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Chapter 1 

Introduction 

This chapter offers a brief introduction to organic semiconductors, to the 

phenomena that occur at organic-organic interfaces, and to the methods that allow 

investigation of the processes determining the performance of organic devices. 

Following a discussion of the main aspects, an overview of the thesis is given. 
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1.1 Plastic electronics for future technology 

In 1891, Bolesław Prus* spun tales about the coming age. “What an age…without 
leaving Warsaw, we will be able to explore in a few minutes Lapland and the 
Sahara, enjoy the opera in Paris or the explosions of the volcano Krakatoa.” Prus’s 
visions must have seemed mere literary fantasy to many of his contemporaries. 
Today, the possibility of experiencing the farthest corners of the World in real time 
via television or the Internet is so accessible that we do not even consider it special. 
It is an integral part of our daily lives. 
 Often in history what once was considered impossible or fantastic eventually 
becomes possible and ordinary, generally thanks to the work of scientists. 
 Let us now imagine our monthly expenses without an electricity bill. Hard to 
believe, perhaps, but this is actually possible today, because the windows in our 
homes can generate electricity, setting us free from the power grid. Imagine 
enjoying a holiday camping in a wilderness area surrounded by breathtaking 
mountains. Even if no power supply is available, we still will be able to use our 
mobile phones or our cameras regardless the charge in the batteries. It is possible 
because we have incorporated portable solar battery chargers into our backpacks. 
Imagine as well that after hiking all day, we sit in front of our campfire while 
reading a book. We’ve downloaded our favourite writer’s last novel on our A4-size 
electronic paper, which is both very light and can be easily rolled-up, so there was 
no a concern about available space in our backpack. And once we’ve finished 
reading the novel we might download a different book, or chat with friends still 
at work, or follow the latest news. 
 The scenes described above might appear to belong to fiction. In reality, the 
prototypes of these products are already available. The realization of these and 
many other innovative devices is possible thanks to organic semiconductors, which 
can be considered simply as semiconducting plastics. Organic semiconductors, 
compared to traditional inorganic semiconductors like silicon or gallium arsenide, 
are flexible and lightweight and can be semitransparent. Additionally, they can 
be printed on large plastic sheets by using techniques similar to those used to print 
magazines and newspapers, resulting in a relatively low-cost manufacturing 
process. These printing methods enable electronics to be used for a wide range 
of applications unthinkable with traditional processing methods. 
 However, before these and many other products become a daily reality much 
effort is required. Not all organic semiconductors-based devices perform 
                                                      
* Boleslaw Prus pen name of Aleksander Glowacki (1847-1912); Polish writer, essayist, and novelist of the period 
of positivism; co-founder of Polish realism, chronicler of Warsaw, thinker and promoter of knowledge, and social 
activist. 
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sufficiently to be of commercial interest. Although plastic semiconductors have 
been extensively studied since the 1970s, when Shirakawa, MacDiarmid and 
Heeger demonstrated that the conductivity of conjugated polymers can 
be controlled by doping,[1] several aspects must still be improved. The 
understanding and the control of the processes determining the properties 
of organic semiconductors is crucial to the further development of plastic 
electronics and to enable their widespread commercialization. 
 In this PhD thesis I present the experimental study of a variety of organic-
organic heterojunctions that have applications in organic devices. By combining 
spectroscopy and microscopy techniques, I investigated the nature of the 
interactions between the materials and the influence on the final properties of the 
heterojunction. 

1.2 Organic semiconductors 

The general term organic semiconductors define a large family of organic materials 
that exhibit semiconducting properties. We can distinguish two main classes 
of organic semiconductors: low molecular weight materials (oligomers) and 
polymers. The common characteristic of both classes is the arrangement of the 
carbon atoms in a series of alternating single and double bonds (Figure 1.1(a)), also 
called conjugation.  
 In a conjugated system, carbon atoms are sp2-hybridized (the 2s orbital 
is mixed with only two of the three available 2p orbitals) which means that only 
three σ bonds can be formed, leaving the pz orbital unaltered. The mutual overlap 
between unhybridized pz orbitals of adjacent carbons leads to the formation of 
π bonds. The electrons of overlapping pz orbitals form a delocalized electronic 
orbital over the whole conjugation length (Figure 1.1 (b)). These delocalized 
π orbitals are at the origin of the semiconducting properties of this class 
of materials.  
While both the σ and the π bonds have covalent nature, when organic molecules 
meet to form solids they are kept together by weak van-der-Waals bonds. 
The consequences of this considerably weak intermolecular interaction in organic 
materials are reflected not only in the mechanical and thermodynamic properties 
of organic semiconductors, but as well in the weaker electronic delocalization of 
wave function. This has direct implications for charge transport and optical 
properties.  
 The lowest electronic excitation of conjugated molecules is the π-π* transition. 
This transition leads to the formation of an electron-hole pair kept together 
by Coulomb force. The energy difference between the π band, which is the highest 
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occupied molecular orbital (HOMO), and the π* band, which is the 
lowest unoccupied molecular orbital (LUMO), is generally in the range between 
1.5 – 3 eV;[2] thus the π-π* transition is possible, for example, upon light 
absorption. 

 

Figure 1.1. (a) Single and double bounds alternation in polyacetylene; (b) Schematic representation 
of the π delocalized electronic orbitals. 

The unique properties of this class of materials make them attractive alternatives 
to epitaxially grown purely inorganic layers, especially for application in such 
optoelectronic devices as: solar cells,[3],[4],[5] light emitting diodes (LEDs),[6],[7],[8] 
and transistors (FETs).[9],[10]  

1.3 Organic-organic heterojunctions 

Inorganic semiconductor electronic and optoelectronic devices are generally 
composed of p-n heterostructures. Although the physics governing organic 
and inorganic semiconductors is very different, also in the case of organic 
semiconductors, heterojunctions formed by dissimilar materials are used as active 
layers in electronic devices. 
 We can distinguish two main types of organic heterojunctions: (i) planar 
heterojunctions, formed by multilayer structures (Figure 1.2 (a)), and (ii) three 
dimensional diffused heterostructures, often called bulk heterojunctions (Figure 
1.2 (b)). 
 Planar heterojunctions are fabricated by vacuum depositing successive small 
molecule layers, or by processing from solution successive polymer or small 
molecule layers. These multilayer systems are mainly used in LEDs to improve the 
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electroluminescence efficiency optimizing every layer for a certain role, 
e.g: electron and hole transport, emission, blocking of opposite charges, etc.[11-13]  
 

 

Figure 1.2. Example of devices with planar (a) and bulk heterojunction (b) as active layer; ETL – 
electron transport layer; HTL – hole transport layer; Active Layer-electroluminescent layer  

 The second type of heterostrucure-bulk heterojunction-is obtained by blending 
two or more materials in common solvents. This strategy takes advantage of the 
most unique property of organic semiconductors-their solubility-and allows for the 
production of new solid composites with specific physical properties without the 
synthesis of new material. For instance, organic materials usually show unipolar 
charge transport, with holes or electrons as dominant charge carriers. Mixing of p-
type and n-type semiconductors together enables active layers showing ambipolar 
transport characteristics. This feature is particularly desired in the fabrication of 
FETs[14] for application in flat panel displays[15] or integrated circuits.[16] 
 For applications in light emitting diodes, blending different materials not only 
achieves good and balanced hole and electron transport, but also allows for the 
possibility of fabricating devices showing any color of emission, including 
white.[17][18] This is made possible by mixing materials having different band gaps, 
and consequently showing emission in different parts of the visible spectrum.  
Moreover, bulk heterojunctions have a significant advantage over the single layer 
in photovoltaics. In solar cells, the use of organic semiconductor materials with 
electron acceptor and electron donating properties and good electron and hole 
mobility is necessary for efficient charge separation and conduction.[19]  

1.4 Physical phenomena at organic-organic interfaces 

Organic-organic interfaces are inherent for plastic electronics. The quality and 
quantity of the interfaces, especially in bulk heterojunctions, determines to a large 
extent a device’s performance and efficiency. Because of the intermolecular 
interactions in these interfaces, novel phenomena and various types of excited 
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states emerge. In the following, a short description of processes and phenomena 
studied in this thesis is presented.  

1.4.1  Förster Energy Transfer 

Förster Energy Transfer[20] is a nonradiative process based on a long-range dipole-
dipole interaction. In this process the electronic excitation is transferred from the 
donor molecule to the acceptor molecule (Figure 1.3(a)). Förster Energy Transfer 
can occur in a donor-acceptor system when: (i) the emission spectrum of the 
acceptor overlaps with absorption spectrum of the donor; (ii) the distance between 
the donor and acceptor is smaller than about 10Å.[21] This process can be exploited 
in the fabrication efficient LEDs, in particular white LEDs. 

1.4.2  Charge Transfer 

The process of the transfer of an electron or hole from the excited molecule to its 
neighbouring molecule is called charge transfer (Figure 1.3(b)). It occurs at the 
interface between molecules (donor and acceptor) having different ionization 
potentials and electron affinities. The energy difference between HOMO levels (for 
hole transfer) or between LUMO levels (for electron transfer) at the interface 
should be bigger than the exciton binding energy, which in organic materials 
is ~ 0.3 – 0.5 eV.[22] In optimized systems charge transfer at the donor-acceptor 
interface happens on a femtosecond time scale.[23] Efficient charge transfer 
is required in photovoltaic devices in order to split the photogenerated exciton into 
free charges. 

1.4.3  Charge transfer excitons 

Charge transfer (CT) excitons are weakly bound electron-hole pairs located at the 
interfaces of adjacent different molecules. CT excitons are ground state interactions 
formed at the interface between molecules with dissimilar electron affinity. The 
excited version of this interaction is called exciplex and is formed when the 
electron is transferred from the excited molecule to its neighbouring molecule, but 
remains coloumbically correlated with the hole in the parent hole.  
Both states have lower energy than the optical band gap, and this can be seen in the 
photoluminescence spectra as a new emission peak, red shifted with respect to the 
singlet emission. 
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Figure 1.3. Schematic illustration of Förster Energy Transfer (a) and charge transfer (b) in donor-
acceptor systems. 

1.4.4  Excimers 

Excimers are formed by interaction of two molecules of the same kind, one 
molecule in the electronically excited state and the other in its ground state. 
Excimers exist only in the excited state. Their luminescence spectrum is 
characterized by a broad red-shifted emission with a long decay time with respect 
to the isolated molecule. 

1.5 Photophysics and morphology of bulk 

heterojunctions 

Insight into the working mechanism and a phenomenon occurring at the organic 
interfaces is crucial for the further development of plastic electronics. Because 
organic semiconductors show strict correlation between electronic and optical 
properties, and supra-molecular arrangements and a device’s performance, there is 
a need to study and correlate all these aspects by means of a multidisciplinary 
study, combining spectroscopic and morphological analysis techniques. 

1.5.1  Steady state and time resolved photoluminescence 

Photoluminescence measurements are one of the most informative techniques for 
investigating phenomena and electronic excited states in organic 
semiconductors.[24] In particular, time resolved photoluminescence is a very 
powerful tool, in that it allows an understanding of the dynamics of the processes 
occurring in the materials. In this technique a sample is excited with a short pulse 
of monochromatic light and then the subsequent photoluminescence decay is 
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measured as a function of time. By analyzing the decay time of the excitation we 
can gain knowledge about the nature of the excited states and understand the 
various routes of energy losses in the material.  
 The fundamental excitations in organic semiconductor films are Frenkel 
excitons.[25] Typically, the electron and hole forming the exciton are located on the 
same molecule, and Frenkel excitons are therefore characterized by a small radius 
(<5 Å) with strong binding energy (0.3 – 0.5 eV). Depending on the relative 
orientation of the electron and hole spin, the exciton may be singlet (total spin 
S = 0) or triplet (total spin S = 1).  
 In general, when we consider a single molecule, it is more correct to speak 
about excitation than about excitons, because the exciton is simply a collective 
excitation. An organic molecule can be considered as three-level system (Figure 
1.4) with the electronic ground state (So) and two first excited state singlet (S1) 
or triplet (T1). 

 

Figure 1.4. Simplified schematic representation of the energy levels and depopulation routes for a 
single molecule. 

 In time resolved PL experiments excitation usually promotes the molecule from 
its ground singlet state (So) to the first excited singlet state (S1). The depopulation 
of this state can occur: i) by rapid recombination to the So state via radiative 
(luminescence) or nonradiative transitions; ii) by intersystem crossing to the triplet 
state (T1), followed by radiative (phosphorescence) or nonradiative recombination 
to the So state. For organic molecules generally, the probability of the intersystem 
crossing is rather low, the lifetime of triplet typically is very long (10-3 – 10 s), and 
radiative decay is usually not observed at room temperature. 
 In molecular aggregates, where the collective response to excitation is called an 
exciton, the properties of the PL emission depend not only on the electronic 
structure of the single molecule, but are also strongly influenced by the molecular 
packing and coupling in the solid. Thus, by analyzing the PL emission we can 
obtain information about molecular orientation in thin films. For instance, when 
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two identical molecules are close to each other in a spatial arrangement, the 
excitation energy level splits due to the interactions between them and causes 
a spectral shift with respect to the single molecule. 

 

Figure 1.5. Electronic level splitting in dimers for different dipole geometries: (a) parallel; (b) 
antiparallel; (c) oblique. Dimer refers to two identical molecules (two monomers) being in close 

spatial arrangement. (Taken from M. Pope[25]) 

 When the transition dipoles of both molecules are parallel (H-aggregates, 
Figure 1.5(a)) or they have head-to-tail arrangement (J-aggregates Figure 1.5(b)) 
only one excited state has nonzero transition moment and is optically dipole-
allowed, resulting in an energy increase (blue-shift) or decrease (red-shift), 
respectively. In the case of oblique dipoles (Figure 1.5(c)) both excited states have 
nonzero transition moment and are optically dipole-allowed. In this instance band 
splitting occurs and both states can radiate. 
 In semiconducting organic thin films the emission from the S1 level 
is characterized by a photoluminescence decay time in the order of nano- or 
picoseconds. For organic heterojunctions we can usually detect a reduction of the 
decay time caused by interaction with molecules having different electron affinity 
and ionization potential. For example, in donor-acceptor systems we can observe 
significant reduction of the PL decay time with respect to the decay time of the 
pristine donor due to charge transfer. The reduction of the PL decay time can also 
be caused by Förster Energy Transfer; however, in this case, apart from the 
quenching of the donor emission, we also expect a delayed (rise time) acceptor 
emission.[26] 

1.5.2  Morphology 

The morphology of organic thin film is one of the most important parameters 
determining the device’s efficiency.[27],[28] There is therefore a need to study 
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molecular orientation, phase segregation or local chemical composition and to 
correlate it with photophysical properties and a device’s performance. 
Unfortunately, there is no experimental technique that can provide complete 
information about thin film structure and composition. In this PhD study several 
different techniques were used to determine these thin film properties.  
 Surface topography information was obtained with atomic force microscopy 
(AFM) operating in tapping mode. This technique provided high-resolution surface 
topography images, complete with phase images, which reflects the material 
surface properties, such as stiffness, viscoelasticity or chemical composition.[29] 
 Information about the depth profile of the thin film was obtained by high-
kinetic-energy X-ray photoelectron spectroscopy (XPS). Photoelectron 
spectroscopy is a technique that based on the Einstein’s photoelectric effect, i.e. the 
electron can escape from the system if absorbs energy higher than the ionization 
potential. In this technique, sample is irradiated by monochromatic light, which 
causing the ejection of core-level electrons. Next, the kinetic energy distribution of 
outcoming electrons is measured. Because each element has its characteristic 
binding energy, by analysis of photoelectron spectra we can obtain information 
about chemical composition of the surface. Additionally, the peak shape and 
precise position give information about the chemical state of the elements. The 
probing depth is different for different materials and depends on the energy of the 
exciting photons.  
 A scanning near-field optical microscope (SNOM) was used to correlate film 
morphology with photoluminescence properties. SNOM is a scanning-probe 
technique which allows measure the optical properties of the sample in the scale 
much smaller than diffraction limit. This is possible by exploiting the properties of 
the evanescent wave. Because the evanescent wave decays exponentially with 
a distance less than the wavelength of the light, to utilize its attributes is necessary 
to place a sample within the near-field distance of the source light. The resolution 
of SNOM is defined by the size of the light source, thus to measure below 
diffraction limit is necessary to use as light source (probe) with sub-wavelength 
diameter aperture. There is several ways to realize a sub-wavelength diameter 
probe. We used a method based on a standard AFM cantilever with a hole in the 
centre of the pyramidal tip, with a laser light focuses on this hole. The 
incorporation of the SNOM into the AFM allows obtain optical information 
correlated with topography image. 
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1.6 Experimental 

In this thesis several different experimental techniques were used to study the 
properties of organic materials. In the following, a short description of the most 
frequently used experimental set-ups is given. 

1.6.1  Photoluminescence measurements 

A schematic drawing of the experimental set-up for PL measurements is shown in 
Figure 1.6. For steady state and time resolved PL measurements samples were 
excited by the second harmonic of a mode-locked Ti:sapphire laser tunable in the 
range ~720-980 nm, delivering pulses of 150 fs, with repetition frequency of 
~76 MHz. To vary the repetition rate of the exciting pulse, an optical pulse selector 
with the division ration between 1:20 to 1:5000 was used.  
 

 

Figure 1.6. Scheme of the photoluminescence time resolved experimental set-up. Depending on the 
emission properties of a sample, photoluminescence signal is measured by the detecting system 
working in the visible spectral range (right site) or by the detecting system working in the near-

infrared (left site). Arrows represents lenses. 
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 Ti:sapphire laser was pump with solid-state diode-pump, frequency-doubled 
Nd:Vanadate (Nd:YVO4) laser, providing single-frequency green (532 nm) output 
at power 5 Watts. 
 The time resolved PL signal was recorded with two Hamamatsu streak 
cameras, one with a photocathode sensitive in the visible, and the other in the near-
infrared spectral range. The operation principle of this instrument is shown on 
Figure 1.7. The measured light (represented here by four pulses with different 
optical intensity, spectral position and arrival time) first passes through an entrance 
slit, next by the optics the slit image is formed on the photocathode. 
The photocathode converts the incident light into a number of electrons 
proportional to the light intensity. The converted electrons pass between two sweep 
electrodes, where they are deflected from the horizontal direction at different 
angles, depending on their arrival time. Next, the deflected electrons pass the 
micro-channel plate (MCP), where they are multiplied several thousand times, and 
at the end electrons are converted again into light on the phosphor screen. The 
vertical direction on the phosphor image serves as the time scale, and the horizontal 
as the space scale. Depending on the PL lifetime, the streak cameras were used 
in single-sweep or in synchroscan mode. In single-sweep mode a ramp voltage is 
applied to the sweep electrodes and only single sweep is involved. In this mode, the 
measurement range is from 5 ns to 10 ms.  In synchroscan mode, high-speed 
repeated sweep is used, in which a highfrequency sinewave voltage is applied to 
the deflection electrodes (Figure 1.7)). In this mode we measured signal in the 
range between ~160 ps and ~2200 ps. The timing of the streak sweep is controlled 
by the trigger; voltage applied to the sweep electrodes is synchronized to the 
incident light.  
 

 
Figure 1.7. Operation principle of the Streak Tube. 
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The steady state PL spectra were detected in the visible with Si-CCD from 
Hamamatsu and in the near-infrared with InGaAs detector from Andor. The PL 
spectra were corrected for the spectral response of the set up, which was 
determined with quartz tungsten halogen calibration lamp. 
All PL decays were fitted with the function: 
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where, Ai, and τi are fitting parameters; i=1 for monoexponential decay, and i=2 
for biexponential decay. 
The rise time was fitted with the function: 
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where, A1, A2 and τ1, τ2, τRise, τDecay, are fitting parameters. 
Absorption spectra were recorded with Perkin-Elmer Lambda 900 Spectrometer. 

1.6.2  Microscopies 

For near-field measurements a Witec SNOM was used. This instrument allows 
measuring simultaneously the local photoluminescence and the topography of the 
sample surface with a spatial resolution of ~100 nm. The scheme of experimental 
set-up is shown in Figure 1.8. The probe (tip) had a hollow pyramid mounted on a 
silicon cantilever, similar to the one used in AFM. The pyramid coated with 
aluminum had a hole at the apex with a diameter of <100 nm. To control tip-
sample distance the feedback system similar like in AFM was used. Samples were 
excited with the 454 nm line of argon-ion laser. The excitation laser was aligned 
with the hole of the cantilever, and the beam of the feedback laser was shifted of 
about 50 µm from the excitation laser. SNOM measurements were performed in 
transmission mode, and images were recorded by collecting the PL spectra point by 
point with a monochromator coupled with a CCD camera. 
Atomic force microscopyimages were taken on a MultiMode AFM with a 
NanoScope IV Scanning Probe Microscope Controller, mounting Si cantilevers, 
and operated in tapping mode. 
All SNOM and AFM data were taken in ambient conditions. 
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Figure 1.8. Schematic of the working mechanism of SNOM. 

1.7 Samples fabrication 

All samples studied in this work were processed from solution, by using different 
fabrication methods. 

1.7.1  Spin coating 

In this procedure, an excess amount of a solution is cast on the substrate, next the 
substrate is accelerated to its final rotational speed. During the spinning time 
solvent evaporates, and the thin film is formed. The quality of the thin film in big 
extend is affected by the spinning parameters, i.e. acceleration, spinning speed and 
time of the spinning, and also by the concentration of the solution and the vapour 
pressure of the solvent. 
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1.7.2  Doctor blade coating 

In this technique, the solution is placed in a narrow slit between the surface of the 
substrate and a blade. Next, the blade is dragged at a constant velocity over the 
substrate and a thin film is formed. The parameter that determine the film 
properties (besides the concentration of the solution and the vapour pressure of the 
solvent) are: the size of the slit between blade and substrate, the speed of the blade 
and the temperature of the bed, where the substrate is placed. 
 
In some cases, after processing from solution thin films were thermally annealed, 
i.e. a heat treated in a glove-box filled with nitrogen or in a vacuum oven. For 
samples studied in this thesis, the annealing temperature was in the range of 110-
140ºC. 

1.7.3  Slow drying 

In this protocol, the samples, after drop-casting deposition or spin coating with low 
speed (spin speed < 1000 r.p.m.) obtained from a solution using a low vapour 
pressure solvent, are left to dry in a closed Petri dish. The drying process that 
occurs in solvent-vapour-saturated atmosphere is called solvent annealing. 

1.8 Outline of the thesis 

This thesis focuses on studying the nature of the phenomena that occur at organic-
organic interfaces and on their effect on the ultimate properties of the 
heterojunction. We present a comprehensive study of a variety of organic 
heterojunctions, having applications in light emitting diodes (Chapter 2), field 
effect transistors (Chapter 3) and solar cells (Chapter 4, 5 and 6). Moreover, in 
Chapter 7, we investigate an inorganic-organic hybrid heterojunction that has 
application in near-infrared photodiodes.  
 Chapter 2, is devoted to the investigation of a polymer-polymer blend that has 
application in the fabrication of white light emitting diodes. In recent years, the 
application of LEDs for displays or lighting has held a lot of interest, due to the 
potential energy saving they offer. To achieve highly efficient organic light 
emitting diodes, very often it is necessary to blend materials having complementary 
properties. For example, achieving white LEDs requires excitonic recombination in 
different part of the visible spectrum, which can be realize by blending together 
different emitters, each one having different band gap. Optoelectronic devices 
using organic blends as active layer show a high correlation between the 
heterostructure morphology and the devices performance, thus, it is very important 
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to study both the heterostructure conformation and the electronic interaction of the 
components. In Chapter 2, we present a combined photoluminescence and 
morphological study of a host-guest polymer blend that finds application in light 
emitting diodes. This investigation allowed us to gain insight into the emission 
properties and mechanism of this polymer-polymer blend. Steady-state and time-
resolved photoluminescence measurements evidence partial Förster energy 
transfer. Atomic force microscopy on blends with different weight ratios of host 
and guest polymers showed the presence of two phases. The nature of the phases 
was identified by means of scanning near-field optical microscopy. 
 Next chapter is devoted to the study of molecular thin films used to fabricate 
high performing n-type organic field effect transistors (OFETs). OFETs are 
inherent part of complementary metal oxide semiconductor circuits (O-CMOS), 
which are the basic elements of many electronic devices. In Chapter 3, we reported 
the realization of bottom-contact bottom-gate OFETs based on spin-coated films of 
perylene derivatives, which combines solution-processability characteristics and 
excellent semiconductor properties with electron mobilities up to 0.15 cm2V-1s-1. In 
this chapter, we describe studies of the influence of different supramolecular 
arrangements in the organic layer of small molecules on the transistor performance. 
The devices based on spin-coated films of fluorocarbon functionalized perylene 
were found to have better performances after thermal treatment. We attributed this 
improvement to the high crystallinity and to the edge-on orientation promoted by 
the annealing, as shown by confocal laser microscopy. Next, we compared the 
transistor performance of two solution-processed perylene derivatives. The 
fluorocarbon functionalization of the aromatic core versus the hydrocarbon-
functionalization improves the electron mobility by one order of magnitude. This 
increase is ascribed to a higher degree of supramolecular order in the thin films, 
which is evidenced by time resolved photoluminescence. 
 Organic semiconductors attract a lot of attention in application for photovoltaic 
devices. This is caused mainly by the increasing energy demand and the need for 
renewable energy production. Silicon-based solar cells are very expensive due to 
their high production cost. Thus organic-based photovoltaics, which can be 
fabricated by low-cost manufacturing methods, are seen as promising candidates 
for energy production. So far, the best performing organic solar cells use polymer-
fullerene (donor-acceptor) bulk heterojunction as the active layer. In short, the 
working mechanism of this kind of devices can be described in 4 steps: (i) exciton 
generation in donor material; (ii) exciton diffusion toward a quenching site (iii) 
charge separation and electron transfer to an acceptor and (iv) charge transport 
toward respective electrodes. The two main requirements for highly performing 
organic solar cells are efficient charge separation and transfer. In this thesis, we 
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focused on the study of charge separation process and the relation of the charge 
separation and the morphology of the thin film.  
 In Chapter 4, we investigate the influence of the reduction of the LUMO offset 
on the efficiency of charge transfer in bulk heterojunctions. The energy alignment 
between donor and acceptor is one of the parameters determining the performance 
of this kind of devices. We studied two bulk heterojunctions with LUMO offset of 
~1.1 eV and ~1.0 eV.  The photoluminescence properties were measured in thin 
films prepared by different protocols, thus having different microstructure of the 
bulk heterojunction, and in solutions, where the donor-acceptor distribution is 
homogeneous. Thin films of bulk heterojunction with LUMO offset of 1.0 eV 
showed slower photoluminescence dynamics than the one with the offset of 1.1 eV. 
In solution, the two blends exhibited the same photoluminescence decay time, 
indicating that the variation of the energy level offset of ~100 meV does not play 
a detrimental role in the efficiency of the charge transfer. The slower dynamics in 
the bulk heterojunction with LUMO offset of 1.0 eV was ascribed to radiative 
losses caused by the non-optimal three-dimensional architecture in the film. 
 Generally, the structure of the bulk-heterojuction is investigated in in-plane 
morphology; however, the knowledge about the depth profile of the thin film 
is also important, in particular, the vertical phase segregation can determine a non-
optimal interface with the anode or cathode. In Chapter 5, the vertical phase 
separation of a bulk heterojunction used for organic solar cells was investigated by 
high-kinetic-energy X-ray photoelectron spectroscopy at different photon energies. 
With this technique we show that the topmost layer of bulk heterojunction is 
formed only by the polymer (donor), and that the acceptor (fullerene) is present 
only at a depth which goes beyond a few nanometers. 
 In Chapter 6, photoluminescence studies of charge transfer exciton emission in 
bulk heterojunctions using as donor a narrow-band-gap semiconductor is presented. 
Charge transfer excitons (CTE) are interfacial states that have a lower binding 
energy respect to Frenkel excitons. The understanding of the nature and role of 
those interfacial states holds crucial relevance for the further development of solar 
cells. Photoluminescence measurements on thin films with increasing acceptor 
percentage show a red-shift of the charge transfer emission in agreement with the 
increase of the average dielectric constant of the medium. Low temperature 
measurements revealed that while the dynamics of the singlet exciton is longer 
at low temperature, the dynamics of the charge transfer emission is temperature 
independent. This behaviour rules out any diffusion process of the CTE and energy 
transfer from this state towards other states. Moreover, the photoluminescence 
measurements performed under bias showed that the charge transfer population is 
bias dependent; however, at the bias of functioning of the solar cells still the charge 
transfer exciton recombination represent a loss for the device. 
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 In the last chapter, we presented the investigation of the working mechanism 
of the hybrid ternary blend that has shown excellent performance when used as 
active layer in NIR photodiodes. This class of hybrid devices have active layer 
composed of a mixture of solution-processed inorganic nanocrystals (NCs) and an 
organic semiconductors. The possibility to process from solution both NCs and 
organic semiconductors provides opportunity to obtain a new and versatile class of 
hybrid materials. The final prospective is to be able to merge the advantages of 
both materials classes, e.g., the high stability of inorganic crystals with the full 
tunability and mechanical properties of the organic materials. A further 
development of hybrid devices demands the study and the understanding of the 
processes occurring in hybrid heterojunction. In particular it is crucial to 
investigate the aspects that in large extend determine the devices performance, such 
as charge separation and charge transfer processes. In Chapter 7, we described how 
we investigated the working mechanism of the hybrid ternary blend composed of 
inorganic nanocrystals and polymer-fullerene bulk heterojunction. 
Photoluminescence dynamics were used to understand the role of each component, 
both in the visible and near-infrared spectra range. In the ternary blend the 
efficiency of the charge transfer is significantly enhanced compared to the two 
binary blends PbS:P3HT and PbS:PCBM, indicating that both hole and electron 
transfer from excited NCs to the polymer and fullerene occur, respectively 
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Chapter 2 

Photoluminescence of 

Conjugated Polymer Blends 

at the Nano-Scale 

In this chapter, we report on a combined photoluminescence and morphological 

study of a polymer-polymer blend composed of a polyspirobifluorene-triarylamine 

copolymer (PST) and poly[2-methoxy-5-(30,70-dimethyloctyloxy)-1,4-phenylene 

vinylene (MDMO-PPV). Evidence of partial Förster energy transfer from PST 

to MDMO-PPV was revealed by steady-state and time-resolved photoluminescence 

spectroscopy. Atomic force microscopy (AFM) on blends with different weight 

ratios of host (PST) and guest (MDMO-PPV) polymers showed that in blends with 

a MDMO-PPV concentration higher than 10% two phases are present. The nature 

of the phases was identified by means of scanning near-field optical microscopy 

(SNOM). Using this technique the topography and the local photoluminescence 

of the thin film was simultaneously mapped with a spatial resolution of ~100 nm. 

The local measurements revealed that the PL signal of MDMO-PPV is present 

in the whole surface, but with variations of the PL intensity and spectral shape. 

The correlation of the SNOM, time-resolved and steady-state photoluminescence 

measurements allowed us to identify the two phases, one rich in PST and the other 

rich in MDMO-PPV.
†
 

                                                      
† D. Jarzab, M. Lu, T. Nicolai, P. W. M. Blom, M. A. Loi, Soft Matter, (in press) 2010. 



 
 

28 
 

 

 

 

 

 
  thesis_Jarzab-5.doc 

Physics of organic-organic interfaces 

2.1  Introduction 

Conjugated polymers are promising materials for application in, fully flexible 
electronic and optoelectronic devices.[1] The use of conjugated polymers based 
devices is generally considered low cost because they can be processed using 
inexpensive manufacturing methods such as roll to roll[2] and inkjet printing.[3] 
Moreover, the strict correlation between the structural and physical characteristics 
of conjugated polymers is a great advantage, as it allows an adjustment of their 
electronic properties by chemical tailoring. Despite these great advantages, it is 
well known that a single polymer cannot retain all the properties required for 
an efficient active layer in optoelectronic devices. In developing efficient light 
emitting diodes, very often a polymer that has elevated photoluminescence 
quantum yield will not have a good and balanced electron and hole mobility. 
Furthermore, achieving white emitting LEDs requires recombination not only 
in a single polymer, but in different emitters, each one having a different band 
gap.[4],[5] This problem is generally overcome by blending two or more materials 
with complementary properties.[6],[7] The three dimensional diffuse heterostructures 
obtained in this way are often called bulk heterojunctions. Devices using bulk 
heterojunctions as active layer show a high correlation between the heterostructure 
morphology, the quality and amount of interfaces, and their performance.[8] 
Therefore, in the development of polymer based device technology, it is crucial 
to understand and control the intermixing process between polymers during film 
formation. In the case of non-conjugated polymers in equilibrium condition, 
the Flory-Huggins theory[9],[10] not only predicts a strong tendency of polymers 
to de-mix in separate phases but also offers a clear understanding of the phase 
diagram of the process. However, in the case of conjugated polymer thin films the 
Flory-Huggins theory does not apply because: (i) the larger rigidity of the polymer 
chains with respect to non-conjugated polymers imposes corrections to the theory; 
(ii) the film formation in the spin casting technique, which is generally used for the 
fabrication of research level devices, occurs out of equilibrium. The consequence 
is that for spin coated conjugated polymer blends, phase diagrams are not available, 
requiring a search for experimental techniques to study the microstructure of the 
bulk heterojunctions. 
 The most successful and popular technique allowing visualization 
of heterostructures at the micron- and nano-scale is atomic force microscopy 
(AFM). AFM provides high-resolution surface images, but it does not reveal 
information about the local chemical composition. It is well known 
that information about the local composition and the processes occurring in planar  
  



 

 

  29 
 

 

 

 

 

 
thesis_Jarzab-5.doc 

Chapter 2 

 

Figure 2.1. Chemical structure of the blue emitting polyspirobifluorene copolymer studied. The 
composition of the copolymer is m = 50%, n = 50%. 

heterostructures and bulk heterojunctions can be obtained with optical 
spectroscopy.[11] However, when spatial resolution is required, optical microcopies 
are limited by the diffraction. Near field techniques such as scanning near-field 
optical microscopy (SNOM)[12] allow to overcome the diffraction limit, obtaining 
the resolution (20-100 nm depending on the probe quality and its fabrication 
technique)[13] necessary to image heterostructure composition.[14] 
 In this chapter, we report the study of the electroluminescence and the 
photophysics of a bulk heterojunction composed of poly[2-methoxy-5-(30,70-
dimethyloctyloxy)-1,4-phenylene vinylene][15] (MDMO-PPV) and 
polyspirobifluorene-triarylamine copolymer (PST)[16] at the nanoscale. This blend 
shows high potentiality as active layer for white light emitting diodes. To gain 
insight into the emission properties and mechanism of this polymer-polymer blend, 
we performed both electro-optical and photophysical investigations on a series 
of samples with different host (PST) – guest (MDMO-PPV) weight ratios. Steady-
state and time-resolved photoluminescence measurement showed evidence 
of Förster energy transfer[17] even in blends with a high content of MDMO-PPV 
(vide infra). The phase contrast measured by AFM revealed that in the blends with 
MDMO-PPV concentration higher than 10% two phases are present. By means 
of SNOM we simultaneously studied the local PL spectra and the topography of 
the thin films. The local analysis of the PL spectra allowed us to identify two 
phases, one characterized by a MDMO-PPV PL spectrum shifted toward the red 
with respect to the one of the second phase. By comparing the spectra obtained 
by SNOM with the far-field PL measurements, we identified two phases coexisting 
in the samples with high guest polymer content, one rich in the PST (where 
MDMO-PPV is in diluted phase) and the other rich in the MDMO-PPV 
(aggregated phase). 
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2.2 Results and discussion 

We used a polyspirobifluorene derivative (PST) and poly[2-methoxy-5-(30,70-
dimethyloctyloxy)-1,4-phenylene vinylene (MDMO-PPV) to prepare a series 
of samples with different relative weight ratios between the two polymers. The 
polyspirobifluorene derivative is a copolymer composed by the two monomers 
(shown in Figure 2.1) and has been used as backbone to obtain white emitting 
materials.[5],[18],[19] MDMO-PPV is a well know polymer emitting in the orange 
spectral region.  
 Figure 2.2 shows the normalized optical densities (OD) and photoluminescence 
(PL) spectra of pristine PST and MDMO-PPV thin films. The OD spectra of both 
PST and MDMO-PPV are structure-less, the spectrum of PST is relatively narrow 
and centred at ~385 nm, while the MDMO-PPV spectrum is broad and centred 
at ~485 nm. The PL emission of the PST thin film consists of a fundamental 
transition on the high-energy side, centred at ~425 nm, a vibronic sideband 
at ~447 nm and a weak shoulder at ~477 nm. In case of the MDMO-PPV thin film 
 

 

Figure 2.2 Normalized optical density (continuous line) and PL spectra (dashed line) of MDMO-PPV 
and PST thin films. 

the main PL peak is at ~586 nm with a vibronic peak at ~620 nm. Importantly, the 
emission band of the host (PST) overlaps well with the absorption spectrum of the 
guest (MDMO-PPV). This is the main requirement for obtaining an efficient 
Förster energy transfer.[17] The emission spectra of these two semiconductors 
together cover nearly the whole visible spectral region. Consequently, the colour 
of emitted light can be easily tuned by changing the ratio of the two materials in the  
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Figure 2.3 Electroluminescence spectra of thin films of PST: MDMO-PPV heterojunctions of various 
weigh ratios. The spectra are normalized to the intensity of the MDMO-PPV emission for clarity 

blend. Heterojunctions containing about 3% and 1% MDMO-PPV show white 
photoluminescence and electroluminescence, respectively. 
 The normalized electroluminescence spectra of the 0.5%, 1% and 3% MDMO-
PPV light emitting diode (LED) are shown in Figure 2.3. The origin of the broad 
spectra can be understood either with a partial charge trapping in MDMO-PPV 
or an incomplete Förster energy transfer between PST and MDMO-PPV. 
 Deeper insight into the emission properties of blends is obtained investigating 
the photoluminescence properties of samples with different weight ratios of the 
host and guest polymer. Figure 2.4 shows the normalized PL spectra of the thin 
films of PST, MDMO-PPV, and various PST:MDMO-PPV blends and of the 
MDMO-PPV in diluted solution. All samples were excited at ~380 nm, where PST 
absorbs (see Figure 2.2). All blends display two emission bands, the first one in the 
blue region centred at ~425 nm and the second one at low energy; the position and 
intensity of this low energy band depends on the MDMO-PPV concentration. For 
the blend with 0.5% MDMO-PPV the low energy peak is centred at ~520 nm and 
shifts to 553 nm for the blend with 50% MDMO-PPV. The ~425 nm emission band 
originates from the host material, while the guest is responsible for the emission 
at low energy. The PL band attributed to the MDMO-PPV emission is blue-shifted 
with respect to the pristine MDMO-PPV film and corresponds more closely to the 
PL of the polymer in diluted solution, which has the maximum intensity centred 
at ~554 nm and a sideband at ~594 nm. This indicates that in the blend the chains 
of MDMO-PPV are separated like in the diluted solution.[20],[21] Moreover, when 
the polymer chains are embedded in a matrix the inter-chain relaxation is hampered 
and the radiative recombination is more probable. 
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Figure 2.4 Photoluminescence spectra of thin films of PST, MDMO-PPV and of PST: MDMO-PPV 
heterojunction of different ratios, the photoluminescence spectrum of the MDMO-PPV solution is 
also reported at the bottom of the figure. Excitation wavelength 380 nm, spectra are normalized to 

their maximum intensity and are display vertically for presentation clarity. 

The intensity of the lower energy emission band is strongly evident already with 
the 3% of MDMO-PPV, indicating the occurrence of Förster energy transfer from 
PST to MDMO-PPV. However, with increasing MDMO-PPV concentration 
we observe not only a red-shift of the low energy emission as mentioned above, but 
also changes in its spectral shape. For the blends with low guest concentration 
(MDMO-PPV <10%) the main peak shows a shoulder at ~140 meV. This energy 
corresponds to a vibronic mode in which the C-C stretching is coupled to the C-H 



 

 

  33 
 

 

 

 

 

 
thesis_Jarzab-5.doc 

Chapter 2 

bending of the phenyl ring.[22] At higher concentration of MDMO-PPV (MDMO-
PPV > 10%) the low energy emission becomes broader and the side band intensity 
increases with respect to the main peak. However, in this case, the shoulder is not 
longer due to the vibronic progression, because its energy distance decreases 
to 80 meV. 
 To understand the origin of the changes happening in the emission spectra 
of the blends by the varying the ratios between the two polymers, we performed 
time-resolved PL measurements. Figure 2.5(a) and (b) show the PL of the host and 
the guest emission, respectively. 

 

Figure 2.5. Photoluminescence dynamics detected at (a) ~420 nm (PST emission) and (b) ~550 nm 
(MDMO-PPV emission) of thin films of PST, MDMO-PPV and PST: MDMO-PPV heterojunction of 

different ratio. 

The PL dynamics of the PST emission is bi-exponential for all samples; in the case 
of the pristine film the slowest decay is measured, showing time constants: 
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τ1≈58 ps and τ2≈512 ps. The PL decay time at this wavelength (Figure 2.5(a)) 
becomes faster as the percentage of the MDMO-PPV increases, going from 
τ1≈53 ps and τ2 ≈470 ps for the blend with 1% MDMO-PPV to τ1≈31 ps and 
τ2≈195 ps for the blend with 50% MDMO-PPV. This behaviour indicates the 
opening of new decay pathways in the blends such as the energy transfer towards 
the guest polymer.[23] The dynamics of the photoluminescence of the MDMO-PPV 
thin film (Figure 2.5(b)) shows a bi-exponential decay with time constants 
τ1≈22 ps, τ2≈108 ps and a prompt rise of the signal. When MDMO-PPV is blended 
in the PST matrix, its PL decay time becomes significantly slower, and an initial 
rise time appears. For the blend with 1% MDMO-PPV this rise time can be fitted 
with τRise≈108 ps, and constantly decreases by increasing the percentage 
of MDMO-PPV to become only of few picoseconds for the blend with 50% 
MDMO-PPV. The presence of the rise time suggests an indirect excitation of the 
MDMO-PPV in the blend, which is an evidence of Förster energy transfer from the 
photoexcited PST to MDMO-PPV.[24],[25] Unexpectedly, evidence of energy 
transfer is present even for the blends with high concentration of the guest material. 
Usually, the efficiency of the energy transfer is limited when phase separation 
occurs due to the higher distance between host and guest macromolecules. 
Moreover, the aggregation of the guest limits the radiative emission because of the 
opening of non-radiative pathways for the excitations. The occurrence of energy 
transfer in samples such as the 50% blend can be explained with a partial phase 
separation, where a phase of PST matrix with inside diluted MDMO-PPV chains 
remains present. 
 To investigate the phase segregation in our systems we employed tapping mode 
AFM. Figure 2.6 shows both height and phase images of the PST:MDMO-PPV 
blends in different ratios. Features in the AFM maps are suggestive of a phase 
separation in blends with MDMO-PPV concentration higher than 10%. Samples 
with low MDMO-PPV concentration (MDMO-PPV <10%) show similar 
characteristics as the 3% MDMO-PPV blend displayed in Figure 2.6(a) and (a’). 
Their surfaces are smooth with a root mean square (RMS) roughness lower than 
1.8 nm. With the increase of the guest concentration in the blend the RMS 
roughness increases up to 17.3 nm for the 50% MDMO-PPV blend. Moreover, the 
phase images of blends with MDMO-PPV content above 10% show evidence 
of phase separation, with domains that follow the one of the topography. Although 
the AFM measurements seem to demonstrate the phase separation, it does not 
provide information about the local composition of the two phases. 
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Figure 2.6. AFM pictures of the PST: MDMO-PPV blends, 3% MDMO-PPV (a, a’), 20% MDMO-
PPV (b, b’), and 50% MDMO-PPV (c, c’). Images (a-c) show the topography, images (a’-c’) show 

the phase-contrast 

  We characterized the two phases using photoluminescence based SNOM. 
In this technique the sample is placed in the near-field region of the probe which 
is a tip with a sub-wavelength aperture where the light is coupled in. This enables 
to exploit the properties of the evanescence waves and measure the optical 
properties of the sample at scales much smaller than the diffraction limit. 
Moreover, our SNOM allows measuring simultaneously the local optical properties 
and the topography of the sample surface with a spatial resolution of ~100 nm. 
Figure 2.7(a) and (b) show 5x5 µm topography and PL intensity maps of the 50 % 
MDMO-PPV blend, respectively. The sample was excited at 454 nm, i.e., almost 
at the maximum absorption peak of MDMO-PPV and in the tail of the PST 
absorption spectrum. By using a long pass filter with a cutting wavelength 
of 515 nm we detected the MDMO-PPV photoluminescence exclusively. 
The intensity map reported in Figure 2.7(b) originates from the integration of the 
PL emission over the whole spectra. The PL intensity map changes along with the 
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topography, i.e., the increase of PL intensity is accompanied by a height increase. 
However, the PL map shows a greater number of finer structures that are not 
distinguished in the topography image. The PL signal of MDMO-PPV is present 
on the whole surface and the difference between darker and brighter regions 
in Figure 2.7(b) is of the order of ~20%. This indicates that the phase separation 
between the two polymers is incomplete, which, as mentioned above, determines 
the broad photoluminescence emission in the blend. 
 

 

Figure 2.7. (a) topography and (b) photoluminescence intensity map of the 50% MDMO-PPV thin 
film measured with SNOM; (c) photoluminescence spectra detected at the maximum 

photoluminescence emission (blue line), at the minimum photoluminescence emission (red line) and 
the photoluminescence far field spectrum (black line); (d) reconstructed map representing the centre 

of mass of the photoluminescence spectra (black 565.7 nm, white 590.7 nm). 

 To identify the exact composition of the phases we analyzed the local 
PL spectra. Figure 2.7 (c) shows the normalized PL spectra of MDMO-PPV 
detected in two spots, one with a high and the other with low MDMO-PPV PL 
signal, indicated in Figure 2.7(b). The PL spectrum detected in the brighter region 
is peaked at ~550 nm, while the one detected in the darker region is shifted toward 
the red with a maximum at ~570 nm. The superposition of these two different 
spectra perfectly matches the broader PL band observed in the far-field 
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measurements (Figure 2.7 (c)). The spectrum detected in the bright region 
corresponds closely to the PL spectrum of MDMO-PPV in diluted solution, 
suggesting it was recorded in the phase that is rich in PST, with MDMO-PPV 
macromolecules dispersed in the PST matrix. MDMO-PPV behaves similarly 
in the PST matrix and in solution, the chains are separated resulting in hampered 
inter-chain relaxation and more efficient radiative recombination. The regions 
showing low MDMO-PPV intensity correspond to a phase that is MDMO-PPV-
rich. When the MDMO-PPV is aggregated it is possible for the excitons to find 
lower energy sites where to recombine, which explains the emission at 570 nm; 
in addition, non-radiative recombination probably accounts for the lower intensity.  
 Additional proof for this finding is given by the decay time of the 
photoluminescence. Figure 2.8 shows the PL dynamics measured for the 50% 
MDMO-PPV sample detected in the spectral region corresponding to the blue- 
(at ~550 nm) and red- (at ~570 nm) shifted MDMO-PPV PL spectrum. The PL 
dynamics detected at ~550 nm shows a similar behaviour to the one observed for 
blends with low MDMO-PPV concentration i.e., with a pronounced rise time, 
which indicates an indirect excitation of MDMO-PPV and occurrence of Förster 
energy transfer. On the other hand, the time-resolved PL detected at 570 nm 
is characterized by a prompt rise time and a faster decay, similar to the one of the 
neat MDMO-PPV thin film. 
 

 
Figure 2.8. Photoluminescence dynamics of 50% MDMO-PPV blend detected at ~550 nm (dashed 
blue line) and at ~570 nm (dot red line). The inset shows the integration wavelength range for both 

dynamic traces. 



 
 

38 
 

 

 

 

 

 
  thesis_Jarzab-5.doc 

Physics of organic-organic interfaces 

 To illustrate the distribution of both phases (diluted MDMO-PPV and 
aggregated MDMO-PPV) we calculated a map of the centre of mass of the PL 
spectra (Figure 2.7 (d)) measured in every point of the SNOM map reported 
in Figure 2.7(b). The black colour on this image corresponds to the spectra 
at higher energy, while the white one corresponds to the low energy spectra. 
In other words, this map illustrates the distribution of both polymers; the dark 
colour represents the regions with dominating PST and the brighter colour 
indicates the regions where MDMO-PPV is dominating. 

2.3 Conclusions 

Insight into the emission properties and mechanism of polymer-polymer blends 
were obtained by photophysical investigation of a series of samples with different 
weight ratios of the host and guest polymer. Steady-state and time-resolved 
photoluminescence measurements showed evidence of Förster energy transfer even 
in blends with high content of the guest polymer. By means of SNOM the local PL 
spectra and the topography of the thin films were simultaneously investigated. 
 The analysis of the local PL spectra allowed us to identify two phases, one 
phase characterized by the MDMO-PPV PL spectra shifted to the red with respect 
to the spectra recorded in the second phase. By comparing the spectra recorded 
with the SNOM with the far-field PL measurements, we identified the two phases, 
one rich in the PST (where MDMO-PPV is in a diluted phase) and the other rich 
in the MDMO-PPV (aggregated phase), which coexist in the samples with high 
guest polymer content. 

2.4 Experimental details 

Sample Fabrication: the thin films were spin-coated from toluene solution 
on quartz substrates. The solutions were prepared in nitrogen atmosphere and 
stirred for more than 4 h on a hot plate at 70°C. Prior processing, the substrates 
were cleaned with a standard wet-cleaning procedure, combining ultrasonic 
cleaning in acetone and isopropanol. All thin films had a thickness of about 
80±5 nm. Layer thickness measurements were done with a Veeco Dektak 6M 
profilometer. 
 The light-emitting diodes consisted of a polymer/blend layer sandwiched 
between two electrodes. As an anode a layer of patterned indium tin oxide (ITO) 
with a spin-coated layer of poly(3,4-ethylenedioxythiophene):poly(4-styrene 
sulphonate) (PEDOT:PSS) was used. The cathode was an evaporated 5 nm thick 
layer of barium (Ba) capped with 100 nm thick layer of aluminium (Al). 
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 Spectroscopies: PL emission for time-resolved measurements was induced 
at a wavelength of ~380 nm. All time-resolved measurements were carried out 
at room temperature in a cryostat under vacuum (~10-5 mbar), to prevent polymer 
degradation induced by UV light in presence of oxygen. 
For near-field measurements samples were excited with the 454 nm line of 
an argon-ion laser. Measurements were performed in transmission mode and 
images were recorded by collecting point by point the PL spectra with 
a monochromator coupled with a CCD camera.  
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Chapter 3 

Effect of Supramolecular 

Organization on Field Effect 

Transistor Electrical 

Performance 

 

In the first part of this chapter, we report on bottom-contact n-channel organic 

field effect transistors (OFETs) based on spin-coated films of N,N′-1H,1H-

erfluorobutyl dicyanoperylenediimide (PDIF-CN2). We found these devices 

to exhibit a saturation-regime mobility of 0.15 cm
2
 V

−1
s

−1
 in vacuum and good air 

stability, which we attribute to the high crystallinity and to the edge-on orientation 

promoted by the thermal treatment, as shown by confocal laser microscopy. In the 

second part, we compare the performance of a PDIF-CN2-based transistor with a 

transistor based on N,N-bis(n-octyl)-dicyanoperylene-3,4:9,10-bis(dicarboximide) 

(PDI8-CN2). The fluorocarbon functionalization of the aromatic core resulted in 

an electron mobility one order of magnitude higher than the hydrocarbon-

functionalization. Time-resolved spectroscopy allows attributing this increment to 

a higher degree of co-facial arrangement of the fluorinated molecules. This 

supramolecular arrangement enhances the π–π overlap leading to more efficient 

electron transport.
*
 

                                                      
* C. Piliego, D. Jarzab, G. Gigli, Z. Chen, A. Facchetti, M. A. Loi, Adv. Mater., 2009, 21, 1573-1576; 
C. Piliego, F. Cordella, D. Jarzab, S. Lu, Z. Chen, A. Facchetti, M. Loi, Appl. Phys. A, 2009, 95, 303-
308. 
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3.1 Introduction 

OFETs have attracted considerable attention for their potential use in flexible, large 
area and low cost electronic devices such as radiofrequency identification tags, 
display drivers, smart cards and sensor arrays.[1-6] For the realization of organic 
complementary metal oxide semiconductor circuits (O-CMOS),[7-9] which are the 
basic elements of these devices, both p-type and n-type OFETs are required. Most 
studies so far have been focused on the development of p-channel semiconductors, 
and excellent field-effect characteristics with mobilities up to 1 cm2V−1s−1 have 
been reported.[10-12] However, fewer high performing n-type materials are available 
due to low stability and limited processability. Therefore, the development of new 
materials for n-channel organic transistors is crucial for the application of organic 
electronics in commercially relevant products. 
 So far there have been few reports on high performance n-type OFETs[13-15] 
notable among them, the perylene alkyldiimide (PDIR) family holds the distinction 
of having one of the highest n-type mobilities known, 0.2–0.6 cm2V−1s−1, 
uncorrected for contact resistance and 1.7 cm2V−1s−1  when corrected.[16-18] 
In addition to these outstanding electrical properties reported for vapour deposited 
films, PDIR-based materials, particularly those core-functionalized with cyano 
groups (PDIR-CN2), are promising materials for electronic and optoelectronic 
applications due to their ability to yield high performing semiconductor films from 
solution and to their air-stable device operation.[19-21] Solution processability is 
a key factor for the realization of OFETs through inexpensive, low temperature 
fabrication techniques envisioned for printed electronics. Both the film forming 
properties and the ambient stability of these molecules arise from the cyano 
functionalization of the perylene core which increases the solubility by decreasing 
the core planarity and stabilizes the charge carriers by lowering the energies of the 
lowest unoccupied molecular orbital that is associated with electron transport.[22] 

3.2 Fluorocarbon functionalized pelyrene: annealed 

versus not- annealed 

Here, we report the realization of bottom-contact bottom-gate OFETs based on 
spin-coated films of N,N’-1H, 1H-perfluorobutyl dicyanoperylenecarboxydiimide 
(PDIF-CN2). PDIF-CN2-based OFETs were previously fabricated 
by semiconductor vapour deposition, and reached mobilities of ~0.5 cm2V-1s-1.[23] 
The corresponding N-hydrocarbon-functionalized perylene, PDIR-CN2 (R=n-octyl) 
exhibits high mobility, environmental stability, and solution processability,[17] 
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as recently demonstrated with the fabrication of an OFET via microinjector 
patterning of the semiconductor.[20] However, fluorocarbon- versus hydrocarbon- 
functionalization of aromatic cores usually leads to far less processable materials 
in conventional organic solvents.[24] We report on the properties of PDIF-CN2, 
which combines solution-processability characteristics and excellent 
semiconductor properties with electron mobilities of up to 0.15 cm2V-1s-1 
in vacuum. This high mobility value is obtained only after a thermal annealing 
of the spin-coated films, resulting in an enhanced highly crystalline organization of 
the molecules. Remarkably, PDIF-CN2 devices exhibit outstanding mobilities and 
substantial stability in ambient conditions. Electron mobilities of ~0.08 cm2V-1s-1 
are still measured after 20 days of continuous exposure to air. Furthermore, 
an almost complete recovery of the mobility is obtained by retesting the device 
under vacuum. 

3.2.1  Results and discussion 

The output and transfer characteristics of a bottom-contact PDIF-CN2 OFETs 
fabricated in this study, with a channel width (W) of 10 mm and a channel length 
(L) of 2.5 µm, are shown in Figure 3.1(a) and (b). OFET fabrication begins with 
the definition of the Au source and drain contacts on top of the Si (gate)-SiO2 
(insulator) substrate using conventional photolithography techniques. These 
substrates were treated with both hexamethildisilazane (HMDS) and 3,5-
bis(trifluoromethyl)thiophenol prior to semiconductor-layer deposition. The former 
reagent passivates the gate insulator surface, whereas the latter tunes the energy 
band line-up at the contact–semiconductor interface, favouring electron injection 
and transport. By comparing the shape of the output curves at low drain voltage 
(VD) for samples fabricated with and without contact thiol treatment, we observed 
that the current is less injection-limited when the substrates undergo this treatment. 
Note that the SiO2 HMDS treatment provides a homogeneous hydrophobic surface 
on which the supramolecular organization of the semiconductor is enhanced.[25] 
The semiconductor film was spin-coated on the insulator/contact surface using 
a chloroform solution of PDIF-CN2. The devices were then annealed at 110º C 
in a vacuum oven for 60 min, and finally tested. Transistors measured under 
vacuum exhibit a saturation-regime mobility of 0.15 cm2V-1s-1, a threshold voltage 
of -5.6 V (VD=50 V), and IOn/IOff ratio >103. This is one of the highest n-channel 
OFET mobilities reported to date for solution-processed bottom-contact devices 
with a sub-10 µm channel length. The pristine devices exhibit poor performances, 
with mobilities of ~0.002 cm2V-1s-1. However, after annealing, both the drain 
current (ID) and the electron mobility increase by two orders of magnitude. 
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Figure 3.1. (a) Output characteristic of a 2.5µm channel length (W/L= 4000) OFET. Inset: chemical 

structure of PDI-FCN2;(b) Transfer characteristics for L=2.5µm (W/L=4000). 

 To rationalize the variation in the electrical characteristic upon annealing, the 
semiconductor-film morphologies were investigated by atomic force microscopy 
(AFM) and confocal laser microscopy (CLM). As observed recently for PDIR-
CN2,

[26] by using a volatile, fast-evaporating solvent such as chloroform, 
the semiconductor molecules do not have enough time to reorganize on the 
dielectric surface during film formation. Consequently, poor microstructural order 
and unoptimized film morphologies are achieved, as evidenced by the AFM image 
of Figure 3.2(a). In fact, here the pristine-semiconductor-film morphology 
is characterized by protruding features with an average RMS roughness of ~30 nm. 
In addition to eliminating residual solvent, oxygen, and moisture, the thermal 
treatment promotes an efficient microstructural reorganization of the film. As seen 
in Figure 3.2(b), after thermal annealing, the PDIF-CN2 film is smooth and 
uniform, exhibiting small rounded protrusions with an average RMS roughness of 
~1.5 nm (Figure 3.2(b)). The film roughness is comparable to that of the substrate. 
 The differences observed in the optical microscopy images of the PDIF-CN2 
film and in the photoluminescence images obtained by CLM, before and after 
annealing, provide further demonstration of the enhanced order of the annealed 
films. The wide-field microscopy image (Figure 3.3(a)) shows that the pristine 
film, before annealing is inhomogeneous. When excited at 514 nm (Figure 3.3(b)), 
the film exhibits an intense photoluminescence emission. This is due to poor film 
crystallinity, or small microcrystalline domains oriented randomly with respect to 
the substrate. 
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Figure 3.2. AFM images of the spin-coated PDIF-CN2 (a) directly after the deposition and (b) after 
the annealing process at 110ºC in a vacuum oven for 1h (scan area 2.5 µm x 2.5 µm with 512 points 

per line). 

However, after annealing of the film, the wide-field image acquired under the same 
conditions appears completely different (Figure 3.3(c)), with the film surface 
becoming smooth and transparent to the impinging light. In addition, 
the photoluminescence emission intensity of the thermally treated sample from the 
region within the device channel measured under the same conditions of the non 
thermally treated sample is strongly reduced (Figure 3.3(d)). This is an indication 
of the greatly improved molecular order (Figure 3.3(d)). In fact, these data indicate 
an edge-on orientation of the PDIF-CN2 molecules, which causes a weaker 
coupling between the transition dipole moment of the molecules and the electric 
field of the impinging laser beam. This results in a reduced absorption of the light 
(Figure 3.3 (c)), and consequently in a weaker photoluminescence emission (Figure 
3.3(d)).[27] The edge-on molecular orientation on the dielectric surface 
is fundamental in order to achieve efficient OFET charge transport.[28] In recent 
studies on vapour-deposited perylene derivatives,[23],[17] the good charge transport 
properties of fluorinated compounds were attributed to an optimal orientation 
of the molecular long axes in respect to the substrate, and to an increased 
intermolecular π–π overlap. These data are in agreement with our results based 
on confocal laser microscopy. We conclude that in our PDIF-CN2 spin-coated 
films, both high molecular order and minimization of surface irregularities are 
responsible for the increased electrical performances. 
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Figure 3.3. Wide-field microscopy images of the spin-coated PDIF-CN2 (a) directly after the 
deposition and (c) after the annealing process at 110ºC in a vacuum oven for 1 h. Confocal 

fluorescence images of the spin-coated PDIF-CN2 (b) directly after the deposition and (d) after the 
annealing process at 110ºC in a vacuum oven for 1 h. 

 After understanding the effect of annealing, the performance and stability of 
PDIF-CN2 transistors in ambient conditions were monitored, immediately after air 
exposure and as a function of the exposure time (Figure 3.4). For these devices, the 
electron mobility decreased from 0.15 cm2V-1s-1 (vacuum) to 0.14 cm2V-1s-1 (air) 
immediately after breaking the vacuum in the measuring chamber. After 60 h of 
continuous air exposure, the device mobility approached a value of ~0.08 cm2V-1s-1 
and did not decrease further even after twenty days from the initial measurement. 
No substantial change was recorded over time in the IOn/IOff ratio, which remained 
at a value >103. A similar mobility versus air-exposure-time dependence was 
recently reported for a series of core-cyanated perylene-based OFETs fabricated 
from vapour phase.[21] In this paper the same mobility trend is observed for every 
compound, regardless of the different nitrogen functionalization of the cyanated 
core and the degree of molecular order. These data differ from previous results 
on air-stable fluorinated perylenes, which attributed the air stability to the close 
packing of the fluoroalkyl substituents. Therefore, the exact physical and chemical 
mechanisms that are responsible for the organic-semiconductor degradation are 
still only partially understood. 
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Figure 3.4. Time-dependent variation of the mobility and of the IOn/IOff ratio during exposition to air. 

The gray square represents the mobility recovery after retesting the sample under vacuum. 

 A better understanding of air-stability properties of PDIF-CN2 was obtained in 
our experiments by re-testing the same device under vacuum after ~400 h 
of exposure to air. In this sample, we observed an almost total recovery of the 
starting performance, registering a mobility of 0.135 cm2V-1s-1. This is only slightly 
lower than the initial value measured under vacuum (0.15 cm2V-1s-1). These results 
confirm that the mobility erosion cannot be ascribed to semiconductor chemical 
degradation, but instead to the physabsorption of atmospheric gases at the material 
grain boundaries acting as electron traps.[6] In this case, the recovery effect should 
depend on the film morphology and on the dielectric surface treatment, as was 
observed for other semiconductors.[29] A mechanism based on the formation of 
a metastable complex between n-type semiconductors and oxygen has been 
proposed in order to explain similar behaviour in a perylene derivative.[30] 

3.2.2  Conclusions 

We have demonstrated that PDIF-CN2 is a material that combines high solubility, 
elevated electron mobility, and good air stability. We fabricated bottom-contact n-
channel OFETs that exhibited a saturation-regime mobility of ~0.15 cm2V-1s-1 
(0.08 cm2V-1s-1 in ambient), a threshold voltage of -5.6 V, and an IOn/IOff ratio 
greater than 103 by employing a simple and inexpensive solution-deposition 
technique, followed by a thermal post-deposition treatment. These performances, 
which are among the highest ever reported for a bottom-contact configuration with 
a short channel length (2.5 µm), are attributed to the high crystallinity and to the 
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edge-on orientation promoted by the thermal treatment, as shown by CLM. Good 
air stability is also observed, since the devices still show a mobility value 
of ~0.08 cm2V-1s-1 after 20 days of continuous exposure to air. The robustness 
of the solution-processed PDIF-CN2 is remarkable, considering that an almost total 
recovery of the initial mobility is obtained by retesting the device under vacuum. 

3.3 Fluorocarbon- versus hydrocarbon-functionalized 

perylene 

The N-hydrocarbon-functionalized perylene: N,N-‘bis (n-octyl)-dicyanoperylene-
3,4:9,10-bis(dicarboximide) (PDI8-CN2) exhibits high mobility, environmental 
stability and solution processability as recently demonstrated by the realization 
of an OFET via the micro-injector patterning of the semiconductor.[20] This 
compound deposited by evaporation reached an electron mobility value 
of 0.13 cm2V−1s−1. PDIF-CN2-based OFETs with mobility as high as 
0.64 cm2V−1s−1 were previously fabricated by semiconductor vapor deposition.[16] 
Usually fluorocarbon- versus hydrocarbon-functionalization of the aromatic cores 
leads to far less processable materials in conventional organic solvents.[24] 
However, PDIF-CN2 is unique since it combines solution processability 
characteristics and excellent semiconductor properties with electron mobilities up 
to 0.15 cm2V−1s−1 when deposited by spin-coating, as presented in paragraph 3.2. 
In this part of the chapter, we show that fluorocarbon functionalization of the 
aromatic core leads to an improvement in the electron mobilities by one order of 
magnitude compared to the hydrocarbon-functionalization for film processed from 
solution. OFETs realized by spin coating with PDI8-CN2 reached an electron 
mobility of 1.3×10−2 cm2V−1s−1  with an IOn/IOff current ratio of 7.3×103, while the 
ones realized with PDIF-CN2 exhibited electron mobilities up to 
1.33×10−1 cm2V−1s−1 and an IOn/IOff current ratio of 2×104. Such a difference 
between the solution processed transistors is much higher than the difference 
reported for the vacuum processed devices. To explain this difference, we carried 
out both morphological and spectroscopic analyses on the spin-coated films of the 
two materials. By using time-resolved spectroscopy, we highlighted that the 
intermolecular interactions (excimer-like excitations) are more dominant in PDIF-
CN2 than in PDI8-CN2. The face-to-face molecular organization responsible for the 
excimer formation is also the best intermolecular organization for high charge 
carrier mobility due to elevate π-π overlap, explaining the higher electrical 
performances of the fluorocarbon functionalized derivative. 
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3.3.1  Results and discussion 

The output and transfer characteristics of bottom-contact PDI8-CN2 and PDIF-CN2 
OFETs with a channel width (W) of 10 mm and a channel length (L) of 3 µm are 
shown in Figure 3.5. Panels (a) and (b) present the transfer characteristics of the 
PDIF-CN2-based transistor. The saturation mobility and the threshold voltage 
extracted from the plot of the square root of ID versus VG are 1.3×10−2 cm2V−1s−1 
and 6 V, respectively. The current plotted in the semi-logarithmic scale shows that 
this OFET has an On/Off current ratio of 7.3×103, which is typical for cyanated 
PDI–based FETs with an unpatterned semiconductor layer. 
 

 
Figure 3.5. (a) Output characteristic of 3 µm channel length PDI8-CN2 OFET. Inset: chemical 

structure of PDI8-CN2; (b) Transfer characteristic (L=3 µm, W=10000 µm) at VD = 80 V, (IOn/IOff 

ratio for VG = 80 V / VG =−40 V); (c) Output characteristic of 3 µm channel length PDIF-CN2 OFET. 
Inset: chemical structure of PDIF-CN2; (d) Transfer characteristic (L=3µm, W=10000 µm) at VD=80. 
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 When the perylene core hydrocarbon-functionalization is substituted by the 
fluorocarbon-functionalization there is an increment of one order of magnitude 
in the electron mobility. In Figure 3.5 (c) and (d), the transfer characteristics of the 
fluorinated compound PDIF-CN2 are reported. The saturation mobility and the 
threshold voltage are 1.33 × 10−1 cm2V−1s−1 and 9.6 V, and the On/Off current ratio 
is 2×104. Further optimization of the fabrication process allowed obtaining 
a mobility of 1.5×10−1 cm2V−1s−1. The relative HOMO and LUMO energetic 
positions are crucial in determining the charge carrier stability in organic 
semiconductors. In the case of n-type organic materials, the lower the LUMO 
energy, the smaller should also be the bias required to inject the carriers, and as 
a consequence the electrons should be less susceptible to trapping, allowing for 
higher mobility values. For these two compounds, the LUMO energy positions 
estimated by solution cyclic voltammetry are very similar due to the identical 
conjugated core structure and the remote functionalization at the nitrogen atoms.[17] 
Moreover, the difficulty in the conversion of the energy levels obtained by 
electrochemistry in solution with those of the materials in solid state, in proximity 
of the gold, does not allow to attribute the better FET performances of PDIF-CN2 
to the more favourable LUMO position. 
 

 
Figure 3.6. AFM images of the spin-coated films of (a) PDI8-CN2, (b) PDIF-CN2 after the annealing 
process at 110ºC in a vacuum oven for one hour (scan area 2.5 µm×2.5 µm with 512 points per line). 

 To explain the difference in the electrical characteristics of the two compounds, 
the semiconductor film morphologies were investigated by atomic force 
microscopy (AFM). As reported recently for PDI8-CN2

[26] films fabricated using 
a volatile, fast-evaporating solvent such as chloroform, the semiconductor 
molecules do not have enough time to reorganize on the dielectric surface during 
film formation. Consequently, thermal annealing is necessary to promote an 
efficient microstructural reorganization of the film, as shown in the paragraph 3.2. 
Even after thermal treatment the PDI8-CN2 film exhibits a morphology 
characterized by protruding features and with an average RMS roughness 
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of ~10 nm, as shown in Figure 3.6(a). On the other hand, the morphology of the 
PDIF-CN2 films shown in Figure 3.6(b) appears completely different. The AFM 
analysis highlights a much smoother and a more homogeneous surface with 
an RMS roughness of only ~1 nm and a developed connectivity between 
neighbouring domains. Since a smooth semiconductor film minimizes trap sites by 
reducing the number of grain boundaries,[23] these data agree with the more 
efficient charge carrier transport. However, microscopically more precise 
information on the supra-molecular organization of the two compounds can be 
obtained by photophysical investigations. 
 

 
Figure 3.7. Time integrated photoluminescence spectra of PDIF-CN2 and PDI8-CN2 thin films spin-

coated on a SiO2 substrate. The blue dotted curves are the spectra of the two molecules in chloroform 
solution. 

 The solid-state PL properties of organic molecules are extremely sensitive to 
the supramolecular arrangements. Figure 3.7 shows the time integrated emission 
spectra of PDIF-CN2 and PDI8-CN2 films carried out on the devices used for 
OFET measurements. Both materials show a strong red-shift of the thin film 
photoluminescence emission maxima compared to that of the isolated molecules as 
determined in a CHCl3 solution (blue dotted trace in Figure 3.7). These data 
indicate strong solid-state intermolecular interactions. However, the greater red-
shift emission for the PDIF-CN2 film suggests that the molecular packing in the 
two cases is rather different as previously suggested for films grown by physical 
vapour deposition.[23] 
 Figure 3.8 (a) and (b) show the spectrally and time-resolved emission of PDIF-
CN2 and PDI8-CN2 films, respectively. Both PL spectra consist of two components 
(centred at ~625 nm and ~700 nm) showing different time behaviour. 
Such a difference is highlighted by the strong red-shift of the spectrum obtained  
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Figure 3.8. Intensity images of images of the spectrally and time-resolved photoluminescence spectra 

of PDIF-CN2 (a) and PDI8-CN2 (b) thin films (the intensity colour scale for the two image is the 
same). Colour rectangles delimit the temporal and spectral integration window over which the 

corresponding profile displayed on the right (spectra) and below (decay) are integrated. Right panels: 
emission spectra time integrated over the initial 0.2 ns after excitation (red) and between 1.2 ns and 

4.2 ns (cyan). Bottom panels: Photoluminescence decays spectral integrated between 580 and 610 nm 
(green) and between 720 nm and 820 nm (orange). 
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integrating in time between 1.2 ns and 4.2 ns (cyan curve in the right panel of 
Figure 3.8 (a) and (b)) with respect to the spectrum acquired over the first 0.2 ns 
after excitation (red curve). The time behaviour of the shorter wavelength 
component (green curve in the bottom panels of Figure 3.8 (a) and (b)) shows a bi-
exponential decay with similar time constants for the two materials; about ~90 ps 
and ~360 ps in the case of PDIF-CN2, and ~150 ps and ~390 ps for PDI8- CN2. 
The PL in this spectral range can be attributed to the radiative transition from the 
first singlet excited state to the ground state in the photoexcited molecular 
aggregate. The intermolecular interactions are responsible for the broadening and 
the strong red-shift of the singlet exciton transition compared to that of the isolated 
molecules. On the other hand, the bi-exponential and short PL decay time, 
compared to the ~4.7 ns long lifetime of the molecules measured in CHCl3 solution 
(Figure 3.9), can be explained with the opening of new non-radiative decay 
channels in the solid state. The longer wavelength and spectrally broad emission 
band of PDIF-CN2, centred at around 700 nm, decays exponentially with a lifetime 
of about ~2.6 ns (orange profile in the bottom panels of Figure 3.8 (a)). Instead, the 
decay integrated in the same spectral region for PDI8-CN2 (orange profile in the 
bottom panels of Figure 3.8 (b)) is well described by a bi-exponential fitting 
function with amplitudes and time constant A1≈0.54, τ1≈330 ps and A2≈0.60, 
τ2≈2.5 ns. 
 

 
Figure 3.9. Photoluminescence dynamics detected at 535 nm of PDIF-CN2 and PDI8-CN2 in 

chloroform solution. 

 The spectrally broad, featureless and slowly decaying component (similar in 
the two materials) can be attributed to the emission of an excimer of the molecular 
aggregate,[31] whereas the initial fast component (present only in the PDI8-CN2 PL) 
can be attributed to the overlap with the singlet emission band, which is more 



 
 

56 
 

 

 

 

 

 
  thesis_Jarzab-5.doc 

Physics of organic-organic interfaces 

dominant in this material. Excimer states are characterized by broad and featureless 
emissions exhibiting longer life times than singlet excitons, and are determined by 
the excited state delocalized over two or more molecules arranged cofacially.[32] 
Perylene systems are between the most notable examples of compounds showing 
excimer states.[32] The two semiconductors are characterized by a different 
contribution of the excimer state in the total photoluminescence. In fact, the longer 
lived component, centred at around 700 nm, is predominant in the emission 
spectrum of PDIF-CN2, whereas it is less significant in PDI8-CN2 with 
an amplitude of only 60%. The PL spectra of organic semiconductors are highly 
sensitive indicators of the intermolecular interactions,[27] as a consequence the 
stronger excimer emission of PDIF-CN2 can be explained with a different 
supramolecular arrangement of the two materials in the spin-coated films. For 
PDI8-CN2, the films fabricated by spin-coating are strongly inhomogeneous. After 
the thermal annealing process the molecules reorganize themselves forming 
relatively disordered micro-domains as testified by the rough morphology reported 
in Figure 3.6(a). Conversely, the fluorocarbon functionalized molecules reach 
a higher level of supra-molecular order after thermal annealing, testified by the 
stronger excimer emissions which indicate a higher degree of co-facial 
arrangement of the molecules in the film and by the extremely smooth morphology 
(Figure 3.6 (b)). The superior electrical performances of the device realized with 
PDIF-CN2 are in agreement with this interpretation and underline the importance 
of achieving a large π−π overlap in order to maximize transport properties 
in organic semiconductors. 

3.3.2  Conclusions 

In conclusion, we report the FET performances of two perylene diimide 
derivatives, PDI8-CN2 and PDIF-CN2, and correlate them with the morphological 
and optical properties of the semiconductor film. Bottom contact OFETs realized 
with the two materials deposited by spin-coating show remarkable differences. The 
field effect mobility of the fluorinated compound (PDIF-CN2) equal 
to 1.33×10−1 cm2V−1s−1 is one order of magnitude greater than the mobility 
obtained for the PDI8-CN2, 1.3×10−2 cm2V−1s−1. Both AFM morphological analysis 
and PL spectroscopic measurements confirm that the FET performance difference 
is due to improved packing of the fluorinated molecules which leads to an 
enhanced π–π overlap, and as a consequence to a higher mobility. 
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3.4 Experimental details 

A heavily doped p-type Si substrate was used both as substrate and as gate 
electrode. The dielectric layer consisted of thermally grown SiO2 (200 nm) with 
a capacitance per unit area of 17 nF cm−2. Using conventional photolithography 
gold source and drain electrodes were defined in a bottom-contact configuration. 
A 10 nm layer of titanium was used as an adhesion layer for the gold (30 nm). 
 PDI8-CN2 and PDIF-CN2 are commercially available from Polyera 
Corporation under the trade name of ActivInkTM N1200 and ActivInkTM N1100. 
The solutions of PDI8-CN2 and PDIF-CN2 (5–6 mg/ml) were spin-cast from 
chloroform at 1500 rpm to form a 70–100 nm thick layer, on the bottom-gate 
bottom-contact substrates. Before use all solutions were filtered through 0.2 µm 
polytetrafluoroethylene (PTFE) syringe filters. After the deposition the substrates 
were annealed in a vacuum oven (~ 0 mbar) at 110 ºC for one hour. 
 All the substrates were first cleaned in an ultrasonic bath using acetone and 
isopropanol for 10 minutes each and then rinsed with deionized water. Then, they 
were cleaned with a UV–ozone treatment to remove organic contaminants from the 
surface. Prior to spin-coating the PDI8-CN2 and PDIF-CN2 solutions both 
hexamethyldisilazane (HDMS) and thiol treatments were performed. For the 
HDMS treatment a few drops of HDMS were loaded on top of the substrate. In the 
case of the thiol modification, the Si/SiO2 substrates were immersed in a 10 mM 
solution of 3,5-bis(trifluoromethyl) thiophenol in ethanol for one hour. 
 The transistor characteristics were measured in vacuum (~10-5 mbar) at room 
temperature using a Keitley 4200-SCS semiconductor parameter analyzer. The 
carrier mobility (µ) was calculated from the drain-source current (ID) versus the 
gate voltage (VG) data in the saturation regime (VD=80 V) using the standard 
formula for field effect-transistors: µ = 2L/(WCox)[d(IDS)

1/2/dVGS]
2, where L is the 

channel length (3 µm), W is the channel width (10 mm), and Cox is the gate 
dielectric capacitance (17 nF cm−2). The IOn/IOff ratio was calculated using ID 
at VG=60V/-40V and VD=50 V. The values reported are the mean values obtained 
by testing 30 devices realized with the optimized process parameters (in total, 150 
devices were tested in order to optimize the process). The average electron 
mobility obtained is (0.15±0.02) cm2V-1s-1. 
 Confocal microscopy measurements were performed using a Witec 
microscope. The sample was excited with the 514 nm line of an Ar+ laser coupled 
to the microscope with an optical fiber. The photoluminescence selected by a long 
pass filter was detected by a photomultiplier tube.  
For the spectrally and temporally resolved photoluminescence experiments, the 
samples were photoexcited in reflection geometry.  
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Chapter 4 

Charge Transfer Dynamics in 

Polymer-Fullerene Blends for 

Efficient Solar cells 

Blends of poly(3-hexylthiophene) (P3HT) and the bis-adduct of [6,6]-phenyl-C61-

butyric acid methyl ester (bisPCBM) show enhanced performances in bulk-

heterojunction solar cells compared to P3HT:PCBM thin films due to their higher 

open-circuit voltage. However, it is not clear whether the decrease of the short-

circuit current observed in P3HT-bisPCBM blends originates from the 100 mV 

reduction of the offset between the lowest unoccupied molecular orbitals of the 

donor and the acceptor or from a change in the morphology. The analysis of the 

photoluminescence dynamics of the various bulk heterojuntions provides 

information on the dependence of the electron transfer process on their 

microstructure. We find that in solution, where the donor-acceptor distribution is 

homogeneous, the photoluminescence dynamics is the same for the bis- and 

PCBM-based blends, while in thin films the first shows a slower dynamics than the 

second. This result indicates that the reduction of the LUMO offset of ~100 meV 

does not influence the electron transfer efficiency, but that the diversity between 

the photoluminescence dynamics in thin films should be ascribed to the different 

microstructure of the bulk heterojunctions fabricated with the two acceptors.
*
 

                                                      
* D. Jarzab, F. Cordella, M. Lenes, Floris B. Kooistra, Paul W. M. Blom, Jan C. Hummelen, 
Maria A. Loi, J. Phys. Chem. B, 2009, 113, 16513-16517. 
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4.1  Introduction 

Fifteen years of research on organic solar cells has shown that the best performing 
devices have a so-called bulk heterojunction as the active layer.[1],[2] The bulk 
heterojunction is a three-dimensional heterostructure composed of two materials: 
one of them is a light absorbing, electron donating and hole conducting polymer 
and the other is an electron acceptor and electron conducting fullerene derivative. 
The operating principle of this kind of solar cells can be described as a four-step 
process. In the first step, excitons are generated under illumination, which 
subsequently diffuse toward the organic-organic interface. At the interface the 
bound electron-hole pairs dissociate due to the high electron affinity of the 
fullerene derivative. Finally, the newly generated charge carriers are transported 
toward the respective electrodes.[3] 
 Due to the nature of their active layer the performance of these devices not only 
depends on the material properties, but also on the processing conditions.[4],[5] 
These conditions determine the morphology and the microscopic structure of the 
blend i.e., the size of the single-phase domains and of the interface. The strongest 
requirements on the active layer structure result from the exciton diffusion length 
in the polymer and the percolation pathway for the carriers. Since the electron 
transfer only occurs at the donor/acceptor interfaces the ideal size of the polymer 
domains is determined by the exciton diffusion length. The typical diffusion length 
in conjugated polymers is ~5–7 nm,[6],[7] therefore photogenerated excitons created 
farther from the interface than this length will recombine before being separated in 
charge carriers. On the other hand, the transport of the charge carriers toward to the 
respective electrodes requires the presence of a percolating pathway of neat 
polymer phase for the holes and of the fullerene phase for the electrons. 
 Several strategies have been put forward to increase the power conversion 
efficiency of these potentially low cost solar cells. These strategies are mainly 
dealing with the material properties, in particular: (i) a more favourable overlap of 
the absorption spectrum of the active layer with the solar emission,[8] (ii) a better 
charge carrier mobility[9] and (iii) an optimized relative position of the energy 
levels of the donor and acceptor.[10] The last point is connected to the fact that the 
open circuit voltage, Voc, in organic solar cells is limited by the energy difference 
between the highest occupied molecular orbital (HOMO) of the donor and the 
lowest unoccupied molecular orbital (LUMO) of the acceptor.[11] Calculations and 
experiments show that a rising of the LUMO level of the acceptor can lead to an 
enhancement of the efficiency of these photovoltaic devices.[11],[12] On the other 
hand, it is also known that a certain minimum energy offset between the LUMO 
levels of the donor and the acceptor is necessary for the electron transfer to occur. 
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Excessive lifting of the LUMO of the acceptor will therefore limit or even suppress 
the electron transfer process. 
 The most studied organic solar cells until now use as the active layer the blend 
of poly(3-hexylthiophene) P3HT and of the fullerene derivatives [6,6]-phenyl-C61-
butyric acid methyl ester (PCBM).[13] In this case, the difference between the 
LUMOs is about 1.1 eV which by far exceeds the 0.3-0.5 eV that is considered to 
be sufficient for efficient charge separation.[14] Recently, Lenes et al.[10] have 
reported solar cells where a reduced offset between the donor and the acceptor 
LUMOs leads to an increase of the photovoltaic efficiency. The strategy of the 
authors was to use P3HT as a donor and the bis-adduct of PCBM (bisPCBM) as the 
acceptor, and the last has a LUMO level that is ~100 meV higher than the one of 
the mono-adduct acceptor molecule. The P3HT:bisPCBM solar cells fabricated 
with the slow drying technique showed a Voc of 0.73 V, which is considerably 
higher than the Voc reported for standard P3HT:PCBM based devices (0.58 V). 
In spite of a slightly reduced short-circuit density (Jsc) from 104 A/m2 to 96 A/m2 
the power conversion efficiency of the bisPCBM-based devices was strongly 
enhanced from ~3.8% (P3HT:PCBM) to ~4.5% for slowly dried films. A similar 
trend is also shown by the devices prepared by the thermal annealing, with a power 
conversion efficiency of ~3% for P3HT:PCBM and ~3.6% for P3HT:bisPCBM. In 
order to further clarify the origin of the reduced Jsc and the operation of 
P3HT:bisPCBM devices, we investigate the photophysical properties of the 
bisPCBM and PCBM based blends. Time-resolved photoluminescence (PL) 
is a powerful tool for studying the charge transfer process in bulk 
heterojunctions.[15] Additionally, due to the fact that the dynamics of the PL is also 
monitoring the exciton diffusion, it can also provide information on the 
microstructure of the bulk heterojunction. To be able to unravel the effects of 
energy level variations and the microstructure of the bulk heterojunction structure 
we studied the PL dynamics of both PCBM- and bisPCBM- based blends 
in solution as well as in thin films prepared with different protocols, namely, spin 
coating followed by either thermal or solvent annealing (slow drying). In solution, 
the polymer and the fullerene derivatives are homogeneously distributed in the 
solvent, and the two blends show the same dynamics of the photoluminescence. 
Conversely, films of the P3HT:bisPCBM blend prepared by thermal annealing and 
slow drying show slower dynamics than the corresponding P3HT:PCBM films. 
These slower dynamics are determined by the fact that less excitons reach the 
donor-acceptor interface due to the nonoptimal three-dimensional structure of the 
bisPCBM based bulk heterojunction. These findings demonstrate that the 
performance of P3HT:bisPCBM solar cells can be further increased by 
improvement of the bulk hererojunction microscopic structure. 
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4.2 Results and discussion 

Figure 4.1 displays the chemical structure of P3HT and of the two fullerene 
derivatives PCBM and bisPCBM. P3HT is chosen for photovoltaic applications 
mainly due to the good overlap of its absorption spectrum with the solar emission 
and because of its high hole mobility (up to 5×10-3 cm2V-1s-1 in solar cells).[16] 
PCBM is the most used electron acceptor in plastic solar cells, with its high 
electron affinity and an electron mobility of 2×10-3 cm2V-1s-1.[17] Both P3HT and 
the fullerene derivative show the tendency to crystallize, meaning that the 
morphology of the blend can be controlled by varying the processing conditions. 
In particular, thermal and solvent annealing have demonstrated to promote 
microsize crystallization.[6],[18] 

 

Figure 4.1. Chemical structure of P3HT, PCBM and bisPCBM. 

 Figure 4.2 shows the absorption spectra of thin films of PCBM, bisPCBM, and 
of the bulk heterojunctions prepared by thermal annealing and slow drying. The 
absorption spectra for P3HT:PCBM films prepared by both techniques correspond 
to those reported by other authors.[13] Samples prepared by slow drying techniques 
show stronger absorption in the red region and more pronounced vibronic 
progression than films prepared by thermal annealing. The better resolved structure 
of the absorption spectra indicates the higher molecular organization of the slow 
dried films.[19] Both sets of samples do not present significant differences in the 
absorption spectra between P3HT:PCBM and P3HT:bisPCBM. 
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Figure 4.2. Optical density of a PCBM (green curve) and bisPCBM (grey curve) thin films. 
Normalized optical density of P3HT:PCBM (red curve) and P3HT:bisPCBM (blue curve) thin films 

prepared by thermal annealing (TA – solid line) and by slow drying (SD –dash line). 

 Figure 4.3(a) shows the PL spectra of P3HT, P3HT:PCBM, and 
P3HT:bisPCBM thin films, prepared by thermal annealing. The spectra show 
similar features, with two vibronic peaks centered at ~660 nm and at ~710 nm and 
a shoulder at ~810 nm. There are no significant spectral differences between the 
neat polymer and the two blends. As expected, the blending of P3HT with fullerene 
derivatives gives rise to quenching of the PL intensity, which is the first indication 
of electron transfer. In the case of P3HT:PCBM, the quenching is over 28 times 
and for P3HT:bisPCBM over 19 times (calculated integrating the whole spectra). 
This points to a more efficient charge transfer and exciton dissociation when 
PCBM is used as acceptor. However, steady state photoluminescence is not the 
best tool to study the electron transfer due to the fast dynamics of the process. 
Figure 4.3(b) shows the PL dynamics of the thermally annealed thin films of 
pristine P3HT, P3HT:PCBM, and P3HT:bisPCBM blends, detected at the 0-0 
transition (~660 nm). The PL time dependence shows a biexponential decay for all 
the samples, with the first time constant significantly faster than the second. The 
PL decay of the neat P3HT thin film was fitted with time constants τ1≈79 ps and 
τ2≈366 ps. For the blends, a reduction of both lifetimes is observed. At short delays 
after the photoexcitation, the PL of the two blends can be fitted with τ1≈8 ps, 
whereas the second component has a lifetime τ2≈41 ps for P3HT:PCBM and 
τ2≈60 ps for P3HT:bisPCBM (see Table 4.1). The reduction of the PL decay time 
occurs in the same ratio for the fast (79 ps→8 ps) and slow (366 ps → 41 ps) 
components in the case of the PCBM-based blend. However, in the case of 
bisPCBM, the two time constants have a dissimilar behaviour with τ2 being more 
persistent.  
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Figure 4.3. (a) Photoluminescence spectra and (b) dynamics detected at ~665 nm of P3HT, 
P3HT:PCBM and P3HT:bisPCBM of thermal annealed films. 

Since the lifetime of the PL in the blend results from the combination of exciton 
diffusion followed by an electron transfer process, the longer lifetime can be an 
indication for a larger size of the polymer domains. This would also be consistent 
with the lower Jsc as observed in the bisPCBM:P3HT blends.[10] 
 To get insight into the working mechanism of the best performing devices, we 
carried out time-resolved PL measurements on the active layers of the devices 
fabricated as reported by Lenes et al.[10] The active layer was prepared with the  
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Figure 4.4. (a) Photoluminescence spectra and (b) dynamics detected at ~640 nm of P3HT, 
P3HT:PCBM and P3HT:bisPCBM of slowly dried films. 

slow drying technique that involves a solvent annealing process.[13] With such 
a technique the device fabricated using P3HT:PCBM showed an efficiency of 
3.8%, while for the P3HT:bisPCBM device it was increased up to 4.5%.[10] The 
steady state PL spectra of the active layer of these devices are reported in Figure 
4.4(a). The PL spectra are blue-shifted with respect to the thermally annealed films 
(Figure 4.3) and have a more defined vibronic structure with peaks centred 
at ~640 nm and ~690 nm and a weak shoulder at ~790 nm. These spectra show 
a redistribution of the intensity between the vibronic features with respect to the 
spectra of the thermal annealed films. The more defined vibronic features indicate 



 
 

68 
 

 

 

 

 

 
  thesis_Jarzab-5.doc 

Physics of organic-organic interfaces 

a better ordering of the polymer chains in the slowly dried films.[20],[21] In the slow 
drying process, the solvent evaporation is less rapid than in the thermal annealing, 
allowing an increased reorganization of the molecules that results in a higher 
supramolecular order.[4] The blue-shift of the PL shown by the slowly dried films 
compared to the thermally annealed ones indicates the suppression of the exciton 
migration toward the lower energy sites of the density of states of the polymer due 
to the electron transfer at shorter delays after the photoexcitation.[7] The earlier 
electron transfer is also reflected in the reduction of the PL intensity of the slowly 
dried films. Also in this case, the PL quenching is higher for the P3HT:PCBM 
blend (7.1 times) than for the P3HT:bisPCBM (6.6 times) one, but the difference 
between the quenching is strongly reduced as compared to the thermally annealed 
films. Also the slowly dried thin films display a biexponential PL decay time. The 
PL decay of the pristine P3HT thin film was fitted with time constants τ1≈40 ps and 
τ2≈173 ps, which are substantially shorter than for the thermally annealed film. 
This effect could be ascribed to the better supramolecular order of the slowly dried 
samples and the higher delocalization of the excitons. In both blends the fast 
component of the lifetime amounts to τ1≈8 ps with the same amplitude, similarly 
to the thermally annealed films. The slow component on the other hand has 
a lifetime τ2≈31 ps for P3HT:PCBM and τ2≈38 ps for P3HT:bisPCBM (see Table 
4.1), which are both considerably shorter as compared to the thermally annealed 
films. It is important to note that the measured difference is larger than the 
instrumental resolution that is ~3 ps in these experimental conditions.  
 The correlation of these results with the device performance indicates that the 
microstructure of the bulk heterojunction plays a fundamental role. As mentioned 
above, the lifetime of the photoexcitations in the blends is determined both by the 
exciton diffusion (dominated by the microstructure of the film) and by the electron 
transfer process. To eliminate the effect of the exciton diffusion and microstructure 
of the film, we also performed time-resolved PL measurements of both blends 
in solution. To promote the interaction between the polymer and the fullerene 
molecules, the measurements were performed in relatively concentrated solutions 
(10mg/ml). Figure 4.5(a) reports the PL spectra of P3HT, P3HT:PCBM, 
and P3HT:bisPCBM in solution. The spectral shape for the three samples is the 
same, with the maximum intensity centred at ~590 nm and a shoulder at ~630 nm. 
Upon blending with the two fullerene derivatives, the PL of the polymer 
is quenched by a factor 2.3. Figure 4.5(b) shows the PL dynamics for P3HT, 
P3HT:PCBM, and P3HT:bisPCBM in solution, integrated over the wavelength 
range corresponding with the PL maximum (~590 nm). The PL of P3HT was fitted 
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Figure 4.5. (a) Photoluminescence spectra and (b) dynamics detected at ~ 590 nm of P3HT, 
P3HT:PCBM and P3HT:bisPCBM in ODCB solution. The inset shows the dynamics in the shorter 

time range. 

with two time constants τ1≈172 ps and τ2≈510 ps. Both cosolutions exhibit faster 
dynamics with respect to the neat P3HT with time constants τ1≈71 ps and 
τ2≈413 ps, indicating the occurrence of the electron transfer process. Moreover, we 
can safely assume that the average distance between a polymer chain and an 
acceptor molecule in the co-solutions with the two different acceptors is similar. 
The inset of Figure 4.5 shows the PL dynamics of both donor/acceptor cosolutions, 
detected in a short time range with resolution ~3 ps. Also in this case the dynamics 
for the PCBM- and bisPCBM- based solutions are identical. This result shows that 
the different dynamics in the thermally annealed and slowly dried thin films for the  
 



 
 

70 
 

 

 

 

 

 
  thesis_Jarzab-5.doc 

Physics of organic-organic interfaces 

  A1 ττττ1 [ps] A2 ττττ2 [ps] 

P3HT thermally annealed 0.24 79 0.85 366 

P3HT:PCBM thermally annealed 0.62 8 0.72 41 

P3HT:bisPCBM thermally annealed 0.62 8 0.70 60 

P3HT slowly dried 0.50 40 0.64 173 

P3HT:PCBM slowly dried 0.50 8 0.76 31 

P3HT:bisPCBM slowly dried 0.50 8 0.79 38 

P3HT in solution 10 mg/ml  0.12 170 0.91 510 

P3HT:PCBM in solution 10 mg/ml  0.17 52 0.95 413 

P3HT:bisPCBM in solution 
10 mg/ml  0.17 52 0.95 413 

Table 4.1. All decays were fitted with the function: IPL(t) = A1·exp(-t/τ1) + A2·exp(-t/τ2), where A1, 
A2, τ1, τ2 are fitting parameters. 

blends with the two acceptors are determined by the microstructure of the films. 
When the polymer domains are large compared to the exciton diffusion length, the 
electron transfer will be limited, resulting in a longer PL lifetime. Although both 
the PCBM- and bisPCBM based thin film blends were prepared with the same 
procedure, the crystallization process can be rather different for the two fullerene 
derivatives. The formation of thin films from solution is not only determined by the 
processing conditions but also by the chemical structure of the components.[22] A 
variation of the solubility of the compounds and of their compatibility can have an 
enormous effect on the thermodynamics of the film formation. 
 To further investigate the differences in the microstructure of the two blends, 
tapping mode atomic force microscopy (AFM) was used. Figure 4.6 shows the 
height images of the spin-coated and subsequently annealed films as well as the 
slowly dried thin films of P3HT:PCBM (Figure 4.6 (a), (c)) and P3HT:bisPCBM 
(Figure 4.6 (b), (d)). For films prepared by thermal annealing, the surfaces are 
smoother with a root-mean-square (RMS) roughness of ~3.9 nm and ~4.6 nm for 
P3HT:PCBM and P3HT:bisPCBM, respectively. The slowly dried films exhibit 
RMS roughness of ~10.7 nm for P3HT:PCBM and ~12.4 nm for P3HT:bisPCBM. 
Besides the difference in roughness of the blends prepared with different 
processing conditions, the blends prepared with PCBM are slightly smoother than 
the ones with bisPCBM in both processing conditions. Moreover, the AFM phase 
contrast images do not show evidence of phase segregation, for both blends. 
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Figure 4.6. TM-AFM height images of P3HT:PCBM (a), P3HT:bisPCBM (b) thermal annealed films 
and P3HT:PCBM (c), P3HT:bisPCBM (d) slowly dried films. 

While AFM gives information only about the surfaces, information about the three-
dimensional structure of the blends can be extracted from the dynamics of the 
photoluminescence. The average domain size in the bulk heterojunction can be 
estimated to be equivalent to the average diffusion distance of the excitons d= √τD, 
where τ is the PL decay time and D is the exciton diffusion coefficient. The exciton 
diffusion coefficient can be extracted by using the exciton diffusion length 
LP≈5.3 nm reported in the literature for thermally annealed P3HT thin films[6] and 
the PL decay time measured for our samples. In this way, we obtained that the 
average size of the domains in thermally annealed P3HT:PCBM is 16% smaller 
than the average size of the domains of P3HT:bisPCBM films. In the case of 
slowly dried samples, the estimation is more difficult because a precise value of the 
diffusion length, which might be different with respect to the thermally annealed 
layers due to the increased crystallinity, is not available. If we assume, however, 
a similar diffusion length as in the thermally annealed film, we obtain that the 
P3HT domains in the PCBM-based blend are 10% smaller than in the bisPCBM-
based one. All these observations suggest a nonoptimal three-dimensional 
morphology. 
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 The fact that the microstructure of the P3HT:bisPCBM solar cells is not yet 
optimized is also reflected in a comparison of the device performance with 
P3HT:PCBM cells. The slightly lower external quantum efficiency as well as the 
lower short-circuit current density in P3HT:bisPCBM devices compared 
to P3HT:PCBM cells also point to a nonideal microscopic structure of the bulk 
heterojunction. Our results demonstrate that a further enhancement of the 
performance of P3HT:bisPCBM solar cell performances is possible 
by optimization of the bulk hererojunction microscopic structure. 

4.3 Conclusions 

We studied the dynamics of the photoexcitations in blends of P3HT and bisPCBM, 
a new acceptor material with its LUMO level 100 meV higher than PCBM. 
By comparison with the standard PCBM blend, we obtain insight into the 
efficiency and dynamics of the charge generation in P3HT:bisPCBM. Thin films 
prepared using different protocols were studied to discern between the effect of the 
microstructure of the solid state arrangement and the variation of the LUMO offset 
on the charge transfer dynamics. In solution, the two blends exhibit the same 
dynamics of the photoluminescence, showing that the variation of the energy level 
offset, which increases the Voc in solar cells devices, does not play a detrimental 
role in the efficiency of the exciton dissociation. In thin films, however, prepared 
by thermal annealing and slow drying, P3HT:bisPCBM shows a slower dynamics 
than P3HT:PCBM. Since the dynamics of the PL are governed by a combination 
of exciton diffusion and exciton dissociation, these measurements not only provide 
information on the electron transfer process but also on the microstructure of the 
bulk heterojunction. The slower dynamics in the P3HT:bisPCBM is ascribed 
to radiative losses caused by a nonoptimal three-dimensional structure of the bulk 
heterojunction in the slow dried films. This finding indicates that there is a close 
correlation between the performance of the devices, the three-dimensional structure 
and the dynamics of the photoexcitations in the blend. 

4.4 Experimental details 

Sample Fabrication: thin films of P3HT:PCBM and P3HT:bisPCBM were prepared 
with two different techniques: thermal annealing and slow drying. The weight ratio 
between the blend components was: 1:1 for P3HT:PCBM and 1:1.2 for 
P3HT:bisPCBM, to compensate the molecular weight difference between the two 
acceptors. The thin films were spin coated from 20 mg/ml solution in solvent. For 
the measurements in solution ODCB (ortho-dichlorobenzene) was used as solvent. 
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 Thermal Annealing Technique: the thin films were processed from chloroform, 
and after spin coating the samples were annealed at 135 ºC for 15 min. The thin 
films prepared by thermal annealing have a thickness ~350±10 nm. 
 Slow Drying Technique: the thin films were processed from ODCB, after spin 
coating the samples were left to dry in a closed Petri dish for 48 h. After the solvent 
annealing, they were thermally annealed for 5 min at 110 ºC. The thin films 
prepared by thermal annealing have a thickness ~150±10 nm. Layer thickness 
measurements were done with a Veeco Dektak 6M profilometer. 
 Prior to processing, the substrates were cleaned with a standard wet-cleaning 
procedure, combining ultrasonic cleaning in acetone and isopropanol. 
 Spectroscopy: all time-resolved measurements were carried out at room 
temperature. The thin films were placed in an optical cryostat at ~10-5 mbar to 
prevent photo-oxidation. Solutions were placed in 2 mm quartz cuvettes. The PL 
measurements on thin films were performed in transmission mode and on solutions 
in reflection mode. The overlap of the PL spectra and absorption spectra for bulk 
heterojunction is negligible, and therefore the PL spectra were not corrected for 
self-absorption. The traces of the PL decay time were integrated at the 0-0 
excitonic transition in the spectral region of about 20 nm. The PL decay detected at 
0-1 excitonic transition (data not shown) presents the same trend as the one at the 
0-0 transition. The measurements were performed for different series of samples 
prepared by following the same fabricating protocols. The results show high 
reproducibility for different samples and sample position. The variations in the 
results of the PL measurements do not exceed the resolution of the instrument. 
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Chapter 5 

Determination of Vertical 

Phase Separation in a 

Polyfluorene Copolymer- 

Fullerene Derivatives Solar 

Cell Blend by X-ray 

Photoelectron Spectroscopy 

In this chapter a vertical phase separation is evidenced using high-kinetic-energy 

X-ray photoelectron spectroscopy at different photon energies in a polyfluorene 

copolymer:C60 derivative blend relevant for photovoltaic application.
*
 

                                                      
* M. Passos-Felicissimo, D. Jarzab, M. Gorgoi, M. Forster, U. Scherf, M. C. Scharber, S. Svensson, 
P. Rudolf, M. A. Loi, J. Mater. Chem. 2009, 19, 4899-4901. 
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5.1  Introduction 

The development and optimization of organic photovoltaic devices based on three-
dimensional heterostructures (bulk heterojunctions) have been a captivating 
research topic for more than 15 years. These devices are composed of a light 
absorbing and hole conducting polymer, and an electron conducting fullerene 
derivative. Recently achieved power conversion efficiency values of 5–6% strongly 
indicate that this class of solar cells has a promising industrial future.[1],[2] 
Nevertheless, several open questions concerning the functioning mechanism still 
remain. One of them regards the morphology of polymer:fullerene solar cell 
blends, which is one of the most important parameters determining the efficiency 
of the devices. The most common way to prepare the active layer of such solar 
cells is to spin- or blade-coat the film from a solution of polymer:fullerene blend. 
The morphology of these films depends on the solubility and surface energies of 
the components and of the substrate and can change over time due to fullerene 
diffusion.[3] For efficient solar cells there should be a trade-off between achieving 
an efficient charge separation on account of the diffusion of the photoinduced 
exciton towards the fullerene interface, which requires good intermixing of the two 
components, and a continuous path for the photo-generated carriers. Several 
techniques have been used to determine the morphology of the blends; each of 
them gives complementary information and only taken together a full picture 
emerges. Optical techniques[3] have high contrast but lack spatial resolution, 
electron microscopy[4] has high resolution but does not have the chemical 
sensitivity to distinguish between the two components of the blend,[5] atomic force 
microscopy[6] has high lateral resolution but gives information only about the 
surface. Besides the in-plane composition of the blend, the composition 
as a function of depth is extremely important for the understanding of the interface 
with the electrodes. Evidence for vertical phase segregation has been found in 
polymer-fullerenes blends by electron microscopy, though the exact composition of 
the two phases could not be unequivocally determined.[4],[7] Recently, dynamic 
secondary ion mass spectrometry (ToF-SIMS) has been used to harvest chemical 
information on the blend composition and details of the degradation process.[8] 
However, despite the superb chemical sensitivity, the destructive character of this 
technique may be considered a drawback. 
 In the present study we employed for the first time synchrotron-based hard X-
ray high-kinetic-energy photoelectron spectroscopy to probe vertical phase 
segregation in polymer:fullerene solar cell blends. We studied a blend which has 
been shown to have an excellent performance as active layer in photovoltaic 
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devices.[9],[10] It consists of a mixture of polyfluorene copolymer F8DTBT and 
PCBM, depicted in  Figure 5.1(a) and (b), respectively. 
 

 

Figure 5.1. Chemical structures of (a) poly((2,7-(9,9-(di-n-octyl)fluorene)-alt-5,5-(4′,7′-di-thienyl-
2′,1′,3′-benzothiadiazole)) (F8DTBT) and (b) [6,6]-phenyl-C61-butyric acid methyl ester (PCBM). 

 Photoelectron spectroscopy at high kinetic energy is a technique that allows the 
study of the bulk properties of materials and deeply buried interfaces in a non 
destructive manner. It has been successfully applied in studies of layered materials 
and it is a promising technique for the study of the properties of real devices.[11] 
X-Ray photoelectron spectroscopy performed with different photon energies allows 
variation of the probing depth in a non destructive way. To obtain the exact 
fingerprint of PCBM in high-kinetic-energy photoemission spectra, we first 
measured a 100 nm thick PCBM film spin-coated onto ITO. Figure 5.2 shows the 
C1s core level photoemission spectrum of this film recorded with hν =6000 eV; the 
spectrum collected with hν=2010 eV is identical. The spectrum shows a main peak 
at 285.2 eV binding energy, which is attributed to both aliphatic and aromatic 
carbon, and two smaller components: one at 286.9 eV, assigned to the carbon of 
the methyl group and another one at 289.8 eV, associated with the carbonyl group. 
Additionally, the shake-up features associated with the C60-cage atoms are 
identified at 289.0 eV and 291.2 eV binding energy.[12] The shake-up process is two 
electron phenomenon in which one electron is photoemitted and simultaneously 
another electron is excited to the conduction band, resulting in an additional peak 
at higher energy in photoemission spectrum. 
 In Figure 5.3 we present the C1s core-level spectrum for a F8DTBT:PCBM 
blend with (1:1) polymer:PCBM ratio, collected with hν = 2010 eV and 
hν = 6000 eV. The more surface sensitive spectrum, collected at lower photon 
energy, basically coincides with the spectrum collected with the laboratory 
spectrometer and shows only one rather broad and slightly asymmetric peak 
at 285.0 eV binding energy but none of the characteristic C60-cage shake-up 
features. This fact indicates that PCBM is not present in the top layers of the solar 
cell blend. This first evidence supports the behaviour already observed by other  
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Figure 5.2. X-Ray photoemission spectrum of the C1s core level region of PCBM collected with 

6000 eV photon energy. 

authors of the segregation of the fullerene component to the inner layers of 
polymer:fullerene solar cell blends.[3],[8],[13] 
 At hν = 6000 eV, on the other hand, the C1s core-level spectrum of the blend 
clearly evidences the characteristic shake-up satellites of the C60-cage (Figure 
5.3(b)), which proves beyond any doubt that the topmost layer of the spin-coated 
thin film is not a blend but contains only pure polymer and a phase enriched in the 
C60 derivative is found at a deeper level in the material. By estimating the probing 
depth for the two photon energies from the inelastic mean free path (IMFP) of 
electrons in the polymer, it is possible to infer the depth at which the PCBM is 
found in the solar cell blend and therefore to get a more precise insight into the 
morphology of the blend thin film without applying any invasive or destructive 
analysis methods. 
 The IMFP of electrons is defined as the average distance that an electron 
travels between the successive inelastic collisions.[14] The IMFPs for conductive 
polymers such as polycetylenes,[15] polyanilines[16] and polythiophenes[17] have 
been determined by means of elastic peak electron spectroscopy (EPES). In EPES, 
the IMFP is determined from the comparison of measured and calculated elastic 
backscattering probabilities. Lesiak and co-workers determined the IMFP for 
a series of polythiophenes and stated a statistical error of about 17% for the IMFPs 
obtained using EPES in the electron energy range from 200 to 5000 eV.[16],[17] At an 
energy of 1721 eV (equivalent to the kinetic energy of the photoelectrons excited 
with 2010 eV) the IMFPs for polythiophenes studied by these authors amount to  
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Figure 5.3. X-Ray photoemission spectrum of the C1s core level region of the polyfluorene 
copolymer:PCBM blend collected with (a) 2010 eV and (b) 6000 eV photon energy. 

values between 5 and 6 nm and for the highest electron energy (5000 eV) the 
IMFPs are equal to ~20 nm. Taking into account the similarities in the main 
structure and density between these polythiophenes and the polymer of our study, 
these values can be regarded as a good estimate of the IMFPs for F8DTBT for 
similar electron energies. 
 In our experiment, as already mentioned, the signature of the C60-cage does 
not appear in the photoemission spectrum taken at 2010 eV, which made us 
conclude that PCBM segregates at a depth which goes beyond a few nanometers. 
In fact, only when we collected spectra with hν = 6000 eV it was possible 
to observe the characteristic shake-up features of the C60 cage and we can therefore 
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state that a PCBM enriched phase lies below a F8DTBT layer with a thickness of 
6 < x < 20 nm. Björström et al. studied the composition of similar solar cell blends 
by means of dynamic ToF-SIMS and found a homogeneous composition 
throughout the whole thickness of the film for a (1:1) polyfluorene:PCBM blend 
spin-coated on Si and Au-substrates.[8] However, for higher blend ratios (1:2, 1:3 
and 1:4) the authors found a layered structure with alternating polymer and PCBM 
enriched strata. The fact that it is possible to detect the segregation of PCBM for 
the (1:1) polymer:PCBM blend in our measurements shows the better sensitivity of 
our method. The depth profile analysis by ToF-SIMS was performed by sputtering 
off successive layers of the material, and a depth sensitivity of 10 nm was reported. 
It is possible to conclude, based on our results, that in the (1:1) ratio blend 
a vertical phase separation also occurs, and a topmost layer of pure polymer 
is present followed by a phase enriched in PCBM lying deeper in the film. 
 The phenomenon of vertical phase segregation is of great interest for the 
understanding and further development of polymer:PCBM solar cells. The charge 
collection in bulk-heterojunction solar cells would benefit from a vertical 
segregation with enrichment of the electron-donating component at the hole-
collecting contact and the electron accepting material at the free surface. Instead, 
the segregation taking place in the investigated sample implies that the polymer 
and not PCBM will be in contact with the top electrode, since our sample 
corresponds to the device before contact deposition. Given the performance of 
solar cells with this blend, this raises the interesting question of whether optimal 
charge transport is achieved despite polymer segregation at the electrode surface 
because the interface with the electrode is not abrupt or because electrode 
deposition causes PCBM diffusion and restores a homogeneous blend at the 
interface. 

5.2 Conclusions 

In conclusion, we have proven that it is possible to depth profile polymer:fullerene 
solar cell blends in a non destructive way by high-kinetic-energy photoelectron 
spectroscopy performed with different photon energies. This has been achieved by 
tracing the characteristic shake-up satellite features of the C60-cage. The 
comparison of the obtained results with values of the inelastic mean free path of 
electrons in polythiophenes reported in the literature enabled us to estimate the 
depth at which an enriched PCBM phase is found in the investigated blend. Our 
results have shown superior depth sensitivity than other depth analysis methods for 
polymer solar cell blends previously described in the literature and prove that this 
technique can be applied to obtain unique information on the vertical morphology 
of real devices. 
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5.3 Experimental details 

The samples were prepared on indium tin oxide (ITO) coated glass. Ortho-
dichloro-benzene was used as the solvent. Typically, 10 mg of poly((2,7-(9,9-(di-n-
octyl)fluorene)-alt-5,5-(4’,7’-di-thienyl-2’,1’,3’-benzothiadiazole)) (F8DTBT) 
were dissolved in 1 ml of solvent and [6,6]-phenyl-C61-butyric acid methyl ester 
(PCBM) was added to achieve a ratio of 1:1 polymer/fullerene (in wt%). Films of 
50–100 nm in thickness were deposited by blade-coating. 
 Photoemission spectra were collected at the HIKE experimental station on the 
KMC-1 bending magnet beamline[18] of the synchrotron radiation source BESSY in 
Berlin, Germany. This beamline delivers X-rays in the range 1.7–12 keV. The 
HIKE end station is equipped with a Gammadata Scienta R-4000 hemispherical 
electron energy analyzer modified for high transmission and kinetic energy 
resolution of photoelectrons with energies up to 10 keV. The samples were studied 
using excitation energies of 2010 eV and 6000 eV; the base pressure in the 
spectrometer chamber was in the 10−9 mbar range. All spectra were collected in 
normal emission with an overall resolution of 0.32 eV. Binding energies for pure 
PCBM were referenced to the C1s core level of the C60 cage at 285.2 eV.[19] For the 
blend the unsaturated non-functionalized carbon with C1s binding energy set to 
285.0 eV was used.[20] Spectral analysis included a Shirley background[21] 
subtraction and peak separation using Gaussian–Lorentzian functions[14] in a least 
square fitting program (Winspec) developed at the LISE laboratory, University 
of Namur, Belgium. 
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Chapter 6 

Charge Transfer Excitons in 

Narrow-Band-Gap Polymer-

Based Bulk Heterojunctions 

 

In this chapter, we report on the charge transfer exciton emission from a narrow-

band-gap polymer-based bulk heterojunction. The quantum yield of this emission is 

as high as 0.04%. Low temperature measurements reveal that while the dynamics 

of the singlet exciton is slower at low temperature, the dynamics of the charge 

transfer exciton emission is temperature independent. This behaviour rules out any 

diffusion process of the charge transfer excitons and energy transfer from these 

interfacial states toward lower lying states. Photoluminescence measurements 

performed on the device under bias show a reduction of, but not the total 

suppression of, the charge transfer exciton recombination.
*
 

                                                      
* D. Jarzab, F. Cordella, J. Gao, M. Scharber, H-J. Egelhaaf, M. A. Loi, (manuscript in preparation). 
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6.1 Introduction 

Bulk heterojunction solar cells have the potential to be among the first ultra-low-
cost photovoltaic technologies to come to the market. Due to the solution 
processability of the organic components, cheap manufacturing techniques such as 
roll-to-roll or ink-jet printing are possible. With such production methods, it is 
expected that solar cells modules could reach a watt-peak price below 0.5 US$. [1] 
 Recently, bulk heterojunction (BHJ) solar cells with efficiency in the range of 
7-8% have been reported and certified by the National Renewable Energy 
Laboratory (NREL).[2-4] Although the efficiency values are constantly increasing, 
several different factors limiting the performance of BHJ solar cells have been 
identified, including imperfect matching of the absorption of the active layer with 
the solar emission, nano-morphology of the photoactive layer,[5],[6] losses due to 
charge carrier recombination,[7] inefficient charge transport[8] and the not-optimal 
offset between the donor and the acceptor level. 
 The recent development of new polymers with narrow band gap represents 
a great advance in the field, because of the absorption of a larger portion of the 
solar spectrum. From the first synthesis of poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-
cyclopenta[2,1-b;3,4-b’]-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] 
(PCPDTBT), a large family of new polymers with band-gaps below 1.4 eV have 
appeared. 
 Blends of poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]-
dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] and [6,6]-phenyl C61-butyric acid 
methyl ester (PCBM) have recently shown interesting device performances.[9],[10] 
Both photophysical[11] and device physics[12] studies on the PCPDTBT:PCBM 
heterojunction have identified the presence of a bound electron-hole pair (charge 
transfer exciton), which limits the charge generation yield and causes an electric 
field dependent recombination loss in solar cells. We recently reported that the 
charge transfer exciton (CTE) emission in PCPDTBT:PCBM heterojunctions can 
be suppressed by processing BHJ thin films with octane-dithiol (ODT)[13] and 
in heterojunction containing the homologous polymer poly[(4,40-bis(2-
ethylhexyl)dithieno[3,2-b:20,30-d]silole)-2,6-diyl-alt-(4,7-bis(2-thienyl)-2,1,3-
benzothiadiazole)-5,50-diyl] (Si-PCPDTBT). 
 In the last few years, weak optical transition assigned to charge transfer states 
has been observed in several BHJ.[14-20] Detailed analysis of the ground-state 
absorption[21] and the photoluminescence of donor-acceptor blends[16],[17] and also 
of the electroluminescence[19] has revealed the presence of a interfacial state of 
energy lower than the singlet exciton of the polymer. Moreover, it has been 
observed that the energetic position of the CTE-state correlates with the open-
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circuit-voltage Voc of BHJ cells,[22] which suggests that the CTE-state is related to 
the lowest excited state in the system, and that its presence is extremely relevant to 
the device’s function. 
 In our present work we provide a detailed photophysical study of the blend 
composed by the narrow-band-gap polymer PCPDTBT and PCBM. We confirm 
some of the features reported for CTE emission in other kinds of BHJ, such as the 
red-shift with the increasing of the percentage of PCBM in the film[16][20] and the 
long lifetime of the CTE emission.[16][17] Here, we report for the first time the 
Quantum Yield (QY) of the CTE emission, which for PCPDTBT-based blends is 
as high as 0.03%. Insight in the population mechanism of the CTE in this BHJ is 
provided by low temperature measurements. From room temperature to 4 K the PL 
lifetime of the CTE, in contrast to the excitonic emission, remains constant. This 
behaviour rules out any diffusion process of the CTE and energy transfer from this 
state towards other states. Moreover, PL spectra performed in device configuration 
under bias show a decrease of the CTE emission with no variation of the PL 
lifetime, indicating that only a small part of the CTE population can be separated 
by applying a weak field. 

6.2 Results and discussion 

Figure 6.1 shows the absorption and photoluminescence spectra of poly[2,6-(4,4-
bis-(2-ethylhexyl) -4H-cyclopenta [2,1-b;3,4-b’]-dithiophene) -alt-4,7- (2,1,3-
benzothiadiazole)] (PCPDTBT); the chemical structure of the polymer is reported 
in the inset.  

 
Figure 6.1. Absorption and photoluminescence spectra of thin PCPDTBT films. Inset: Chemical 

structure of PCPDTBT. 
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The absorption spectrum of PCPDTBT is broad, with two main peaks at ~415 nm 
and ~730 nm. The broad absorption band and the narrow band gap (~1.4 eV) make 
PCPDTBT one of the most promising polymers synthesized in the last year for 
bulk heterojunction solar cells. 
 The temperature dependence of the photoluminescence (PL) spectra and decay 
of PCPDTBT thin film are reported in Figure 6.2(a) and (b), respectively. The 
position of the main emission peak at ~872 nm shows no spectral shift with the 
temperature variation. At low temperature, the spectrum becomes more structured, 
with the narrowing of the main emission peak and the appearance of well defined 
structures at ~978 nm, which is the vibronic peak due to the C=C-backbone 
vibration at 1250 cm-1 of the 0-0-transition at ~872 nm. At T >100 K, the side band 
results from the superposition of several different vibrations. 
  

 
Figure 6.2. Temperature dependence of (a) the photoluminescence spectra of PCPDTBT thin film; (b) 

the PL dynamics at 872 nm. The sample was excited at 380 nm. 
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 The PL decay of PCPDTBT (Figure 6.2(b)) is mono-exponential with 
a lifetime of about ~220 ps, which increases with decreasing temperature, reaching 
a lifetime of ~296 ps at 5 K. The same lifetime is measured in the main emission 
peak and in the side peak. It is important to emphasize that the lifetime of 
PCPDTBT has shown a broad variability, depending on the history of the sample. 
Freshly prepared samples show longer lifetime (τ≈220 ps), with respect to samples 
that have been exposed to oxygen (τ≈78 ps) (Figure 6.3). 
 The bulk heterojunction composed by PCPDTBT and PCBM was reported to 
give rise to solar cells with power conversion efficiency of 3.2%.[23] Using 
octanedithiol as a processing additive, power conversion efficiencies of up to 5.5% 
were achieved.[10],[13] 
 

 
Figure 6.3. Photoluminescence decay of PCPDTB freshly prepared and PCPDTB exposed to oxygen, 

detected at 872 nm. The sample was excited at 380 nm 

 For the PCPDTBT:PCBM 10:1 the PL spectrum already exhibits a tail at low 
energy that is not present in the pristine polymer. At a composition of the bulk 
heterojunction of 2 parts of polymer and 1 part of PCBM, the main peak of the 
polymer is shifted to ~846 nm and a new peak cantered at ~944 nm begins to 
dominate the emission spectrum. When the composition of the film is 1:1, a weak 
feature is left at shorter wavelengths (846 nm) corresponding to the excitonic peak 
of the pristine PCPDTBT, while a new broad emission at ~1037 nm appears. 
 Both the red shift of the CTE peak with the increase of the PCBM content and 
the ratio of intensity between the excitonic and the CTE peak are similar to 
previous observations in poly[9,9-(di-n-octyl)fluorene-alt-5,5-(4’,7’-di-thienyl-
2’,1’,3’-benzothiadiazole]:PCBM blends CTE emission.[16],[17] The red shift of the 
CTE peak has been explained as a consequence of the variation of the average 
dielectric constant of the medium with the increase of the PCBM content[16],[17] and 
has also been observed in electroluminescence. 
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 Figure 6.4. Normalized photoluminescence spectra of thin films of PCPDTBT (green line) and 

PCPDTBT:PCBM heterojunction of different ratios. 

Here, it is important to emphasize that the CTE is an interfacial state, and that the 
intensity ratio between the excitonic component and the CTE is subject to 
variations that depend on the local morphology of the films. Indeed, different 
intensity ratios of the two peaks have been measured in different samples sets. 
 Associated with the appearance of the new CTE spectral feature in the emission 
spectra of the blends, the overall intensity of the photoluminescence emission of 
the 1:1 BHJ is reduced by about a factor of 100 with respect to the pristine polymer 
thin film. More quantitative information about the photoluminescence intensity is 
obtained by measuring the quantum yield (QY) using as reference a near-infrared 
emitting dye (see experimental section). The QY of the pristine polymer thin film 
is ~6%, while for the 1:1 PCPDTBT:PCBM BHJ it is ~0.04%. By fitting the 
emission spectra of the 1:1 BHJ with Gaussian curves, we obtained a contribution 
of the CTE emission to the total emission intensity of 75%, which results in a QY 
of the CTE emission 0.03%. 
 As is generally observed in polymer fullerene bulk heterojunctions, the 
decrease of the singlet excited state emission is accompanied by the decrease of the 
PL lifetime. Figure 6.5(a) shows the streak image recorded on the 1:1 blend 
at room temperature, while panel (b) shows, together with the spectra of the 
pristine polymer, the spectra extracted from the measurement in (a) in the first 30 
ps (blue line) and between 50 ps and 570 ps (red). The PL decay traces of the 
pristine polymer and of the blend, measured at ~825 nm and ~1075 nm, 
respectively, are displayed on panel (c). The lifetime of the singlet exciton feature 
(~825 nm) is ~200 ps in the pristine polymer and <5 ps in the blend, the latter value 
being limited by the resolution of the setup. The charge transfer exciton emission 
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(~1075 nm) is characterized by a mono-exponential lifetime of ~480 ps. The long 
lifetime is typical of the charge transfer exciton state. All of the different blends 
studied showed similar lifetimes for the CTE; the only variation observed was 
related to the presence of a tail of the excitonic emission. In blends of high polymer 
content, the decay curve at 1075 nm is bi-exponential, due to the superposition of 
long-lived mono-exponential CTE emission and short-lived excitonic emission. 
 

 
Figure 6.5.(a) False colours streak image of the spectrally and time-resolved PL of PCPDTBT:PCBM 
solar cell (1:1); (b) time integrated emission spectra over the initial 30 ps after excitation (blue) and 
between 50 and 570 ps (red); (c): PL dynamics at ~825 nm (red) and ~1075 nm (blue). Green curves 
in panels (b) and (c) display the emission spectrum and decay, respectively, of the pure PCPDTBT 

thin film. Excitation wavelength 380 nm.  

 Low temperature PL measurements of the 2:1 PCPDTBT:PCBM blend are 
reported in Figure 6.6. The evolution of the PL spectra with temperature is shown 
in Figure 6.6(a). The two main peaks assigned to the polymer contribution and to 
the charge transfer exciton, respectively, show different temperature dependences, 
resulting in a variation of their intensity ratio relative to temperature. A better 
understanding of the variation of the population kinetics of the two emitting states 
with temperature can be obtained by measuring the photoluminescence dynamics 
in the two spectral features. Figure 6.6(b) shows that the lifetime of the excitonic 
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emission in the BHJ becomes longer at low temperature. While the room 
temperature decay can be fitted with a bi-exponential function, which is comprised 
of the dominating short-lived component of ~15 ps and a very weak component of 
~250 ps, the traces recorded at low temperature also show a bi-exponential decay 
with the same time constants as at the room temperature but with a higher relative 
amplitude of the long-lived component. 
 

 
Figure 6.6.Temperature dependence of (a) PL spectra and (b) PL dynamics detected at ~846 nm (the 

integration area is indicated in the panel (a)) and (c) ~1100 nm of thin films of PCPDTBT:PCBM 
(2:1) (the integration area is indicated in the panel (a)). 

 The decays of the photoluminescence of the CTE feature at ~1100 nm are 
reported in Figure 6.6(c). Interestingly, all the traces recorded at different 
temperatures appear to be almost perfectly superimposed, with no substantial 
differences in the fitting of the lifetimes, which can be done with a bi-exponential 
function with the first time constant equal to 15-20 ps and the second to 1150 ps. 
As discussed previously, the short lifetime appears to be a remaining excitonic 
emission, while the long lifetime component is typical for CTE emission. The CTE 
lifetime does not change with temperature. However, from Figure 6.6(a) we cannot 
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exclude an increase of the CTE intensity at low temperature, which, to be in 
agreement with the measured dynamics, should correspond to an increase of the 
CTE signal at time t=0. The temperature independence of the CTE dynamics points 
to the fact that this state is localized and does not participate in diffusion 
phenomena. Moreover, no energy transfer from this to other low lying states 
appears to occur. 
 

 
Figure 6.7. Photoluminescence spectra of PCPDTBT:PCBM (1:1) solar cell under bias as a function 

of the applied voltage. Inset: PL dynamics detected at ~1075 nm at different bias.  

 In the previous pages we have investigated the photophysics of CTE in 
PCPDTBT, obtaining relevant information about their population and dynamics. 
However, their importance in device performances is still under debate.[17][22] To 
elucidate the role of CTE in the working mechanism of BHJ solar cells, we 
performed PL spectra on 1:1 solar cell under different bias conditions. The applied 
biases are relevant for the device functioning. The spectra are reported without 
normalization on Figure 6.7. While the remaining polymer emission of the sample 
does not change with the applied bias, we observed that a small increase of the 
CTE emission is obtained in forward bias (+0.6V) with respect to the situation at 
0V. In reverse bias the PL intensity decreases constantly, reaching ~20% lower 
signal at -2V. Both the increase in forward bias and the decrease of the intensity in 
reverse bias have been reported recently for a polyfluorene copolymer.[24] 
Interestingly, the PL life time (see inset of Figure 6.7) is independent of the applied 
bias. This experimental result together with the PL decrease under bias can be 
explained by a bias-induced variation of the initial population of the CTE. It is 
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important to note that in the bias range that is relevant for the operation of the BHJ 
solar cells, a considerable amount of charges are lost in the recombination of the 
CTE state. 

6.3 Conclusions 

Charge transfer exciton emission has been reported in several bulk heterojunctions 
for organic solar cells. Here we report CTE emission from a narrow-band-gap 
based BHJ as efficient as 0.04%. The energy of the CTE shows a strong 
dependence on the concentration of PCBM. Low temperature measurements reveal 
that while the dynamics of the singlet exciton and the electron transfer is 
temperature dependent, the dynamics of the CTE is temperature independent. This 
behaviour rules out any diffusion process of the CTE and energy transfer initiating 
there. 
Measurements performed under bias confirm the reduction but not the suppression 
of the CTE population also at limited bias, and the unchanged dynamics point to 
the reduced formation of the interfacial state under bias. 

6.4 Experimental details 

Photoluminescence measurements were performed on thin films blade-coated on 
cleaned quartz substrates. Samples were excited by a 150 fs pulsed Kerr mode 
locked Ti-sapphire laser at 760 nm or frequency doubled at 380 nm. The steady 
state photoluminescence emission was measured with an Andor iDus InGaAs array 
detector. The spectra were corrected for the spectral response of the set up. Typical 
excitation power densities were ~1 mW on a focused laser spot of about 100 µm of 
diameter. Time-resolved PL was recorded by a Hamamatsu streak camera working 
in synchro-scan mode. All measurements were performed on samples edge-sealed 
with a glass slide and an UV-curable epoxy in a N2-filled glovebox. To avoid any 
exposure to oxygen, low temperature measurements were also performed on 
encapsulated samples loaded in a He-flux Oxford Optistat cryostat. Quantum yield 
(QY) measurements were performed using as standard the dye LDS 821[25] 
emitting at ~785 nm and showing a QY of 10% when dissolved in chloroform. The 
mismatch between the emission spectra of the sample and of LDS 821 was 
corrected with the response curve of the experimental apparatus. 
BHJ devices were prepared as described earlier[23] and encapsulated in inert 
atmosphere. Chlorobenzene was used as processing solvent. 
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Chapter 7 

Charge Separation Dynamics 

in Inorganic-Organic 

Ternary Blend for Efficient 

Infrared Photodiodes 

 

In this Chapter, we investigate the working mechanism of the hybrid ternary blend, 

composed of PbS-NCs, poly(3-hexylthiophene) (P3HT) and the fullerene 

derivatives [6,6]-phenyl-C61-butyric acid methyl ester (PCBM). To understand the 

role of each component in the heterojunction we studied the photoluminescence 

dynamics of the binary and ternary hybrid thin films both in the visible and near-

infrared spectra range.
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7.1 Introduction 

Solution-processed inorganic-organic hybrid devices are one of the most promising 
low-cost alternatives to epitaxially grown, inorganic electronics. In these hybrid 
devices the active layer is composed of a mixture of inorganic and organic 
semiconductors that are often blends of colloidal inorganic nanocrystals (NCs) and 
organic molecules.[1-4]  
 In the hybrid heterojunctions generally the NCs are working as sentitizers 
while the organic serves as functional interface to extract carriers or energy from 
the nanocrystals.[1],[2] Although the fabrication of this kind of heterostructures 
resulted to be rather challenging, several groups have reported in the last years the 
successful application of binary inorganic-organic heterojunctions consisting of 
NCs and organic semiconductors for light emitting diodes,[3],[5] solar cells[4], and 
near-infrared (NIR) photodetectors.[1],[6],[7] More recently, ternary blends composed 
of inorganic NCs and two organic materials have attracted the researchers’ 
attention.[8-11]  
 T. Rauch et. al.[2] have reported for the first time solution-processed, high 
performing, inorganic-organic hybrid photodiodes for infrared imaging. These 
photodiodes, composed by a combination of NIR sensitive NCs (PbS) with 
polymer/fullerene blend, show a responsivityc of 0.5 AW-1 and detectivityd of 
2.3 x 109 Jones. Although the authors propose an explanation of the working 
mechanism of the photodiodes based on energy level alignment of the component 
materials, experiments thoroughly elucidating the working mechanism and the 
interaction between the NCs and the organic materials have not yet been 
performed. Any further development of hybrid devices requires an understanding 
of processes such as charge separation and charge transfer between the inorganic 
and organic components. 
 In this study, we investigated the working mechanism of the hybrid ternary 
blend, composed of PbS-NCs, poly(3-hexylthiophene) (P3HT) and the fullerene 
derivatives [6,6]-phenyl-C61-butyric acid methyl ester (PCBM). As previously 
mentioned this hybrid has shown excellent performance when used as active layer 
in NIR photodiodes.[2] To understand the role of each component in the 
heterojunction we studied the photoluminescence dynamics of the binary and 
ternary hybrid thin films both in the visible and near-infrared spectra range.  

                                                      
c Responsivity measures the input–output gain of a detector system. 
d Detectivity is the normalized radiation power required to give a signal from a photoconductor that 
is equal to the noise. 
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 In the ternary blend we observed a reduction of the PL intensity and decay time 
both in the visible and near-infrared spectral range. In the visible, this is attributed 
to the electron transfer from P3HT to PbS and PCBM. While in the NIR it is 
ascribed to the electron transfer from PbS towards PCBM and to the hole transfer 
towards P3HT. 
 Noticeably, when monitoring the near-infrared emission the charge transfer is 
enhanced in the ternary blend with respect to the binary blend.[1] This is due to the 
concomitant hole transfer occurring between the PbS-NCs and the P3HT that has 
the effect to deplete the long lived holes’ population established after the electron 
transfer, boosting the efficiency of the excitonic splitting. THz-TDS results confirm 
the negligible mobility of the binary PbS:P3HT blend while mobile carriers in the 
ternary PbS:P3HT:PCBM have a lifetime exceeding 10 ns. 

7.2 Results and discussion 

Figure 7.1 shows the chemical structure and the schematic energy level diagrams 
of P3HT, PbS-NCs and PCBM. PbS-NCs are semiconducting particles showing 
NIR sensitivity, with the absorption edge tunable between 800–1800 nm. The 
P3HT:PCBM blend is a well known active medium for organic solar cells.[12],[13] 
The blend shows good hole and electron mobility,[14],[15] however, this organic 
blend absorbs only up to 650 nm.[16] The incorporation of PbS-NCs into 
P3HT:PCBM heterojunctions results in an expansion of the absorption down to the 
near-infrared with an edge that depends upon the NCs size, with preservation of 
ambipolar transport. 
 The schematic energy level diagram of the ternary blend (Figure 7.1) suggests 
that different processes can occur depending on the excitation energy. When 
excitons are formed upon light absorption in the PbS-NCs, it is expected that the 
electrons will be transferred to PCBM and holes to P3HT. When excitations are 
generated in P3HT, we can predict from the energy levels that an electron transfer 
will occur towards PbS and/or PCBM. However, the energy levels reported in 
Figure 7.1 are rough estimations (in particular in the case of the NCs[17]), and the 
picture previously described, although possible, has not been demonstrated. 
To learn more about the processes occurring between the blend components, we 
investigated steady state and time-resolved PL. 
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Figure 7.1. Chemical structure of P3HT, PCBM and cartoon of the PbS-NCs with ligands; lower part: 

schematic energy level diagram of P3HT, PCBM and of PbS-NCs. 

 Figure 7.2(a) shows the normalized VIS PL emission of the drop-casted thin 
films of neat P3HT, PbS:P3HT, P3HT:PCBM, and PbS:P3HT:PCBM blends. All 
blends display similar features deriving from P3HT. The PL emission is 
characterized by two vibronic peaks centered at ~675 nm and at ~707 nm with 
a shoulder at ~805 nm. Only the PL emission of neat P3HT film shows slightly 
different spectral shape, with partial reduction of the 0-0 vibronic transition, most 
likely because of the self absorption of the emitted light due to the large layer 
thickness of P3HT thin film layer.[18] The PL emission of all 3 blends shows 
no significant changes in the spectral shape and peak energy, but does show 
a substantial difference in the overall photoluminescence intensity. In particular, 
the ternary blend PL displays a pronounced quenching with respect to the 
photoluminescence of the neat polymer and the PbS:P3HT blend. However, due to 
the different thickness of the film it is not possible to directly compare the PL 
intensities. 
 Figure 7.2(b) shows the dynamics of the PL of P3HT, PbS:P3HT, 
P3HT:PCBM and PbS:P3HT:PCBM thin films. The PL decays were detected 
at ~675 nm that correspond to the 0-0 vibronic transition of P3HT. All samples 
show a bi-exponential decay. The neat P3HT film displays the slowest decay, fitted 
with time constants τ1≈40 ps and τ2≈488 ps. The blend composed by P3HT and 
NCs shows a reduction of the long time constant of ~132 ps, i.e., and the PL decay 
can be fitted with τ1≈40 ps and τ2≈356 ps. The reduced PL decay time in the 
PbS:P3HT blend indicates the occurrence of a charge transfer from the excited 
P3HT to the NCs, which is most probably an electron transfer (see Figure 7.1). 
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In the case of the ternary blend, the decrease of PL life time is even more 
pronounced; the PL decay of the PbS:P3HT:PCBM thin film can be modelled 
using τ1≈8 ps and τ2≈36 ps. These time constants are comparable to the values 
obtained for the P3HT:PCBM thin film indicating a similar electron transfer 
efficiency. 
 

 
Figure 7.2. VIS Photoluminescence spectra (a) and dynamics detected at ~ 675 nm (b) of P3HT, 

PbS:P3HT, P3HT:PCBM and PbS:P3HT:PCBM drop-casted films. 

 Figure 7.3(a) shows the normalized NIR PL spectra of the drop-casted films of 
PbS-NCs, PbS:P3HT, PbS:PCBM, and PbS:P3HT:PCBM. The PL emission of 
PbS-NCs is characterized by a Gaussian-shaped band, centred at ~1006 nm with 
the full width at half maximum (FWHM) of ~100 nm. The PL spectra of the 
PbS:P3HT blend is blue shifted of ~23 nm with respect to the PbS thin film. It can 
be also described by a Gaussian function with maximum at ~983 nm and FWHM 
of ~124 nm. The normalized PL spectra of the PbS:PCBM and PbS:P3HT:PCBM 
blends overlap completely. As previously, in this case, the PL band can be 
described by a Gaussian function blue shifted with respect to the neat PbS crystals 
of ~70 nm. The spectrum of this blend as the one of PbS:P3HT, shows a shoulder 
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at ~860 nm originating from the tail of the emission of P3HT and/or PCBM not cut 
by the low pass filter. The large blue shift observed in the blends, compared to the 
 

 
Figure 7.3. NIR photoluminescence spectra (a) and dynamics detected at ~ 1006 nm of PbS, 

PbS:P3HT (b) and PbS:PCBM, PbS:P3HT:PCBM (c) drop-casted films. The blue band in panel (a) 
indicates the wavelengths over which the dynamic traces are integrated 

pristine NCs films, can be ascribed both to the variation of the dielectric constant 
of the medium (ε of PCBM is ~3.9[14], of P3HT is ~3[19], while for PbS is ~17[20]) 
and also to the charge transfer that results in the emission from higher lying 
electronic states. Taking into account the different shift detected for the PbS:P3HT 
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blend with respect to the ternary blend, we can infer a less effective charge transfer 
for the first sample. 
 The NIR PL dynamics of PbS-NCs, PbS:P3HT and PbS:PCBM, 
PbS:P3HT:PCBM thin films are reported in Figure 7.3(b) and (c), respectively. The 
PL decays were detected at ~1006 nm, corresponding to the maximum PL intensity 
of neat PbS-NCs film, and no considerable difference was detected at other 
wavelengths. The PL of the PbS-NCs thin film has mono-exponential decay with 
time constant of ~200 ns, by blending the NCs with P3HT we observe a bi-
exponential lifetime with the first decay constant τ1≈7 ns and the second τ2≈154 ns. 
The amplitude of these two time components shows wavelength dependence: at 
shorter wavelength the fast component is more pronounced, while at longer 
wavelength the slow component is dominant. Despite the observed decrease of the 
decay time, which can be interpreted as due to the hole transfer from excited PbS-
NCs to P3HT, the magnitude of the reduction (200 ns � 154 ns) shows the low 
efficiency of the process. The low efficiency of the charge transfer between PbS-
NCs and P3HT is also reflected in the poor external quantum efficiency 
(EQE≈0.2%) of the photodiode using the same binary blend as active layer. 
 In Figure 7.3(c) the PL dynamics of the PbS:PCBM and PbS:P3HT:PCBM 
films are reported. The NCs PL emission in the PbS:PCBM film is reduced from 
hundreds of nanoseconds to hundreds of picoseconds, the decay is mono-
exponential with time constant τ≈898 ps. This is the signature of the efficient, 
ultrafast electron transfer from the NCs to the fullerene molecules that we have 
previously reported. 
 Noteworthy, in the ternary blend we observed a further reduction of the 
dynamics of the NCs emission with a lifetime of τ ≈65 ps. This is more than one 
order of magnitude faster than that of the PbS:PCBM blend and four orders of 
magnitude faster than that of the neat PbS-NCs film. The schematic summary of 
the excitation and charge transfer pathways as obtained from the time-resolved 
measurements is depicted in Figure 7.4. To estimate the efficiency of the charge 
transfer processes we calculated its rate: k = (1/ τBH – 1/ τref ), where τBH, τref  are 
the PL decay times of the blend and of the reference neat sample, respectively. 
Figure 7.4(a) and (b) illustrate the possible excitations for the binary blend both 
with excitation in the visible (P3HT) and in the infrared (NCs); the transfer rate of 
each process is indicated. Figure 7.4(c) reports excitation processes and transfer 
rates for the ternary blends. 
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Figure 7.4. Schematic of the excitation and charge transfer pathways in: (a) PbS:P3HT blend, (b) 

PbS:PCBM blend; (c) PbS:P3HT:PCBM blend. For Figure 4c the transfer rates take in account the 
sum of the processes indicated with the arrow 

The elevate transfer rate 1,5·1010·s-1 of the ternary blend correlates with the high 
efficiency of the photodiodes made with this active layer.[2] This is why the 
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understanding of the excitation dynamics of the ternary blend is extremely relevant. 
It is important to notice that the ternary blend shows an order of magnitude higher 
transfer rate respect to the blend composed by PbS and PCBM. This difference 
cannot be justified by the opening of a second transfer path towards P3HT, in fact 
this process can eventually account for a rate (1,5·106·s-1) that is 4 order of 
magnitude smaller that the one of the ternary blend. We have recently described 
how in the PbS:PCBM samples the holes remain trapped in the PbS NCs, after the 
electron transfer.[1] In the case of the ternary blend the hole population is not 
accumulated because holes can be effectively transferred to P3HT. We suggest that 
the depletion of the hole population in the NCs allows the efficient regeneration 
that are then available for separation. The presence of both P3HT and PCBM not 
only enables the ambipolar transport in devices but also facilitates the charge 
extraction from the PbS-NCs. 

7.3 Conclusions 

Insight into the working mechanism of hybrid blends used for efficient near-
infrared photodiodes was obtained by time-resolved photoluminescence and 
terahertz photoconductivity studies. We compared the properties of the PL 
emission of the ternary PbS:P3HT:PCBM blend and the binary PbS:P3HT, 
PbS:PCBM and P3HT:PCBM blends with the PL of the pristine PbS-NCs and 
P3HT. In the ternary blend the efficiency of the charge transfer is significantly 
enhanced compared to the PbS:P3HT and PbS:PCBM blends, indicating that both 
hole and electron transfer from excited NCs to the polymer and fullerene occur, 
respectively. The hole transfer towards the P3HT determines the equilibration of 
their population in the NCs after the electron transfer towards PCBM, allowing 
their re-excitation and new charge transfer. The experimental results allow us to 
understand the role of each component in the ternary PbS:P3HT:PCBM blends. 

7.4 Experimental details 

Materials: Oleic-acid-capped PbS-NCs were synthesized as reported in ref.[21] 
We used PbS-NCs with diameters of 3.4 nm, showing absorption maximum at 
~ 870 nm, with the highest occupied molecular orbital (HOMO) level of ~ -5.1 eV 
and the lowest unoccupied molecular orbital (LUMO) level of ~ -3.7 eV. 
The fullerene derivative [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) were 
obtained from Solenne Bv. P3HT with regioregularity of 98,5% was purchased 
from Rieke Metals. 
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 Sample Fabrication: Thin films of PbS, P3HT, PbS:P3HT, PbS:PCBM, 
P3HT:PCBM, and PbS:P3HT:PCBM were drop-casted onto quartz substrate from 
5mg/ml chlorobenzene solution. The solutions were prepared in nitrogen 
atmosphere. The weight ratio between the blended components were: 1:1 for 
PbS:P3HT; 1:1 for PbS:PCBM; 1:1 for P3HT:PCBM; and 1:1:1 for 
PbS:P3HT:PCBM. Prior to processing, the substrates were cleaned with a standard 
wet-cleaning procedure, combining ultrasonic cleaning in acetone and isopropanol. 
Spectroscopy: The traces of the PL decay time were integrated in a spectral region 
of about 20 nm, at the 0-0 excitonic transition in the visible, and at ~1006 nm, 
(corresponding to the excitonic peak of neat PbS-NCs). All samples, both in the 
visible and in the NIR, showed no considerable difference at other wavelengths. 
Samples containing PbS were also excited at 760 nm showing no significant 
difference respect to the higher energy excitation. 
 All samples were measured in several locations; the variations in the results 
of the time-resolved PL measurements did not exceed the resolution of the 
instrument. 
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Samenvatting 

Dit proefschrift concentreert zich op de experimentele studie van organisch-
organische heterojuncties die toepassingen hebben op het gebied van elektronische 
en optoëlektronische devices. Organisch-organische grensvlakken zijn inherent aan 
plastic elektronica, wat een veelbelovend alternatief is voor epitaxiaal gegroeide, 
anorganische elektronica. Echter, voordat elektronica op basis van organische 
materialen in het dagelijkse leven doorgedrongen is, is er veel onderzoek vereist 
naar het begrip van en controle over de processen die de eigenschappen van 
organische halfgeleiders bepalen. Dit onderzoek is cruciaal voor de verdere 
ontwikkeling van organische elektronica. In dit proefschrift wordt de aard van de 
fysische fenomenen, die zich aan het organisch grensvlak voordoen, onderzocht 
door middel van een combinatie van optische spectroscopie en microscopie 
technieken. 
In hoofdstuk twee is een studie van de fotoluminescentie en morfologie van een 
gastheer-gast polymeer systeem gepresenteerd, dat emissie van wit licht uit een 
licht emitterende diode mogelijk maakt. De evenwichtstoestands en 
tijdsafhankelijke fotoluminescentie metingen tonen een gedeeltelijke Förster 
energie overdracht aan. Door middel van atomische kracht microscopie komt in 
mengsels met verschillende gewichtsfracties van de gastheer en gast polymeren de 
aanwezigheid van twee fasen aan het licht. De aard van deze fasen is met behulp 
van nabije-veld optische microscopie geïdentificeerd. 
In hoofdstuk drie is de invloed van de moleculaire rangschikking van kleine 
moleculen op de prestaties van een veld-effect transistor onderzocht. De devices 
gebaseerd op spin-coaten van dunne lagen van koolfluor gefunctionaliseerd 
peryleen vertonen betere prestaties na een thermische behandeling, die 
toegeschreven worden aan de grote mate van kristalliniteit van de peryleen en aan 
de parallelle oriëntatie van de moleculen ten opzichte van het substraat, die door de 
behandeling bewerkstelligd zijn. Dit inzicht is verkregen door middel van 
confocale laser microscopie. In dit hoofdstuk worden tevens de prestaties van twee 
peryleen derivaten vergeleken, die vanuit oplossing aangebracht zijn. De koolfluor 
functionalisatie van de aromatische kern heeft ten opzichte van de koolwaterstof 
gefunctionaliseerde peryleen tot een verhoogde elektron mobiliteit van een orde 
van grootte geleid. Deze verhoging is toegeschreven aan een verhoogde mate van 
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supramoleculaire orde in deze dunne lagen, die door tijdsafhankelijke 
fotoluminescentie inzichtelijk is gemaakt. 
Hoofdstuk vier bestudeert de invloed van de verlaging van het LUMO verschil op 
de efficiëntie van ladingsoverdracht in bulk heterojuncties met LUMO verschillen 
van ~1.1eV en ~1.0eV. De fotoluminescentie eigenschappen zijn in dunne lagen 
gemeten die door verschillende methoden gefabriceerd zijn en derhalve 
verschillende microstructuren vertonen en tevens in oplossing, waar de donor-
acceptor distributie homogeen is. De dunne laag met een bulk heterojunctie met 
een LUMO verschil van 1.0eV vertoont langzamere fotoluminescentie dynamica 
dan de heterojunctie met een verschil van 1.1eV. In oplossing vertonen de twee 
mengsels dezelfde vervaltijd, een indicatie dat de variatie in verschil in energie 
niveaus van 100meV geen rol speelt in de efficiëntie van de ladingsoverdracht. De 
langzamere dynamica in de bulk heterojunctie met LUMO verschil van 1.0eV 
worden toegeschreven aan radiatieve verliezen, veroorzaakt door de minder dan 
optimale drie dimensionale architectuur in de dunne laag. 
In het volgende hoofdstuk is de ladingsoverdracht in hybride ternaire mengsels van 
anorganische nanokristallen en polymeer-fullereen bulk heterojuncties bestudeerd. 
Deze hybride vertoont uitstekende prestaties wanneer deze als actieve laag in nabij-
infrarode fotodiodes gebruikt wordt. Fotoluminescentie dynamica in het zichtbare 
en nabij-infrarode spectrale bereik worden gebruikt om de rol van elk van de 
componenten van dit ternaire mengsel te begrijpen. 
In hoofdstuk zes wordt de verticale fase scheiding van een bulk heterojunctie, 
gebruikt als actief element in organische zonnecellen, door middel van hoog 
energetische röntgenstraling foto-elektron spectroscopie met verschillende foton 
energieën, bestudeerd. Er wordt aangetoond dat de bovenste laag van de bulk 
heterojunctie gevormd wordt door het polymeer (donor) en dat de acceptor 
(fullereen) slechts op dieptes groter dan enkele nanometers aanwezig is. 
Het laatste hoofdstuk toont het bewijs voor emissie uit ladingsoverdracht excitonen 
in bulk heterojuncties bestaande uit een polymeer met een nauwe band-gap voor 
organische zonnecellen. Metingen op lage temperatuur laten zien dat de dynamica 
van het singlet exciton langer zijn op lage temperatuur, terwijl de dynamica van de 
ladingsoverdracht emissie temperatuursonafhankelijk blijken. De fotoluminescentie 
metingen onder elektrische spanning tonen aan dat de ladingsoverdracht exciton 
populatie spanningsafhankelijk is. 
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