 

calculated short circuit current densities in good agreement with those obtained 

from the I-V measurements. Moreover, no significant alteration in the shape of the 

EQE spectra of the ZnAl-HTs/PEDOT:PSS based devices, with respect to the 

reference cell, is registered. This further confirms that, for low HTs loads, no 

significant changes are induced by the underlying PEDOT:PSS doped layer on the 

P3HT:PC61BM morphology (as evidenced by AFM, Figure 45), since they would 

likely result in absorption and EQE spectral modifications. 
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These results demonstrate the efficacy of the HTs/PEDOT:PSS layer in 

enhancing the propagation length and trapping of the incident light into the BHJ 

OPV device, leading to a significant active layer absorption enhancement and 

consequent increase of Jsc, EQE and PCE. 

 

2.3. Conclusions 

 

In conclusion, two series of PEDOT:PSS films doped with ZnAl-HTwg or ZnAl-

HTµE were employed in P3HT:PC61BM based BHJ OPV devices to investigate their 

scattering properties. The results demonstrate that ZnAl-HTs could effectively 

scatter a portion of the incident light into larger angles through the active layer of 

the OPV solar cell, enhancing its light absorption and improving the device JSC and 

PCE. Indeed, the HTs/PEDOT:PSS films with the highest haze for transmitted light 

(ΔHt) resulted in devices with improved performances, with PCEs going from 

2.58%, for the device with pristine PEDOT:PSS, to 2.73%  and to 2.98%  for the 

devices with ZnAl-HTwg/PEDOT:PSS and ZnAl-HTµE/PEDOT:PSS films, respectively. 

The extraordinary versatility of HTs, given by their relatively simple synthetic 

procedures and by the possibility to combine a wide variety of metals and counter-

ions in their chemical structure, paves the way to the engineering of novel HTs-

based composites for applications in the OPVs technology. Indeed, we expect that 

device performances can be further improved by a rational and fine tuning of the 

optical, electrical and chemical properties of the HTs, taking advantage of the 

results and considerations reported in this study. 

This approach might allow a potential and effective implementation of 

HTs/PEDOT:PSS composite films in the recombination layer of tandem solar cells. 

Indeed, the active layers of both the bottom and top cells could benefit of the 

scattering effect induced by the doped intermediate layer.[26]  
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CHAPTER V: GENERAL CONCLUSIONS AND PROSPECTIVES 
 
The development of efficient organic solar cells could be one approach to 

provide mankind with cheap, sustainable and ecofriendly energy. The introduction 

of the bulk heterojunction concept, of the different device architectures and of 

many light managing techniques led recently to devices with power conversion 

efficiencies exceeding 9%, showing the great potential of organic photovoltaics. 

Nevertheless, to compete with the inorganic solar cell technology, the power 

conversion efficiencies of organic photovoltaics have to rise further in the range 

between 10 and 15 %. Since the functioning of organic solar cells is based on a 

complex interplay of the physical, optical and electronic properties of its 

components, it is desirable to identify structural and energetic key characteristics 

of the materials that can lead to efficiency gains. Furthermore, there are virtually 

no limits for the synthesis of new organic photoactive materials. Therefore, it is 

crucial for the device fabrication process, as well as under a chemical point of view, 

to identify the most promising classes of materials, device architectures and other 

functional structures. 

In the first part of this work, particular attention was given to the optimization 

of the BHJ OPV devices performances through an accurate tuning of the chemical 

structure of the polymeric donor materials. The main strategy applied was the use 

of structures with alternate electron withdrawing and electron donating units in 

the polymer backbone, to obtain highly conjugated co-polymers with a low band 

gap. A study on two different families of alternate donor-acceptor co-polymers was 

presented. 

 First, a series of not previously studied polymers based on the electron rich 

dithienosilole unit and cyano-substituted di- and tetra-thiophene electron 

withdrawing units have been designed, synthesized and characterized. The 

presence of the cyano substituents in the polymer backbone was proven to 

effectively lower its bandgap and HOMO and LUMO energies, enhancing its optical, 

photophysical and photovoltaic properties comparing to the unsubstituted 

polymer. In fact, for the cyano-substituted polymers, an enhanced charge-transfer 

from the polymer donor to the fullerene acceptor was demonstrated by 

polymer:fullerene time resolved luminescence quenching studies. Moreover, the 

presence of long alkyl side chains on tetra-thiophene moiety was proven to 

significantly increase the polymer solubility, electrical properties (light absorption 

and hole mobility), nano-structuring and opto-electrical properties of the relative 

blend films. As a result, the PCEs of the corresponding BHJ OPV devices was 

enhanced from 1% to around 5%. 

 The second family of studied donor-acceptor co-polymers was based on 

dialkoxy-benzodithiophene π electron-rich and benzothiadiazole π electron-poor 

alternated units. The comparison between a previously studied polymer, in which 

the same units are separated by a direct bond, and a new polymeric structure in 

which the moieties are separated by a vinyl-spacer, allowed the determination of 

the role of the spacer separating the co-polymer moieties on the overall BHJ OPV 
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performances. In particular, the use of the vinylene spacer allowed an increased π 

delocalization along the polymer backbone, with respect to the most common 

direct aryl-aryl connected co-polymer. The electrochemical investigation 

highlighted the ambipolar character of the new polymer, with both p- and n-

doping processes being observable. The coupling of the two strong  electron-rich 

and  electron-poor moieties effectively led to the obtainment of a low band gap 

polymer, with HOMO and LUMO energies in agreement with the reference polymer 

with the same donor-acceptor moieties and a direct aryl-aryl linker. On the other 

hand, the presence of the vinylene spacer led to a lower optical bandgap and 

improved thermal stability, compared to the reference polymer with single bond 

spacer, probably due to the increased backbone planarization leading to stronger 

intermolecular interactions. The characterization of BHJ OPV devices containing 

the studied vinylene-spaced donor-acceptor polymer and PCxxBM has given high 

photovoltages but low photocurrents, comparing to the reference directly bonded 

donor-acceptor polymer. The still non-optimal thin-film nano-morphologies and 

hole mobility properties, likely due to the relatively low molecular weight, could 

account for the obtained modest PCE, lower than 1%, which is nonetheless similar 

for the two compared polymers. 

In a second part of the work, the focus was moved to the optimization of the 

performances of BHJ OPV devices by a deeper study of the role of buffer layers. 

Standard active layers made of P3HT:PCBM blends were employed in devices 

prepared with different semiconducting metal-oxides (TiOx and ZnO) employed as 

cathode buffer materials and the same anode buffer layer (PEDOT:PSS). The 

optical, morphological and electrical properties of these materials have been 

investigated and their functioning as buffer layers in BHJ OPV devices with 

inverted structure was analyzed and compared with the reference P3HT:PC61BM- 

based devices prepared in the standard architecture configuration (by employing 

LiF/Al cathode and ITO/PEDOT:PSS anode). The best efficiency was found for the 

standard architecture, while slightly lower efficiencies were found for the inverted 

one. The device with ZnO as cathode buffer layer presented a slightly lower Jsc, 

probably due to optical losses, while for TiOx-based device a lower Voc was 

measured. The analysis of the charge density distribution in the devices under 

working conditions under different light biases revealed a difference in the density 

of states distribution of the TiOx-based device, compared to the ZnO-based and to 

the standard ones. Transient photovoltage measurements in open-circuit 

conditions at different light biases showed that charge recombination kinetics are 

comparable for the three different devices. The recombination kinetics were found 

to be dependent on the charge density through the same exponential function, 

characteristic of a bimolecular recombination process occurring within the organic 

layer. Therefore, the decreased Voc of the TiOx-based device, leading to its inferior 

performances, was explained by its different density of states distribution induced 

by the TiOx metal oxide layer  on the active layer blend through morphological 

and/or electrical changes, rather than to increased charge recombination kinetics 

within the active layer. The results and discussions provided open new insights for 
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further investigations on inverted devices. For instance, new metal oxides leading 

to narrower density of states distributions (inferior film roughness, decreased 

charge trapping states) could be employed in inverted OPV devices, paving the way 

toward higher Voc  and higher efficiencies. 

In the last section, an overview on the light managing techniques that could 

improve solar cells light absorption was given. A deeper study on the technique of 

light trapping inside the device obtained by inserting a scattering material in the 

device architecture were applied to standard P3HT:PC61BM-based devices. The 

scattering nanoparticles (Zn-Al layered double hydroxide, or hydrotalcite, 

nanoparticles) were easily dispersed in the PEDOT:PSS layer, avoiding in this way 

any alteration of the standard BHJ OPV device stack. The resulting 

PEDOT:PSS/nanoparticles composite film was proven to effectively scatter a 

portion of the transmitted light, thus leading to improved light absorption and JSC 

of the related device, with PCEs going from 2.58%, for the reference device to ~ 

3% for the device with the scattering composite film. The extraordinary versatility 

of the hydrotalcyte nanoparticles employed, given by their relatively simple 

synthetic procedures and by the possibility to combine a wide variety of metals 

and counter-ions in their chemical structure, opens the way to the engineering of 

novel hydrotalcyte-based composites for applications in the OPV technology. 

Indeed, device performances could be further improved by a rational and fine 

tuning of the optical, electrical and chemical properties of the employed 

nanoparticles. 

In conclusion, this thesis gives an overview on the different possible strategies 

that could be adopted for the improvement of the performances of BHJ OPV 

devices. The accurate analysis of the chemical, energetic and physical criteria 

governing the solar cells behaviour allowed to individuate some critical aspects 

and apply possible solutions by a fine tuning of the material chemical structure, 

device processing techniques and device architecture engineering.  Even though 

not in all cases, the applied strategy successfully led to device efficiency 

improvements as well as to the fundamental understanding of some efficiency 

limiting factors, which could serve as a useful scientific basis for future 

developments. 
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APPENDIX:  LIST OF SYMBOLS AND ABBREVIATIONS 

A   Electron acceptor 

A%   Fractional Absorption 

a-PANIN poly(aniline) nanotubes doped with n-

dodecylbenzenesulfonic acid and hydrochloric acid  

ABL  Anode buffer layer 

Abs   Absorbance 

AFM  Atomic force microscopy 

AM0  Air Mass 0 

AM1.5  Air Mass 1.5 

BDT  4,8-dialkoxy-benzo[1,2-b:4,5-b’]dithiophene 

BHJ   Bulk hetero junction 

BTD  2,1,3-benzothiadiazole 

C   Capacitance 

CBL   Cathode buffer layer 

CE   Charge extraction technique 

CN   Cyano group 

CN-PPV  Cyano- Poly(p-phenylene vinylene) 

CT   Charge transfer 

CTAB  Cetyltrimethylammonium bromide 

CV   Cyclic Voltammetry 

d   Inter-lamellar spacing 

D   Electron donor 

D-A   Donor-acceptor 

DFT/TDDFT Density Functional Theory, Time Dependent Density 

Functional Theory 

DIO   Di-iodooctane 

DOS  Density of states 

DPV  Differential pulse voltammetry 

DSC   Differential scanning calorimetry 

DSSCs  Dye sensitized solar cells 

DT    Di-thiophene 

E   Light bias (potential) 

E0   Potential at maximum capacitance 

EAA   Electronic affinity of A 

EB   Exciton binding energy  

EDOT  3,4-ethylenedioxithiophene 

Eg   Band Gap 

Egapo  Optical energy gap 

EHOMO, ELUMO Energy of HOMO, energy of LUMO levels 

Eox   Oxidation potential 

EQE  External Quantum Efficiency 

FF   Fill Factor 
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GPC   Gel Permeation Chromatography 

h,k   Ɵ reflections in XRD measure 

HOMO  Highest Occupied Molecular Orbital 

Ht   Haze parameter for transmitted light 

HTs   Hydrotalcite nanoparticles 

i-OPV  Inverted configuration organic photovoltaic device 

I-V   Current-voltage 

Idark(V)  Dark current 

Im   Maximum current (current at MPP) 

IPA   Ionization potential of A  

IQE   Internal Quantum Efficiency 

Isc   Short circuit photocurrent 

ITO   Indium Tin Oxide 

J   Current density 

Jdark(V)  Dark current density 

Jsc   Short circuit photocurrent density 

kB   Boltzmann constant 

kR   Charge recombination rate 

LT   Laser in-line transmission 

LUMO  Lowest Unoccupied Molecular Orbital 

MDMO-PPV Poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-

phenylenevinylene]  

Mw   Weight average polymer molecular weight 

Mn   Number average polymer molecular weight 

MPP  Maximum Power Point 

n   Device density of charges 

N   Maximum limit of charge density per volume unit 

Ne   Number of extracted electrons 

NMR  Nuclear Magnetic Resonance 

Nph   Number of incident photons 

OFET  Organic Field Effect Transistor 

OLED  Organic light emitting diode 

OPV  Organic Photovoltaic 

P3HT   Poly(3-hexylthiophene) 

P3OT   Poly(3-octylthiophene) 

PC61BM  Phenyl-C61-butyric acid methyl ester 

PC71BM  Phenyl-C71-butyric acid methyl ester 

PCE   Power Conversion Efficiency 

PCM  polarizable continuum model 

Pd2(dba)3  Tris(dibenzylideneacetone)dipalladium(0) 

PDI   Poly-dispersity Index 

PEDOT:PSS poly(3,4-ethylenedioxithiophene): poly(styrene sulfonic acid) 

PFT   poly[(9,9-dioctylfluorene)- co-N-(4-(1-methylpropyl)phenyl) 

diphenylamine] 
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PHEDOT  Poly[3,4-(1-hydroxymethyl)ethylenedioxythiophene] 

PL   Power density input of sunlight 

PL   Photoluminescence 

Pm   Power density output of a solar cell 

Pmax  Maximum power 

PPV   Poly(p-phenylene vinylene) 

PSS   Poly(4-styrenesulfonate) 

PV   Photovoltaic 

q   Electron elementary charge 

Q   Photoluminescence quenching ratio 

Q   Total device charge 

RL   Load resistance 

RMS  Root mean square roughness 

Rs   Series Resistance 

Rsh   Sheet resistance 

Rp   Parallel Resistance 

SCLC  Space Charge Limited Current 

SEM  Scanning Electron Microscopy 

SiDT  Di-thieno-silole 

T%   Total transmittance 

t1, t2  Components of PL decay lifetime 

TBAClO4  Tetrabutylammonium perchlorate 

Td   Decomposition temperature 

Tdif   Diffused transmittance 

TGA  Thermal gravimetric analysis 

Tlin   Linear transmitted light 

Tol3P  Tri(o-tolyl)phosphine 

TPV   Transient photo-voltage technique 

TRPL  Time resolved photoluminescence 

TT    Tetra-thiophene 

Ttot   Total transmitted light 

V   Voltage 

Vm   Maximum voltage (voltage at MPP) 

Voc   Open circuit voltage 

Vol   Volume available for charge accumulation 

w1, w2 Pre-exponential factors (weights) in PL decay fitting 

expression 

WF   Workfunction 

XRD  X-ray diffraction 

ZnAl-HTs  Zn(II)-Al(III) based HTs 

ZnAl-HTwg Zn(II)-Al(III) based HTs prepared with urea method in water 

and  ethylene glycol 

ZnAl-HTµE  Zn(II)-Al(III) based HTs prepared with microemulsion 

process 
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σ   DOS Curvature 

ΔHt    Differential haze for transmitted light 

ε Absorption molar coefficient  

ε0   Vacuum permittivity 

εmax   Maximum of absorption molar coefficient 

εr   Relative permittivity 

   Pinhole inner diameter 

ξ   Ideality Factor 

max   Wavelength of the absorption spectrum maximum 

o   Wavelength of the absorption spectrum onset 

η   Efficiency of a solar cell under 1 sun illumination 

µ   Charge mobility  

h   Hole mobility 
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