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Abstract 
 
 
 Charge carrier mobility has been determined in conjugated polymers and bulk 

heterojunction solar cells using the time of flight (ToF), charge carrier extraction by 

linearly increasing voltage (CELIV) and the novel photo-CELIV technique. The 

intercorrelated properties of molecular structure – morphology – charge transport 

property have been investigated using UV-vis spectroscopy, photoluminescence and 

ToF experiments in a series of regioregular MDMO-PPVs (poly-[2-(3,7-

dimethyloctyloxy)-5-methyloxy]-p-phenylene vinylene). It is demonstrated that 

increasing the regioregularity of conjugated polymers is a successful way to improve 

charge carrier mobility of these compounds, which is utilized in fabrication of bulk 

heterojunction solar cells with improved power conversion efficiency. 

 Negative electric field dependence of mobility has been observed in a 

regioregular poly(3-hexylthiophene) studied by the ToF and the CELIV technique. 

The comparative study revealed that these two principally different transient 

conductivity techniques are mutually consistent, and that the observed negative 

electric field dependence of mobility is not an experimental artifact, but an intrinsic 

property of the materials studied. Finally, the novel technique of photoinduced charge 

extraction by linearly increasing voltage (photo-CELIV) has been introduced to 

simultaneously determine the mobility (µ) and lifetime (τ) of the photogenerated 

charge carriers in bulk heterojunction solar cells. The measured µ and τ values are 

incorporated into a simple one diode model, which can qualitatively describe the 

measured current density versus voltage curves of bulk heterojunction solar cells with 

varying active layer thickness. 
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Chapter 1 
 
 
1. Introduction 
 
1.1 Background and Motivation 
 
 The idea of utilizing organic materials for solar energy conversion has been 

the subject of research for several decades. Organic materials are typically 

inexpensive, easily processable and their functionality can be tailored by molecular 

design and chemical synthesis. In 1985 Tang1 has first demonstrated an organic solar 

cell exhibiting power conversion efficiency around 1% based on a bilayer-structure of 

two well known photoconductors Me-Ptcdi (N,N’-dimethyl-perylene-3,4,9,10-

dicarboximide) / ZnPc (zinc-phtalocyanine). The photovoltaic effect of that cell was 

attributed to the efficient charge generation at interface formed between the two 

organic materials with dissimilar electronic levels. 

 Since their initial discovery in 1977, conductive polymers gained interest due 

to their metallic or semiconducting properties accompanied by easy processing and 

flexibility of common plastics.2 The fabrication of the first diodes in 1987 based on a 

soluble poly(3-hexylthiophene) sandwiched between a transparent conductive oxide 

and evaporated aluminum contacts marked the beginning of the rapidly expanding 

field of plastic electronics.3 It is expected that several electronic devices, such as 

displays based on polymer light emitting diodes,4 integrated electronic circuits based 

on polymer field effect transistors,5 and plastic solar cells6 will enter the market in 

applications where flexibility and light weight is desirable (“throw-away electronics”). 

 The most promising candidate of flexible plastic solar cells is based on the 

bulk heterojunction concept, which consists of an interpenetrating network of a 

1 
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conjugated polymer and fullerene. Bulk heterojunction solar cells can be prepared by 

solution processing techniques, such as spin coating, doctor blading,7 screen printing8 

and spray coating.9 The various printing technology enables roll-to roll fabrication of 

large area flexible devices. Although the preparation of bulk heterojunction solar cells 

is rather simple, the operation principles are complex and their understanding requires 

interdisciplinary research at different fields of material science. 

 One of the open questions is the effect of charge carrier mobility on the 

performance of bulk heterojunction solar cells. More specifically, the three main 

questions initiated this study were: 

1. How to measure charge carrier mobility in bulk heterojunction solar cells? 

2. How to correlate the measured mobility values to the microscopic and 

macroscopic properties of the materials? 

3. How to increase the charge carrier mobility in bulk heterojunction solar cells? 

To answer these questions systematically, the following strategy was followed, 

which is also reflected in the organization of this thesis: 

1. To install experimental techniques to measure charge carrier mobility in 

conjugated polymers, and to test the suitability of these techniques to measure 

charge carrier mobility in bulk heterojunction solar cells. 

2. To determine the temperature and electric field dependence of the mobility, 

and to correlate the measured charge transport properties to the chemical 

structure and the morphology of the materials by using theoretical models. 

3. To introduce novel experimental techniques to determine charge carrier 

mobility and lifetime in bulk heterojunction solar cells. 

4. To fabricate bulk heterojunction solar cells using materials with improved 

charge transport, and to test the relevance of the measured mobility and 

lifetime values in comparison with the performance of bulk heterojunction 

solar cells. 

 The study of charge transport in conjugated polymers and bulk heterojunction 

solar cells is the main topic of this thesis. The two most common conjugated polymers 

 2
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used in bulk heterojunction solar cells were selected for this purpose: i) regiorandom 

and regioregular MDMO-PPV ii) regioregular poly(3-hexylthiophene) (P3HT). 

 In addition, the optical and morphological properties and the photovoltaic 

performance of several other promising materials were studied. These materials have 

been designed and supplied by the various collaborators, and have been selected to 

improve some specific parameters of bulk heterojunction solar cells. The materials 

discussed in this thesis are low band gap polymers for improved light harvesting 

(PProDot(Hx)2 and dithienothiophene copolymers (P materials)), and “double-cable” 

polymers (polythiophene – anthraquinone copolymers). 

 3
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1.2 Bulk Heterojunction Solar Cells 

 

1.2.1 Operational principles 

 
 The efficiency of free charge carrier generation as a prerequisite for a 

photovoltaic effect is typically very low in organic materials due to the small mean 

free path (low mobility) of charge carriers, which is smaller than the Coulomb radius 

rc=e2/4πεε0kT (small dielectric constant).10 Therefore primary photoexcitations are 

strongly bound neutral excited states (binding energy in excess of 0.5 eV). The 

generation of free charge carriers requires excess energy gained by for e.g., electron 

transfer from the donor containing the excitation to lower lying molecular orbital of 

the electron acceptor moieties or to interfaces. The nature of primary photoexcitations 

in pristine conjugated polymers is still under discussions. 11 , 12  Steady state and 

transient photoconductivity experiments showed that the yield of charge carrier 

generation in conjugated polymers can be significantly improved in their blends with 

a strong electron acceptor buckminsterfullerene.13 Various optical techniques, such as 

light induced electron spin resonance (LESR),14,15 photoinduced absorption (PIA),16 

transient absorption (TA) 17  and photoinduced absorption detected magnetic 

resonance18 verified that the charge carriers are generated via photoinduced electron 

transfer between the photoexcited state of the conjugated polymer and the fullerene 

with a quantum yield approaching unity. The photogenerated charges are metastable 

with lifetimes up to several microseconds at room temperature. 

 An immediate realization was that the application of selective electrical 

contacts to the above described system, an efficient photovoltaic device may be 

fabricated. First, bilayer devices of spin coated MEH-PPV layer and evaporated C60 

layer sandwiched between ITO coated glass and Aluminum have been presented. 19 

These flat hetero-junction devices exhibit 4 orders of magnitude rectification in the 

current vs. voltage curves in the dark, and a few µA cm-2 short circuit current and 0.5 

V open circuit voltage under ~ 1 mW cm-2 monochromatic (514 nm) illumination 

through the ITO side.  The spectral response of the diodes was minimal at the 

maximum of the absorption of the MEH-PPV layer, which showed that the majority 

 4
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of photocurrent in such bilayer devices is generated within the thin interface between 

the MEH-PPV and C60 heterojunction. The real breakthrough was achieved by 

creating interpenetrating network of the electron donor and electron acceptor 

materials extending the interface area over the whole photoactive layer resulting in a 

device architecture often referred to as the bulk heterojunction.6 

 The concept of a bulk heterojunction is shown in Fig. 1.1. The schematic band 

structure at short circuit conditions displaying the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO) of the materials and 

the work function of the electrodes are also illustrated. 

 

Figure 1.1: Schematic illustration of a bulk heterojunction based on the 

interpenetrating network of a conjugated polymer and PCBM. The electronic levels 

relevant to the device performance are also displayed. 

 The charge carriers are generated by photoinduced electron transfer from the 

LUMO of the electron donor (conjugated polymer) to the LUMO of the electron 

acceptor (PCBM). For efficient charge generation, an exciton photogenerated 

anywhere in the blend has to reach an acceptor interface within its lifetime; therefore 

the magnitude of the maximum allowed phase separation is determined by the exciton 

diffusion length. For intimately mixed blends, experiments showed that only a few 

weight% of the electron acceptor is sufficient to quench virtually all excitations.20 For 

efficient photovoltaic devices, however, the created charge carriers need to be 

transported to the corresponding electrodes within their respective lifetimes, which 

depends on the charge carrier mobility of the materials. 

 As a last step, charge carriers are extracted from the device through two 

selective contacts. A transparent indium thin oxide (ITO) coated glass matching the 

 5
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HOMO level of the conjugated polymer (hole contact) is used on the illumination side, 

and evaporated thin  Lithium Fluoride / Aluminum metal contact matching the LUMO 

of PCBM (electron contact) is used on the other side. In the state-of-the-art devices, a 

thin (100 nm) hole injection layer, a highly doped PEDOT-PSS interfacial layer is 

used, which also serves to smoothen the surface of the ITO and to increase device 

stability. 

 Although the primary act of photogeneration has been studied in details by 

various optical techniques, the transport of the photogenerated charge carriers and 

their recombination has not been fully understood. This is partially due to lack of 

straightforward experimental methods to determine charge carrier mobility in 

operational devices. 

1.2.2 Charge transport and recombination 

 
 The drift distance of the charge carriers photo-generated anywhere within the 

active layer is given as Eld ××= τµ , where µ is the mobility, τ is charge carrier 

lifetime and E is the electric field, which limits the maximum thickness of the active 

layer (dmax<ld). This equation assumes that the charge carriers are electric field 

driven.21 In order to reach competitive power conversion efficiencies of organic solar 

cells, a short circuit current density on the order of ~10 mA cm-2 is necessary. Due to 

the rather low mobility of organic materials, high concentration of photogenerated 

charge carriers is required to reach this short circuit current density, e.g. n~1016 cm-3 if 

µ=10-4 cm2V-1s-1. High charge carrier concentration generally leads to increased 

bimolecular recombination resulting in short lifetimes (τ(t)=[βn(t)]-1 and consequently, 

short drift and diffusion distances. Moreover, charge carrier mobility and the lifetime 

of the charge carriers are not independent in most organic materials. The bimolecular 

recombination coefficient of a Langevin-type recombination typical for low mobility 

organic materials is written as 0/)( εεµµβ heL e += , where µe (µh) is the electron 

(hole) mobility and e, ε, ε0 are the elementary charge and the dielectric constants of 

the material and vacuum, respectively. The important questions are, therefore, how to 

measure charge carrier mobility and lifetime simultaneously in bulk heterojunction 

solar cells, and how µ and τ are correlated within the interpenetrating network of the 

electron donor and electron acceptor materials. 

 6
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 Charge carrier mobility in bulk heterojunction solar cells has been studied 

using a time of flight (ToF) technique,22 or calculated from the transfer characteristic 

of a field effect transistor (FET).23 These results showed that the electron mobility 

(PCBM phase) and the hole mobility (conjugated polymer phase) in the photoactive 

blend is fairly balanced, which is counterintuitive to experiments performed on the 

pristine materials. Space charge limited current measurements showed that the 

mobility of injected holes in the pure MDMO-PPV thin films is several orders of 

magnitude lower than injected electrons in PCBM thin films.24 Recent ToF studies 

performed on MDMO-PPV: PCBM (1:2) blends concluded that the mobility is 

unbalanced, the electron mobility being at least 2 orders of magnitude higher than the 

hole mobility.25 The apparent discrepancy between the above examples shows that the 

straightforward experimental determination of mobility using currently available 

methods is problematic. 

 The recombination dynamics of the photogenerated charge carriers in the 

blend of electron donor and electron acceptor materials has been studied by various 

optical techniques, for e.g., light induced electron spin resonance (LESR), 26  

photoinduced absorption (PIA),27 photoinduced reflection-/absorption (PIRA)28 and 

transient absorption (TA).29 In these optical techniques, the charge carrier-induced 

changes of the absorption of the films (-∆T) is monitored either by a modulation 

technique (PIA) or followed in real time (TA). The recorded signals are often very 

dispersive, especially at low temperatures and low frequencies or long timescales. 

Although the nature of these long-lived photoexcitations is of practical importance, 

optical techniques cannot directly distinguish between mobile or deeply trapped, 

immobile charges carriers. For e.g., transient absorption experiments in the blend 

MDMO-PPV:PCBM showed power law decay of the -∆T/T signal with an exponent 

of α=0.4 in the µs to ms timescale.30 Power law decay indicates a broad distribution 

of lifetimes due to strong dispersion. Moreover, optical techniques are typically 

applied on the films without electrodes; therefore operational devices cannot be easily 

studied. A major limitation of optical techniques is that the effect of electrodes and 

external electric fields cannot be easily studied. 

 Information on the recombination processes in operational bulk heterojunction 

solar cells is often obtained indirectly by the incident light intensity dependence of the 

short circuit current.31 Scaling factor close to 1 indicates that the short circuit current 

 7
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is not limited by second-order recombination processes, such as bimolecular 

recombination. In the latter case, exponent close to 0.5 is expected. Unfortunately, this 

experiment provides little information on any first order recombination processes, 

which scales linearly with light intensity. Examples for such first order recombination 

processes are a trap mediated (quasi-) monomolecular recombination, or 

recombination due to accumulated space charge. 

 From the above description it is evident that novel techniques are necessary to 

study charge carrier mobility and recombination in operational bulk heterojunction 

solar cells. 

1.2.3 Morphology-property relations 

 
 The power conversion efficiency of bulk heterojunction solar cells based on 

MDMO-PPV:PCBM (1:4) weight percent mixture could be improved from 

approximately 1 % (AM 1.5 ) to 2.5 % by simply changing the solvent from which the 

active layer has been cast.32 Atomic force microscopy (AFM) investigations showed 

that rather large, i.e. 100 – 200 nm clusters are formed in the toluene cast films, 

meanwhile a smooth surface morphology was observed for the chlorobenzene cast 

films. Transmission electron microscopy (TEM) and AFM studies33 assigned the large 

clusters to a PCBM-rich phase. In a more detailed study, the phase separation in 

MDMO-PPV:PCBM blends with increasing PCBM content spin coated from 

chlorobenzene was followed in all three dimensions by a combination of AFM, TEM, 

and depth profiling experiments.34 The study showed very smooth films by AFM and 

no observable contrast in the TEM experiments up to 50 - 60% PCBM content. The 

film surface is increasingly uneven at higher PCBM loads (>67 %), and 

correspondingly, two phases in the TEM images could be identified. The darker phase, 

which is growing with increasing PCBM content, was identified as a rather pure 

PCBM phase similarly to [33]. 

 Fine details of the nano-scale morphology in the photoactive layer using AFM 

and scanning electron microscopy (SEM) has been recently reported by Hoppe et al.35 

The SEM images obtained for CB cast, 1:2, 1:4 and 1:6 ratio by weight MDMO-

PPV:PCBM films are compared in Fig. 1.2 a, b, and c, respectively. In all cases, small 

(20-30 nm) bright nano-spheres embedded in a rather uniform matrix are observed, 

 8
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except for the 1:6 films, in which larger clusters are also observed. These large 

clusters are clearly visible, and their size is dependent on the PCBM load in films cast 

from toluene (Fig. 6 d), therefore assigned to PCBM phase. The small bright spheres, 

however, can be found in all films studied, for e.g., in the “thin skin” surrounding the 

large clusters in the toluene cast films, or uniformly distributed in the chlorobenzene 

cast films. The authors attribute the bright nano-spheres to an MDMO-PPV phase, in 

which the polymer chains attain a coiled conformation. This notion is supported by 

annealing experiments, in which the contrast between the different phases is improved 

due to the tendency of PCBM to diffuse and crystallize. Large holes appear instead of 

the PCBM clusters indicating the diffusive motion of PCBM towards crystallization 

centers. Interestingly, however, the small spheres remain at the same position. 

Consequently, the PL of the MDMO-PPV reappears upon annealing, which strongly 

support the assignment of the nano-spheres to the MDMO-PPV polymer. 

 

Figure 1.2 a,b,c: Cross section SEM images of MDMO-PPV:PCBM 1:2, 1:4, 1:6 

weight ratio films spin coated from chlorobenzene solutions; d: 1:3 weight ratio 

MDMO-PPV:PCBM films spin coated from toluene solutions (images by H. Hoppe). 

 Another interesting finding of that paper is related to the dependence of the 

morphology on the preparation method as well as the total concentration of the 

 9
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organic materials. Larger scale phase separation is observed in the films using more 

concentrated solutions, which is attributed to the longer drying times of thicker films. 

The effect of drying conditions on the morphology has been observed in other 

works,36 and can influence the results of spectroscopic investigations. 

 The above morphology studies demonstrate that although the preparation of 

bulk heterojuncton solar cells is very simple, the proper control of the processing 

parameters is complex, and involves detailed studies of the influence of many factors, 

e.g. the choice of solvent, the concentration of the solution, the weight ratio of the 

active components, etc. The optimum set of parameters may obviously change with 

different material combinations. In order to achieve control of the morphology at the 

molecular level, the concept of “double-cable” polymers has been introduced (see Fig. 

1.3). 37  These latter materials are electron donor conjugated polymers carrying a 

number of adjacent electron acceptor moieties as covalently linked substituents. It is 

expected that the electron created by photoinduced electron transfer will travel by 

hopping between the acceptor moieties; meanwhile the rather high on-chain hole 

mobility as well as subsequent interchain hopping will transport the positive charge. 

Ideally, phase separation in these materials is prevented, or, in other words, the 

interface between the electron acceptor (n-type) and electron donor (p-type) materials 

is brought down to the molecular level. As such, double cable polymers can be 

viewed as molecular heterojunctions. Major criterion for the application of these 

materials in photovoltaic elements is the absence of ground state interaction between 

the electron donor and acceptor moieties (the “cables” must not short). This can be 

achieved by introducing an insulating spacer between the n-type and p-type “cable”. 

The spacer may also increase the solubility of the macromolecule; however, its length 

must be appropriate not to hinder photoinduced electron transfer.38

 Most “double–cable” polymers contain covalently linked fullerene moieties. 

Unfortunately, it is difficult to achieve significant load of fullerenes due to reduced 

solubility of the “double-cable” polymer. The results obtained for the well soluble 

polythiophene – anthraquinone copolymers are discussed in chapter 5.3. 
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Figure 1.3: Ideal representation of “double-cable” polymers. The charge carriers 

generated by photoinduced charge transfer can be transported within one molecule, 

therefore viewed as a “molecular heterojunction”. 

1.2.4 Improving the photon harvesting 

 

 The absorption of the MDMO-PPV:PCBM blend is limited in spectral regions 

where the spectral photon flux from the sun is more intense (~1.8 V).39 The limited 

light harvesting of bulk heterojunction solar cells is their most important deficiency, 

and although some improvements are expected by incorporating for e.g., light 

trapping, anti reflection coating or solar light concentration elements, the real 

breakthrough towards improved power conversion efficiency can only be achieved 

using novel materials with optical absorption at the longer wavelength range. The 

onset of the absorption of the conjugated polymer corresponds to the π-π* energy gap. 

To improve the spectral sensitivity of bulk heterojunction solar cells, materials with 

lower π-π* band gaps are required. The photovoltaic properties of two novel low band 

gap polymers, namely polydithienothiophene copolymers (P materials) and 

PProDot(Hx)2 are discussed in Chapter 5.4 and 5.5, respectively. 

1.3 Theory of Charge Transport in Organic Semiconductors 

 
 The interest in experimental and theoretical aspects of charge transport in 

organic disordered materials is dated back to the development of organic 

photoconductors for xerography and printing technology. 40  In these applications, 

inorganic chalcogenide glasses, such as As, S, Se, Te and related alloys, and organic 

amorphous materials, such as molecularly doped polymers and amorphous molecular 

glasses were studied as charge generation and transport layers. The main requirements 
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for xerographic applications are the low dark conductivity, high charge carrier 

mobility and the absence of charge carrier trapping. Due to their specific application, 

the time of flight technique and a xerographic discharge technique were the most 

commonly used to study the charge transport properties of these amorphous materials. 

The results showed that in contrary to crystalline materials,41 charge carrier mobility 

values are typically lower, and exhibit strong temperature and electric field 

dependence. The pioneering work of Scher and Montroll has introduced a 

phenomenological model to explain the frequently observed universality of the shape 

of the recorded photocurrent transients according to:42

( ) )1(~ ittj α−− ,    t<ttr      (1.1) 

)1( jα+−~)( ttj ,   t>ttr      (1.2) 

where α is a parameter related to the dispersivity of the transients, and ttr is the transit 

time defined as the intersect of the straight lines in a logarithm photocurrent versus 

logarithm time plots. The prediction of that formalism is that the slopes prior (1-αi) 

and after (1+αj) the transit time should sum up to 2, and the transients recorded at 

various electric fields and thicknesses can be superimposed when normalized to ttr. 

 The temperature and electric field dependence of mobility in molecularly 

doped polymers has been frequently analyzed in the framework of Gill’s model43 

according to: 
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⎥
⎥
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⎢
⎣
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⎟
⎟
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⎞
⎜
⎜
⎝

⎛ −∆
−=

effB

PF

Tk
EET

2/1

0 exp, βµµ       (1.3) 

where Teff
-1=T-1-T0

-1, T [K] is the temperature, ∆ [eV] is the zero field activation 

energy, βPF [eV(Vcm-1)-1/2] is the Poole-Frenkel coefficient, T0 is the temperature at 

which the Arrhenius plots of mobility at various electric fields intercept, µ0 is the 

mobility at T0, and kB is the Boltzmann constant. The model predicts square root 

dependence of the log mobility versus the electric field, which is attributed to the 

reduction of the activation energy barrier for charge carrier hops by βE1/2 as illustrated 

in Fig. 1.4.  
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Figure 1.4: The reduction of the activation energy for charge carrier hops by the 

application of an external electric field according to the Gill’s model. The inset shows 

the predicted temperature dependence of the logarithm mobility at various electric 

fields. 

 Interesting prediction of this model that the mobility at various electric fields 

should intercept at a temperature T0, above which the electric field dependence should 

change its sign. Such negative electric field dependence of mobility has been observed 

in several disordered materials, such as molecularly doped polymers 44 , 45  and 

molecular glasses.46 The Gill’s model although predicts the occurrence of negative 

electric field dependence of mobility, it does discuss the under laying physical nature 

of it, nor attributes any meaning to T0. Although eq. 1.3 was widely used due to its 

relative simplicity, it failed to account for several properties intrinsic to disordered 

semiconductors, for e.g., the energetic disorder of the charge transport sites and/or the 

structural relaxation of charge carriers leading to self localization (polaronic effects). 

 The disorder formalism developed by Bässler and coworkers 47  has been 

frequently used to analyze the temperature and electric field dependence of mobility 

in disordered organic materials. This model postulates that the main contribution to 

the activation energy in disordered organic semiconductors is due to the fluctuation of 

the site energies, and it neglects polaronic effects. Monte Carlo simulations showed 

that charge carriers generated initially with random energies tend to relax toward the 

tail states of a density of states distribution described by a Gaussian distribution. 
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Disorder formalism uses the master equation of asymmetric hopping rates of the 

Miller-Abrahams form:48
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where νij is the hopping rate between site i and j with energy εi and εj, a is the average 

lattice distance. The first exponential in eq. 1.4 describes the electronic wavefunction 

overlap, and the second exponential describes a Boltzmann factor for sites upwards in 

energy. Eq 1.4 postulates that only charge carrier hops to sites higher in energy are 

thermally activated, therefore only these jumps are accelerated by the electric field. 

The rate for downward jumps is 1, which assumes that energy can be always 

dissipated via the large number of high frequency phonons typical for organic 

conjugated materials. According to eq. 1.4, a dynamic equilibrium is attained when 

the number of even lower laying sites is so low, that on average all the jumps will be 

thermally activated upward jumps. Simulations showed that the mean energy <ε∞> of 

an ensemble of relaxing charge carriers asymptotically approaches a constant value of -

σ2/kT below the center of the distribution. The time to reach this quasi-equilibrium is 

expected to decrease with decreasing temperature as:49
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where t0 is the dwell time of a carrier without disorder, and σ is the width of the 

Gaussian distribution of states. The temperature and electric field dependence of 

mobility in quasi-equilibrium conditions is described as: 
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where  Σ  is a parameter characterizing positional disorder, µ0 is a prefactor mobility 

in the energetically disorder-free system, E is the electric field, and C is a fit 

parameter. C contains no adjustable parameters; therefore provide a test of the theory. 

Disorder formalism predicts non-Arrhenius temperature dependence of the mobility, 
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which has been verified by numerous experiments. Deviations from the temperature 

dependence predicted by eq. 1.6 have been also observed by the ToF technique, which 

was attributed to non-dispersive to dispersive (ND→D) transition.50 Since the time to 

reach the quasi-equilibrium level according to eq. 1.5 is increasing faster than the 

transit time of charge carriers with decreasing temperature, eventually charge carriers 

without quasi-equilibrium will be probed. The temperature at which the transition (Tc) 

occurs depends on the energetic disorder parameter, and exhibit sample thickness 

dependence according to  

d
kTC

log7.68.44)( 2 +=
σ        (1.7) 

where d is a parameter related to the thickness in cm units. The ND→D transition is 

manifested by the appearance of a kink in the log µ (Ε=0) versus 1/T2 plots 

accompanied by photocurrent transients that no longer exhibit a plateau. 

 
Figure 1.5: The effect of positional disorder on the motion of a charge carrier under 

an external electric field. The hops from A to C via site B are characterized as 

“difficult” due to weak electronic coupling. The alternative route via D-E-G-H-C is 

considered more favorable, yet hops against the electric field (A-D) are gradually 

diminished with increasing electric fields resulting in negative electric field 

dependence of the mobility. 

 According to eq. 1.6, the slope of the electric field dependence of the mobility is 

decreasing with increasing electric field and may turn to negative when σ/kT<Σ. The 

negative electric field dependence of mobility is attributed to large positional disorder 
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equivalent to large fluctuation of the electronic coupling between the charge transport 

sites. Large positional disorder creates faster routes as well as dead ends for charge 

carriers executing their random walk. At higher fields, detour routes around such dead 

ends are gradually diminished resulting in negative electric field dependence of the 

mobility as illustrated in Fig 1.5. 

 The disorder formalism has been recently applied to describe the temperature 

and electric field dependence of mobility in conjugated, semiconducting polymers.51,52 

The electronic structure of conjugated polymers is quite different than that of the 

above mentioned inorganic or organic amorphous glasses, or other small π-conjugated 

molecules. Conjugated polymers can be viewed as one dimensional semiconductors, 

in which the semiconducting properties are attributed to the extended π-electron 

systems formed by the πz electrons of the carbon atoms of the backbone.53 Although 

microwave conductivity techniques54,55 showed that the on-chain mobility can reach 

very high values, the macroscopic transport properties are controlled by the orders of 

magnitude slower interchain hopping process. The solubility and processability of 

conjugated polymers are achieved by attaching side chains to the conjugated 

backbone. Naturally, the length of the insulating side chain affects the interchain 

electronic coupling therefore influence mobility, as it is evidenced by the decreasing 

charge carrier mobility in a series of regioregular polyalkythiophenes with increasing 

side chain length.56 Furthermore, the regularity of the side chain attachment plays an 

important role in the solid state morphology and ordering. For e.g., regioregular 

poly(3-hexylthiophene) (P3HT), in which the solubilizing side chains are attached in a 

regular pattern forms crystalline phases,57 meanwhile regiorandom P3HT is typically 

amorphous. The electronic properties of these two materials are also quite different. 

Regioregular P3HT exhibits one of the highest mobility among conjugated polymers 

in the FET structure, meanwhile mobility in the regiorandom P3HT is 3 to 4 orders of 

magnitude lower.5,58 The effect of side chain substitution on charge carrier mobility 

was investigated for a series of alkoxy-PPVs in the work of Martens et al.52 The 

charge carrier mobility of the symmetrically substituted OC10C10 PPV is one order of 

magnitude higher than the asymmetrically substituted, regiorandom MDMO-PPV 

(also known as OC1C10 PPV). From temperature and electric field dependence of 

mobility studies it was concluded that the increased on-chain and interchain disorder 

is mainly responsible for the lower mobility of regiorandom MDMO-PPV. 
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Chapter 2 
 
 
2. Experimental Setups and Materials 
 
2.1 Mobility Techniques  
 
 Charge carrier mobility techniques in organic materials can be classified 

according to e.g., the mode of charge generation (photogenerated, doping induced, 

electrostatic, or injected by electrical contacts) or as transient or (quasi-) steady state 

(Table 2.1). 

 Table 2.1: Experimental techniques used to determine charge carrier mobility. 

  Transient (Quasi-) Steady State 

Photo-induced 
Time of Flight (ToF)40

Photo-CELIV59

Photoconductivity60

Photo-impedance61

Doping-induced CELIV62 Conductivity63,64

Electrostatic  Field Effect Transistor65

M
od

e 
of

 c
ha

rg
e 

ge
ne

ra
tio

n 

Injected (from 

contacts) 

DI SCLC66,67

tr-EL68

SCLC63,69

Time-resolved optical 

detection7071

CELIV: charge extraction by linearly increasing voltage; DI SCLC: dark injection 
space charge limited current; tr-EL: transient electroluminescence 

 The time of flight technique (ToF), and the complimentary technique of 

charge extraction by linearly increasing voltage (CELIV) are used in this study to 
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measure charge carrier mobility in conjugated polymers, meanwhile the novel photo-

CELIV technique is introduced to determine charge carrier mobility and 

recombination in bulk heterojunction solar cells. The measurement principles and the 

schematic responses of these transient conductivity techniques are illustrated in Fig. 

2.1. 

 

Figure 2.1: The pulse sequence and schematic response of the ToF, CELIV and 

photo-CELIV technique. The calculation of mobility and the typical thickness of the 

device are also displayed for comparison. 

 In the time of flight technique, the transit time (ttr) of a two dimensional sheet 

of photogenerated charge carriers drifting through a sample of know thickness (d) is 

determined under an applied external electric field (E=U/d). The ToF mobility is then 

calculated as µ=d2/(U×ttr). The condition of surface photogeneration of charge carriers 

in a ToF technique requires large film thicknesses with high optical density (OD>10). 

Photocurrent transients can be characterized as non-dispersive exhibiting a well 

developed plateau, in which case the transit time is defined as the intersect of the 

plateau with the tail of the photocurrent transient as it is shown in Fig. 2.1. In the 

presence of strong dispersion, the recorded photocurrent transients do not exhibit a 

plateau, but decrease constantly. In dispersive cases the transit time is defined as the 

intersect of the two linear regimes in the log photocurrent versus log time plots.42 The 
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electric field is assumed to be uniformly distributed over the sample, which condition 

is maintained by i) limiting the number of photogenerated charge carrier to less than 

10% of the capacitive charge (CU) ii) that the dielectric relaxation time (τσ) is larger 

than the transit time  τσ=εε0/σc >> ttr=d2/µU, where σc [Ω cm-1] is the conductivity. 

Otherwise the number of equilibrium or doping induced charge carriers (ep0d, where 

p0 is the charge carrier concentration) are sufficient to screen and redistribute the 

electric field prior to the arrival of the photoexcited charge carriers at the electrode.72

 In conductive samples with short τσ, the complementary technique of CELIV 

can be used. In the CELIV technique the equilibrium charge carriers are extracted 

from a dielectric under a reverse bias voltage ramp (A=dUmax/dtpulse).73 The mobility 

of extracted charge carriers is calculated from the time when the extraction current 

reaches its maximum (tmax). The CELIV measurement is most conveniently performed 

when the current due to the capacitance displacement current (j(0) =A×εε0/d) equals 

to the extraction current at its maximum ∆j. This experimental condition is achieved 

by e.g., selecting the proper thickness of the sample. In contrary to ToF, the CELIV 

technique can be used to determine charge carrier mobility in samples with only a few 

hundred nanometer thickness. 

 Due to the rather large band gap of most organic materials, the amount of 

equilibrium charge carriers is very low to be determined by CELIV, but can be 

increased by chemical doping. Alternatively, charge carriers can be photogenerated by 

a short laser flash. The photogenerated charge carriers undergo recombination or 

extracted under the built-in field through the external circuit (short circuit condition). 

The built-in field can be compensated by applying a DC offset bias (Uoffset) leading to 

flat band condition, in which case the photogenerated charge carriers are forced to 

meet and recombine. The remaining charge carriers can be extracted under a reverse 

bias voltage ramp after an adjustable delay time (tdel) determining their lifetime 

(photo-CELV). The calculation of the mobility in the photo-CELIV technique shown 

in Fig. 2.1 assumes bulk generation of charge carriers, which limits the active layer 

thickness to approximately 300 - 400 nm depending on the absorption coefficient at 

the excitation wavelength. The photo-CELIV technique offers the possibility to study 

charge relaxation phenomena (density relaxation) by varying tdel, the determination of 

the concentration dependence of the mobility by changing the incoming light intensity, 
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and the voltage (electric field) dependence of the mobility by changing the maximum 

of the applied voltage pulse (Umax). 

 

Sample preparation and the experimental arrangements: 

 

 The samples for the ToF and CELIV studies were prepared by the doctor blade 

technique on pre-structured ITO coated glass substrates (typical size: 3 cm by 6 cm). 

The doctor blade technique was found to be superior to drop casting in preparing 

micrometer thick, pinhole-free films. Then, 1.5 cm by 1.5 cm size samples were cut 

out from the larger substrates and Aluminum as cathode was evaporated under 

reduced pressure through a shadow mask. The devices were fixed in a temperature 

controlled, liquid nitrogen cooled cryostat (Oxford Optistat DN-V, ITC 503 

temperature controller, precision ± 0.1 Kelvin). The experimental arrangement for the 

mobility studies is illustrated in Fig. 2.2. 

 

ToF measurement:

 

 The samples were illuminated using the second harmonic (532 nm) 3 ns pulses 

of a Nd:YAG pulsed laser (Coherent Infinity 40 – 100). The photogenerated charges 

drifted through the sample under the external electric field applied by a Brandenberg 

477-303 voltage supply, and were recorded by a Tektronix TDS 754 C Digitizing 

Oscilloscope using either a set of variable resistances or a Femto DLPCA low noise 

current amplifier. 

 

CELIV measurement:

 

 The samples were kept in the dark, and the doping induced charge carriers 

were extracted by linearly increasing voltage pulses applied by a digital function 

generator (Stanford Research DS 345). The CELIV transients were recorded using 

Tektronix TDS 754 C Digitizing Oscilloscope using a set of variable resistances. 
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Photo-CELIV technique: 

 

 The delay time between the light pulse and the voltage pulse was varied using 

a digital delay generator (Stanford Research DG 535). The exact time of the light 

pulse was monitored by a biased photodetector (rise time>50 ps). The signals were 

transferred from the computer using either a commercially available software 

Wavestar for Oscilloscopes (CELIV, Photo-CELIV), or a homebuilt visual basic 

program (ToF). 

 

Figure 2.2: Experimental arrangement of the ToF, CELIV and Photo-CELIV 

technique. The dashed lines represent the signal path, and the dotted lines represent 

the TTL signals used for triggering the instruments. 

2.2 Preparation of Bulk Heterojunction Solar Cells  

 
 Bulk heterojunction solar cells unless otherwise mentioned were prepared on 

pre-structured ITO coated glass substrates. On the top, typically 80-100 nm highly 

doped PEDOT-PSS layer was spin coated, and dried in reduced pressure for several 
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hours. The active layer was formed by spin coating. Finally, the cathode was 

evaporated at reduced pressure through a shadow mask defining the active area. The 

current voltage characteristics were recorded with a Keithley SMU 2400 unit. The 

devices were illuminated from the transparent ITO side using a Steuernagel solar 

simulator simulating AM (air mass) 1.5 sun spectrum. The power conversion 

efficiency of the solar cells under simulated AM 1.5 conditions were calculated as: 
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where Pout [mW cm-2] is the output electrical power of the device under illumination, 

Pin [mW cm-2] is the light intensity incident on the sample as measured by a calibrated 

photodiode, and m is the spectral mismatch factor that accounts for deviations in the 

spectral response to that of the reference cell. Furthermore, FF is the filling factor 

defined as  

scoc

mppmpp

JV
JV

FF
×

×
=         (2.2) 

where Vmpp [V], and Jmpp [mA cm-2] are the maximum voltage and maximum current 

density at the maximum power point, respectively, Voc [V] is the open-circuit voltage, 

Jsc [mA cm-2] is the short-circuit current density. 

2.3 UV-vis Absorption and Photoluminescence (PL) 

 
 UV-vis absorption spectra in solutions were recorded by a HP 8453 UV-

Visible System. PL of the thin film samples was measured as follows: The samples 

were mounted into a cryostat and placed in the focus of a 5 cm diameter collecting 

lens. The samples were illuminated from the front side by the 514 nm line of an Ar+ 

laser with 0.3 mW intensity. A lowpass filter was used to block the Ar+ excitation 

line, and the collected light was coupled to an optical fiber, dispersed by a L=1/8 

monochromator and detected by a Si photodetector array. 
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2.4 Materials 

 
 Regiorandom MDMO-PPV was purchased from Covion GmbH. Regioregular 

P3HT was purchased from Rieke Metals, Inc, and further purified according to the 

procedure described in ref [74], or received from H. C. Starck GmbH, and used 

without further purification. PCBM was purchased from J. C. Hummelen. 

2.4.1 Regioregular MDMO-PPV polymers 

 
 Lutsen et al.75 has recently developed a novel regio-controlled synthetic route 

to alkoxy-PPVs using asymmetrically substituted monomers. Unfortunately, the fully 

regioregular MDMO-PPV is insoluble, which limits the processability of otherwise 

promising substances. More recently, a series of soluble regioregular MDMO-PPV 

polymers were synthesized76 based on the sulphinyl precursor route (Scheme 2.1). 

The ratio of the isomer monomer A and B was varied in the reaction mixture defining 

n and m in the copolymer. 
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Scheme 2.1: Synthesis of the regioregular MDMO-PPV copolymers via the sulphynil 

precursor route. 
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2.4.2 Polythiophene – anthraquinone “double-cable” copolymers 

 
 Catellani et al. has synthesized a series of well soluble polyalkylthiophene 

copolymers containing anthraquinone molecules as electron acceptor in the side 

chains according to scheme 2.2. 

Scheme 2.2: Synthesis of the polythiophene – anthraquinone copolymers. 

 Their photophysical investigations showed that these “double-cable” materials 

fulfill the major criterion for application in bulk heterojunction solar cells. UV-vis 

absorption as well as electrochemical techniques showed that no significant 

interaction occurs between the p-type conjugated chain and the n-type electron 

acceptor in the ground state. Upon photoexcitation, the occurrence of photoinduced 

electron transfer was evidenced by FTIR photoinduced absorption and LESR. The 

photovoltaic response of these polymers is discussed in Chapter 5.3.77

 

2.4.3 Dithienothiophene copolymers 

 
 A series of electropolymerized poly(dithienothiophene)s (PDTTs) exhibit low 

band gaps (~1.1 eV), and peculiar features of the doped or photoexcited positive and 

negative charge carriers.78 Their low band gap makes them a prefect candidate for 

photovoltaic application; however their insolubility is a serious shortcoming. Catellani 

et al. [79] has synthesized a series of soluble PDTTs, in which the dithienothiophene 

moiety is copolymerized with an alkylthiophene monomer. Their chemical structure, 

weight averaged molecular weight and absorption spectra recorded in dilute 

chloroform solution are shown in Fig 2.3. The band gap of the resulting copolymers is 

significantly increased as compared to the electropolymerized, insoluble PDTTs, 

which is probably due to the extra rotational freedom, therefore reduced conjugation 

between the dithienothiophene and the thiophene monomers. This effect is even more 
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pronounced in the P2 polymer, in which 2 additional solubilizing chains are attached 

to the alkylthiophene monomer. The sterical hindrance, therefore decreased planarity 

of the conjugated backbone may be the origin of its blue shifted absorption. The band 

gap is reduced and the optical absorption is red shifted by introducing S,S-dioxide 

groups on the center thiophene ring of the dithienothiophene moiety. This partially 

due to the electron withdrawing effect of S,S-dioxide groups. 

Figure 2.3: The chemical structure, the weight averaged molecular weight (Mw (g 

mol-1) and the absorption spectra recorded in dilute chloroform solution of the poly-

dithieno-thiophene copolymers: P1: poly[5,5’-Bis(3-decyl-2-thienyl)-dithieno[3,2-

b:2’,3’-d]thiophene]; P2: poly[5,5’-Bis(3,4-dibutyl-2-thienyl)-dithieno[3,2-b:2’,3’-

d]thiophene]; P1ox: poly[5,5’-Bis(3-decyl-2-thienyl)-dithieno[3,2-b:2’,3’-

d]thiophene-4,4-dioxide]; P2ox: poly[5,5’-Bis(3,4-dihexyl-2-thienyl)-dithieno[3,2-

b:2’,3’-d]thiophene-4,4-dioxide]. 

2.4.4 PProDot(Hx)2

 

 A novel class of conjugated polymers based on disubstituted 

propylenedioxythiophene polymers has been synthesized by the group of John R. 

Reynolds. These polymers are promising candidates in applications for electrocromic 

displays, due to their color change from dark blue-purple to a transmissive sky blue 

upon p-doping. They also exhibit high quantum yield of luminescence, and have 

relatively low band gaps. The latter property together with excellent solubility in 

common organic solvents motivated their study for application in photovoltaic 

devices, which is discussed in Chapter 5.5. The chemical structure of poly(3,3-
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Dihexyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepine) PProDot(Hx)2 polymer and 

HOMO-LUMO levels are displayed in Fig 2.4.80 The HOMO level was determined by 

cyclic voltammetry, and the LUMO level was calculated from the HOMO and the 

onset of the optical absorption. 

 

Figure 2.4: Chemical structure and the HOMO and LUMO levels of poly(3,3-

Dihexyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepine) (PProDot(Hx)2). 
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Chapter 3 
 
 
3. Charge Transport in Conjugated Polymers 
 
3.1 Charge Transport in Regioregular MDMO-PPVs 
 
 The regiorandom MDMO-PPV (RRa-MDMO-PPV) polymer is a random 

copolymer of the two stereoisomers of the same monomer. The two isomers differ in 

the attachment of the shorter methoxy (OC1) and the longer dimethyloxy (OC10) chain 

to the backbone phenyl unit. A series of MDMO-PPV copolymer has been 

synthesized by mixing the two stereo isomers 1-chloromethyl-5-(3,7-dimethyloctyl)-

2-methoxy-4-octylsulphoxymethylbenzene (monomer A) and 1-chloromethyl-2-(3,7-

dimethyloctyloxy)-5-methoxy-4-octylsulphoxy-methylbenzene (monomer B) via the 

sulphynil precursor route as illustrated in Chapter 2, Scheme 2.1. 

 The solubility of the MDMO-PPV copolymers is greatly reduced as the ratio 

of either of the isomers is increased above 80 %, which is attributed to aggregation of 

the conjugated chains in solution. This is further supported by XRD powder 

diffraction measurements of the MDMO-PPV polymers shown in Fig. 3.1.81 The 

numbers in the bracket indicates the weight percent of the two isomers in the reaction 

mixture, for e.g., 0:100 MDMO-PPV stands for the 100 percent homopolymer, 

meanwhile 50:50 MDMO-PPV means the 50:50 mixture of the two isomers. As the 

regioregularity increases, a clearly distinguished reflection peak develops at around 3 

degrees, corresponding to an intermolecular distance of 28.5 Å. The exact position of 

this peak was determined by small angle x-ray scattering measurement. It corresponds 

to the repeating distance between the polymer backbones separated by side chains. 

The broad maximum at ~20 degrees is assigned to the amorphous halo of the polymer. 
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Figure 3.1: θ / 2θ-scans of the regioregular MDMO-PPV polymer powders. (by R. 
Resel) 

 

Figure 3.2: UV-vis absorption of various regioregular MDMO-PPV copolymers in 

dilute chlorobenzene solution. 
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 The UV-vis absorption spectrum recorded in dilute chlorobenzene solution is 

shown in Fig. 3.2. As the weight percent of either one of the isomers is increased in 

the reaction mixture above 80%, an additional absorption feature appears (indicated 

with an arrow) at wavelengths longer than the π-π* gap absorption of the isolated 

conjugated chain, which is attributed to aggregate formation. In addition, the 

absorption maximum of the conjugated polymers is red shifted as the weight percent 

of either one of the isomers is increased, which is indicative of longer effective 

conjugated length attributed to the enhanced regioregularity of the conjugated 

backbone. Since the preparation of devices for the mobility measurement requires 

well soluble materials, the conjugated polymer resulting from the polymerization of 

the 70:30 weight percent mixture of monomer A and monomer B (referred to as 

“70:30 MDMO-PPV”) was selected, and its charge transport and photovoltaic 

properties are compared to the regiorandom MDMO-PPV (referred to as “RRa-

MDMO-PPV”). 

 

Figure 3.3: Charge carrier mobility of 70:30 MDMO-PPV (full symbols) and RRa-

MDMO-PPV (empty symbols) determined by the ToF technique for films with 

various thickness. 
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 Fig. 3.3 shows the room temperature mobility values determined by the ToF 

technique for both polymers for various film thicknesses. The room temperature 

mobility of the 70:30 MDMO-PPV is app. 3.5 times larger at all measured electric 

fields for all film thicknesses as compared to the RRa-MDMO-PPV. The shape of the 

photocurrent transients becomes more dispersive as the thickness of the films 

decreases (Fig. 3.4), yet there is no significant difference in the determined mobility 

values even for samples with 0.32 µm thickness. The thickness independent mobility 

values for both polymers has the following implications to our experiments: i) the 

asymptotic determination of the mobility from the logarithm photocurrent vs. 

logarithm time plots gives acceptable values even when the photocurrent transients 

are strongly dispersive. ii) it suggest that the film morphology using doctor blade 

technique does not change significantly by changing the film thickness within 0.32 

µm to 2.3 µm as far as charge carrier mobility is concerned. 

 Fig. 3.5 a and b shows the plot of logarithm mobility versus square root of the 

electric field determined at several temperatures for 70:30 MDMO-PPV and RRa-

MDMO-PPV, respectively. For the temperature dependence of mobility, samples with 

larger thickness (~2 µm) were selected. The slope of the field dependence of mobility 

is decreasing, and the zero field mobility – the mobility extrapolated to zero electric 

field – is increasing with increasing temperature. Such a tendency is predicted by the 

disorder formalism (Chapter 1.3, eq. 1.6). The mobility could not be determined 

below ~220 K because of the absence of a clearly distinguished kink in the logarithm 

photocurrent versus logarithm time plots. 

 Fig. 3.6 shows the temperature dependence of the mobility values extrapolated 

to zero electric field (µ(E=0)) determined by linear regression in Fig. 3.5 for both 

conjugated polymers. According to disorder formalism, the ordinate intercept of the 

lines determines the value of the prefactor mobility (µ0); meanwhile the slope is 

related to the width of the Gaussian distribution of density of states (σ). The measured 

experimental data can be fitted using disorder formalism reasonably well; therefore it 

may provide a framework for further discussion of the charge transport properties of 

the MDMO-PPV polymers. 
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Figure 3.4: Recorded photocurrent transients for a 2.3 µm (left side) and a 0.32 µm 

(right side) RRa-MDMO-PPV device at various applied electric fields. The arrows 

indicate the transit time of the charge carriers. 
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Figure 3.5: Temperature and electric field dependence of mobility determined for a) 

70:30 MDMO-PPV; b) RRa-MDMO-PPV. The lines represent linear fits if the data. 
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Figure 3.6: Logarithm of the zero field mobility versus (1000/T)2for 70:30 MDMO-

PPV (full symbols) and RRa-MDMO-PPV (empty symbols). The lines represent 

linear fit of the data. 

 The parameters µ0, σ, and C of eq. 1.6 have been calculated, and summarized 

in Table 3.1. The fitting constant C was calculated from the slope of the field 

dependence of mobility versus (σ/kT)2. The prefactor mobility (µ0) is one order of 

magnitude higher for 70:30 MDMO-PPV, and σ also increases slightly. Interestingly, 

the zero field mobility of 70:30 MDMO-PPV in Fig. 3.6 is only higher above ~ 230 K 

indicated by the arrow, but decreasing faster due to the larger energetic disorder, and 

eventually gets lower than that of RRa-MDMO-PPV below 230 K. Furthermore, the 

field dependence of mobility characterized by parameter C is slightly larger for the 

70:30 MDMO-PPV. The determined value of C agrees well within a factor of only 2 

with the theoretically calculated value (C = 2.9 × 10-4 [(cm V-1 )1/2]). 

 The prefactor mobility is primarily governed by the amount of electronic 

coupling between neighboring transport sites, which is a sensitive function 

(exponential) of the intersite distance. The slight increase of the energetic disorder of 

the 70:30 MDMO-PPV may originate from lower lying energy states of ordered nano-
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aggregates as compared to the amorphous matrix acting as energetic deep traps for 

overall charge transport. 

TABLE 3.1: Determined values of µRT (room temperature mobility), and parameters 

µ0 (prefactor mobility), σ (energetic disorder) and C of the disorder formalism (eq. 

1.6). 

Sample µRT [cm2 V-1s-1] µ0 [cm2V-1s-1] σ [meV] C [(cmV-2)1/2]

70:30 MDMO-PPV 2.8×10-5 2.6×10-3 115 1.54×10-4

RRa-MDMO-PPV 0.85×10-5 0.22×10-3 105 1.35×10-4

 The above model is schematically illustrated in Fig. 3.7. The graph on the top 

of the page illustrates charge motion in the amorphous regions of the films, in which 

the energy of the transport sites experience a statistically varying environment giving 

rise to a Gaussian distribution of density of states. The graph on bottom of the page, 

on the other hand, depicts regions, where the conjugated chains are partially aligned 

with a better interchain interaction. These regions are expected to create preferential 

paths (“highways”) for the charge carriers, therefore increase the mobility. In the 

framework of disorder formalism, the major source of disorder of the charge transport 

sites is assumed to originate from the variations of dipole - induced dipole interactions 

between the charge carrier and the surrounding polarizable matrix. Since the more 

extended electronic wavefunctions of the ordered regions are thought to be more 

polarizable, the extent of the dipole-induced dipole interactions are expected to be 

higher in the ordered regions of the films, which lowers the site energy. Since the 

ordered regions in our model are embedded in an amorphous matrix, these lower lying 

energy states may act as traps and broaden the distribution of the density of states. 

Charge hopping at the end of these “highways” (indicated by the large arrow in Fig. 

3.7, right) requires sufficient thermal energy and/or tilting the barrier by an external 

electric field. Therefore, at high temperatures and high electric fields, films of 70:30 

MDMO-PPV with better interchain packing shows higher charge carrier mobility. At 

low temperatures and low electric fields, however, charges might be trapped at the 

lower lying energy sites of the aligned regions hence causing stronger temperature 

and electric field dependence of mobility. 
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Figure 3.7: Schematic illustration of charge motion and the energy of hopping sites 

in case when the conjugated chains are randomly oriented (top); when local ordering 

of the conjugated chains takes place (bottom). 
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 Based on the above model, it is emphasized that three-dimensional ordering, 

when it would spread over the entire bulk, is expected to increase the mobility 

significantly. However, in partially ordered cases when the ordered nano-domains are 

embedded in an amorphous matrix, the competitive interplay between increased 

energetic disorder and improved charge transport within these ordered regions is 

expected to control the charge carrier transport. 

 The proposed increased interchain interactions between the conjugated chains 

of the regioregular MDMO-PPV is supported by the increased tendency to aggregate 

as the regioregularity increases (Fig. 3.2). Further indication is given by 

photoluminescence (PL) and thermally stimulated luminescence (TSL) studies. 

 

Figure 3.8: PL spectra of 70:30 MDMO-PPV (solid line) and RRa-MDMO-PPV 

(dashed line) recorded form films prepared by doctor blading of A. 0.25 weight% 

chloroform solutions; B. 1 weight% chloroform solutions. 
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 The PL spectra recorded for 70:30 MDMO-PPV (solid line) and RRa-MDMO-

PPV (dashed line) films prepared from 0.25 weight% chloroform solutions and from 1 

weight% chloroform solutions are shown in Fig. 3.8. A and B, respectively. The PL 

bands of the 70:30 MDMO-PPV films are slightly red shifted in both films indicating 

that the conjugated chains attain more stretched conformation. Moreover, the peaks in 

the PL spectra of the films prepared from the more concentrated solutions are red 

shifted, and the features at 650 nm and 700 nm are selectively enhanced. The selective 

enhancement of these features is highly indicative of the formation of interchain 

species in the films of these conjugated polymers.82

 Thermally stimulated luminescence experiment (TSL) is a spectroscopic tool 

frequently used to investigate the effect of electronic traps in luminescent organic 

materials. In this experiment, the thin film samples were placed in a temperature 

controlled helium cryostat. After cooling down to 4.2 K, the films were illuminated 

(typically for 30 sec) by a high-pressure 500 W mercury lamp using an appropriate set 

of glass optical filters for light selection. Then the samples were heated at a constant 

rate β = 0.15 K/s, and luminescence due to radiative recombination of thermally 

excited electron and holes was recorded in a photon-counting mode with a cooled 

photomultiplier. 

 Fig. 3.9 shows the measured TSL curves of the RRa-MDMO-PPV and the 

70:30 MDMO-PPV copolymers. The TSL curves were deconvoluted into two 

Gaussian distributions shown by the solid lines. In the case of the 70:30 MDMO-PPV 

polymer, the high temperature band at ~100 K is relatively increased with respect to 

the 50 K band. The higher temperature peak in this class of polymers has been 

previously assigned to recombination of charge carriers thermally liberated from 

lower laying structural traps.83 The selectively increased higher energy TSL peak 

measured for the 70:30 MDMO-PPV copolymer suggests the presence of higher 

concentration of structural traps in accordance with the finding of the charge transport 

studies. 
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Figure 3.9: Thermally Stimulated Luminescence (TSL) curves recorded for RRa-

MDMO-PPV (upper) and 70:30 MDMO-PPV (lower). The solid lines represent fits of 

Gaussian line shapes to the experimentally measured curves. (Measured by A. 

Kadashchuk). 
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3.2 Charge Transport in Regioregular Poly(3-
hexylthiophene) 
 

3.2.1 Charge carrier mobility investigated by the ToF technique 
 

 A recent improvement of the performance of bulk heterojunction solar cells 

was achieved using regioregular poly(3-hexylthiophene) P3HT.84,85 The state-of-the-

art P3HT based devices show incident photon to converted electron efficiency (IPCE) 

close to 75 % at the absorption maximum, which indicates nearly 100 percent 

collection of the photogenerated charges at the electrodes. Charge carrier mobility in 

P3HT is often investigated in an FET structure; however detailed temperature and 

electric field dependence of mobility studies by ToF was not available. This is 

partially due to the large dark conductivity of poly(alkythiophenes) attributed to 

oxygen86 or moisture87 doping when exposed to air. Dark conductivity generally 

limits the applicability of ToF. 

 The effect of volatile dopants on the conductivity of regioregular P3HT is 

illustrated by a series of CELIV curves in Fig. 3.10. The sandwich-type device 

(ITO/P3HT/AL) was exposed to air for a few hours to increase conductivity, and then 

placed into a temperature controlled nitrogen cooled cryostat, and evacuated. A 

typical CELIV curve upon the application of a reverse bias, A=10 V / 16,66 µs 

linearly increasing voltage pulse just after evacuation is shown in Fig. 3.10 a. The 

initial current step j(0)=A×εε0/d corresponds to the capacitive displacement current of 

a dielectric with a thickness d and dielectric constant ε. The extraction current ∆j is 

due to the extraction of mobile carriers from the dielectric. The conductivity from a 

CELIV curve can be calculated according to72 

)0(2
3
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0

jt
j

c
∆

=
εε

σ         (3.1) 

The conductivity value of σc=1.9×10-7 Ω-1 cm-1 was calculated shortly after the 

sample was evacuated. The conductivity gradually decreases during evacuation 

(1.7×10-7 Ω-1cm-1 10 minutes after evacuation (note the smaller ∆j in Fig. 3.10 b), 

which is faster at elevated temperatures (σc=1.65×10-7 Ω-1 cm-1 after 5 min at 340 K). 
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The ∆j cannot be determined after the devices were kept for ~10 min at 340 K, which 

indicates very low conductivity (Fig. 3.10 d), and proves that the doping of P3HT is 

reversible, and related to the influence of volatile dopants, probably oxygen and / or 

water. 

 

Figure 3.10: A series of CELIV curves recorded for an ITO/P3HT/Al device 

exposed to air a) shortly after evacuation in a cryostat; b) after 10 min; c) after 5 min 

at 340 K; d) after 10 min at 340 K. 

 The temperature and electric field dependence of mobility in low conductivity, 

purified samples of P3HT was investigated by the time of flight technique. The low 

conductivity of the samples is achieved by the purification procedure described in 

ref.[74]. In addition, the devices were prepared, stored and characterized in a dry, 

inert atmosphere. The photocurrent transients recorded at 293 K and 180 K in 

regioregular P3HT purchased from Rieke, Inc. is shown at various applied voltages in 

Fig. 3.11. The sandwich type device (ITO/P3HT/AL), thickness 4.6 µm, was 

illuminated by 3 ns laser pulses at 532 nm excitation wavelength through the 

Aluminum side. The transit time of charge carriers indicated by the arrows is 

deceasing at every temperature as the voltage is increased. 
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Figure 3.11: Time of flight transients of a low dark conductivity, 4.6 µm thick 

P3HT sample sandwiched between ITO and Al recorded at various applied voltages 

and at 293 K and 180 K. The transit time is indicated by the arrows. 

 The photocurrent transients are non-dispersive with a well developed plateau 

and a rather short post transit time tail at room temperature. At lower temperatures 
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(<180 K) the plateau region disappears, which indicates the dispersive motion of the 

photogenerated charge carriers. 

 
Figure 3.12: Time of flight transients recorded for a low dark conductivity P3HT 

sample (thickness 3.6 µm) at various applied voltages and at 293 k and 180 K and 120 

K. 
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 Regioregular P3HT sample received from different commercial source was 

also investigated (H. C. Starck GmbH). The recorded photocurrent transients for a 3.6 

µm thick sample are shown in Fig. 3.12. The transients recorded for this polymer 

were reproducibly more non-dispersive at all temperature as compared to the one 

purchased from Rieke, Inc. The origin of the improved properties has not been 

clarified yet, but maybe related to the higher purity of this material as compared to the 

Rieke P3HT. The increasing dispersion with decreasing temperature for both P3HT 

samples has important implications. Dispersive photocurrent transients can be 

analyzed in the framework of the formalism developed by Scher and Montroll 

(Chapter 1.3, eq. 1.1-1.2). That formalism predicts that the slope parameters (α) prior 

and after the transit time should sum up to 2. 

 

Figure 3.13: Temperature (σ/kT) dependence of the slope of the photocurrent 

transients prior (□): (1-αi), and after (■): (1+αj) the transit time, and their sum (○): (1-

αi)+ (1+αj) at an electric field E=7×10-5 V cm-1. 
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 The calculated values of the slope parameters (1-αi), (1+αj) and their sum (1-

αi)+(1+αj) are plotted versus σ/kT in Fig. 3.13. It is evident that the sum of the slope 

parameters deviates from 2. In other words, α calculated prior and after the transit 

time is not identical indicating that the Scher - Montroll formalism is not applicable to 

describe charge transport in our samples.88 Nevertheless, the parameters (1-αi) and 

(1+αj) can be used to describe the shape of the photocurrent transients in an 

operational way to delineate the occurrence of dispersion.89 The determined slope 

parameter (1-αi) is nearly 0 at higher temperatures corresponding to non-dispersive 

transients, but increasing with decreasing temperatures and reaches a value of 0.25 at 

around 180 K indicating a nondispersive to dispersive (ND→D) transition. Since the 

time required to reach quasi-equilibrium at low temperatures is increasing faster than 

the transit time, charge carrier motion without quasi-equilibrium is probed at lower 

temperatures. 

 The mobility versus the electric field squared is plotted in Fig. 3.14 calculated 

for both P3HT polymers. The mobility follows a log µ∝βE1/2, β<0 Poole-Frenkel-like 

dependence at lower temperatures, and β turns to negative at higher temperatures 

(>250K) and at lower electric fields. Such negative electric field dependence of 

mobility has been observed in various organic semiconductors, including molecularly 

doped polymers,44,45 molecular glasses46 and a polysilane derivative,90 yet first time 

clearly observed in a conjugated, semiconducting polymer. 91  The occurrence of 

negative electric field dependence of mobility is understood as the effect of 

superimposed energetic and positional disorder as it is expressed by disorder 

formalism. Negative electric field dependence of mobility has only been observed 

using the ToF technique, and several groups have argued that it is an experimental 

artifact rather then the intrinsic property of the materials. 

 It was argued that screening of the electric field72 in conductive samples may 

result in higher apparent mobility values that strongly increase with decreasing 

electric field below a critical electric field E<4×104 V cm-1.92 Clearly, the rather weak 

negative electric field dependence of mobility observed in low dark conductivity 

samples shown in Fig. 3.14 cannot be attributed to such spurious electric field effect. 
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Figure 3.14: Electric field dependence of the mobility determined by the ToF 

technique in A, P3HT purchased from Rieke, Inc.; B, obtained from H. C. Starck 

GmbH. 

 

 45



                                                                               Chapter 3. Charge Transport in Conjugated Polymers 

3.2.2 Charge carrier mobility investigated by the CELIV technique 
 
 Hirao et al. argued the negative electric field dependence of mobility may be 

caused by electric field independent carrier diffusion that may become dominant at 

electric fields weaker than 2 ×104 V cm-1.93 A straightforward experimental check of 

the effect of diffusion on the transit time and therefore mobility is the application of 

the CELIV technique, because there is no diffusion current at t=0 due to 

thermodynamic equilibrium established prior to the application of the voltage pulse. 

The charge carriers are distributed homogeneously throughout the dielectric prior 

charge extraction provided that the delay time between subsequent voltage pulses is 

sufficiently long. Moreover, the CELIV technique was shown to yield the proper 

electric field dependence in moderately conductive samples. The reversible oxygen or 

moisture doping demonstrated in Fig. 3.10 provides the opportunity to determine the 

CELIV mobility in the same P3HT used for the ToF studies exposed to air. 

 Fig. 3.15 shows CELIV transient measured in a sandwich type device 

(ITO/P3HT/Al, 1.3 µm thickness) by applying reverse bias voltage pulses with 

varying Umax at A) 293 K, and B) 130 K. The time when the extraction current reaches 

its maximum (tmax) is changing by 4 orders of magnitude upon cooling down from 

293 K to 130 K. The shift of the tmax to longer times is related to the temperature 

dependence of the mobility. The tmax is longer as the speed of the voltage rise 

A=dU/dt decreases, thus indicating the voltage (electric field) dependence of the drift 

velocity of the charge carriers. The electric field in a CELIV measurement is not 

constant, but depends on both space and time coordinate. It is calculated at the 

extraction maximum according to E=(A×tmax)/d.72 

 Dispersion in a CELIV transient can be characterized by the half width of the 

extraction current to time tmax as t1/2/tmax.94 The theoretically calculated value of a non-

dispersive CELIV transient is t1/2/tmax=1.2. This empirical parameter, which describes 

the shape of the transient (how fast it rises and decays after reaching its maximum 

value) has been determined for the transients in Fig. 3.15, and values between 1.6 – 

2.5 have been obtained at 293 K and it is around 2.6 at 130 K. These values are 

considered moderate when compared to other systems (for e.g. µc-Si:H).94

 

 46



                                                                               Chapter 3. Charge Transport in Conjugated Polymers 

 

 
Figure 3.15: A, B. Recorded CELIV curves in regioregular P3HT samples at 293 K, 

and 130 K, respectively. 
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 The temperature and electric field dependence of mobility determined by the 

CELIV technique is plotted versus (E=(A×tmax)/d)1/2 in Fig. 3.16. The mobility is well 

approximated with a log µ∝β(E)1/2 electric field dependence at all measured 

temperatures. The slope β decreases with temperature, becomes 0 at ~250 K, and 

turns to negative at higher temperatures. The amount of extracted charge carriers 

calculated from CELIV curves recorded at the beginning of the measurements (300 K) 

was n=3×1014   cm-3, which is decreased by ~50 % towards the end of the experiment 

e.g., n=1.75×1014 cm-3 measured at 293 K due to evaporation of volatile dopants in 

vacuum as it was demonstrated in Fig. 3.10. Nevertheless, the mobility value and its 

electric field dependence measured at 293 K are not affected by this change.

 In principle, the CELIV technique probes the mobility of the more mobile 

charge carriers. If both carriers are mobile, two extraction peaks corresponding to 

extraction of both carriers may be observed. The extraction current in our experiment 

is dominated by holes rather than electrons due to the orders of magnitude higher 

mobility of the former. This is confirmed by the ToF technique, in which the 

photocurrent transients of electrons featured a fast exponential decay without clear 

transit time indicative of efficient electron trapping.95

 

Figure 3.16: CELIV mobility values versus square root of electric field at various 

temperatures. The devices were measured first at 300 K, cooled to 110 K, and 

measured at subsequent heating steps. 
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 The temperature and electric field dependence of the hole mobility obtained by 

both experimental techniques is plotted in Fig. 3.17. The overall agreement obtained 

by these principally different techniques, and particularly, the negative electric field 

dependence of mobility at temperatures above ~250 K implies that it is not an 

experimental artifact of the ToF technique caused by either dark conductivity or the 

effect of charge carrier diffusion. The latter can be excluded, since photocurrent 

transients due to diffusion current are expected to be highly dispersive, electric field 

independent and thickness dependent, which is in direct contradiction to experimental 

observations. The observed negative electric field dependence, therefore, may be an 

intrinsic property of the P3HT samples studied at least in this low charge 

concentration regime, and can be explained as the influence of positional disorder on 

the motion of charge carriers.96

 
Figure 3.17: Temperature and electric field dependence of the mobility determined 

by both time of flight (ToF) and CELIV experiments. 

3.2.3 Temperature dependence of the mobility: A comparison 
 
 Fig. 3.18 shows the Arrhenius plots of the mobility at various applied voltages 

calculated for the P3HT polymer obtained from H. C. Starck. The Arrhenius plots of 

the logarithm mobility intercept at T0 ~270 K, following the prediction of Gill’s 

model (Chapter 1.3, eq. 1.3). A linear relationship is found at higher temperatures, yet 

the low temperature mobility tends to be deviate from the 1/T dependence. From the 

higher temperature range, the zero field activation energy (∆) and the fit constant (βPF) 
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is calculated. The effective activation energy (Eact = ∆-βPFE1/2(1000kB)-1) was 

calculated from the slope of the temperature dependence at each electric field, and 

plotted versus squared electric field in the inset of Fig. 3.18. 

 

Figure 3.18: Arrhenius plots of mobility at various applied voltages determined for 

the H. C. Starck P3HT polymer. The inset shows the apparent activation energy 

versus squared electric field according to Gill’s model. 
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The parameters of the Gill’s model for P3HT from different sources are compared in 

Table 3.2. 

TABLE 3.2: Determined values of µ0 (prefactor mobility), T0, ∆ (zero field activation 

energy) and βPF of the Gill’s model (eq. 1.3). 

Sample µ0 [cm2 V-1s-1] T0 [K] ∆ [eV] β [eV(Vcm-1)-1/2] 

H. C. Starck P3HT 9.3×10-5 270 0.29 2.7×10-4

Rieke P3HT 7.6×10-5 250 0.29 2.9×10-4

 Generally, the values are comparable for both polymers, and they are within 

the determination limit of the fitting procedure. The calculated fitting parameter βPF 

fits well to the theoretically calculated one (βPF=4×10-4 eV(Vcm-1)-1/2).51 The above 

phenomenological description seems to provide reasonable description of the 

measured experimental data at least at higher temperatures; however the physical 

meaning of the parameters, particularly T0 and µ0 has been questioned. It was argued 

that the prefactor mobility (µ0) of the Gill’s model, which is a hypothetical value at 

infinitely high temperatures, is orders of magnitude lower than expected if compared 

to the mobility in crystalline organic materials, and T0 has no physical meaning. 

 The logarithm of mobility extrapolated to zero electric field obtained for 

various P3HT samples by both CELIV and ToF technique is plotted versus (1000/T)2 

according to disorder formalism in Fig. 3.19. Mobility obtained for several samples 

yield consistent values for T>130K ((σ/kT)2<60). The low temperature mobility 

values obtained by the ToF technique, on the other hand, tend to be higher at lower 

temperatures. The deviation from the predicted linear dependence of log µ(E=0) vs. T-

2 at lower temperatures observed by the ToF technique may be attributed to non-

dispersive to dispersive transition at low temperatures. The temperature where the 

transition is expected to occur (Tc) can be calculated according to eq. 1.7, and using a 

value of σ=70 meV, Tc=180 K is calculated. This value corresponds well with the 

observed ND→D transition indicated by photocurrent transients that no longer feature 

a plateau (see Fig. 3.11 and 3.12). 

 The CELIV values follow the log µ (E=0)∝T-2 temperature dependence at all 

temperatures as predicted by disorder formalism. From linear regression, parameters 
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µ0, σ, are calculated, and shown in Table 3.3 together with Σ and C calculated from 

linear fit of the field dependence of mobility versus the energetic disorder parameter 

(σ/kT)2. The zero field mobility values as well as the electric field dependence 

obtained by the ToF technique were fitted above 180 K, where the relationship is well 

approximated by a linear relationship. 

 
Figure 3.19: Temperature dependence of the mobility extrapolated to zero electric 

field determined by the CELIV (full symbols) and ToF technique (empty symbols) for 

P3HT obtained from different commercial sources, and with different film thickness. 

See Table 3.3 for more details. 

 The calculated values of σ are in good agreement between the measurements, 

which indicates that the mode of charge generation (photogeneration in the ToF, and 

doping induced charge carriers in P3HT) does not alter the density of states 

distribution significantly, at least in this regime, where the conductivity (~σc=10-8 

Ω−1 cm-1) and the carrier concentration (~n=1014 – 1015 cm-3) is considered to be 

rather low. Furthermore, the calculated prefactor mobility values agree reasonably 

well between the two experiments. Considering the principal differences by the two 

applied methods, this finding suggests that charge carrier motion does not depend on 

the mode of charge generation in the regioregular P3HT samples under the presented 

experimental conditions. 
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TABLE 3.3: Determined values of µ0 (prefactor mobility), σ (energetic disorder), C 

(fit constant) and Σ (positional disorder parameter) of the disorder formalism (eq. 1.6) 

obtained by CELIV and ToF techniques for samples with various thickness. 

Material / 

Sample 

Method µ0  

(cm2V-1s-1) 

σ  

(meV) 

C 

((cmV-2)1/2) 

Σ Thickness 

(µm) 

1/1 CELIV 4×10-3 63 3.6×10-4 3 1.3 

1/2 CELIV 4×10-3 61 3.6×10-4 3.15 1.3 

1/1 ToFa 1×10-2 70 1.5×10-4 3.4 4.6 

1/2 ToFa 5×10-2 74 2.1×10-4 3.9 6.4 

2/1 ToFa 5×10-3 73 1.4×10-4 3 3.6 

2/2 ToFa 7×10-3 75 1.4×10-4 3 6.5 

aCalculated between 310 K – 180 K temperature region. 

3.3 Summary 
 
 In summary, the temperature and electric field dependence of the mobility has 

been studied in conjugated polymers. The film morphology is shown to influence the 

charge transport properties as it is indicated by the factor of 3.5 higher room 

temperature mobility of a regioregular MDMO-PPV polymer. It is suggested that the 

ordered nano-aggregates embedded in an otherwise amorphous matrix is responsible 

for the improved charge transport properties. The same ordered regions, on the other 

hand, may serve as charge carrier traps at lower temperatures resulting in stronger 

temperature dependence of the mobility. 

 Negative electric field dependence of mobility has been first time clearly 

demonstrated in conjugated, semiconducting polymers. The comparative study of the 

temperature and electric field dependence of mobility reveals that such phenomena is 

not related to artifacts of the ToF technique, but rather an intrinsic property of the 

materials studied. The overall agreement between the ToF and CELIV technique 

shows that these experimental techniques are mutually consistent, even though the 

mode of charge generation is principally different. 
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Chapter 4 
 
 
4. Mobility and Recombination in 
Bulk Heterojunction Solar cells 
 
4.1 Introduction 
 
 The aim of this study to determine the charge carrier mobility (µ) and lifetime 

(τ) of the photogenerated charge carriers in operational bulk heterojunction solar cells. 

The experimental techniques (ToF and CELIV) that were used to measure charge 

carrier mobility in conjugated polymers are not suitable for this purpose. The ToF 

technique is limited to rather thick samples, i.e. ~1 µm at the absorption maximum, 

which is at least 3-10 times higher than the optimum performance of bulk 

heterojunction solar cells requires. Both mobility and solar cell performance may 

exhibit strong morphology dependence. The morphology may vary depending on the 

film preparation conditions, e.g. concentration of the solution, drying time, etc. In 

addition, the concentration of charge carriers in a ToF technique is limited to 10% of 

the capacitive charge, which limits the concentration in a typical device configuration 

to n~1014 cm-3. This concentration is 2-3 orders of magnitude lower than charge 

carrier concentration in a solar cell under AM 1.5 illumination conditions. 

 The CELIV method can be applied to films that have a comparable thickness 

as used in the state-of-the-art bulk heterojunction solar cells (100 – 300 nm). The 

CELIV technique, on the other hand, requires significant amount of free charge 

carriers in the dark, which is undesired in organic photovoltaic devices (the devices 

should not short). Therefore, the novel photo-CELIV technique has been introduced, 
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in which charge carriers are photogenerated by a short laser flash, and extracted under 

a reverse bias voltage pulse. 

4.2 Photo-CELIV Measurements at RT 
 
 The three different stages during the photo-CELIV technique are illustrated in 

Fig. 4.1. Initially (stage 1), charge carriers are photogenerated via photoinduced 

charge transfer. During the second, equilibration stage, the charge carriers recombine 

under zero electric field condition. The zero field condition is achieved by 

compensating the built-in field of the device by the application of a forward bias 

offset voltage (Uoffset). Simultaneously, the charge carriers may relax towards the tail 

states of the distribution via energy relaxation. In stage 3, the remaining charge 

carriers are extracted by a reverse bias voltage pulse, and from the time when the 

extraction current reaches its maximum, the mobility can be calculated. 

 

Figure 4.1: The three main stages during a photo-CELIV technique: 1 charge 

generation; 2 charge recombination and energy relaxation; 3 charge extraction. 

 The effect of Uoffset on the recorded photo-CELIV curves is shown in Fig. 4.2. 

The sandwich type device was a typical of a bulk heterojunction solar cell 

(ITO/PEDOT-PSS/MDMO-PPV:PCBM (1:4)/ Al), and the thickness of the active 

layer was 265 nm. The absorption coefficient of the photoactive layer at 532 nm 

excitation wavelength is 4×104 cm-1, corresponding to OD ~1, thus bulk generation of 

charge carriers. The RC constant of the setup was around 2×10-8 s. The delay time (tdel) 

between the light pulse and the linearly increasing voltage ramp (A=4 V/ 20 µs) was 5 

µs. At short circuit conditions (0 V applied voltage), most of the photogenerated 

charge carriers exit the device prior to the reverse bias voltage pulse under the 
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influence of the built-in field of the device (photoconductivity). Applying 0.9 V, the 

photocurrent upon photoexcitation is minimal (flat band conditions), and the 

extraction current due to the reverse bias voltage pulse is increased. Finally, the 

photocurrent turns to negative when Uoffset>0.9 V, which indicates that the charge 

carriers are electric field driven. In addition, significant injection current flows shown 

by the non-zero offset current. The injected charge carriers are also extracted under 

the CELIV pulse together with the photogenerated ones. Experimentally, Uoffset is 

chosen close to the built-in field of the device, yet slightly smaller in order to avoid 

dark injection, which complicates the evaluation of the photo-CELIV curves. It is 

worth mentioning that the built-in field could be more precisely compensated in 

devices without PEDOT-PSS hole injection layer. Nevertheless, no significant 

difference in the mobility values and its time and concentration dependence has been 

observed between devices with or without PEDOT-PSS. 

 

Figure 4.2: The effect of Uoffset on the recorded photo-CELIV curves at 5 µs fixed 

delay time. 

 Figure 4.3 A, shows recorded photo-CELIV curves as a function of delay time. 

The Uoffset during these measurements were 0.75 V. The maximum of the extraction 

current (∆j) is decreasing with increasing delay time indicative of charge carrier 

recombination, and tmax shift slightly to longer times. In Fig. 4.3 B, the photo-CELIV 

transients recorded at varying light intensity and at fixed 5 µs delay time are shown. 

The maximum of the extraction current is constant until the threshold light intensity of 

~ 1 µJ/cm2/pulse, and decreases constantly at lower light intensities. In contrary to the 

results obtained by the delay time dependent measurements, the tmax at various light 

intensities remain almost constant. Finally, in Fig. 4.3 C, the photo-CELIV curves 

recorded as a function of the maximum of the applied voltage pulse (Umax) at fixed 15 

µs delay time, and fixed light intensity are shown. The tmax is shorter when the 
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maximum of the voltage pulses is increased indicating the voltage (field) dependence 

of the mean charge carrier velocity. 

 The obtained mobility values are plotted versus delay time in Fig. 4.4 A. The 

mobility is decreasing with tdel till 10 µs, and remains almost unchanged for longer 

delays. In Fig. 4.4 B, the mobility is plotted as a function of the concentration of 

extracted charge carriers obtained by the intensity dependent photo-CELIV 

measurement. Clearly, the rather strongly increasing mobility at short time delays in 

Fig. 4.4 A, does not correspond to the weak concentration dependence of the mobility 

in Fig. 4.4 B. Figure 4.4 C shows the voltage (field) dependent of mobility for two 

different delay times i) 5 µs and ii) 15 µs. The electric field dependence of mobility at 

longer delay times is a typical positive dependence as expected for an amorphous 

semiconductor, yet at short delays show an anomalous negative dependence. 

 The number of extracted charge carriers is calculated from the delay time 

dependent photo-CELIV curves, and plotted versus tdel (top x axis) or tdel + tmax 

(bottom x axis) in Fig 4.5. The concentration decay was fitted according to: 

2nn
dt
dn β

τ
−−=         (4.1) 

where τ is the monomolecular lifetime, β is the bimolecular recombination coefficient, 

and n the density of photogenerated charge carriers. The solution to eq. 4.1 is written 

as [ ] [ ]( )βττβτ −+= /exp1)( 0 tntn , with n0 being the initial photogenerated charge 

carrier density. The obtained fitting parameters were β=5.96×10-11 cm3/s and τ=130µs 

using tdel as x axis, and β=3.83×10-11 cm3/s and τ=30µs using tdel + tmax. Plotting the 

number of charge carriers versus tdel, the recombination during extraction is neglected; 

therefore β and τ may be overestimated if tdel and tmax is comparable. In the second 

case (tmax+tdel), the same recombination mechanism is assumed during equilibration 

(stage 2 in Fig. 4.1) and extraction (stage 3). Thus β and τ may be underestimated 

because during extraction, the charge carriers are pulled away from each other 

towards the corresponding electrodes reducing the probability to meet and recombine. 

Based on the above arguments, the realistic β and τ values are expected to be within 

the range of 5.96×10-11 cm3/s > β > 3.83×10-11 cm3/s, and 130µs > τ >30µs. 
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Figure 4.3: Recorded photo-CELIV curves as a function of a) delay time b) 

incoming light intensity at fixed 5 µs delay time c) applied maximum voltage (Umax) 

at fixed 15 µs delay time and fixed light intensity. 
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Figure 4.4: The mobility values versus A) delay time B) charge carrier 

concentration determined form intensity dependent measurement C) and square root 

of the electric field at a) 15 µs delay time b) 5 µs delay time. 

 
Figure 4.5: Concentration of the charge carriers calculated from delay time 

dependent photo-CELIV curves versus tdel (■) or tdel + tmax (□). The inset shows the fit 

parameters according to eq 4.1. 
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 The decreasing mobility at short time scales cannot be attributed to the 

concentration (occupational density) dependence of mobility, which is expected to 

play a role in amorphous semiconductors due to for e.g. trap filling effects. It may be 

related to the time dependent energy relaxation of the charge carriers. Further 

indication that energy relaxation may play a role in the delay time dependent photo-

CELIV measurements are given by the temperature dependence studies. 
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4.3 Temperature Dependence Studies 
 

4.3.1 Delay time dependence of the mobility 
 
 Figure 4.6 shows the photo-CELIV curves recorded as a function of delay time 

at 300 K and at 150 K. The thickness of the active layer of the sandwich type device 

(ITO/MDMO-PPV : PCBM (1:4)/Al) was 360 nm. The active layer was spin coated 

directly on the ITO coated glass substrates (without PEDOT-PSS interfacial layer) for 

this temperature dependence studies, which structure was found to be more suitable at 

low temperature measurements due to better blocking contacts. The applied Uoffset 

voltage was 0.7 V at both temperatures. This value is very close to the open circuit 

voltage of the device at 300 K (note the negligible photoconductivity upon 

photoexcitation). The photoconductivity is slightly increased at 150 K, which 

indicates that the Voc is slightly higher at lower temperatures. The tmax shifts to longer 

times as the delay time is increased at both temperatures. Moreover, the 

photogenerated charge carriers can be extracted even after 20 ms at 150 K, which 

shows that the lifetime of the charge carriers is significantly increased. The photo-

CELIV transients are non-dispersive at room temperature, and the majority of the 

photogenerated charge carriers can be extracted by the extraction pulse at all delay 

times. This is not the case at 150 K, when the extraction current does not reach the 

capacitive current value at the end of the extraction pulse. This shows that some 

portion of the charge carriers is trapped at lower temperatures, and could not be 

extracted within the applied time (frequency) window. Moreover, the photo-CELIV 

transients are generally more dispersive at lower temperatures. 

 Figure 4.7 A shows the determined mobility versus delay time (tdel) at various 

temperatures. The mobility is decreasing with increasing delay time. At short times, 

the decay is faster, and a “kink” is observed. The “kink” moves towards longer times 

at lower temperatures, and the difference between the slopes prior and after the kink 

seems to smear out at lower temperatures. The “kink” appears at around 2 µs at room 

temperature, 30 µs at 180 K and 115 µs at 120 K. 
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Figure 4.6: Delay time dependent photo-CELIV curves recorded at 300 K and 150 

K. 
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Figure 4.7: A, The mobility; B, the electric field; and C, the charge carrier 

concentration versus delay time determined at various temperatures. 
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 Figure 4.7 B shows the electric field calculated during the delay dependent 

photo-CELIV measurements as E=(A×tmax)/d. The electric field increases with 

increasing time delays at all temperatures due to the shift of tmax to longer times. Fig. 

4.7 C shows the concentration decay of the photogenerated charge carriers calculated 

from the delay time dependent photo-CELIV curves at various temperatures. At room 

temperature, the non-dispersive bimolecular rate equation (eq 4.1) gives a meaningful 

fit, however, at low temperatures the quality of the fit strongly degrades. The 

observed time dependent mobility in Fig. 4.7 A suggests that a time dependent 

(dispersive) bimolecular recombination should be more appropriate. 

 The time dependent (dispersive) bimolecular rate equation used further on is 

written as: 

2)( nt
dt
dn β−=          (4.2) 

If a power law decay of the β(t) is assumed in the form: 

)1(
0)( γββ −−×= tt         (4.3) 

The solution to 4.2 is given as: 

γ
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)( 0         (4.4) 

where n(0) is the initial photogenerated charge carrier density, and τB is the 

bimolecular lifetime expressed as: 

γ

β
γτ
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⎛
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=
nB         (4.5) 

 The parameter γ, (0<γ<1) describes dispersion. A meaningful fit is obtained at 

all temperatures as shown by the solid lines in Fig. 4.7 C, which is remarkable 

considering the concentration decay measured within almost 6 decades of time. The 

n(0) as well as the obtained dispersion parameter (γ) is calculated according to eq. 4.4, 

and plotted versus temperature in Fig. 4.8. 
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 The calculated n(0) decreases with increasing temperatures almost linearly. 

The dispersion parameter γ is close to 1 at room temperature, which corresponds to a 

non-dispersive (time independent) bimolecular recombination rate and it is decreasing 

with decreasing temperatures to around 0.45 at 120 K. The increasing dispersion with 

decreasing temperatures is supported by the observed change of the shape of the 

photo-CELIV transients (Fig. 4.6). 

 
Figure 4.8: The temperature dependence of n(0) and the dispersion parameter γ. 

 Substituting the determined γ values into eq. 4.3, the time dependent 

bimolecular recombination rate β(t)=β0×t-(1-γ) is calculated, and plotted versus time in 

Fig. 4.9 (solid lines). 

 The functional dependence of β(t) can also be directly determined from the 

measured concentration decay. After rearrangement of eq. 4.2, β(t) is written as: 

2/)( n
dt
dnt ⎟

⎠
⎞

⎜
⎝
⎛−=β         4.6 
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 Both dn/dt and n2 can be directly calculated from Fig. 4.7 C, and the obtained 

β(t) values according to eq. 4.6 are plotted as the scattered data in Fig. 4.9. The 

scattered data correspond well with the power law decay according to Eq. 4.3. 

 
Figure 4.9: The bimolecular recombination coefficient versus delay time. The solid 

lines and the scattered data are calculated according to eq. 4.3, and eq. 4.6, 

respectively. 

 Although the general features of the time dependence of the mobility µ(t) is 

recovered in the time dependence of the bimolecular recombination rate β(t), there are 

some differences. First of all, the observed kink in the logarithm mobility versus delay 

time is not reproduced in β(t), which seems to follow a power law decay over the 

whole measured time scale. Moreover, the slopes of the β(t)~ t-(γ-1) is decreasing with 

decreasing temperature, meanwhile the slope of the µ(t)~t-α follows the opposite trend 

(see Fig. 4.10). A likely reason for this discrepancy is that the mobility using the 

photo-CELIV technique is determined at a certain non-zero electric field as it is 

shown Fig. 4.7 B. The recombination, on the other hand is measured at zero field 

condition (flat bands), therefore a meaningful comparison between β(t) and µ(t) 

requires the calculation of the zero-field µ values at various delay times (see Chapter 

4.3.3). Finally, the bimolecular recombination rate (kB=1/τB) is calculated using eq. 
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4.4, and plotted versus inverse temperature in Fig. 4.11. The relationship indicates 

Arrhenius type activation with activation energy of 77 meV. 

 
Figure 4.10: The temperature dependence of the slope of the time dependence of 

mobility (α) as well as the bimolecular recombination rate (1-γ). 

 
Figure 4.11: The temperature dependence of the bimolecular recombination rate. 
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4.3.2 Charge carrier concentration dependence of the mobility 
 
 The time dependent mobility in Fig. 4.7 A may be related to the charge carrier 

concentration (occupational density) dependence of the mobility, since less charge 

carriers are extracted at longer time delays due to charge carrier recombination. 

Alternatively, it may be related to the time dependent energy relaxation of the charge 

carriers towards the tails states of the distribution. To check the effect of charge 

carrier concentration alone, the charge carrier mobility was studied by fixing the delay 

time between the light pulse and the voltage pulse, and changing the light intensity by 

using optical density filters. Fig. 4.12 shows the recorded photo-CELIV transients at 

various light intensities at 300 K, and at 150 K. The delay time between the light 

pulse and the voltage pulse was 5 µs at 300 K, and 500 µs at 150 K. The time to reach 

the maximum of the extraction current (tmax) at 300 K is almost independent of the 

light intensity. At 150 K, the tmax shifts to longer times as the light intensity is 

decreased. Similarly to the room temperature measurements in Chapter 3.2.2, the 

maximum of the extraction current does not change significantly by decreasing the 

light intensity by two orders of magnitude (~ 1 µJ/cm2 / pulse (OD 2), and starts to 

decrease constantly below this threshold intensity. 

 Transient absorption studies identified a fast (<1µs), and a slow (µs –ms) 

component of the recombination dynamics of the photoinduced charge carriers in the 

blend of MDMO-PPV:PCBM.29 At short timescales (<1µs), a light intensity 

dependent and mostly temperature independent recombination mechanism was 

identified, followed by a power law decay with an exponent α=0.45 on the µs to ms 

timescale at room temperature. It was observed that the amplitude of the power law 

tail saturated with increasing light intensity at around 1µ/cm2/pulse. These features of 

the recombination dynamics have been reproduced using a Monte Carlo simulation 

technique based on a multiple trapping model within a bimodal density of states.97 It 

was assumed that the mobile charge carriers generated initially within the intrinsic 

density of states (above mobility edge) undergo fast recombination or alternatively, 

are trapped within a manifold of exponential distribution of trap states (below 

mobility edge) with a concentration of 1017 cm-3.30 
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Figure 4.12: Recorded Photo-CELIV transients at various light intensities at 300 K 

and 150 K. 
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 The shortest delay time in the photo-CELIV measurement was 1 µs, therefore 

in the photo-CELIV measurements the charge carrier mobility and recombination of 

the long-lived charge carriers is probed. The observed saturation of the extraction 

current at higher light intensities is then consistent with the reported transient 

absorption studies. The observed (weak) temperature dependence of n(0) in Fig. 4.8 

may be related to a weak temperature dependence of the initial, fast recombination 

(>1µs). 

 The mobility versus the concentration of charge carriers calculated from A, the 

light intensity dependent photo-CELIV curves and B, delay time dependent photo-

CELIV curves is shown Fig. 4.13 at various temperatures. The mobility is mostly 

concentration independent at room temperatures, and becomes slightly dependent at 

lower temperatures with an almost constant slope. The concentration dependence of 

mobility obtained form the delay time dependent measurement does not corresponds 

to the concentration dependence of mobility from intensity dependent measurements, 

especially at higher concentrations (short delay times). This result indicates that the 

more strongly increasing mobility at short times in the log µ versus tdel plots (Fig. 4.6) 

cannot be attributed to the concentration dependence of mobility alone. The possible 

effect of spatially non-uniform charge generation was also checked by changing the 

excitation wavelength of the laser. Instead of 532 nm, the 355 nm excitation 

wavelength was used, where the absorption coefficient is different. However changing 

the excitation wavelength did not change the time dependence of the mobility at short 

delay times. Therefore, it is attributed to fast relaxation of the charge carriers towards 

a manifold of states below the mobility edge, followed by a slower decay within the 

trap states. 

 70



                                             Chapter 4. Mobility and Recombination in Bulk Heterojunction Solar Cells 

 

 

Figure 4.13: The mobility versus charge carrier concentration obtained from A, 

light intensity dependent photo-CELIV measurements; B, delay time dependent 

photo-CELIV measurement. 
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4.3.3 Voltage (field) dependence of the mobility 
 
 In this experiment, the voltage (field) dependence of mobility was investigated 

at constant delay time and light intensity. Fig. 4.14 shows the recorded photo-CELIV 

curves versus the maximum of the applied voltage at fixed delay time and light 

intensity at 300 K, and 150 K. The delay time was 15 µs at 300 K, and 500 µs at 150 

K. The maximum of the extraction current shifts to longer times as the maximum of 

the voltage pulse decreases at all temperatures, which is indicative of the voltage 

(field) dependence of the charge carrier mean velocity. It is observed that the field 

dependence of the mobility depends on the delay time. The field dependence at short 

delay times is weaker than at longer time delays, or even a negative dependence as it 

is shown in Fig. 4.4. 

 The mobility is plotted versus the square root of the electric field at various 

temperatures in Fig. 4.15. The field dependence follows the typical Poole-Frenkel-like 

dependence at all temperatures. The slope of the field dependence (β=δ log µ / δ E1/2) 

is decreasing with decreasing temperature. The mobility values taken at a constant 

5.2×105 V cm-1 electric field along the solid line is plotted versus 1000/T in Fig. 4.16, 

and a linear relationship is found. The activation energy of the mobility can be 

calculated using the phenomenological description of Gill’s formula (Chapter 1.3, eq. 

1.3). From the slope of the linear fit in Fig 4.16, the apparent activation energy (∆-

βPFE1/2) of 120 meV is calculated. Alternatively, the temperature and electric field 

dependence of mobility can be analyzed within the framework of disorder formalism, 

which predicts a non-Arrhenius type activation of the mobility extrapolated to zero 

electric field as log µ(E=0) ~ T-2. The log µ(E=0) is plotted in the inset of Fig. 4.16 

versus 1000/T2, and the observed dependence is approximated by a linear fit at higher 

temperatures. From the linear fit, σ=72 meV is calculated. It is clearly seen that the 

last two points deviates significantly at lower temperatures. The electric field 

dependence was measured at longer time delays at all temperatures, therefore it is 

assumed that the field dependence of the mobility within the tail of the distribution is 

measured. The deviation from the temperature dependence of disorder formalism 

maybe attributed to non-dispersive to dispersive transition as introduced in Chapter 

3.2. Alternatively, it may indicate that functional form of the density of localized 

states is not of a Gaussian-shape. The rather good fit using the Arrhenius-type 
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temperature dependence (1/T) may indicate that charge carrier mobility within an 

exponential density of states is probed as it was suggested previously based a multiple 

trapping model. 

 

 
Figure 4.14: Photo-CELIV transients recorded at fixed delay time and light 

intensity, as a function of the maximum of the voltage pulse at 300 K, and 150 K. 
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Figure 4.15: The logarithm mobility versus square root of the electric field at 

various temperatures. 

 
Figure 4.16: Arrhenius plot of the mobility at E=5.2×105 V cm-1. Inset: Logarithm 

of zero field mobility versus inverse temperature squared. 
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 Moreover, Fig. 4.15 clearly shows that the field dependence of the mobility is 

increasing with decreasing temperatures. It was shown that the electric field is not 

constant during the delay time dependent measurements in Fig. 4.7, which can have 

an influence on the slope of the µ~t-(1-γ), especially at lower temperatures, where the 

field dependence of mobility is more pronounced. 

4.4 Summary 
 
 In summary, the novel technique of photoinduced charge carrier extraction by 

linearly increasing voltage (photo-CELIV) has been introduced to determine the 

charge carrier mobility (µ) and the lifetime (τ) of the photogenerated charge carriers 

in bulk heterojunction solar cells. The photo-CELIV transients are non-dispersive at 

room temperature. The mobility and the bimolecular recombination rate are found to 

be time dependent, especially at lower temperatures. Such time dependent mobility 

and recombination may be related to energy relaxation of the charge carriers towards 

the lower lying, trap states of the distribution. 

 The simultaneous determination of mobility and lifetime of the charge carriers 

gives surprising results when compared to previous transient absorption (TA) studies. 

The photo-CELIV technique indicates that the majority of charge carriers is mobile 

and can be extracted in the photo-CELIV technique. This finding is not consistent 

with the results obtained by Monte Carlo simulation of the transient absorption data 

which assumed a 1017 cm-3 concentration of traps with at least two orders of lower 

mobility. The apparent discrepancy between the photo-CELIV experiments and the 

TA may be attributed to the fact that recombination of all the charge carriers including 

the immobile ones is probed in the transient absorption experiment. On the other hand, 

only charge carriers with reasonable mobility are extracted in the photo-CELIV 

experiment. From the end of the extraction pulse current it is estimated that the 

number of un-extracted, deeply trapped charge carriers is minimal at room 

temperature. This is not the case at lower temperatures, when significant portion of 

the charge carriers are not extracted within the applied frequency window. 

 A more complete understanding of the recombination dynamics could be 

obtained using the combination of a transient absorption and the photo-CELIV 

technique. In this proposed experiment, the change in the absorption of the sample 
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(∆OD) is monitored as a function of delay time with and without charge carrier 

extraction as illustrated in Fig. 4.17. By the combination of these two techniques, the 

mobile carriers are probed by the photo-CELIV, meanwhile the optical signature of 

the un-extracted, immobile charge carrier can be detected by the TA experiment. 

Moreover, it would be also interesting to directly compare the concentration decay 

measured by the transient absorption experiment as well as from the delay time 

dependent photo-CELIV technique. 

 

Fig. 4.17: The proposed experiment based on the combination of transient 

absorption and photo-CELIV. The change in the sample absorption due to 

photoexcitation by a sort laser pulse is monitored with our without charge extraction. 

From the extraction current, the mobility and can be determined. By comparing the 

∆OD signals with and without extrcation, the amount of deeply trapped charge 

carriers can be calculated. 
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Chapter 5 
 
 
5. Bulk Heterojunction Solar Cells 
 
5.1 Regioregular MDMO-PPVs 
 
 The current density vs. voltage curve of bulk heterojunction solar cells based 

on the 1:4 weight ratio mixture of the 70:30 MDMO-PPV polymer with the fullerene 

acceptor PCBM is compared with RRa-MDMO-PPV in Fig. 5.1, and the parameters 

characterizing the photovoltaic performance are summarized in Table 5.1. The current 

density vs. voltage curve of the RRa-MDMO-PPV was taken from ref [32]. The active 

layer of both devices was app. 100 nm thick. Although the short-circuit current and 

the open-circuit voltage are quite similar for the two devices, the bulk heterojunction 

solar cell based on 70:30 MDMO-PPV exhibit higher power conversion efficiency of 

2.65 % under simulated AM 1.5 conditions due to the very high (0.71) filling factor. 

A mathematical simulation of the current density vs. voltage curves shown in the inset 

of Fig. 5.1 has been performed based on the simple one-diode equivalent circuit 

model as illustrated in Fig. 5.2 expressed by the formula:
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where J [A cm-2] and V [V] are the current density and voltage values, J0 [A cm-2] is 

the reverse bias dark current, Rs [Ω cm-2] is the series resistance, Rp [Ω cm-2] is the 

parallel resistance and Jsc [A cm-2] is the short-circuit current density under 

illumination. 
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Figure 5.1: The current density versus voltage curves of bulk heterojunction solar 

cells based on the 70:30 MDMO-PPV (solid line) and RRa-MDMO-PPV (dashed 

line). 

 The equation has been numerically solved, and the parameters obtained by the 

best fit are summarized in Table 5.1. 

 
Figure 5.2: Equivalent one diode model of bulk heterojunction solar cells. 

 The factor of 2.3 lower series resistance together with the factor of 2.3 higher 

parallel resistance are responsible for the improved filling factor, and the improved 

photovoltaic performance of the 70:30 MDMO-PPV based device. The factor of 2.3 

times higher parallel resistance most likely results from better film quality (e.g. less 

 78



                                                                                                Chapter 5. Bulk Heterojunction Solar Cells 

shunts and shorts). The factor of 2.3 times lower series resistance, on the other hand, 

can be related to an improved mobility of the photogenerated charge carriers in the 

photoactive blend of 70:30 MDMO-PPV copolymer with PCBM. This result agrees 

well with the time of flight mobility data obtained for the pure 70:30 MDMO-PPV. 

TABLE 5.1: Photovoltaic performance of the bulk heterojunction solar cells, and the 

parameters of eq. 5.1 obtained by numerical calculation. 

 
Jsc

mA cm-2

Voc

V 

FF 

 

ηAM 1.5

%b

J0

mA cm-2

Rs

Ω cm-2

Rp

Ω cm-2

n 

 

1 5.0 0.8 0.71 2.65 6×10-7 1.3 2150 1.9 

2 5.25 0.82 0.61 2.5 6×10-7 3 950 2 

*Sample 1 and 2 stands for 70:30 MDMO-PPV and RRa-MDMO-PPV, respectively. 
b Calculated using eq. 2.1, m=0.751. 
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5.2 Thickness Dependence Parameters of Bulk 
Heterojunction Solar Cells 

 
 It is expected that the short circuit current of bulk heterojunction solar cells 

rises with increasing active layer thickness due to the increased absorption. The 

thickness dependence of the maximum short circuit current of bulk hetereojunction 

solar cells has been obtained by optical modeling taking into account interference 

effects due to multiple reflections between the subsequent layers.98 According to 

Eld d ××=≥ τµ , on the other hand, electrical losses due to recombination are 

expected when the thickness of the active layer exceeds the drift distance of the 

charge carriers, where E=Voc/d is the electric field. Based on these arguments, the 

thickness dependence of the short circuit current of bulk heterojunction solar cells 

should give an estimate of the drift distance of the charge carriers, which then can be 

compared to the µτ product determined by the photo-CELIV technique.  

 As it is emphasized, the performance of bulk heterojunction solar cells is 

morphology dependent; therefore the proposed comparative study can only be 

meaningful if the morphology of the active layer is unchanged by changing the 

thickness of the active layer. The same solution of MDMO-PPV:PCBM (1:4) by 

weight (chloroform, 0.5 mg polymer/ml solution) was used to prepare all the films, 

and the spin speed during the spin coating was varied between 1000 rpm and 6000 

rpm. It is expected that this procedure is more suitable for the proposed thickness 

dependent experiment as compared to e.g. varying the total concentration, or the 

solvent. 

 The thickness of the active layer versus the spin speed is shown in Fig. 5.3. 

The thickness is around 125 nm at 6000 rpm, and increases nonlinearly to 280 nm at 

1000 rpm. The films prepared at lower spin speeds were somewhat less uniform, 

therefore 8 devices have been measured, and the results averaged. The average power 

conversion efficiency of the bulk heterojunction solar cells using 125 nm active layer 

is around 2.5 % (Fig. 5.3), which drops to app. 1.7 % if the thickness is 280 nm. The 

power conversion efficiency was calculated according to eq. 2.1, and the mismatch 

factor was m=0.95. 
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Figure 5.3: The average thickness and the power conversion efficiency of bulk 

heterojunction solar cells versus the spin speed during spin coating for MDMO-

PPV:PCBM bulk heterojunction solar cells. 

 The parameters Isc, Voc, FF, and the injection current density at +2 V are shown 

in Fig. 5.4. The average short circuit current density increases slightly as the thickness 

of the active layer is increased (~5.2 mA cm-2 at 125 nm). It is maximal at 225 nm (~6 

mA cm-2), and drops when it is 280 nm. The measured Voc is constant ~800 mV for all 

active thickness. The filling factor, on the other hand, drops constantly from 0.6 to 0.4 

as the thickness of the active layer is increased, which correspond nicely to the 

reduced injection current density at +2V. From this data it is evident that the drop in 
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the power conversion efficiency at 280 nm is attributed mainly to the reduced filling 

factor, which decreases stronger than the slightly increased short circuit current. 

 

Figure 5.4: The average short circuit current density, injection current density at 

+2V, open circuit voltage and filling factor versus the spin speed during spin coating. 

 The current density versus voltage curves recorded for the bulk heterojunction 

solar cells with various thicknesses are shown in a semilog representation in Fig.5.5. 

The thinner devices exhibit rectification ratios of approximately 3-4 orders of 

magnitude in the dark and 2 orders of magnitude under illumination. The rectification 

ratio is reduced by 1 order of magnitude due to smaller injection current as the 

thickness is of the active layer is increased. The 4th quadrant of the current density 

versus voltage curves are shown in Fig 5.6. The reduction of the filling factor with 

increasing film thickness is clearly observed. 
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Figure 5.5: The current density versus voltage curves of bulk heterojunction solar 

cells with varying active layer thickness in the dark and under illumination. 
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Figure 5.6: The current density versus voltage curves of bulk heterojunction solar 

cells with varying active layer thickness under illumination. 

 The current density versus voltage curves under illumination are analyzed by a 

modified version of a simple one diode model shown in Fig. 5.2. This modified model 

has been introduced by Schilinsky et al. to explain the illumination intensity 

dependent J-V curves of bulk heterojunction solar cells based on P3HT:PCBM 

blends.99 The model takes into account the applied voltage (Vext) dependent reduction 

of the charge collection of the photogenerated charge carriers at the electrodes. As the 

external voltage is increased towards flat band conditions, the electric field in the 

device is reduced. Accordingly, only charge carriers created within the reduced drift 

distance dVVl extocd /)( −××= τµ  will contribute to the short circuit photocurrent. In 

other words, the photocurrent (jsc) in eq. 5.1 is not constant, but depends on the 

applied voltage (Vext) according to: 

⎪
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 Important predictions of eq. 5.2 are that the sign of the photocurrent changes 

when Vext>Voc, and that the short circuit current is reduced when Vext is raised 

towards Voc. According to eq. 5.2, the high filling factor of the devices with 125 nm 

thickness indicates that only a small electric field (Voc-Vext)/d is sufficient to collect 

most of the photogenerated charge carriers from the whole device (the photocurrent 

reaches ~5 mA cm-2 at ~0.6 V, corresponding to ~0.2 V/125 nm electric field). On the 

contrary, the photocurrent density is steadily increasing till ~0 V (corresponding to a 

field of ~0.8 V / 226 nm) when the device thickness is increased to 226 nm. 

 The charge carrier mobility from Fig. 4.4 is µ=2×10-4 cm2V-1s-1, and the 

lifetime from Fig. 4.11 is τB~3 µs, therefore µτ is: 

121061124 106103102 −−−−−− ×=×××=× VcmssVcmτµ  

using the above µτ value, the maximum thickness of the active layer (d<ld) can be 

calculated as: 

nmVVcmVd oc 2208.0106 1210 =××=××= −−τµ  

 According to this result, the short circuit current density of bulk heterojunction 

solar cells should not drop significantly with thickness <220 nm, or in other words, 

bimolecular recombination of the charge carriers should not limit the device at short 

circuit condition, which is in accordance to the experimental observations in Fig. 5.4. 

 Furthermore, using µτ value, the maximum applied external voltage (Vext) 

corresponding to the minimum electric field ((Voc-Vext)/d) which is necessary to 

extract all the carriers from the device (ld=l) can be estimated at various device 

thicknesses:  

d
VVVcm

d
VVl extextoc

d
)8.0(106)( 1210 −

××=
−

×= −−τµ  

using d=ld: 

τµ ×
−=

2

8.0
d

VVext  

E.g. if the active layer thickness is d=125 nm, 
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V
Vcm
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or if the active layer thickness is d=226 nm, 

V
Vcm
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 These calculations predict high filling factor of the 125 nm thick device, 

because only 0.25 V/ 125 nm electric field is sufficient to extract most of the carriers 

from the device. On the other hand, lower filling factor is expected in the 226 nm 

device, because maximum extraction of the charge carriers occurs only in the third 

quadrant (-0.05 V) of the current density versus voltage curves. The above 

calculations neglect several effects, such as trapping of the charge carriers, the field 

dependence of the mobility or electrical losses due to non-selective contacts. 

Moreover, it is assumed that µτ is constant with varying active layer thickness, which 

is not necessarily true due possible changes is the active layer morphology. To 

delineate the possible effect of the above listed shortcomings, a simulation of the J-V 

curves according to eq. 5.2 is required. Nevertheless, the determined µτ qualitatively 

fit the experimental results. This implies that i) the above electric field driven charge 

carrier collection at the electrodes is justified ii) the µτ product determined by the 

photo-CELIV measurements can be used to model the actual device operation iii) the 

main limitation on the device performance with increasing thickness is the decreasing 

filling factor, attributed to the reduced electric field. Smaller electric field causes 

shorter drift distances therefore reduced charge collection in thicker devices. 

 The above conclusions are also supported by observed light intensity 

dependence of the short circuit photocurrent density.31 Scaling factor close to 1 are 

typically observed, which indicates that the short circuit current is not limited by 

second-order recombination processes, such as bimolecular recombination. 
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5.3 Polythiophene – anthraquinone “Double-Cable” 
Copolymers 
 
 Photodiodes have been prepared based on the polythiophene-anthraquinone 

copolymers. First, LiF / Aluminum electrode was used as the top contact. These 

devices showed a few µA cm-2 short circuit photocurrent, yet the open circuit voltage 

was very low (200 mV). Also, these devices showed no rectification behavior, which 

can be attributed to the low injection current from the LiF / Aluminum contact at even 

large applied forward bias. The LiF / Aluminum contact is typically used in bulk 

heterojunction solar cells containing C60 derivatives as the electron acceptor. For the 

“double-cable” polymers containing anthraquinone, the LiF/Al contact may not be 

suitable. Therefore, a series of devices were prepared using Calcium as the top 

electrode. 

 
Figure 5.7: The current density versus the voltage curves of photovoltaic devices 

based on a polythiophene-anthraquinone double cable (PTA 75) upon subsequent 

measurements. 

 Fig. 5.7 shows the recorded current density versus voltage curves under 80 

mW cm-2 white light illumination. These devices show an improved rectification 

measured at  -4 V and + 4 V due to better injection at positive voltages. Interestingly, 
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the open circuit voltage is increased between subsequent measurement circles, and 

saturated at around 880 mV. This may be related to increased shunt resistance of the 

device. 

 Although the short circuit current of the devices is still rather low, its 

magnitude enabled to spectrally resolve it (IPCE). The measured IPCE (Fig. 5.8) 

follows nicely the absorption of the PTA 75 indicating that the previously observed 

photoinduced charge transfer (LESR and FT-PIA) is the main charge generation 

mechanism in these devices. 

 
Figure 5.8: The current density versus the voltage curve (left) and the IPCE (right) 

of the photovoltaic devices based on the polythiophene-anthraquinone double cable 

(PTA 75). 

5.4 Dithienothiophene and Dithienothiophene-S,S-dioxide 
Copolymers 
 
 The absorption coefficient of the dithienothiophene copolymers shown in Fig. 

5.9 has been determined by the procedure described in ref. [98]. Generally, the 

absorption of the films is red shifted for all polymers as compared to the absorption in 

dilute solutions. The absorption is even more red shifted of the copolymers with S,S-

dioxide groups at the center polythiophene ring of the dithioenothiophene moiety (Pox 

polymers). This is due to the increased tendency to aggregate and stack in the solid 

films, which is also supported by the AFM images shown in Fig. 5.10. The AFM 

images indicate a rather smooth, amorphous morphology of the P1 (and also P2, not 

shown), and a more structured surface morphology can be observed for the P1ox (and 

P2ox, not shown). 
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Figure 5.9: The absorption coefficient of the dithienothiophene copolymers. 

 

Figure 5.10: AFM images of spin coated films of P1 (left) and P1ox (right). 

 Bulk heterojunction solar cells have been prepared by mixing the polymers 

with PCBM, and the current density versus voltage curves of the devices under 

illumination are shown in Fig 5.11. The device parameters are summarized in the inset. 

The short circuit current density of the P1 polymer is quite remarkable considering the 

rather large band gap. Moreover, the Voc and the filling factor are also acceptable. The 

power conversion efficiency of the P2 cells is only half of that of P1, which is mainly 
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due to the lower short circuit current of these devices. This is in accordance with the 

increased band gap, and blue shifted absorption of this polymer. The performance of 

the P1ox and P2ox polymers is significantly worse. Although their spectral sensitivity 

is extended to almost 100 nm to the red part of the spectra (see Fig. 5.12), the short 

circuit current is only 20 % of the P1 polymer, which is probably due to the large 

scale phase separation, therefore inefficient charge generation in the blend of these 

polymers. Alternatively, the reduced photocurrent may be due to the lower mobility of 

the Pox polymers, therefore inefficient charge transport and collection. 

 

Figure 5.11: The current density versus voltage curves of bulk heterojunction solar 

cells based on the dithienothiophene copolymers and PCBM. 

 The charge transport properties of the dithienothiophene copolymers have 

been investigated using the field effect transistor structure. The polymer layers were 

spin coated on top of a p-type Si substrate covered with 100 nm thermally grown SiO2 

oxide dielectric. On top of the polymer films, Au was evaporated through a shadow 

mask to form the top contacts of the field effect transistor. Approximately 20 devices 

have been prepared on each substrate with varying channel length between 30 µm and 

200 µm. The obtained output characteristics of a transistor based on P1 polymer with 

30 µm channel width is shown on Fig. 5.13. 
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Figure 5.12: IPCE curves measured for bulk heterojunction solar cells based on the 

dithienothiophene copolymers and PCBM. 

 

Figure 5.13: Output characteristics of an FET based on P1. 
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 The field effect mobility was calculated from the transfer characteristics 

shown in Fig. 5.14. The drain-source current was recorded at fixed 60 V drain source 

voltage as the function of the gate-source voltage. The current in the saturation regime 

can be analyzed according to: 

2)(
2 tGSiDS VVC

L
WI −= µ

 

and from the slope of the (IDS)1/2 versus VGS, the mobility can be calculated: 

GSitiDS VC
L

WVC
L

WI ×+×−= µµ
22

 

after rearrangement: 

1125
25.0

1032)/)(( −−−×=
∂∂

= sVcm
WC

LVI
i

GSDSµ  

 This value is comparable to other amorphous polymer FETs, but several orders 

of magnitude lower than in regioregular P3HT, in which stacking of the conjugated 

chains was shown to improve the charge carrier mobility. 

 

Figure 5.14: Transfer characteristics of an FET based on P1 at fixed 60 V drain-

source voltage. 
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 No gate effect was observed in the transistor based on P2, P1ox and P2ox, 

which may be related to the very low charge carrier mobility in these materials. On 

the other hand, the poor film forming properties of these polymers may hinder the 

determination of their intrinsic properties in FET structure. 

5.5 PProDot(Hx)2

 
 The UV-vis absorption spectra recorded in dilute chlorobenzene solution and 

of the films are displayed in Fig 5.15. Both the absorption and the PL in the films are 

red shifted, and more structured indicating ordering of the conjugated chains. The 

very strong PL of the films is efficiently quenched in the mixtures with PCBM, and 

the typical optical signatures of polarons are detected in photoinduced absorption 

experiment (not shown). The PL quenching and PIA is a strong indication of 

photoinduced charge transfer. 

 

Figure 5.15: UV-vis absorption and PL of PProDot(Hx)2 polymer in dilute 

chlorobenzene solution (solid lines) and of the films (dashed lines). 
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 Fig. 5.16 shows the current density versus voltage curves measured in the dark 

(solid lines) and under illumination (dashed lines) for a bulk heterojunction solar cell 

based on the 1:2 mixture of PProDot(Hx)2 and PCBM sandwiched between 

ITO/PEDOT-PSS and LiF / Aluminum electrodes. The diodes exhibit 3 orders of 

rectification, which is among the best for bulk heteojunction solar cells. The open 

circuit voltage of the devices is very low, which cannot be simply explained by the 

band structure of the devices (HOMO of the polymer is 5.0 eV, LUMO of PCBM 4.3 

eV). It indicates that recombination in these materials leading to a voltage drop may 

limit the device performance. 

 
Figure 5.16: Current density versus voltage curves of bulk heterojunction solar cells 

based on PProDot(Hx)2 : PCBM films. 
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Chapter 6 
 
 
6. Summary and Outlook 
 
 Two independent methods for charge carrier mobility determination, namely; 

a.) time of flight; b.) charge carrier extraction by linearly increasing voltage (CELIV) 

have been used to study the temperature and electric field dependence of mobility in 

conjugated polymers. In the ToF method, a sheet of excess carriers generated by a 

laser flash drifts across the sample. The comparative study between regioregular and 

regiorandom MDMO-PPV showed that the morphology of the polymer films plays a 

crucial role in determining the charge transport properties. The improved charge 

transport properties of the regioregular MDMO-PPV has been utilized in fabrication 

of bulk heterojunction solar cells with improved efficiency and a very high 0.7 filling 

factor. 

 The CELIV method probes the motion of charges generated by homogeneous 

doping throughout the bulk. By applying both ToF and CELIV techniques in the same 

poly(3-hexylthiophene) with or without doping, it has been shown that these 

techniques are mutually consistent. A fundamental issue is the observation of the 

negative electric field dependence of mobility at moderate electric fields by both 

experimental techniques. The comparison of these two principally different 

techniques confirmed that the negative electric field dependence of mobility is an 

intrinsic feature of the investigated materials. Large degree of positional disorder 

equivalent to the large spread of intersite coupling matrix elements are proposed to be 

responsible for this negative electric field dependence of mobility as suggested by the 

disorder model. 

 The novel technique of photoinduced charge carrier extraction by linearly 

increasing voltage (photo-CELIV) has been introduced to simultaneously determine 
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the charge carrier mobility (µ) and lifetime (τ) of the charge carriers in bulk 

heterojunction solar cells. The measured µτ values can be used to describe the 

recorded current density –voltage curves of bulk heterojunction solar cells with 

varying active layer thickness. Although it is estimated that recombination of the 

charge carrier should not limit the device operation at short circuit conditions if the 

active layer thickness < 250 nm, the power conversion efficiency is reduced because 

of the decreasing filling factor of the thicker devices. The optimum performance is 

found using active layer thickness not exceeding 200 nm. 

 Finally, the simultaneous determination of the charge carrier mobility and 

lifetime of the charge carriers by the photo-CELIV technique opens up new 

possibilities for studying time-dependent (dispersive) relaxation processes of charge 

carriers in non-crystalline solids. Such relaxation processes have been studied for 

other photoexcitations incl. singlet and triplet excitons in luminescence materials by 

site selective fluorescence and time resolved luminescence studies.100 Herein, the time 

dependent relaxation of charge carriers is clearly observed in MDMO-PPV:PCBM 

mixture. A combined transient absorption and photo-CELIV experiment is proposed 

to gain more insight into dispersive relaxation processes. 

 Moreover, the photo-CELIV technique can be used for thin devices with only 

a few hundred nanometer thickness. This is a clear advantage as compared to the ToF 

technique, where the preparation of micrometer thick samples is problematic for 

several promising, but not easily processable materials. One class of such novel 

functional materials is the “double-cable” polymers. The charge transport studies 

using the photo-CELIV technique is proposed to accelerate the understanding of 

charge carrier mobility and recombination in these materials. 
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