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Introduction 
 
This introductory chapter is devoted to the device physics of organic-
semiconductor diodes. After introducing the basic concepts of organic 
semiconductors, their charge transport is treated, which differs substantially from 

that in classical inorganic semiconductors. Next, a basic description of the operation and 
device characteristics of several types of organic-semiconductor devices is provided. 
Important subjects in this thesis are charge trapping and recombination, which are introduced 
subsequently. Finally, an overview of this thesis is given. 

1. Introduction 
  

1
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1.1 Introduction 
 
Since the discovery of electrical conduction in organic materials in the 1950’s and 1960’s, the 
field of organic electronics gained more and more attention. Starting off with the observed 
photoconductivity and electroluminescence in organic crystals, such as naphthalene and 
anthracene [1-4], research on organic electronics went through a rapid development. This 
resulted in organic-semiconductor devices like organic light-emitting diodes (OLEDs) [5,6], 
organic photovoltaic cells (OPV) [7,8], and organic field-effect transistors (OFETs) [9], 
closing the gap to commercialization. 
 The attraction towards organic electronics stems from its potential application as a 
low-cost replacement for conventional semiconductor and lighting technologies. In this 
respect, the so-called conjugated polymers form a striking class of organic semiconductors. 
Polymers are widely known for their application in insulating plastics, and hence their easy, 
flexible and low-cost processing properties. Conjugated polymers can therefore be seen as 
semiconducting plastics, opening a whole new world of potential applications.  
 Conjugated polymers and small molecules can be made soluble in organic solvents, by 
modification of their chemical structure. Therefore, thin layers of organic semiconductor can 
be deposited from solution [10]. This can be achieved by various coating techniques, 
including inkjet printing, slot-die coating and spin coating. These low-temperature techniques 
offer the advantage of using flexible substrates. As a result, flexible thin-film electronic devices 
can be fabricated using a high-speed roll-to-roll process. This can yield large-area and 
lightweight lighting sources, displays, and solar cells. 
 However, despite the abundance in future potential, there are still some issues that 
have to be solved for organic-semiconductor devices to compete with present-day technology. 
Most importantly, power-conversion efficiencies and lifetime have to be increased, which 
applies to both OLED and OPV technologies. In order to improve the performance of these 
organic diodes, a fundamental understanding of the loss mechanisms is indispensable. 
 
 
1.2 Conjugated polymers 
 
Conjugated polymers are polymers that comprise a carbon backbone with alternatingly single 
and double bonds. Normally, polymers are made up of σ-bonds between the constituent 
carbon atoms and exhibit insulating properties. In conjugated polymers however, the 
alternating single and double bonds cause each carbon atom to form only three bonds with its 

 
 
Figure 1.1. Chemical structure of polyacetylene, comprising alternating single and double bonds between the 
carbon atoms. 
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adjacent atoms, giving rise to the presence of an unbound electron in a pz orbital for each 
carbon atom. These pz orbitals, due to their mutual overlap, participate in the formation of π 
bonds along the conjugated carbon backbone, thereby delocalizing the π electrons along the 
entire conjugation path. A π band is formed and the delocalized π electrons can jump from 
site to site between adjacent carbon atoms. The filled π band is referred to as the highest 
occupied molecular orbital (HOMO) and the empty π* band is referred to as the lowest 
unoccupied molecular orbital (LUMO). Such a conjugated system has semiconducting 
properties, where the HOMO and LUMO are equivalent to the valence band and conduction 
band known from classical semiconductor physics. There is a forbidden energy gap between 
the HOMO and the LUMO, typically ranging from ~1 to ~4 eV for these materials. The origin 
of this gap stems from the bond-length alternation along the carbon backbone and the size of 
the conjugated system [11]. Typical energy gaps of organic semiconductors allow them to 
interact with light in the visible spectrum. Upon excitation with light, an electron can be 
promoted from HOMO to LUMO, leaving a hole behind. Also the reverse process can take 
place, where an excited electron recombines with a hole, resulting in the emission of a photon. 
Because of these optical properties and the possibility of charge transport along the 
conjugation path, organic semiconductors comprise the necessary requirements for use in 
optoelectronic devices. 
 
 
1.3 Charge transport in organic semiconductors 
 
Charge transport in organic semiconductors, however, has vastly distinct properties as 
compared to classical, inorganic semiconductors. In a conjugated polymer, the conjugation 
along the backbone can be disturbed due to twisted and kinked chains, as well as chemical 
defects. The energetic position of the HOMO and LUMO depends on the size of the 
conjugated system [11]. Because of the disordered configuration of conjugated polymers and 
molecules, organic semiconductors are therefore typically subject to energetic disorder. This 
has important implications for the charge transport. Due to the absence of a three-
dimensional periodic lattice structure, the concept of band conduction does not apply and 
standard semiconductor models are not suitable to describe charge transport in an organic 
semiconductor. In an ordered inorganic semiconductor, the carrier mean free path is large. In 
an organic semiconductor, however, the carrier mean free path is limited because of the 
presence of localized states that are distributed in energy. In order to participate in charge 
transport, charge carriers must hop from one state to another. A hop upward in energy 
requires the absorption of a phonon, while a downward hop releases a phonon. This phonon-
assisted hopping was proposed by Conwell [12] and Mott [13,14] to describe impurity 
conduction in inorganic semiconductors. A description for the transition rates between 
hopping sites was given by Miller and Abrahams [15]. 
 In a semiconductor, charge transport is typically characterized in terms of the charge-
carrier mobility. The charge-carrier mobility characterizes the drift velocity of a charge carrier 



Chapter 1. Introduction 

4 
 

under application of an electric field. In order to characterize charge transport in organic 
semiconductors, a description of the mobility is essential. Due to the hopping nature of 
transport, mobilities in organic semiconductors are generally much lower than in inorganic 
semiconductors. In addition, the dependence of the mobility on temperature and electric field 
also exhibits different behavior. 
 A theoretical description of the charge-carrier mobility in disordered organic 
semiconductors was first provided by Bässler in 1993 [16]. In this seminal work, an expression 
for the mobility in the case of Miller-Abrahams hopping in a Gaussian density-of-states 
distribution was proposed. Since such a system cannot be solved analytically, Monte Carlo 
simulations were carried out. On the basis of the Monte Carlo simulations, the charge-carrier 
mobility μ was found to be temperature and field dependent, and in the limit of high electric 
fields is given by [16] 
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where μ∞ is the mobility in the limit T → ∞, σ is the variance of the Gaussian density-of-states 
distribution, k is the Boltzmann constant, T is the temperature, C is a constant that depends 
on the site spacing, which is typically 1-2 nm in organic semiconductors, Σ is the degree of 
positional disorder, and E is the electric field. 
 From this mobility description of hopping transport in a Gaussian density-of-states 
distribution, some important features can be recognized. In contrast to the case of band 
conductors, where transport is limited by phonon scattering, Eq. (1.1) predicts a decreasing 
mobility with decreasing temperature, where ln(μ) scales with 1/T2. The origin for this is that 
hopping transport is phonon assisted, which implies that it is temperature activated. 
Furthermore, the hopping process is also activated by the electric field, resulting in a field 
dependence of the mobility [16]. 
 Later, it was discovered that the mobility in disordered organic semiconductors is 
influenced by another factor, which is the charge-carrier density. In 1998, Vissenberg and 
Matters [17] introduced a mobility model for organic field-effect transistors, based on 
variable-range hopping in an exponential density-of-states distribution. In a field-effect 
transistor, application of a gate voltage results in the accumulation of charges in the channel. 
In case of an energetically-distributed density of states, the carriers induced by the gate voltage 
first fill the lower-lying states. As the carrier density increases, more hopping states become 
available, resulting in less energy required for a charge carrier to jump to a neighboring site 
[17]. 
 In a field-effect transistor, only a moderate electric field between source and drain is 
present, since the channel length is typically in the order of micrometers. In an organic thin-
film diode, however, the electrode separation equals the film thickness, which is generally 
around 100 nm. Therefore, the electric field in an organic diode is considerably higher. This 
also implies that the influence of the electric field on the charge-carrier mobility is important 
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in diodes. However, even though a diode does not have a gate electrode that induces charges, 
also the charge-carrier density plays an important role. By applying a voltage, carriers are 
injected into the organic-semiconductor layer. As a result, applying an electric field is also 
accompanied by in the buildup of charge density. This makes it difficult to separate the 
influence electric field and charge concentration on the charge-carrier mobility. In 2003, 
Tanase et al. [18] reported a unification of the charge-carrier mobility in organic diodes and 
field-effect transistors. It was shown that the large difference in mobility between these devices 
could be explained by the difference in charge concentration, being much higher in a field-
effect transistor due to application of a gate voltage. Furthermore, it was demonstrated that, at 
room temperature, the enhancement of the mobility at higher fields in a diode is mainly due 
to the increased carrier density, rather than the electric field itself [19]. However, at lower 
temperatures, the field dependence of the mobility becomes dominant. 
 Since both density and field effects are important in describing the charge-carrier 
mobility of disordered organic semiconductors, a description that incorporates both these 
effects – together with the temperature dependence – is essential. Such a full description of the 
mobility was obtained by Pasveer et al. [20] from a numerical solution of the master equation 
for hopping transport in a Gaussian density-of-states distribution. The numerical data were 
described by the following parametrization scheme, 
 
 ),(),(),,( ETfnTμEnTμ nn ≈ , (1.2) 
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with )(0 Tμ the mobility in the limit of zero charge carrier density and electric field, and C = 
0.42, a the hopping distance, q the elementary charge, and n the charge-carrier density. The 
normalized Gaussian variance is defined as kTσσ /ˆ ≡ . 

 The mobility model by Pasveer et al. [20] provides a good description of charge 
transport in organic diodes, including the effect of carrier concentration. One of the 
implications of this model is that also the temperature dependence of the mobility is affected 
by the presence of a carrier density. In the limit of vanishing charge-carrier density, the 
temperature dependence of Eq. (1.1) is recovered, where ln(μ) scales with 1/T2 [20]. However, 
for typical charge concentrations present in organic diodes [21], in the order of 1021 m-3, the 
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temperature dependence modifies to an Arrhenius Tμ /1)ln( ∝ behavior [22,23]. 
Experimentally, a universal relation was found between the mobility and its temperature 
activation in organic diodes [24]. Using the empirical description for the Arrhenius 
temperature dependence of the zero-field mobility 
 

 





−= ∞ kT

μTμ Δexp)( , (1.7) 

 
with Δ the activation energy, a universal value for the mobility μ∞ of 30-40 cm2/Vs at infinite 
temperature was found [24]. A consequence of this finding is that the temperature 
dependence of the mobility can be predicted from its room-temperature value. From the 
theoretical models by Bässler [16] and Pasveer et al. [20] it follows that the width of the 
density-of-states distribution is the key determinant of the temperature dependence of the 
mobility. A higher activation energy thus implies more energetic disorder. The universal 
relation between the mobility and its temperature activation [24] therefore shows that 
energetic disorder plays an important role in the value of the charge-carrier mobility. 
 
 
1.4 Device operation of organic diodes 
 
Organic semiconductors have become immensely popular since it was discovered that they 
could be successfully applied in optoelectronic devices, such as light-emitting diodes [5,6] and 
solar cells [7,8]. The simplest form of such an organic diode comprises a thin layer of organic 
semiconductor sandwiched between two metallic electrodes, of which one typically is 
transparent to permit the transmission of light. In an OLED, light is generated inside the 

 
 
Figure 1.2. Schematic energy-band diagram of a single-layer organic light-emitting diode. Electrons and holes 
are represented by full and empty circles, respectively. The first process is charge injection from the electrodes, 
which is followed by transport through the active layer. Subsequently, an exciton is formed, which decays 
under emission of a photon. The last two steps form the recombination process. 
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organic-semiconductor layer upon applying a voltage. The first step in this process is the 
injection of charge carriers from the electrodes into the organic-semiconductor layer. Efficient 
charge injection can be achieved when the work function of the anode and cathode match the 
HOMO and LUMO of the organic semiconductor, respectively, to obtain Ohmic hole and 
electron contacts. This implies that there is a difference in work function between anode and 
cathode, which gives rise to a built-in voltage. When a voltage larger than the built-in voltage 
is applied, holes and electrons are injected from the anode and cathode, respectively. Assisted 
by the electric field imposed by the applied voltage, electrons and holes are transported 
toward each other across the active layer. When an electron and a hole meet, they can form an 
exciton and recombine. The decay of an exciton can either proceed radiatively, thus by 
emission of a photon, or nonradiatively. The energy, and hence wavelength, of the emitted 
photon is determined by the forbidden energy gap between HOMO and LUMO. The photon 
is then transmitted through the transparent electrode, completing the conversion of electrical 
energy into light.  
 In an organic solar cell, or organic photovoltaic diode, the reverse process takes place. 
In such a device, sunlight is converted into electricity. The basic device layout is the same as in 
an OLED. An incoming photon is transmitted through the transparent electrode into the 
organic layer. The photon is absorbed by the organic semiconductor, upon which an electron 
is promoted from the HOMO to the LUMO, leaving a hole behind in the HOMO. As a result, 
an exciton is created that has to be split up into free charge carriers. However, organic 
semiconductors typically have low relative dielectric constants of 2-4, which results in a high 
exciton binding energy [25], making it difficult to dissociate the exciton. To facilitate exciton 
dissociation, an organic solar cell usually consists of an organic heterojunction. In such a 
heterojunction, an electron donor and acceptor are brought together [7]. The donor and 
acceptor are chosen such that electron transfer from donor to acceptor – or hole transfer from 
acceptor to donor – is energetically favorable. As a result, exciton dissociation can take place 

 
 
Figure 1.3. Schematic energy-band diagram of a bulk-heterojunction organic solar cell. The solid lines 
represent the energy levels of the donor, while the dashed lines represent the energy levels of the acceptor. A 
photon is first absorbed by the donor material under formation of an exciton. After diffusing to a donor-
acceptor interface, the exciton dissociates, upon which electrons and holes are transported through the LUMO 
of the acceptor and the HOMO of the donor, respectively. Finally, the photogenerated charges are extracted by 
the electrodes. 
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at the donor-acceptor interface. However, an exciton can only arrive at this interface when the 
interface is within the exciton diffusion length, which is typically 1-10 nm in organic 
semiconductors [26-30]. In other words, only excitons created in close proximity to the 
donor-acceptor interface can be dissociated and converted into free charge carriers, while the 
other excitons decay back to the ground state. This problem has been overcome by using a so-
called bulk heterojunction [8]. In a bulk heterojunction, the donor and acceptor materials are 
intimately mixed and form an interpenetrating phase-separated network, in which 
dimensions of the donor and acceptor phases are in the order of the exciton diffusion length. 
Therefore, in the proximity of every generated exciton there is an interface with an acceptor 
where fast dissociation takes place. Hence, charge generation takes place everywhere in the 
active layer [31]. After exciton dissociation, the electron-hole pair may still be Coulombically 
bound in a charge-transfer state. Once the charge-transfer excitons are separated into free 
charge carriers, the charges are transported to the electrodes. This process is assisted by the 
built-in electric field, induced by the built-in voltage due the difference in work function 
between the electrodes. Holes and electrons are the collected by the anode and cathode, 
respectively, and driven into the external circuit, producing an electrical current.  
 
 
1.5 Device characteristics of organic diodes 
 
In both OLEDs and organic solar cells, one of the most important processes is the transport of 
charge-carriers. A relatively simple technique to examine the transport of electrons or holes 
through organic-semiconductor layers is by fabricating electron-only or hole-only devices. 
Such test devices consist of one injecting electrode, which ensures Ohmic charge injection, 
while the counterelectrode blocks the injection of carriers of the opposite sign. In a hole-only 
device, for instance, a high work function anode is used for Ohmic hole injection into the 
HOMO, while the work function of the cathode is sufficiently high to impose a large-enough 
injection barrier for electron injection into the LUMO. As a result, the current in such a 
device will be a pure hole current, since electrons are practically not injected into the organic 
semiconductor. An electron-only device can be constructed in a similar manner. 
 Conjugated polymers and small molecules, as typically used in organic light-emitting 
diodes or solar cells are undoped semiconductors. When these semiconductors are 
sandwiched between two electrodes, a metal-insulator-metal (MIM) diode stack is formed. 
Single-carrier organic diodes frequently consist of an Ohmic injecting contact and a non-
Ohmic collection contact. In general, when electrodes with different work functions are used, 
an internal electric field will build up resulting from a built-in voltage Vbi across the undoped 
semiconductor, which equals the difference in work function of the electrodes. This built-in 
voltage gives rise to the rectifying properties of organic diodes. In order to understand the 
device characteristics of organic diodes, we will now give a derivation for their current-voltage 
behavior, which can be used to study the charge transport in organic materials. 
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As a reference, we consider the case of a hole-only MIM diode with one Ohmic and 
one non-Ohmic contact, as shown in Fig. 1.4(a). The collecting contact at x = L, where x 
denotes the position within the diode and L is the film thickness, is separated from the valence 
band by a barrier height, φb. The injecting contact at x = 0 aligns with the valence band. For 
both contacts the energy barrier to the conduction band is so large that electron injection can 
be neglected. The built-in voltage Vbi is then equal to the barrier height φb. 

At high positive bias on the Ohmic contact, larger than the built-in voltage, the 
resulting electric field becomes positive, pointing towards the collecting contact. Holes are 
injected and the current is dominated by drift. The current becomes limited by the 
uncompensated charges of the injected holes, leading to a space-charge-limited current 
(SCLC) that can be analytically described by the Mott-Gurney equation [32] as 
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with J the current density, ε the dielectric constant, μ the charge-carrier mobility, and V the 
applied voltage. Using this analytical equation, the charge-carrier mobility can be directly 
obtained from current density versus voltage (J-V) measurements on single-carrier devices 
[33]. 

So the drift current in an organic diode is a space-charge-limited current. Below the 
built-in voltage, however, the current will be dominated by diffusion of charge carriers. As 
shown in Fig. 1.4(a), we now apply a small positive bias on the injecting contact. When the 
bias is smaller than the built-in voltage the electric field is still negative, pointing towards the 
injecting contact. The drift current due to the injected holes is therefore negative. However, 
the gradient in the hole density leads to diffusion of holes towards the collecting contact. The 
net positive current then results from the positive diffusion current that dominates over the 
negative drift current. 

 
 

Figure 1.4. Energy-band diagram of an organic hole-only MIM diode. The layer thickness is L and x denotes 
the position in the diode. The contact at x = 0 is Ohmic, while the collecting contact at x = L is separated from 
the valence band by a barrier height φb. (left) Thermal equilibrium and upon applying a small positive bias 
smaller than the built-in voltage (dashed). (right)  Band diagram at thermal equilibrium when including band 
bending due to injected holes at the Ohmic contact. 
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We will now derive an expression for this diffusion current, based on the classical 
Schottky diffusion theory. The original diffusion theory by Schottky [34] describes the 
situation for a metal contact on a doped semiconductor. In such a Schottky diode, majority 
carriers diffuse from the semiconductor into the metal to equilibrate the Fermi level. The 
charge of the remaining uncompensated dopants then leads to the build-up of an electric field 
in the depletion region, resulting in band bending. A similar model was used by Shockley for 
the current across a p-n junction, viz. a depletion region formed between a p- and n-doped 
semiconductor [35]. An alternative theory to describe the current in a Schottky diode, based 
on thermionic emission, is valid only for high charge-carrier mobilities [36,37], whereas 
diffusion is the limiting case in low-mobility semiconductors, like organic semiconductors. 

In MIM structures, band bending due to uncompensated dopants is absent. Below, 
the appropriate boundary conditions [38] are introduced. We start with the hole-only MIM 
diode of Fig. 1.4(a). Following the classical derivation of Schottky for diffusion currents, the 
hole current density is given by 
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where the diffusion coefficient has been replaced by the hole mobility μp through the Einstein 
relation [39,40]. However, in contrast to a Schottky diode, the limit for integration in the 
MIM structure has to be set to the total device thickness L, since the device is fully depleted, 
leading to 
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with p the hole density and Ev the valence-band edge, or, analogously in this case the HOMO 
of the organic semiconductor. To evaluate this expression, we need to introduce the MIM 
boundary conditions for the charge carrier density p(x) and the valence band Ev(x) at the 
electrode-semiconductor interfaces x = 0 and x = L. 

As shown in Fig. 1.4(a), the built-in voltage Vbi for this device is equal to φb, In that 
particular case the boundary conditions for the charge-carrier density at the electrodes of a 
metal-insulator-metal device are given by [38] 
 
 vNp =)0( , (1.11a) 
 

 





−=

kT
φq

NLp b
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whereas the boundary conditions for the valence band, with respect to the Fermi level of the 
hole-extraction contact, for V < Vbi are given by 
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 qVEv −=)0( , (1.12a) 
 
 bv φqLE −=)( . (1.12b) 
 
Note that in this case a positive forward bias V at x = 0 lowers the internal voltage to φb - V, 
leading to a reduction of the negative drift current of holes towards the injecting contact at 
x = 0, which results in an enhanced positive current in the x-direction. Combination with Eq. 
(1.10) gives for the current 
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Due to the absence of space charge there is no band bending in the MIM structure, so the 
positional dependence of the valence band Ev(x) is just a simple triangular shape, given by 
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Substituting Eq. (1.15) into Eq. (1.13) then leads to an analytical current-density expression 
for the diffusion-limited current in a MIM diode, given by 
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A similar expression was obtained by Paasch et al. [41]. We note that the use of a constant 
mobility in our derivation is valid since in the diffusion regime the carrier densities in the 
diode are sufficiently low such that mobility enhancement due to DOS filling [17] does not 
play a role [20]. Before comparing Eq. (1.16) to experimental data, it is essential to consider 
that for Ohmic contacts on insulators or undoped semiconductors charge carriers diffuse 
from the electrode into the semiconductor, forming an accumulation region close to the 
contact [21]. As shown in Fig. 1.4(b), the accumulated charge carriers close to the injecting 
contact at x = 0 cause band bending and reduce the built-in voltage of the device. Reported 
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values for this band bending, here described by the parameter b, typically lie in the range of 
0.2-0.3 V and depend also on energetic disorder [42-46]. To account for this accumulation, we 
approximate the energy band diagram of the MIM diode by the dashed lines in Fig. 1.4(b). In 
this way, the reduction of the built-in voltage is taken into account, while maintaining the 
triangular potential. The boundary conditions are then modified to 
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The current equation, Eq. (1.16), is for this case modified to 
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Clearly, the band-bending parameter b does not only reduce the built-in voltage, but also has a 
large impact on the current close to the Vbi and above Vbi. Therefore, we introduce the band-
bending parameter b according to 
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based on a model by Simmons [42]. At Vbi, the diffusion current undergoes a transition from 
an exponential to a linear dependence on voltage. Due to the thickness dependence of the 
band-bending parameter, the linear diffusion current above Vbi depends inversely on L3, while 
the exponential part below Vbi scales inversely with L. For voltages larger than the built-in 
voltage, the electric field becomes positive and the drift current starts to dominate. This is the 
well-known space-charge-limited current, described by Eq. (1.8). With the derived diffusion 
current, Eq. (1.18), the complete current through the device can now be obtained by summing 
the contributions of drift and diffusion, as shown in Fig. 1.5. The drift current starts exactly at 
the built-in voltage, well defined by φb - b. The analytical expression for the diffusion current 
now allows disentanglement of the drift and diffusion contributions to the current. As can be 
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seen in Fig. 1.5, the analytical description reproduces the result of a numerical drift-diffusion 
model [38], which is based on solving the Poisson and current-continuity equations. The 
simple analytical model can be used to describe the current-voltage behavior of single-carrier 
diodes, which directly yields the injection barrier and charge-carrier mobility. 
 In double-carrier devices, such as OLEDs and solar cells, the built-in voltage is 
maximized – in the ideal case – due to the presence of an Ohmic hole and electron contact. 
Qualitatively, the current-voltage characteristics will appear similar to the single-carrier diode 
in Fig. 1.5. However, in a double-carrier device, the effects of charge recombination have to be 
taken into account.  This can be done numerically with the aforementioned drift-diffusion 
model [38]. A large part of this thesis is devoted to the investigation of diffusion-driven 
currents in single-carrier diodes, OLEDs, and bulk-heterojunction solar cells. It is 
demonstrated that charge trapping and recombination play an important role in the behavior 
of these diffusion currents.  
 
 
1.6 Device characteristics of organic solar cells 
 
The current-voltage characteristics of an organic solar cell in dark and an OLED are very 
similar. In principle, a bulk-heterojunction solar cell can be described with an effective 
medium approach, where the donor-acceptor blend is treated as one semiconductor [38]. The 
electron transport takes place through the LUMO of the acceptor, while the hole transport 
takes place through the HOMO of the donor. Assuming Ohmic electron and hole contacts, 
the built-in potential is then determined by the energetic difference between the HOMO of 
the donor and the LUMO of the acceptor. 

 
 
Figure 1.5. Current density-voltage characteristics for a device with φb = 0.7 V, μp = 1×10-9 m2/Vs, 
Nv = 3×1026 m-3, L = 100 nm, T = 295 K, and ε = 3ε0. The dotted and solid lines are the analytically calculated 
characteristics for diffusion, drift, and the sum of drift and diffusion. The dashed line represents a numerical 
simulation [38] with the exactly the same parameters. 
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Under illumination, the solar cell produces a photocurrent. A typical current-voltage 
characteristic of an organic bulk-heterojunction solar cell is displayed in Fig. 1.6. In the fourth 
quadrant, the solar cell exhibits a negative current at a positive voltage and is therefore 
delivering power. At 0 V, the device is under short-circuit conditions and the electric field in 
the active layer equals the built-in field. Once separated, photogenerated charge carriers are 
driven by this field toward the electrodes. The resulting current density is the short-circuit 
current density Jsc. When the bias is increased, the electric field decreases. This typically results 
in a smaller photocurrent, which is caused by charge-carrier recombination prior to charge 
extraction at the electrodes. The current is zero at the open-circuit voltage Voc. At this voltage, 
all photogenerated charge carriers recombine. This implies that the open-circuit voltage is 
limited by the amount of recombination that is present in the device. Therefore, a reduction in 
the recombination strength would lead to a higher open-circuit voltage. The open-circuit 
voltage is lower than the built-in voltage and can be expressed as [47] 
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with Egap the energy gap between the HOMO of the acceptor and the LUMO of the donor, kR 
the bimolecular recombination coefficient, Ncv the density of states, and G the generation rate 
of excitons. Since there exists a balance between generation and recombination of charge 
carriers at the open-circuit voltage, studying the dependence of Voc on the illumination 
intensity, which is proportional to the generation rate G, can provide valuable information on 
charge recombination in the solar cell. 
 Moving from short circuit to open circuit along the J-V characteristics, we are passing 
the region that determines the fill factor (FF). The fill factor is defined as the ratio between the 
maximum-power point and the product of Jsc and Voc. The maximum-power point is the point 
where the product of the current density and voltage has its maximum value.  Also the fill 

 
 
Figure 1.6. Typical current density-voltage characteristic of an organic bulk-heterojunction solar cell. The 
characterization parameters Jsc, Voc, and FF are indicated. The maximum-power point (MPP) is also shown, 
where the maximum power output that the solar cell can supply is represented by the filled rectangle. 
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factor is strongly affected by charge recombination [48]. The power-conversion efficiency of 
the solar cell can be expressed as 
 

 
I

VJχ FFocsc= , (1.21) 

 
where I is the incident light intensity. Under standard test conditions, the light intensity is 
1000 W/m2, where the spectral distribution of the light is given by the air mass (AM) 1.5 
spectrum. The AM1.5 spectrum is the standardized spectrum of sunlight passing through 1.5 
times the thickness of the atmosphere. 
 
 
1.7 Charge trapping in organic semiconductors 
 
In section 1.5, the current-voltage characteristics of an organic diode were explained. The drift 
current was shown to follow space-charge-limited current behavior according to Eq. (1.8). 
Hole transport in many conjugated polymers is well described by this space-charge-limited 
current. However, the electron transport frequently shows markedly different behavior. While 
hole and electron mobilities are frequently similar in organic semiconductors, it is often 
observed that the electron current is inferior to the hole current, when measured in single-
carrier devices, as exemplified in Fig. 1.7. Furthermore, while Eq. (1.8) predicts a quadratic 
dependence of the current density on voltage, electron currents typically have a substantially 
stronger voltage dependence. The reason for this is that electron transport in a large variety of 
conjugated polymers is limited by charge trapping [33,49-51]. A charge trap is an isolated 
defect site with an energy situated within the forbidden energy gap of the semiconductor. 

 
 

Figure 1.7. Comparison of electron and hole current in the conjugated polymer MDMO-PPV, as measured in 
single-carrier devices. The electron current is orders of magnitude lower than the hole current and has a 
stronger voltage dependence. The built-in voltage is subtracted from the applied voltage, in order to compare 
the drift currents. 
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Charge carriers can get immobilized in such a localized state, because it is energetically 
favorable. This trapping process can severely hinder the transport of charge carriers. 
 Until recently, it remained unclear what the reason for the omnipresent electron 
trapping in conjugated polymers was. The charge traps had previously been related to 
intrinsic defects (such as kinks in the polymer backbone) [52], to impurities remaining from 
the synthesis, and/or to contamination from the environment [53]. However, an 
unambiguous explanation could not be given. In a recent publication by Nicolai et al. [54], it 
was demonstrated that the electron traps were situated closely around a common energy of 
~3.6 eV below the vacuum level for a range of conjugated polymers. By modeling electron 
currents from electron-only devices, trap densities of approximately 3 × 1023 traps per m3 were 
obtained for all investigated polymers, with a typical distribution width of ~0.1 eV. The fact 
that the depth, density and energetic distribution of traps were found to be similar for all 
investigated polymers implies that it is likely that the traps have a common origin and are 
extrinsic in nature. Quantum-chemical calculations suggested that bishydrated-oxygen 
complexes are possibly the origin of the frequently-encountered electron traps in conjugated 
polymers [54]. 
 One of the implications of this discovery is that electron transport can become trap 
free when the LUMO of the organic semiconductor is situated below the trap level at 3.6 eV. 
In that case, the defect sites are no longer in an energetically favorable position and do not act 
as charge traps. This indicates that electron transport could be significantly improved when 
materials are designed that comprise a deep LUMO. The voltage dependence of the current 
density is an indication of the trap depth. When the slopes of the J-V characteristics on a 
double-logarithmic scale are plotted against the energetic position of the LUMO, as done in 
Fig. 1.8, a clear trend toward a slope of 2 for deeper LUMO’s is observed [54]. A slope of 2 
implies a quadratic dependence of the current density on voltage, corresponding to the case of 

 
 
Figure 1.8. Slope of the electron-only J-V characteristics on a double-logarithmic scale plotted against the 
energetic position of the LUMO of various organic semiconductors. The value of the slope was determined by 
fitting the experimental J-V curve with a power law. The dotted line indicates a slope of 2 as observed for trap-
free space-charge-limited currents. 
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a trap-free space-charge-limited limit, as described by Eq. (1.8). 
 
 
1.8 Charge-carrier recombination in organic-semiconductor devices 
 
In both OLEDs and organic solar cells, charge-carrier recombination is an important process. 
In an OLED, emission of photons is a direct result of charge recombination. In the ideal case, 
all injected electrons and holes recombine. In an organic solar cell, however, charge-carrier 
recombination is a loss process. To produce a photocurrent, photogenerated electrons and 
holes need to be extracted at the contacts. During their transport across the organic layer 
toward the contacts, electrons and holes can meet and recombine. As a result, they can no 
longer contribute to the photocurrent. 
 Although the device layout of single-layer OLEDs and organic solar cells is very 
similar, these devices have very different requirements in terms of charge recombination in 
order to function efficiently. This paradox can be partially resolved by considering the 
expression for the bimolecular recombination rate 
 
 )( 2

iR nnpkR −= , (1.22) 
 
with kR the bimolecular recombination coefficient, n and p the electron and hole 
concentrations, respectively, and ni the intrinsic carrier concentration of electrons and holes 
given by ni

2 = Ncv exp[-Egap/kT]. The term bimolecular recombination implies that the 
recombination rate is proportional to the product of the electron and hole concentrations. In 
an OLED, the current is produced by charge carriers injected from the electrodes. The charge 
concentration is then given by maximum electrostatically-allowed carrier density, i.e., the 
space-charge limit [33,55]. As a result, charge-carrier recombination is maximized. In a solar 
cell, however, the current is produced by photogenerated charges. The solar cell operates 
below the built-in voltage, which means that there is no space charge formed by injected 
charge carriers. The photocurrent of an organic solar cell is generally below the 
electrostatically-allowed, space-charge-limited current. This implies that electron and hole 
concentrations are lower than in OLEDs and, as a result, also the recombination rate is 
smaller. However, in a solar cell where the mean drift length of charge-carriers is smaller than 
the specimen length, space charge will build up and the photocurrent will become space-
charge limited [56]. This occurs in materials with low charge-carrier mobilities and is 
detrimental for the solar-cell performance, because of strong charge recombination. 
 In pristine organic semiconductors bimolecular recombination is of the Langevin 
type, i.e., the rate-limiting step is the diffusion of electrons and holes toward each other in 
their mutual Coulomb field [57]. The Langevin bimolecular recombination coefficient is given 
by [57] 
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 )( pnL μμ
ε
qk += , (1.23) 

 
with μn and μp the electron and hole mobilities, respectively. The bimolecular Langevin 
recombination rate then yields RL = kL(np-ni

2). Langevin-type recombination is characteristic 
of materials in which the mean free path of the charge carriers is smaller than a critical 
distance rc = q2/4πε0εrkT, with q the elementary charge, ε the dielectric constant and T the 
temperature, at which the Coulomb binding energy between an electron and hole equals kT. 
As outlined in section 1.3, charge transport in organic semiconductors is of a hopping nature, 
with a typical hopping distance of 1-2 nm, whereas rc amounts to 18.5 nm at T = 300 K 
(εr = 3). Therefore, the manifestation of Langevin recombination in organic semiconductors is 
expected [58] and has been experimentally verified [55]. 
 In organic bulk-heterojunction solar cells, however, bimolecular recombination often 
deviates from the Langevin picture. Typically, recombination rates are smaller than predicted 
by the Langevin formula. In some cases, the reduction can be up to several orders of 
magnitude. While such slow carrier recombination is beneficial for the performance of 
organic solar cells, its origin remains unclear. In chapter 3 of this thesis, we will investigate 
and discuss this subject into more detail. 
 Up to now, we have discussed the bimolecular recombination of free charge carriers. 
In section 1.7, we have seen that the electron transport in organic semiconductors is 
frequently hindered by trapping. It is not unlikely that trapped carriers also participate in the 
recombination process. However, such a trap-assisted recombination mechanism has not 
been taken into account in OLEDs and its presence has still to be proven. Moreover, it is of 
paramount interest to know if trap-assisted recombination, if present, is a radiative or a 
nonradiative process. If trap-assisted recombination is a nonradiative process, it might be an 
important loss mechanism in OLEDs. Therefore, it is also necessary to quantify the trap-
assisted recombination rate. These subjects will be discussed in the remainder of this thesis. 
 
 
1.9 Scope and outline of this thesis 
 
This thesis focuses on charge transport and recombination in organic-semiconductor diodes. 
While extensive research in the past decades has led to an increased knowledge of these 
processes, there are still some open questions. For instance, while the drift regime in an 
organic diode is well characterized, the diffusion regime in an organic diode is still poorly 
understood. Furthermore, a general consensus on charge trapping and its effect on charge 
recombination in OLEDs and organic solar cells is lacking. Such phenomena require a 
fundamental understanding in order to be able to systematically improve organic 
optoelectronic devices. 
 Based on the unification of the trap-limited electron transport in conjugated 
polymers, as discussed in section 1.7, charge transport in a copolymer with a deep LUMO is 
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investigated in chapter 2. Uncharacteristically for conjugated polymers, electron transport is 
observed to be trap free. The hole transport is also observed to be trap free, which allows for a 
direct comparison between the electron and hole mobility. This is usually not possible due to 
the presence of substantial electron trapping. Remarkably, the electron mobility in this 
polymer is observed to be more than two orders of magnitude higher than the hole mobility, 
which is substantiated by quantum-chemical calculations. 
 In chapter 3, the presence of trap-assisted recombination in OLEDs is explored. It is 
known that electron trapping plays an important role in the transport of conjugated polymers, 
but the role of traps in the recombination process has not been addressed. By carefully 
studying the ideality factor of the current and the light output, it is demonstrated that 
nonradiative trap-assisted recombination dominates over bimolecular recombination in the 
low-voltage regime. Furthermore, it is demonstrated that the light-output is governed by 
bimolecular recombination. It is shown that both recombination mechanisms can be 
disentangled in a white-emitting polymer, which exhibits both radiative trap-assisted and 
bimolecular recombination. 
 Once the presence of trap-assisted recombination has been identified as a loss 
mechanism in OLEDs, the trap-assisted recombination rate and its physical origin are 
investigated in chapter 4. It is demonstrated that the rate-limiting step for this recombination 
mechanism is the diffusion of free holes towards trapped electrons in their mutual Coulomb 
field. As a result, the trap-assisted recombination rate follows directly from the hole mobility, 
allowing quantification of this loss mechanism. 
 In chapter 5, the diffusion regime of single-carrier diodes is investigated. Previous 
research suggests that diffusion in disordered semiconductors does not obey the classical 
Einstein relation, which connects the kinetic coefficients of diffusivity and mobility. Studying 
the diffusion-driven current in single-carrier diodes, however, shows that the Einstein relation 
is violated only under nonequilibrium conditions, due to the presence of deeply-trapped 
carriers. Removal of these deeply-trapped carriers by recombination proves the validity of the 
Einstein relation in disordered semiconductors in thermal (quasi)equilibrium. 
 With the increased knowledge about the diffusion currents in OLEDs and single-
carrier devices, the dark-current ideality factors of polymer:fullerene bulk-heterojunction 
solar cells are examined in chapter 6. In a solar cell, both electron and hole transport show 
trap-free behavior. While also for such solar cells a deviation of the ideality factor from unity 
is commonly ascribed to the presence of trap-assisted recombination, it is demonstrated that 
this does not have to be the case. Like in a single-carrier diode, the ideality factor can deviate 
from unity, even in the absence of recombination. It is demonstrated that trap-assisted 
recombination is absent, while the nonideality is caused by the transport properties of the 
transport-dominating constituent of the donor:acceptor blend. 
 Since trap-assisted recombination typically plays a minor role in organic solar cells, 
bimolecular recombination is the most important loss mechanism. However, a clear physical 
picture of the reduced bimolecular recombination rate in organic solar cells is lacking. 
Therefore, a steady-state technique to determine the bimolecular recombination rate is 
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introduced in chapter 7. It is observed that the recombination rate in the P3HT:PCBM system 
is reduced by about three orders of magnitude as compared to Langevin recombination. For 
other systems, the reduction is substantially less pronounced. 
 The absence of trap-assisted recombination in organic solar is further substantiated in 
chapter 8. Here, it is demonstrated that emission from the charge-transfer state has a 
bimolecular origin, evidenced by the luminance ideality factor. Studying the voltage 
dependence of the electroluminescence quantum efficiency reveals that nonradiative trap-
assisted recombination is absent in most polymer:fullerene blends. However, it is shown that 
in the P3HT:PCBM system a significant contribution of trap-assisted recombination is 
present. Since it has been demonstrated in chapter 7 that bimolecular recombination is very 
weak in this system, a competing trap-assisted recombination mechanism from a small 
number of traps can become apparent. 
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Asymmetric electron and hole transport in a high-
mobility n-type conjugated polymer 
 
In this chapter, electron- and hole-transport properties of the n-type copolymer 

poly{[N,N'-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5'-
(2,2'-dithiophene)} [P(NDI2OD-T2), Polyera ActivInk™ N2200] are investigated. Electron- 
and hole-only devices with Ohmic contacts are demonstrated, exhibiting trap-free space-
charge-limited currents for both types of charge carriers. While hole and electron mobilities 
are frequently equal in organic semiconductors, room temperature mobilities of 
5 × 10-8 m2/Vs for electrons and 3.4 × 10-10 m2/Vs for holes are determined, both showing 
universal Arrhenius temperature scaling. The origin of the large difference between electron 
and hole mobility is explained by quantum-chemical calculations, which reveal that the 
internal reorganization energy for electrons is smaller than for holes, while the transfer 
integral is larger. As a result, electron transport is intrinsically superior to hole transport 
under the same injection and extraction conditions. 

2. Asymmetric electron and hole transport in a high-
mobility n-type conjugated polymer 
 
  

2
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2.1 Introduction 
 
Organic semiconductors are a promising candidate for replacing conventional inorganic 
semiconductors in electronic devices such as solar cells, light-emitting diodes, and field-effect 
transistors [1-4]. A common feature of most organic semiconductors is that electron and hole 
transport are highly unbalanced in electronic devices [5,6]. As a consequence, materials are 
usually labeled either n-type or p-type. In inorganic semiconductors, n- or p-type behavior is 
typically the consequence of an increased density of charge carriers induced by the addition of 
impurities that act as dopants. In contrast, most organic semiconductors can be considered 
intrinsic and unbalanced transport arises from the presence of extrinsic charge traps 
hindering the transport of one type of charge carrier [5-7]. Due to this charge trapping, 
organic electronic devices frequently exhibit only unipolar behavior. However, by using field-
effect transistors with appropriate dielectrics, the charge carrier densities are sufficiently large 
to fill all the traps [8]. By eliminating traps by doping in space-charge limited diodes [9], it has 
been shown that the charge carrier mobility for electrons and holes are about equal for a 
number of organic semiconductors. This implies that the electron- and hole-transport 
properties in organic semiconductors are intrinsically similar. 

Conjugated polymers form a particularly interesting class of organic semiconductors 
due to their potential for solution-based processing, enabling the possibility for low-cost, 
high-throughput, flexible, large-area, light-weight printed electronics. For most conjugated 
polymers, hole transport appears to be superior to electron transport in electronic devices. In 
diodes fabricated from these conjugated polymers, hole currents show trap-free, space-charge-
limited behavior, whereas electron transport is largely reduced by the presence of charge 
trapping [5,7]. These electron traps are usually associated with oxygen- or water-induced 
impurities [9-14]. It has been shown by De Leeuw et al. [15] that organic materials show n-
type stability against water when their electron affinity is greater than ~4 eV. Therefore, for 
the development of stable electron transporting materials, high electron affinities are required. 
This leads to a two-fold advantage for electronic devices: i) elimination of oxygen/water-
induced charge traps and ii) reduction of the electron injection barrier from nonreactive metal 

 
 
Figure 2.1. Chemical structure of N2200, with the naphthalene diimide core on the left and the bithiophene 
unit on the right. 
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electrodes. 
Recently, a high-mobility electron-transporting polymer (N2200) was developed, 

consisting of a naphthalene diimide core (NDI), connected with a bithiophene unit (T-T), as 
displayed in Fig. 2.1 [16]. Apart from its high electron mobility, this polymer is particularly 
interesting because of its energy levels: the lowest unoccupied molecular orbital (LUMO) is 
located at ~-4 eV, while the highest occupied molecular orbital (HOMO) is situated at an 
energy of ~-5.6 eV [17]. This implies that the LUMO is low enough for stable, trap-free 
electron transport, while the HOMO is sufficiently shallow for efficient hole injection. As a 
result, N2200 is an ideal compound for a detailed investigation of both electron- and hole 
transport in a single material. In this chapter, we demonstrate trap-free electron and hole 
transport measurements in N2200, enabling direct evaluation of the charge-carrier mobilities. 
The electron mobility is observed to be more than two orders of magnitude higher than the 
hole mobility, which is supported by a quantum-chemical study. 
 
 
2.2 Electron Transport 
 
Measurements on the bulk electron transport of N2200 have recently been carried out by 
Steyrleuthner et al. [18] In their report, a high electron mobility of 5 × 10-7 m2/Vs at room 
temperature was extracted from time-of-flight (TOF) measurements. Interestingly, the 
accompanying DC current measurements on electron-only diodes yielded considerably 
smaller values for the electron mobility. The apparent mobility was observed to increase with 
layer thickness, leading to the conclusion that the device current was injection limited, rather 
than limited by the bulk of the material. This is particularly surprising since the Fermi levels 
of the used cathode materials (e.g., barium) are expected to easily align with the low LUMO of 
N2200 to ensure Ohmic electron injection. Nevertheless, a convincing electric-field scaling of 
the current was presented for a wide range of layer thicknesses, which is characteristic of an 
injection-limited current. However, the origin of this behavior remained unclear. To enable a 
reliable investigation of the electron transport by means of single-carrier diodes, the problem 
of inefficient electron injection has to be overcome, so that true bulk-limited currents can be 
measured. 

For the charge-transport measurements carried out in this study, single-carrier diodes 
were prepared. Electron-only diodes were fabricated, comprising a layer of N2200 sandwiched 
between an aluminum bottom and top electrode. To enhance electron injection from the top 
electrode, a Cs2CO3 layer (1 nm) was thermally evaporated on top of the polymer layer, prior 
to evaporation of the Al (100 nm) top electrode. Cs2CO3 has been frequently utilized as an 
efficient electron injection layer in polymer diodes [19-24]. Cesium carbonate decomposes 
into cesium oxides upon thermal evaporation and the resultant film is considered to be a 
heavily doped n-type semiconductor with an intrinsically low work function [24]. Therefore, 
thermally evaporated cesium carbonate exhibits good electron-injecting properties.  
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In case of an Ohmic electron contact, electron currents are expected to exhibit space-
charge-limited conduction in case of trap-free transport. Space-charge-limited currents are 
widely observed in conjugated polymers [5] and are characterized by a quadratic voltage 
dependence and a third-power thickness dependence, according to [25] 
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VμεεJ r= , (2.1) 

 
where J is the current density, ε the dielectric constant, μ the charge-carrier mobility, V the 
applied voltage and L the layer thickness. 

The measured electron-only currents are plotted as a function of the applied voltage 
(corrected for the built-in voltage Vbi) for a range of layer thicknesses in Fig. 2.2. In contrast to 
the measurements of Steyrleuthner et al. [18], the currents do not scale with the electric field, 
but show a 1/L3 thickness dependence. In addition, the currents exhibit a quadratic 
dependence on voltage in the low-field regime and can therefore be described by Eq. (2.1). 
The extracted value for the zero-field mobility is 5 × 10-8 m2/Vs for all layer thicknesses. The 
excellent agreement with space-charge-limited conduction is a strong indication that the 
measured electron currents are bulk limited when using a Cs2CO3/Al cathode. The obtained 
mobility is, however, an order of magnitude lower than the previously reported value from 
TOF measurements. This discrepancy may well be attributed to variations in different 
polymer batches or by morphology variations due to different fabrication methods [26]. It 
should also be noted that the TOF transient in Ref. [18] shows clearly dispersive transport, 
implying that the transient mobility is an upper limit rather than an average value. 

As can be observed in Fig. 2.2, the experimental data can be well described by Eq. (2.1) 
in the low-field regime. However, at higher applied fields, the current starts to deviate from 
the quadratic voltage dependence. This enhancement of the space-charge-limited current 
arises from the charge-density and electric-field dependence of the mobility [27]. The 

 
 
Figure 2.2. Experimental J-V characteristics (symbols) of N2200 electron-only diodes for a range of layer 
thicknesses. The solid lines are fits to the experimental data, calculated by Eq. (2.1). 
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description of a charge-carrier density dependent mobility can be obtained from a numerical 
solution of the master equation for hopping transport in a disordered energy system with a 
Gaussian density-of-states (DOS) distribution. The field, density and temperature dependence 
of the mobility then follows from the choice of the width of the DOS distribution σ and the 
average intersite spacing a, as described by [28] 
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where )(0 Tμ  is the mobility in the limit of zero charge-carrier density and electric field, T the 
temperature, E the electric field and n the charge carrier density. The normalized Gaussian 
variance is defined as kTσσ /ˆ ≡ , with k the Boltzmann constant. To provide a full description 
of the measured device currents, this field, density, and temperature dependence of the 
mobility needs to be taken into account. Therefore, the experimental data were fitted using a 
numerical drift-diffusion model [29].  

Figure 2.3 shows the temperature dependent J-V characteristics of an electron-only 
device with a thickness of 360 nm. The fits are obtained from the numerical drift-diffusion 
model using σ = 0.085 eV and a = 2.2 nm. This set of parameters was found to excellently 
describe the temperature-dependent characteristics for the entire range of layer thicknesses. 

 
 
Figure 2.3. Temperature-dependent J-V characteristics (symbols) of an N2200 electron-only diode with a layer 
thickness of 360 nm and the corresponding calculations (solid lines) from a drift-diffusion model. 
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The accurate agreement for the field, density and temperature dependence using a single set of 
parameters confirms the observation of bulk-limited electron currents. The width of the DOS 
distribution is considerably smaller than usually obtained for conjugated polymers, indicating 
a low degree of energetic disorder of the LUMO. The observation of weak disorder is in 
agreement with the high values obtained for the bulk electron mobility, together with its small 
temperature activation. 

The good agreement of the current-voltage characteristics with Eq. (2.1) in the low 
field and density regime and the accurate description of the data with the numerical 
simulations show that electron transport is essentially trap free. However, when the charge 
concentration exceeds the trap density, the effect of traps becomes invisible in the current-
voltage characteristics. This puts an upper limit on the trap density of about 5 × 1021 m-3 [30]. 
Although we cannot exclude the presence of a small shallow-trap concentration, it is clear that 
electron transport does not exhibit the distinct features of the usually observed trap-limited 
electron conduction in conjugated polymers [14]. 
 
 
2.3 Hole transport 
 
Up to now, just a few conjugated polymers have exhibited both p-type and n-type conduction 
[31]. In the literature [16-18,26], N2200 has been essentially used as an electron transporting 
material and no hole conduction has been evidenced so far. As we have shown in the previous 
section, it is crucial to carefully choose the nature of the electrode in order to provide trap-free 
electron transport characterized in Fig. 2.2 by the quadratic voltage and third-power thickness 
dependence of the device current. It would be thus interesting to investigate now whether hole 
transport can be achieved;  if it is also trap free in N2200, and how it compares to the obtained 
characteristics for electron transport. 

To investigate the hole transport, hole-only diodes were prepared. Because of the 
relatively deep HOMO of N2200 (~-5.6 eV), a barrier for hole injection from common anodes 
such as gold (work function of 4.8 eV [32]) or poly(3,4-ethylenedioxythiophene):poly(styrene-
sulfonic acid) (PEDOT:PSS), which has a work function of 5.0-5.2 eV [30,33,34], is expected. 
Recently, it was demonstrated that Ohmic charge injection can be achieved by using an MoO3 
hole-injection layer for conjugated polymers comprising a HOMO as deep as -5.8 to -6.0 eV 
[35]. Thermally-evaporated molybdenum trioxide is an n-type semiconductor with a work 
function as high as 6.86 eV [36], resulting in good hole injection even for polymers with a 
deep HOMO. Therefore, hole-only diodes were fabricated with an MoO3(10 nm)/Al(100 nm) 
top electrode, using PEDOT:PSS-covered indium tin oxide as the bottom electrode. As 
expected, hole injection is considerably more efficient from MoO3 as compared to injection 
from the PEDOT:PSS counterelectrode. For MoO3 as Ohmic hole-injection contact, the hole 
currents exhibit a quadratic dependence on voltage and a 1/L3 thickness dependence, as 
displayed in Fig. 2.4. This is indicative of trap-free space-charge-limited hole transport, as also 
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observed previously for electron transport. By using Eq. (2.1), a zero-field hole mobility of 
3.4 × 10-10 m2/Vs was determined.  

As was done for the electron transport, numerical drift-diffusion simulations were 
carried out to fully describe the field, density, and temperature dependence of the hole 
transport. Figure 2.5 depicts the temperature dependent J-V characteristics of a hole-only 
device with a thickness of 140 nm. For all investigated layer thicknesses, the temperature 
dependent hole current could be accurately described with a single set of parameters. The 
extracted values for the DOS variance and the intersite spacing were σ = 0.13 eV and 
a = 1.3 nm, respectively. Apparently, hole transport is affected by significantly stronger 
disorder than electron transport. This is also reflected in the lower hole mobility, as compared 
to the electron mobility, as well as in the larger temperature activation for hole transport. 
 
 

 
 
Figure 2.5. Temperature-dependent J-V characteristics (symbols) of an N2200 hole-only diode with a layer 
thickness of 140 nm and the corresponding calculations (solid lines) from a drift-diffusion model. 

 
 

Figure 2.4. Experimental J-V characteristics (symbols) of N2200 hole-only diodes for a range of layer 
thicknesses. The solid lines are fits to the experimental data, calculated by Eq. (2.1). 
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2.4 Temperature activation of electron and hole transport 
 
The simultaneous observation of trap-free electron and hole transport in a conjugated 
polymer diode is highly exceptional. As shown in the previous sections, it conveniently 
enables determination of the electron and hole mobility from the space-charge-limited diode 
current. Interestingly, for this polymer, the electron and hole mobility differ by more than two 
orders of magnitude. Furthermore, the disorder parameter deduced from drift-diffusion 
simulations is considerably larger for holes than for electrons. It is well known that stronger 
disorder gives rise to a larger temperature activation for charge transport [37]. Recently, it was 
demonstrated that there exists a universal relation between the charge carrier mobility and its 
temperature activation in organic diodes [38]. It would be interesting to see if this universal 
relation also applies for trap-free electron and hole transport in a single material, especially 
when the electron and hole mobilities are substantially different, as is the case in N2200. 
Figure 2.6 shows the extracted electron and hole mobilities as a function of temperature. As 
usually observed for organic semiconductor diodes, the charge carrier mobility exhibits 
Arrhenius temperature dependence, according to 
 

 





−= ∞ kT

μTμ Δexp)( , (2.6) 

 
with ∞μ the charge carrier mobility in the limit of zero field and infinite temperature and Δ the 
activation energy. Remarkably, both electron and hole mobilities extrapolate to the previously 
reported universal value for the mobility of 30 cm2/Vs at infinite temperature [38]. So both 
electron and hole mobilities, although they differ by more than two orders of magnitude, 
individually follow the universal scaling behavior as observed for organic semiconductors. 
Such behavior has not been observed before, since in most cases charge trapping effects 
obscure the transport properties of one of the two types of charge carriers. Moreover, charge-

 
 

Figure 2.6. Measured low-field mobilities for N2200-based single-carrier diodes. The solid lines are the best 
fits to the experimental data, using the Arrhenius temperature dependence according to Eq. (2.6). 
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carrier mobilities in conjugated polymers are frequently similar for electrons and holes and 
hence similar temperature activation has been observed [9]. In N2200 however, the electron 
mobility is much larger than the hole mobility, which appears to be also reflected in its smaller 
temperature activation. The activation energy for the electron mobility was determined to be 
0.28 eV, while the hole mobility was temperature activated with an activation energy of 
0.41 eV. Such a difference in temperature activation is in line with the previously determined 
values for the width of the DOS distribution. 
 
 
2.5 Thin-film transistors 
 
Ambipolar transport characteristics were also observed in transistors with poly(methyl 
methacrylate) (PMMA) as gate dielectric. Typical transfer characteristics are presented in Fig. 
2.7, demonstrating operation in both electron- (a) and hole-enhancement (b) mode. An 
asymmetric hole and electron mobility of respectively 3.3 × 10-8 and 4.0 × 10-6 m2/Vs was 
derived in the saturation regime from high gate voltage regions (for holes Vg = –90 V and 
electrons Vg = 60 V). These mobilities are about 2 orders of magnitude higher than the values 
measured in the diodes, but exhibit a similar asymmetry. The reason that the FET mobilities 
are higher than the diode mobilities can, at least in part, be due to the enhanced carrier 
densities in FETs [27], typically amounting to 1024-1025 m-3. In addition, charge transport in 
FETs occurs horizontally at the polymer/dielectric interface, which can have different 
properties than vertical bulk transport in a diode configuration, for instance due to mobility 
anisotropy. Although the mismatch in energy levels between the gold work function and the 
N2200 HOMO/LUMO levels results in an injection barrier φb of ~0.8 eV for both electrons 
and holes, Fig. 2.7(b) shows that a large negative voltage is needed to detect the hole current, 
indicating the presence of a larger injection barrier for holes. In this respect, the threshold 
voltage, extracted from the transfer characteristic in saturation regime, is ~14 V for electrons 

     
 
Figure 2.7. Transfer characteristics of a spin-coated N2200 thin-film transistor for both n-channel (a) and p-
channel (b) operation. 
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and ~–67 V for holes.  
 
 
2.6 Quantum-chemical calculations 
 
Usually, electron and hole mobilities have similar values in conjugated homopolymers [8,9]. 
From the measurements on electron- and hole-only devices, it appears that the electron 
mobility is considerably higher than the hole mobility in the bulk of N2200. One of the 
reasons can certainly be found in the larger energetic disorder for hole transport as compared 
to electron transport. In addition, positional disorder as well as polaronic effects should also 
be considered in order to give an accurate picture of charge transport in this polymer [39]. 
These contributions are often difficult to assess experimentally since a reasonable description 
of the supramolecular morphology is required. To address this issue, quantum-chemical 
calculations have been carried out on model systems. 

The two parameters characterizing charge transport in the hopping regime are the 
reorganization energy λ and the transfer integral J which appear explicitly in the expression of 
the Marcus charge-hopping rate as [40] 
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with h the reduced Planck constant. The reorganization energy λ is the sum of the internal 
reorganization energy λi, which accounts for the reorganization of the molecular geometry 
upon oxidation or reduction, and the external reorganization energy λS, which accounts for 
the change in the nuclear polarization of the molecules in the surrounding of the charge 
during the charge transfer process. From calculations on single crystals [41-43], it appears that 
the main contribution to the total reorganization energy is due to the geometric 
reorganization of the molecules involved in the charge transfer since the internal contribution 
is on the order of hundreds of meV while the external part is less than few tenths of meV. 

In order to investigate the intrinsic charge transport properties of N2200, we have 
considered oligomers of N2200 going from 1 to 3 monomer units and have calculated their 
electronic structures and reorganization energies. The optimization of the geometry has been 
achieved at the Density Functional Theory (DFT) level with the hybrid functional B3LYP and 
the 6-31G** basis set. This methodology has been extensively used and has shown good 
agreement with experimental estimates of the reorganization energy [44]. 
 
 
2.6.1 Torsion Potential Calculations 
 
Recently, X-ray scattering experiments [45] performed on N2200 thin films have revealed 
unconventional face-on stacking and a high-degree of in-plane crystallinity. It has been 



2.6 Quantum-chemical calculations 

35 
 

evidenced that the N2200 polymer chains are found to be almost positioned with the NDI 
units in a cofacial configuration. However, the planarity of the molecular geometry of this 
polymer was not discussed. In the model compounds considered in our calculations, we have 
identified two different torsional degrees of freedom, namely: i) the torsion between the 
naphthalene-di-imide (NDI) unit and the first thiophene (T) unit and; ii) the torsion between 
the thiophene rings.  

The energetic profile corresponding to the torsion between the NDI unit and the 
closer thiophene ring within the N2200 monomer exhibits two minima very close in energy 
(see Fig. 2.8, ΔE = 0.2 kcal/mol) around 40° and 130° corresponding to the conformations 
where the hydrogen atoms and the sulfur atom of the first thiophene ring are pointing to the 
adjacent oxygen atom of the NDI unit, respectively. From these minima, two very large 
energetic barriers (ΔE = 2.5 kcal/mol) have been estimated at 0° and 180° while one relatively 
high (ΔE = 1.3 kcal/mol; i.e., much larger than kT) has been calculated at 90°. Therefore, our 
results suggest that two conformers should coexist but that the conversion from one 
conformer to the other is unlikely in the solid state for steric reasons.  

In the following, the conformers with the torsion angles at 40 and 130 degrees are 
renamed NDI-T-T40° and NDI-T-T130°, respectively. Regarding the thiophene-thiophene 
torsion potential within the N2200 monomer, as expected, the trans-conformation is more 
stable than the cis-conformation with a substantially higher barrier (~4 kcal/mol) compared to 
NDI-T, making a flipping of the thiophene ring at room temperature very unlikely, especially 
in the solid state. 
 
 
2.6.2 Electronic Structure and Reorganization Energy Calculations 
 
For the calculations of the electronic structure and reorganization energy, we have considered 
oligomers of increasing size. Interestingly, the HOMO (LUMO) orbitals are strongly localized 

 
 

Figure 2.8. DFT-calculated (B3LYP/6-31G**) torsion potential between the NDI unit and the first thiophene 
ring within the N2200 monomer. Representation of the two different conformers. 
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on the electron-poor thiophene (electron-rich NDI) units, showing the strong donor and 
acceptor character difference between the NDI and bithiophene fragments (Fig. 2.9).  

To estimate the reorganization energy, we have considered the initial conformation of 
the different oligomers corresponding to the energy minima obtained from the torsion 
potentials, namely, (either 40° or 130° for the NDI-T torsion and 165° (trans-conformation) 
for the thiophene-thiophene torsion angle). 

For the monomers, the optimization of the different charged states has revealed quite 
different evolutions in the torsion angle, as shown in Table 2.1. The positive polaron exhibits 
large difference in torsion angle and tends to planarize the bithiophene unit while the 
negatively charged state is only slightly modified. The trans-conformation between the 
thiophene rings is kept.   

The calculated reorganization energies (Table 2.2) for the positive polarons are larger 
as compared to the negative polarons for each of the systems considered. Two major reasons 
contribute to this difference: i) the number of atoms on which the HOMO and LUMO 
orbitals are delocalized; and ii) the amplitude of the change in the torsion angle between the 
neutral and charged states. Indeed, if more atoms are involved in the delocalization of an 
orbital, smaller bond length changes are expected upon oxidation/reduction, which hence 
reduces the internal reorganization energy while larger torsion angle differences between the 
neutral and charged compounds will lead to an increase in the internal reorganization energy. 
The difference in reorganization energy cannot be obviously explained on the basis of the 

 
 

Figure 2.9. (a) HOMO and (b) LUMO orbitals for the N2200 dimer in its neutral state. 

  Neutral Positive Negative 

NDI-T-T40 
NDI-T torsion (°) 39 47 40 

T-T torsion (°) 160 178 163 

NDI-T-T130 
NDI-T torsion (°) 125 47 120 

T-T torsion (°) -157 -177 -160 
 
Table 2.1: DFT-calculated (B3LYP/6-31G**) torsion angles between the different units in the two different 
conformers of the N2200 monomer in the neutral and charged states. 
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changes in bond lengths since they appear to be quite similar for both polaronic states 
(deviations of ~0.03 Å in agreement with references [46,47]). As illustrated for the monomer 
(Table 2.1) and confirmed for longer oligomers, the torsion angle difference between the 
neutral state and the polaronic state is larger for positive than negative polaron. These 
variations in torsion angles between both charged states are responsible for the difference in 
reorganization energy. Moreover, we have noticed that the internal reorganization energies 
associated to the negative polarons are similar for both conformers while the internal 
reorganization energies associated to the positive polarons are much smaller for NDI-T-T40 
since going from the neutral state to the positive polaron of NDI-T-T130 involves larger 
changes in the torsion angles.  
 
 
2.6.3 Transfer Integral Calculations 
 
The transfer integral J (i.e., electronic coupling) has often been estimated as half of the 
splitting of the HOMO (LUMO) levels in a neutral dimer for hole (electron) transport [48]. 
However, this approach is often biased by polarization effects, which in non-centrosymmetric 
structures create an energy offset of the electronic levels that does not contribute to the 
transfer efficiency [49,50]. Reliable values of J are thus obtained from the estimation of the 
direct interaction between the orbitals of the molecules involved in the charge transfer ( ≡jiψ ,

HOMO’s or LUMO’s)  ji ψHψ || , with this matrix element calculated in an orthogonal }{ , jiψ
basis set [49,51]. 

Since the transfer integral is highly sensitive to the relative orientation of the 
molecules [39], it is of utmost importance to have a reasonable model for the packing of the 
polymer chains involved in the charge transport. Recently, a model of the packing of the NDI-
T-T polymer chains has been elaborated from X-ray scattering measurements [45], suggesting 
that the chains are superimposed. Starting from this model, displacements along the polymer 
axis lead to energetically unfavorable packings. Therefore, the polymer chains are clicked due 

 n = 1 n = 2 n = 3 

(NDI-T-T40)n 
h
iλ (eV) 0.32 0.24 0.16 
e
iλ (eV) 0.28 0.16 0.12 

(NDI-T-T130)n 
h
iλ (eV) 0.46 0.38 0.27 
e
iλ (eV) 0.29 0.19 0.14 

 

Table 2.2: Hole ( h
iλ ) and electron ( e

iλ ) internal reorganization energies calculated for both conformers of 
increasing length. 
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to the NDI-T torsion angle limiting displacements along the polymer chain. Therefore, the 
only remaining degree of freedom is the displacement of the oligomer chains along the axis 
joining the two nitrogen atoms of the NDI unit (see Fig. 2.10). Transfer integral calculations 
have been performed both for hole and electron transport by looking at the influence of a 
displacement along this direction. In this study, a molecular complex made of two oligomers 
containing two monomer units has been considered for each conformation.  

The evolution of the transfer integrals as a function of the displacement along the axis 
joining the two nitrogen atoms of the NDI unit is displayed in Fig. 2.11. The behavior of the 
transfer integral for electrons is quite similar for both conformers, which is not surprising 
since their LUMO orbitals are quite similar (mainly localized on the NDI unit). On the other 
hand, in our model system, the transfer integrals are smaller for holes than for electrons for 
most of the dimers considered. This originates from the different aspect ratios of the different 
units of the N2200 polymer. Indeed, due to the larger size of the NDI unit compared to the 
thiophene, the spatial overlap decreases more quickly for thiophenes on adjacent chains than 
for NDI units when polymer chains are translated. Finally, electron transport appeared to be 

 
 
Figure 2.10. (a) Top and (b) side views of the NDI-T polymer chains displacement along the axis joining the 
two nitrogen atoms. 

 
 

Figure 2.11. Calculated transfer integrals (JHOMO (grey diamonds) and JLUMO (black squares)) obtained by 
displacing along the axis joining the nitrogen atoms of the NDI units one oligomer within a dimer 
characterized by an intermolecular distance of 4 Å between the NDI units for a) the 40 degree and b) 130 
degree torsion angle conformers. 
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less sensitive to displacements than hole transport in agreement with a recent theoretical 
study using a similar methodology on different N2200 structures [46,47]. 

The larger spread in the transfer integral for holes as a function of displacements can 
be interpreted as larger positional disorder. In terms of the Gaussian disorder model, this 
would be reflected in a larger width of the Gaussian DOS distribution of the HOMO as 
compared to the LUMO. This is in agreement with larger disorder parameter σ for holes that 
was extracted from modeling the experimental current-voltage characteristics of hole-only 
diodes with the extended Gaussian disorder model [28] as done in previous sections. In 
addition, the larger reorganization energy, in combination with larger positional disorder, will 
lead to a higher temperature activation for hole transport, which has been observed 
experimentally.  
 In the end, looking back at the expression for the Marcus charge-transfer rate [Eq. 
(2.7)], it appears that the hopping rate is maximized for a large transfer integral and a small 
reorganization energy. As a result, electron transport has to be intrinsically better than hole 
transport under the same charge injection and extraction conditions. 
 
 
2.7 Conclusions 
 
In conclusion, we found intrinsically asymmetric bulk electron and hole transport in the n-
type polymer N2200. Electron- and hole-only devices of N2200 were fabricated and Ohmic 
electron and hole contacts were demonstrated. Remarkably, both electron and hole currents 
showed trap-free space-charge-limited behavior. As a result of the unusual absence of 
extrinsic charge traps for both types of charge carriers, intrinsic charge-transport properties 
could be evaluated. Room-temperature mobilities of 5 × 10-8 m2/Vs for electrons and 
3.4 × 10-10 m2/Vs for holes were determined for the bulk transport through the polymer. 
Furthermore, electron and hole transport was observed to follow universal Arrhenius 
temperature scaling with an activation energy of 0.28 eV and 0.41 eV, respectively. Such 
temperature scaling for both electrons and holes could not be observed before in a single 
organic semiconductor, since transport of one of the two carriers is usually obscured by 
trapping effects. The large difference between electron and hole transport was rationalized by 
quantum-chemical calculations, which revealed that the internal reorganization energy is 
smaller and the transfer integral is larger for electrons as compared to holes. As a 
consequence, electron transport is intrinsically better than hole transport, when the same 
injection and extraction conditions are considered. 
 
 
Experimental Section 
 
The polymer poly{[N,N'-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-
diyl]-alt-5,5'-(2,2'-dithiophene)} [P(NDI2OD-T2), Polyera ActivInk™ N2200] was obtained 
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from Polyera Corporation and used as received. Sandwich-type devices were fabricated on top 
of thoroughly cleaned glass substrates and glass substrates prepatterned with indium-tin oxide 
(ITO). Electron-only devices were fabricated by evaporating an Al crossbar structure on 
cleaned glass substrates as a non-injecting bottom contact. Subsequently, a layer of N2200 was 
spin cast from toluene solution under N2 atmosphere. The devices were finished by thermal 
evaporation of a Cs2CO3(1 nm)/Al(100 nm) cathode in vacuum (1 × 10-6 mbar). For the hole-
only devices, cleaned glass/ITO substrates were spin coated with a layer of PEDOT:PSS with a 
thickness of 60 nm, which was used to block the injection of electrons.  Next, the N2200 layer 
was applied by spin coating and an MoO3(10 nm)/Al(100 nm) anode was evaporated 
subsequently. Electron- and hole-only devices were not exposed to air from the moment of 
depositing the N2200 layer until finishing the electrical measurements. Electrical 
measurements on the sandwich-type devices were conducted under controlled N2 
atmosphere, using a computer-controlled Keithley 2400 source meter. 

Thin-film transistors in staggered top-gate geometry were fabricated by spin-coating 
the semiconductor solution (10 mg mL-1) on glass substrates with bottom Au contacts 
(channel dimensions of W = 500 μm and L = 50 μm). After spinning the active layer, samples 
were annealed in vacuum oven at 120 °C overnight. The poly(methyl methacrylate) (PMMA) 
top-gate dielectric was spin coated from an 80 mg mL-1 ethyl acetate solution at 1000 rpm 
(700-800 nm, k = 3.6) and annealed at 120 °C for 2 h. Deposition of the top Al gate electrode 
completed the staggered thin-film transistors. The current-voltage characteristics were 
measured in air at room temperature using a Keithley 4200-SCS semiconductor parameter 
analyzer and mobility was evaluated in the saturation regime.  
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Trap-assisted and Langevin-type recombination in 
organic light-emitting diodes 
 
Trapping of charges is known to play an important role in the charge transport of 

organic semiconductors, but the role of traps in the recombination process has not been 
addressed. In this chapter, we show that the ideality factor of the current of organic light-
emitting diodes (OLEDs) in the diffusion-dominated regime has a temperature independent 
value of 2, which reveals that nonradiative trap-assisted recombination is dominating the 
current. In contrast, the ideality factor of the light output approaches unity, demonstrating 
that the luminance is governed by recombination of the bimolecular Langevin type. This 
apparent contradiction can be resolved by measuring the current and luminance ideality 
factor for a white-emitting polymer, where both free and trapped charge carriers recombine 
radiatively. With increasing bias voltage, Langevin recombination becomes dominant over the 
trap-assisted recombination due to its stronger dependence on carrier density, leading to an 
enhancement of the OLED efficiency. 

3. Trap-assisted and Langevin-type recombination in 
organic light-emitting diodes 

3
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3.1 Introduction 
 
Previous research has revealed the presence of trap states in a variety of organic 
semiconductors, strongly hindering the electron transport [1,2]. However, the possible role of 
these traps in the recombination mechanism in OLEDs, next to the well-known [3,4] 
bimolecular recombination of the Langevin type [5] has not been addressed. Since trap-
assisted recombination is usually nonradiative it is not straightforward to prove its existence 
and estimate its relevance for the efficiency of OLEDs.   

The simplest form of an OLED comprises a thin layer of organic semiconductor 
sandwiched between two metallic electrodes, forming an Ohmic hole and electron contact, 
respectively. Due to the difference in work function of the electrodes a built-in voltage (Vbi) 
across the OLED exists. The current density-voltage (J-V) characteristics of an OLED (Fig. 
3.1) therefore show three discernable regimes: at low voltages, the current is dominated by 
parasitical currents between the electrodes, referred to as leakage current, depending linearly 
on voltage. The second regime, with V lower than Vbi, is diffusion dominated and shows an 
exponential dependence on voltage, according to the Shockley diode equation, given by [6] 
 

 











−







= 1exp0 kTη

qVJJ , (3.1) 

 
where J0 denotes the saturation current density, η the ideality factor, k the Boltzmann constant 
and T the temperature. Hence, the ideality factor is a measure of the slope of the J-V 
characteristics on a semilogarithmic plot. In the absence of recombination, the ideal diode 
equation should apply, where η equals unity. At the built-in voltage, a transition from the 

 
 

Figure 3.1. Experimental J-V characteristics (symbols) of a 43 nm SY OLED and the corresponding 
calculations (solid line) from a drift-diffusion model, using Cn = Cp = 2×10-18 m3/s and Nt = 5×1022 m-3, with a 
trap depth of 0.5 eV. The inset shows the differential plot of the data and simulation according to Eq. (3.2). The 
leakage (1), diffusion (2) and drift (3) regimes are indicated. 
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exponential regime to the drift-dominated, space-charge-limited regime occurs [1], which is 
characterized by a quadratic dependence of the current on the voltage in the case of trap-free 
transport, according to the Mott-Gurney square law [7].  

As first described by Sah et al., the ideality factor of a classical p-n junction is affected 
by trap-assisted recombination in the space-charge region [8]. Here, electrons immobilized in 
trapping sites recombine with free holes as described by the Shockley-Read-Hall (SRH) 
formalism [9,10]. When SRH recombination is the dominant loss mechanism, the ideality 
factor is expected to be exactly equal to 2 [8]. As a result, the ideality factor can be used as a 
fingerprint for trap-assisted recombination. In this chapter, we demonstrate that the diode 
characteristics and ideality factor for a variety of conjugated polymers are dominated by trap-
assisted recombination, whereas the luminance is governed by Langevin recombination. In 
addition, we show that the guest emission in a host-guest system can be accurately described 
by an SRH process. 
 
 
3.2 Ideality factor of an OLED 
 
In this chapter, the OLEDs were prepared on top of a glass substrate, patterned with a 
transparent indium-tin oxide electrode. As organic semiconductors, a variety of conjugated 
polymers have been used. As anode and cathode, spin-casted poly(3,4-ethylenedioxy-
thiophene):poly(styrenesulfonic acid) (PEDOT:PSS; Clevios CH8000) and thermally- 
evaporated Ba(5 nm)/Al(100 nm) were used, respectively. A voltage sweep of a typical OLED 
is depicted in Fig. 3.1, where the poly(p-phenylene vinylene) (PPV) derivative Super Yellow 
(SY) was used as emitter. As the present study focuses on the ideality factor, the slope of the 
diffusion regime below Vbi is of predominant interest. Conventionally, the ideality factor is 
determined by fitting the experimental data with Eq. (3.1). However, in order to prevent 
erroneous fitting, we determine the ideality factor by numerical differentiation according to 
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By plotting this quantity against voltage, as shown in the inset of Fig. 3.1, the three regimes in 
the J-V characteristics can be distinguished again, where the ideality factor is obtained from 
the plateau value. The plateau value can be regarded as the steepest exponential incline of the 
J-V characteristics. For a correct determination of the ideality factor it is of paramount 
importance that the exponential part is clearly discernable, requiring low leakage currents and 
high current densities in the space-charge limit. The latter can be achieved for materials with a 
high charge-carrier mobility or by decreasing the layer thickness. 

As can be seen in Fig. 3.1, an ideality factor of 2 was determined for the SY device, in 
exact correspondence to the value that is predicted from the Sah-Noyce-Shockley theory [8] in 
the case of trap-assisted recombination. In addition, both the drift and diffusion regimes can 
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be accurately described by using a numerical drift-diffusion model [11] that next to Langevin 
recombination includes an additional SRH recombination mechanism, for which the 
recombination rate is given by 
 
 )]()(/[)( 1111 ppCnnCpnnpNCCR pntpnSRH +++−= , (3.3) 
 
with Cn and Cp the capture coefficients for electrons and holes, respectively, Nt the density of 
electron traps, n and p the electron and hole density and n1p1 = ni

2 their product under 
equilibrium conditions in the case that the Fermi level coincides with the position of the 
recombination centers, where ni denotes the intrinsic carrier concentration in the sample. The 
expression for the Langevin recombination rate reads 
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ipnL nnpμμ

ε
qR −+= , (3.4) 

 
with ε the dielectric constant and μn and μp the electron and hole mobility, respectively. The 
sum of both recombination rates enters the continuity equations according to 
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where Jn and Jp denote the electron and hole current density, respectively. 

As a first step to verify if the observed ideality factor of 2 is general and due to 
recombination, a variety of conjugated polymers was tested in double- and single-carrier 
devices. In the latter, a cathode blocking the electron injection was used, yielding so-called 
hole-only diodes. Due to the absence of an electron current, electron-hole recombination is 
not present. If recombination were the cause of the ideality factor amounting to 2, a single-
carrier device would exhibit a substantially smaller ideality factor, approaching unity in the 
ideal case. In Fig. 3.2, the differentiated J-V characteristics for double- and single-carrier 
diodes of another PPV derivative (BEH/BB-PPV) are plotted. The ideality factor of the 
double-carrier devices yields 2, in accordance with the value obtained for the SY device. For 
single-carrier diodes, the obtained ideality factors are indeed substantially lower than 2, 
however not fully approaching unity. In previous reports [12-14] this deviation from unity has 
mostly been ascribed to a violation of the classical Einstein relation [15], arising from a 
charge-density dependence of the ratio between diffusivity and mobility, which is related to 
the shape of the density-of-states (DOS) distribution [16,17]. This will be treated more 
extensively in chapter 5. Here, the observed difference between double- and single-carrier 
diodes clearly indicates the essential influence of charge-carrier recombination on the ideality 
factor. Another important feature appears when looking at the temperature dependence. In 
contrast to earlier reports [12-14], the ideality factor was observed to be temperature 
independent for both single- and double-carrier diodes. From our study on a large number of 



3.3 Luminance ideality factor 

49 
 

organic diodes we found that a temperature dependent ideality factor is an experimental 
artifact that is caused by a too large leakage current (regime 1).  In that case, the leakage 
current masks the diffusion regime as the drift current reduces upon cooling due to the 
temperature dependence of the mobility [18] and the plateau cannot be discerned anymore. 
The apparent ideality factor will then be too high and temperature dependent. For materials 
with a high charge-carrier mobility, and hence comprising a weakly temperature-activated 
transport [18], we observed a temperature-independent ideality factor down to 215 K with a 
variance of less than 0.05. The temperature independence of the ideality factor corresponds 
with the conventional Shockley diode equation and contradicts the proposed invalidity of the 
classical Einstein relation [12,17]. This observation further supports the dominance of trap-
assisted recombination on the ideality factor in OLEDs. In our study, the temperature 
independence as well as similar magnitudes for η were also obtained for other classes of 
conjugated polymers, including polyfluorenes, polythiophenes, polyspirobifluorenes, 
polytriarylamines, as well as fullerene derivatives. 
 
 
3.3 Luminance ideality factor 
 
As stated in the previous section, an ideality factor of 2 in the current of an OLED can be 
explained by the fact that the dominant recombination mechanism is trap assisted. However, 
previous studies [3,4] concluded that charge recombination in organic semiconductors is a 
bimolecular process of the Langevin type [5], controlled by the diffusion of oppositely-
charged free carriers towards each other in their mutual coulomb field. This apparent 
discrepancy can be resolved by also studying the ideality factor of the luminance (L) vs. 
voltage characteristics, analogous to the case for the current density. An important 
requirement to reliably extract such a luminance ideality factor is a sufficient luminous 

 
 

Figure 3.2. Temperature-dependent η-V characteristics of single- and double-carrier diodes of a PPV 
derivative. The difference between single- and double-carrier diodes shows that recombination plays an 
essential role. 
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efficiency, as the length of the exponential regime is limited by the sensitivity of the 
photodiode used to record the light output. When plotting the ideality factors of the current 
and the luminance (Fig. 3.3), it appears that a distinct dissimilarity in the slope of the 
exponential part of the characteristics is present. In contrast to case for the current density 
(η = 2), the ideality factor determined from the L-V characteristics approaches unity, being 
consistent with Langevin recombination. This is a strong indication that in these diodes 
nonradiative trap-assisted recombination is the most dominant and controls the current, 
whereas the light emission is a result of a competing bimolecular recombination process.  

In order to experimentally verify this hypothesis, we studied the L-V characteristics of 
a diode in which emissive recombination from trapped charge carriers is present, as is the case 
in host-guest systems, frequently applied in highly-efficient organic LEDs. An ideal 
compound for this test is a state-of-the-art white-emitting polymer (Merck) [19], where 
green- and red-emitting chromophores are incorporated in the blue-emitting backbone. In 
this polymer, the highest occupied molecular orbital (HOMO) levels of the chromophores 
align with the HOMO of the blue host, whereas the lowest unoccupied molecular orbital 
(LUMO) levels of the chromophores are substantially below the LUMO of the blue host due 
to the smaller band gap [20]. The chromophores are therefore expected to trap electrons. 
Hence, the blue part of the emission spectrum is assumed to arise from Langevin 
recombination, whereas the red emission can be ascribed to recombination of holes with 
electrons that are trapped on the chromophore. By measuring the L-V characteristics through 
selective optical filters, the different recombination mechanisms may be disentangled. 
Therefore, a blue dichroic filter (serving as a bandpass filter) and a 550 nm longpass filter were 
used, splitting the electroluminescence (EL) spectrum in a blue and red component. As can be 
observed in Fig. 3.4(a), the ideality factor of the current density again amounts to 2, consistent 
with materials without chromophores. Remarkably, Fig. 3.4(b) shows a clear difference in the 
slope of the L-V characteristics when either the red or blue part of the spectrum is measured. 

 
 

Figure 3.3. η-V characteristics of SY and NRS-PPV OLEDs derived from the current and the luminance. The 
luminance ideality factor approaching unity indicates that light-emission is governed by a Langevin process. 
The inset shows a schematic representation of the recombination mechanisms. 
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The ideality factor for the red light also amounts to 2, confirming that it originates from SRH 
recombination of an electron that is trapped on the chromophore with a free hole. For the 
blue emission a substantially lower ideality factor approaching unity was observed, in line 
with the bimolecular Langevin recombination. The unfiltered L-V characteristics are governed 
by the trap-assisted recombination from the red chromophores, since this mechanism prevails 
in the low voltage regime. The observation of a luminance ideality factor shifting to 2 when 
emissive traps are introduced strongly substantiates that the ideality factor of 2 in organic 
light-emitting diodes originates from trap-assisted recombination.  

It is evident that the efficiency of a conventional OLED is directly related to the 
competition between nonradiative trap-assisted recombination and the radiative bimolecular 
recombination process. The voltage dependence of this competition can be visualized in the 
(normalized) EL spectrum of the white OLED (Fig. 3.5). We observe that the blue Langevin 
recombination exhibits a stronger dependence on voltage than the red SRH process, as shown 
by the relative decrease of red emission compared to the blue peak with voltage. The stronger 
voltage dependence of the bimolecular Langevin recombination arises from the fact that it is 
quadratically dependent on the carrier density, whereas SRH recombination only exhibits a 
linear dependence. In order to quantitatively estimate the relevance of nonradiative trap-
assisted recombination, the SRH and Langevin recombination rates are simulated for a typical 
100 nm thick OLED as shown in Fig. 3.6, using the same capture coefficient and trapping 
parameters as determined for the SY device (Fig. 3.1). The difference in the slope of the 
exponential part of the recombination rates is immediately visible, yielding an ideality factor 
of 2 and 1 for SRH and Langevin recombination respectively, as expected. At low bias voltage 
SRH recombination clearly dominates, explaining the observation of a simple ideality factor of 
2 for the device current. As voltage increases, the Langevin recombination gradually 
approaches the SRH characteristics, and becomes dominant above a certain voltage. This 
competition therefore leads to an intrinsic voltage dependence of the OLED efficiency. Until 

   
 
Figure 3.4. η-V (a) and L-V (b) characteristics of a 30 nm white OLED using selective optical filters, indicating 
the difference in ideality factor for the red- and blue-light component. The inset shows the corresponding EL 
spectrum, where the filled areas represent the spectra of the filtered light. 
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now, the occurrence of SRH recombination has been disregarded in the device modeling of 
OLEDs. Our study shows that especially at low bias voltage SRH is an important loss process. 
In general, the relevance of SRH recombination in OLEDs will depend on the amount of 
traps, the trap depth, as well as the SRH capture coefficients, and is expected to vary for the 
various organic materials, which will be treated in the next chapter.  
 
 
3.4 Conclusions 
 
In conclusion, it was demonstrated that at low bias the dominant recombination mechanism 
in OLEDs is trap assisted. For a variety of OLEDs a temperature-independent ideality factor of 

 
 

Figure 3.5. Voltage-dependent EL spectrum of an 80 nm white OLED, normalized at the first blue peak. The 
red component of the spectrum decreases relative to the blue peak with increasing bias, due to a difference in 
carrier-density dependence of the competing recombination mechanisms. 

 
 

Figure 3.6. Simulated R-V characteristics of a typical 100 nm OLED for SRH (solid line) and Langevin (dashed 
line) recombination. The inset shows the differential plot of the simulations according to Eq. (3.2). 
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2 for the current was determined, which evidences the presence of SRH recombination from 
trapping sites. In line with this finding, the ideality factor shifts towards unity in the absence 
of recombination. Furthermore, an ideality factor approaching unity was also determined for 
the luminance, showing that the emissive recombination is determined by a bimolecular 
Langevin process, and that recombination from trapping sites is nonradiative. This was 
further confirmed by selectively filtering the blue and red part of the EL spectrum of a white 
OLED, where red chromophores incorporated in the blue backbone function as emissive 
traps, allowing disentanglement of both competing recombination mechanisms by measuring 
the luminance ideality factor. Drift-diffusion simulations show that with increasing bias 
Langevin recombination becomes more dominant, which is also reflected in the voltage-
dependent emission spectrum of a white OLED.  

Our study shows that the ideality factor can be regarded as an effective tool for 
studying the recombination mechanisms in OLEDs, for both single-color and white-emitting 
devices. Accurate determination and understanding of the recombination processes is 
essential for identifying nonradiative loss mechanisms and thereby giving new insights for 
improving the OLED efficiency. 
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Trap-assisted recombination rate in disordered 
organic semiconductors 
 
In this chapter, the trap-assisted recombination rate of electrons and holes in 

organic semiconductors is investigated. The extracted capture coefficients of the trap-assisted 
recombination process are thermally activated with an identical activation energy as measured 
for the hole mobility μp. It is demonstrated that the rate-limiting step for trap-assisted 
recombination is the diffusion of free holes towards trapped electrons in their mutual 
Coulomb field, with the capture coefficient given by (q/ε)μp. As a result, both the bimolecular 
and trap-assisted recombination processes in organic semiconductors are governed by the 
charge-carrier mobility, allowing predictive modeling of organic light-emitting diodes. 

4. Trap-assisted recombination rate in disordered 
organic semiconductors 

4
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4.1 Introduction 
 
As pointed out in the introduction of this thesis, bimolecular recombination [Fig. 4.1(a)] in 
organic semiconductors is of the Langevin type, i.e., the rate-limiting step is the diffusion of 
electrons and holes toward each other in their mutual Coulomb field [1]. Such behavior is 
characteristic of materials in which the mean free path of the charge carriers is smaller than a 
critical distance kTεπεqr rc 0

2 4/= , with q the elementary charge, ε the dielectric constant and 
T the temperature, at which the Coulomb binding energy between an electron and hole equals 
kT. The charge transport in organic semiconductors is of a hopping nature, with a typical 
hopping distance of 1-2 nm, whereas rc amounts to 18.5 nm at T = 300 K (εr = 3). Therefore, 
the manifestation of Langevin recombination in organic semiconductors is expected [2] and 
has been experimentally verified [3]. The presence of Langevin-type recombination implies 
for the bimolecular recombination rate that )( 11 pnnpkR LL −= , with n and p the electron and 
hole density and 2

gapcv11 ]/exp[ inkTENpn =−=  their product under equilibrium conditions, 
where ni denotes the intrinsic carrier concentration in the material, and kL given by [1] 
 

 )( pnL μμ
ε
qk += , (4.1) 

 
with μn and μp the electron and hole mobilities, respectively. Even though the presence of 
Langevin recombination is widely recognized, some studies suggest modifications to the 
Langevin expression [4] due to bipolar mobilities [5] or inclusion of lateral hops [6].  
 Another important recombination process that dominates the recombination in 
indirect semiconductors, such as silicon and germanium, is trap-assisted recombination [7,8]. 
This is a two-step process where a trap state, originating from imperfections or impurities in 
the crystal structure, creating energy levels inside the forbidden energy band gap, captures a 
charge carrier that subsequently recombines with a mobile carrier of the opposite sign because 
of their Coulombic interaction. Because of conservation of momentum this process cannot 
occur without the release of a phonon slowing the recombination process down. Therefore, in 

 
 
Figure 4.1. Schematic representation of bimolecular recombination and the four processes involved in 
recombination by trapping: (a) bimolecular Langevin recombination, (b) electron capture, (c) electron 
emission, (d) hole capture and (e) hole emission. 
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most cases the trap sites act as recombination centers for nonradiative recombination. Trap-
assisted recombination was first described by Shockley, Read and Hall (SRH) in 1952 [7,8]. 
The four basic steps involved in the recombination by trapping are depicted in Fig. 4.1 for 
recombination centers that are neutral when empty, and negatively charged when filled with a 
trapped electron. First [Fig. 4.1(b)] an electron is captured by a neutral center with a rate 
governed by a capture coefficient Cn. This trapped electron can subsequently be excited back 
to the conduction band [Fig. 4.1(c)] or is being captured by a hole [Fig. 4.1(d)] governed by a 
capture coefficient Cp. Another option is that an electron is captured from the valence band by 
a neutral center [Fig. 4.1(e)], which is a generation process. In their work, SRH calculated the 
total trap-assisted recombination rate by assuming thermal equilibrium between the four 
processes, which requires the rate of capture and the rate of emission to be equal. As a result, 
the well-known SRH recombination rate is )( 11 pnnpkR SRHSRH −= with  
 
 [ ])()( 11 ppCnnCNCCk pntpnSRH +++= , (4.2) 
 
where Cn denotes the probability per unit time that an electron in the conduction band will be 
captured for the case that the trap is empty and able to capture an electron. Correspondingly, 
Cp indicates the probability per unit time that a hole will be captured when a trap is filled with 
an electron and able to capture the hole. Nt is the density of electron traps. 
 As discussed in the introduction of this thesis, the electron currents in many organic 
semiconductors are strongly trap limited [9]. For poly(p-phenylene vinylene) (PPV) 
derivatives the trap-limited currents are well described using a model in which the electron 
traps, with a typical density of 2 × 1017 cm-3, are Gaussianly distributed in energy, with the 
center of their distribution located 0.7-0.8 eV below the LUMO [10].  Remarkably, until 
recently the role of these traps in the recombination process in organic semiconductors had 
not been addressed. In organic solar cells with trap-limited electron currents, it was 
demonstrated that the SRH recombination mechanism is responsible for an increased 
response of the open-circuit voltage (Voc) on the incident light intensity [11]. At Voc there is no 
current extraction and all generated charge carriers recombine. As a consequence, the Voc 
behavior is strongly dependent on the presence of specific recombination mechanisms. From 
the measured response, a capture coefficient of 1.4 × 10-18 m3/s was reported at room 
temperature. In the previous chapter, it was observed [12] for polymer-light emitting diodes 
(PLEDs) that the ideality factor of their current-voltage characteristic is exactly equal to 2, 
which is a fingerprint of SRH recombination, as derived by Sah et al. [13]. By measuring Voc as 
a function of light intensity of PLEDs made from various PPV derivatives, a SRH capture 
coefficient of  9 × 10-19 m3/s was derived, in close agreement with the value reported earlier for 
solar cells [14]. In this chapter, the origin of the trap-assisted recombination mechanism is 
investigated. By studying its temperature dependence, it is demonstrated that the SRH capture 
coefficient in organic semiconductors is determined by the mobility of the free carrier. 
Therefore, the rate-limiting step in the recombination process is the diffusion of a hole 
towards the trapped electron in their mutual Coulomb field. As a result, both the bimolecular 
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Langevin and trap-assisted Shockley-Read-Hall recombination strengths can be predicted 
from the mobility of the charge carriers.  
 
 
4.2 Determination of the capture coefficient 
 
As stated in the previous section, a way to extract the SRH capture coefficients is to measure 
the light-intensity dependence of the Voc of light-emitting diodes. In the absence of traps, 
where Langevin recombination is the dominant recombination process, the response of Voc on 
light intensity is given by [15] 
 

 






 −−=
PG

NkP
q

kT
q

E
V L

2
cvgap

oc
)1(ln , (4.3) 

 
where P is the dissociation probability of excitons, Egap is the energy gap, Ncv is the effective 
density of states, BL is the bimolecular recombination strength, and G is the generation rate of 
excitons. The generation rate G is proportional to the light intensity in this equation, directly 
connecting Voc to the light intensity. In the presence of trap-assisted recombination, the slope 
of Voc vs the logarithm of the light intensity exceeds the expected slope of kT/q from Eq. (4.3), 
and can be well described by adding the SRH recombination strength [Eq. (4.2)] to the 
Langevin recombination strength [Eq. (4.1)], SRHL kkk +=  in the drift-diffusion model [11].  
 Up to this point, in literature, analysis of trap-assisted recombination has only been 
performed at room temperature [11,16-20]. The temperature dependence of the SRH 
recombination will provide information about the physical origin of this process in organic 
semiconductors. Figure 4.2 depicts the temperature dependence of the Voc vs light-intensity 
measurements for a polymer LED consisting of the sandwich structure ITO/poly(3,4-

 
 

Figure 4.2. Measured (symbols) and calculated (solid lines) Voc as a function of the incident light intensity for 
an MEH-PPV PLED (polymer-layer thickness of 138 nm) at various temperatures. 
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ethylenedioxythiophene:poly(styrenesulfonic acid) (PEDOT:PSS)/poly(2-methoxy-5-(2’-
ethylhexyloxy)-p-phenylenevinylene) (MEH-PPV)/Ba(5 nm)/Al(100 nm). The transport and 
trapping parameters for MEH-PPV are well established since this material has served as a 
workhorse for the organic electronics community for the past decades [21,22] and is therefore 
a thoroughly benchmarked and electrically-parameterized material. The slope is observed to 
lower slightly from 1.8 kT/q at 295 K to 1.7 kT/q at 215 K. To analyze the data, we use a 
numerical device model [23] in which drift and diffusion of charge carriers, the effect of space 
charge on the electric field, density-, and field-dependent mobility [24], a distribution of traps 
for the electrons [10], and a field- and temperature-dependent generation rate of free charge 
carriers is included. For MEH-PPV, the field-, density- and temperature-dependent mobilities 
of electron and holes, as well as the trapping behavior of electrons all have been determined 
independently in previous studies using single-carrier devices [10]. As a result, the only 
unknown parameter to describe the measured intensity dependence of Voc is the SRH capture 
coefficient. The calculated dependence of Voc on light intensity is shown in Fig. 4.2 by the solid 
lines. Subsequently, the capture coefficients acquired are depicted in an Arrhenius plot in Fig. 
4.3. The SRH capture coefficient decreases with decreasing temperature, and is thermally 
activated with an activation energy of 0.42 eV. Remarkably, the temperature activation of the 
capture coefficient is exactly equal to the activation energy of the hole mobility as deduced 
from space-charge-limited currents in MEH-PPV-based hole-only devices, in a 
ITO/PEDOT:PSS/MEH-PPV/Au(100 nm) structure. This indicates that the SRH capture 
coefficient is related to the hole mobility. 
 In order to rationalize this result, we consider two limiting cases for SRH 
recombination. In the first case Cp ≪ Cn, meaning that the time for a hole to capture a trapped 
electron is significantly larger than the time for an electron to be captured by an empty trap. 
In LEDs typically np ≫ n1p1 and n ≈ p, so that the SRH recombination rate reduces to 
 

 
 
Figure 4.3. Arrhenius behavior of the capture coefficient obtained from the Voc  vs light-intensity fits for the 
138 nm MEH-PPV device (red open circles). Also illustrated are the calculated capture coefficients using Eq. 
(4.6) with the effective hole mobility of a 140 nm hole-only device (blue line).  
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 pNCR tpSRH = . (4.4) 
 
The second case to consider is the opposite of the first, Cp ≫ Cn. For that case, the SRH 
equation reduces to 
 
 nNCR tnSRH = . (4.5) 
 
Both these equations resemble the equation for bimolecular Langevin recombination 

npkR LL =  (np ≫ n1p1), with kL replaced by Cn or Cp. In the first case, Cp ≪ Cn, the rate-limiting 
step is the capture of a trapped electron by a free hole, which involves the process of two 
oppositely-charged carriers being attracted to each other in their mutual Coulomb field, Figs. 
4.1(d) and 4.1(e). This process is similar to bimolecular Langevin recombination, with the 
only difference that the trapped electron cannot move, meaning that μn = 0. In that case, the 
SRH recombination coefficient Cp for hole capture by a trapped electron would be  
 

 pp μ
ε
qC = . (4.6) 

 
In Fig. 4.3 the calculated capture coefficient Cp is plotted as a solid line, using the 
experimentally determined hole mobility of MEH-PPV. As can be observed in Fig. 4.3, the 
value of the experimental capture coefficients determined from the intensity dependence of 
Voc is in very good agreement with the predicted value from Eq. (4.6). This confirms that the 
SRH recombination in organic semiconductors is determined by diffusion of the free carrier 
towards the trapped carrier, similar to Langevin recombination where both free carriers 
diffuse towards each other.  
 
 
4.3 Radiative trap-assisted recombination 
 
In most organic semiconductors, trap-assisted recombination is of a nonradiative nature 
which denotes SRH recombination as a loss mechanism in LEDs [12,14]. However, for a 
white-emitting copolymer, where green- and red-emitting chromophores are incorporated in 
the blue-emitting polyfluorene backbone [25, 26], it has been demonstrated in the previous 
chapter that the blue part of the emission spectrum arises from Langevin recombination, 
whereas the red emission originates from SRH recombination of holes with electrons that are 
trapped on the red chromophore [12]. As a result, both Langevin and SRH can be 
simultaneously studied by measuring the light output-voltage (L-V) characteristics through 
selective optical filters. Figure 4.4 depicts the ratio of the red (SRH) and blue (Langevin) 
emission as a function of voltage for various temperatures. Since the Langevin recombination 
rate is quadratic in carrier density, whereas the SRH rate is linear, this ratio drops for 
increasing voltage. More importantly, the ratio is temperature independent. Since the blue-
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emission rate arises from Langevin recombination, the blue light curve follows the 
temperature dependence of the highest (hole) mobility in the Langevin expression [Eq. (4.1)]. 
The trap-assisted red emission on the other hand scales with the capture coefficient Cp [Eq. 
(4.4)]. The temperature independence of their ratio unambiguously demonstrates that the 
SRH capture coefficient of the red emission is also dominated by the hole mobility, possessing 
the same temperature-, field- and density dependence.  
 
 
4.4 Predictive modeling 
 
The understanding of trap-assisted recombination paves the way for a fully predictive 
description of charge transport and recombination in organic LEDs. From single-carrier 
devices, the electron and hole mobilities μn(n,E,T) and μp(p,E,T) can be derived, including 
their dependence on density, electric field and temperature. Furthermore, from electron-only 
diodes, the number of electron traps Nt can be derived. In a recent study, we demonstrated 
that at room temperature the inclusion of the measured SRH coefficient in an OLED device 
model gives a consistent description of the bipolar PLED characteristics without the need for 
adjusting the Langevin expression [14]. Moreover, now knowing the origin of SRH in organic 
semiconductors, the modeling of bipolar organic LEDs does not require any additional 
parameter. The SRH capture coefficient is given by pp μεqC )/(= , so that SRH recombination 
can be simply approximated by pNTEpμεqR tpSRH ),,()/(= , while Langevin recombination is 
given by npTEpμTEnμεqR pnL )],,(),,()[/( += . Together with an earlier reported universal 
Arrhenius relation of the mobility [27], the result described in this chapter for the first time 
enables full predictive modeling of organic LEDs.  
 
 

 
 

Figure 4.4. Ratio of the red (550 nm longpass filter) and the blue light (blue dichroic filter) of a white light-
emitting copolymer as a function of voltage for various temperatures. 
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4.5 Conclusions 
 
In conclusion, we have investigated the mechanism of recombination via trapping, as an 
addition to bimolecular recombination. The temperature behavior of trap-assisted 
recombination revealed that the capture coefficient is thermally activated, equal to the 
activation of the experimental hole mobility.  We have demonstrated that the trap-assisted 
recombination in disordered organic semiconductors is governed by the diffusion of the free 
carrier (hole) towards the trapped carrier (electron), similar to Langevin recombination for 
free carriers where both carriers are mobile. As a result, with the charge-carrier mobilities and 
amount of trapping centers known, the complete recombination process in disordered 
organic semiconductors can be predicted. 
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Validity of the Einstein relation in disordered 
organic semiconductors 
 
It is controversial whether energetic disorder in semiconductors is already sufficient 

to violate the classical Einstein relation, even in the case of thermal equilibrium. In this 
chapter, we demonstrate that the Einstein relation is only violated under nonequilibrium 
conditions due to deeply-trapped carriers, as in diffusion-driven current measurements on 
organic single-carrier diodes. Removal of these deeply-trapped carriers by recombination 
unambiguously proves the validity of the Einstein relation in disordered semiconductors in 
thermal (quasi)equilibrium. 

5. Validity of the Einstein relation in disordered 
organic semiconductors 

5
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5.1 Introduction 
 
Fundamental for charge transport in semiconductors is the ratio between diffusivity and 
mobility, characterized by the classical Einstein relation [1] 
 

 q
kT

μ
D = , (5.1) 

 
with D the diffusion coefficient, μ the charge carrier mobility, k the Boltzmann constant, T the 
temperature and q the elementary charge. However, the validity of this relation in disordered 
materials, such as organic semiconductors, is nontrivial. As charge transport in these 
disordered semiconducting systems is generally characterized by a hopping process between 
localized sites in a Gaussian or exponential density-of-states (DOS) distribution [2–4], their 
physical properties deviate significantly from classical semiconductor models. Therefore, the 
applicability of the Einstein relation to disordered semiconductors has been a matter of 
intensive research, where it is important to distinguish between equilibrium and non-
equilibrium effects. Due to large disorder, the time for carriers to equilibrate can be very large, 
so that nonequilibrium transport is not uncommon in disordered semiconductors. Numerous 
theoretical and experimental studies [5–8] concluded that the Einstein relation is violated 
under nonequilibrium conditions, mainly due to the electric field dependence of the 
diffusivity being larger than the field response of the mobility. However, even under 
quasiequilibrium conditions, it has been proposed that Eq. (5.1) does not hold for disordered 
semiconductors [9-11]. This has been attributed to their non-classical DOS distributions, 
requiring the application of an Einstein relation generalized for an arbitrary energy-
distribution function of charge density and localized states. The DOS of organic 
semiconductors is generally described by a Gaussian energy distribution, for which the 
generalized Einstein relation is expressed as [10] 
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where p is the charge carrier density and Ef the quasi-Fermi level. The factor g(p,T) can be 
regarded as a dimensionless enhancement function of the classical Einstein relation that 
follows from the DOS variance σ. As a result, the Einstein relation becomes charge-density 
and temperature dependent, with g increasing for increasing density and decreasing 
temperature. However, even though such a derivation is commonly accepted, Baranovskii et 
al. [7] mentioned that Eq. (5.2) is only valid when μ and D are considered independent of 
energy, which is not the case for hopping transport or relaxation in an exponential band tail. 
Moreover, direct experimental evidence for the applicability of the generalized Einstein 
relation is poor. One of the most direct methods to probe the Einstein relation in organic 
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semiconductors is by measuring the current density-voltage (J-V) characteristics of 
homojunction diodes in the diffusion-dominated regime, as shown by Harada et al. [11] It 
was demonstrated that the (generalized) Einstein relation is directly represented in the 
common Shockley diode equation which describes the J-V characteristics, given by [12] 
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with J0 the saturation current density and g the enhancement factor of the classical Einstein 
relation [Eq. (5.2)]. It should be noted that the general diode equation is usually expressed as 

]1)/[exp(0 −= kTηqVJJ , with η the ideality factor. The ideality factor can thus be regarded 
equal to the enhancement factor g in Eq. (5.2) and equals unity when the classical Einstein 
relation applies, under the condition that recombination is absent. In agreement with other 
studies [13,14], Harada et al. measured a temperature-dependent ideality factor, in accordance 
with the Tg /1∝  dependence predicted by the generalized Einstein relation [10,15]. In this 
chapter, we determine the ideality factor for a large variety of organic semiconductor diodes, 
covering a wide range of energetic disorder. The ideality factors deviate from unity, suggesting 
an enhancement of the Einstein relation. However, this enhancement is temperature 
independent and shows no relation to the amount of disorder, which strongly contradicts 
with the concept of the generalized Einstein relation. We demonstrate that the classical 
Einstein relation in disordered semiconductors is valid when the nonequilibrium effects of 
deep charge traps are eliminated. This is achieved by using recombination as a means to 
release deeply-trapped carriers. 
 
 
5.2 Ideality factor of single-carrier diodes 
 
First, organic single-carrier diodes were prepared, where one electrode ensures ohmic charge 
injection, while the counter electrode blocks the injection of charges of the opposite sign. The 
difference in work function of the electrodes gives rise to a built-in potential (Vbi) across the 
organic layer, causing a rectifying behavior. Typically, hole-only diodes were prepared on top 
of a glass substrate, patterned with a transparent indium-tin oxide electrode, on which a layer 
of conducting poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS; 
Clevios CH8000) was spin coated. Subsequently, a layer of organic semiconductor was spin 
coated from solution under N2 atmosphere. The devices were finished by thermal evaporation 
of an 80 nm Au cathode, or an MoO3(10 nm)/Al(100 nm) anode in some cases [16]. A variety 
of materials were tested, including regio-regular and regio-irregular poly(3-hexylthiophene) 
(rr- and rir-P3HT), poly(9,9-dioctylfluorene) (PFO), poly(triarylamine) (PTAA), PCPDTBT 
[17] and several poly(p-phenylene vinylene) (PPV) derivatives [18]. For the n-type fullerene 
derivatives PCBM and tbis-PCBM [19], electron-only diodes were prepared by evaporating a 
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LiF/Al cathode. The electrical measurements were conducted under controlled N2 
atmosphere, using a Keithley 2400 source meter. 

In Fig. 5.1, temperature-dependent J-V characteristics typical for single-carrier diodes 
are depicted. In these characteristics, three regimes can be distinguished, as we have seen for 
the double-carrier devices in chapter 3. At low voltages, the weakly temperature-dependent 
leakage current (1) can be observed, caused by parasitical currents between the electrodes. In 
the second, diffusion-dominated regime, the current shows an exponential dependence on 
voltage according to Eq. (5.3) until Vbi. At Vbi, a transition to the space-charge-limited drift 
regime (3) occurs [20], which is characterized by a quadratic dependence of the current on 
voltage, according to the Mott-Gurney square law [21]. The slope of regime 2 is determined 
by the ideality factor η, which is conventionally deduced by fitting Eq. (5.3) to the 
experimental data. However, in order to prevent erroneous fitting, we determine the ideality 
factor by numerical differentiation according to 
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By plotting this quantity against voltage, as shown in the inset of Fig. 5.1, the three regimes in 
the J-V characteristics can be distinguished again, where the ideality factor is obtained from 
the plateau value. The plateau value can be regarded as the steepest exponential incline of the 
J-V characteristics.  

The temperature-resolved η-V characteristics of the PCBM electron-only diode in the 
inset of Fig. 5.1 show that the ideality factor, although slightly deviating from unity, is 
invariant over the whole temperature range. Such temperature-independent characteristics 
were observed for all investigated materials in this study. The observation of a temperature-

 
 

Figure 5.1. Temperature dependent J-V characteristics of a PCBM electron-only diode. The inset shows the 
differential plot of the data according to Eq. (5.4). The leakage (1), diffusion (2) and drift (3) regimes are 
indicated. 
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independent ideality factor clearly contradicts the generalized Einstein relation, for which the 
disorder-induced enhancement scales inversely with temperature. In previous studies 
[11,13,14], ideality factors were found to increase with decreasing temperature. We found that 
this apparent increase of the ideality factor is an experimental artifact that is caused by a too 
large leakage current (regime 1). In that case, the leakage current masks the diffusion regime 
as the drift current reduces upon cooling, due to the temperature dependence of the mobility 
[22], and the plateau cannot be discerned anymore [23]. The apparent ideality factor will then 
be too high and temperature dependent. Therefore, a reliable measurement of the ideality 
factor requires low leakage currents and high drift currents, enabling the observation of a 
clearly-discernable exponential diffusion regime, as is the case in the measurement depicted in 
Fig. 5.1.  

Another interesting feature appears when comparing the ideality factors of the 
investigated materials as a function of the room temperature carrier mobility, as depicted in 
Fig. 5.2. The ideality factor was determined from the temperature-independent plateau value 
of the differentiated characteristics and the room temperature zero-field mobility was 
determined by fitting the J-V characteristics in the drift regime with the well-known Mott-
Gurney square law [21]. In a recent publication, Craciun et al. [22] have demonstrated that 
there is a universal relation between the mobility and its temperature activation. It is well 
established that the temperature dependence is a direct measure of the intrinsic disorder of 
the organic semiconductor [2,3]. As a result, the mobility can be regarded as a measure for the 
width of the DOS distribution. From Fig. 5.2, it appears that the value of the ideality factor is 
not related to intrinsic disorder of the semiconductor. In addition to the observed 
temperature independence, this again contradicts the generalized Einstein relation derived for 
a Gaussian DOS. The temperature independence of the ideality factor would be in agreement 
with the classical Einstein relation. However, the deviation from unity shows that the Einstein 
relation is disturbed. Nenashev et al. [8] recently demonstrated that the Einstein relation in 

 
 

Figure 5.2. The ideality factor of the investigated materials as a function of their zero field mobility at 295 K, 
which can be regarded as a measure for the degree of disorder. This shows that the ideality factor and disorder 
are not related in these materials. 
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disordered 3D hopping systems is violated even at small electric fields, which is mainly due to 
energetically deep, rare sites controlling the field dependence of the diffusivity. As the density 
of these sites is rather low they do not affect the charge carrier mobility. Due to the long 
escape time from these deep states, deeply trapped carriers are not in thermal equilibrium 
with free carriers in the transport sites.  
 
 
5.3 Ideality factor of double-carrier diodes 
 
If deep trapping sites are the origin of the Einstein-relation enhancement in single-carrier 
diodes, their effect would be obscured in double-carrier diodes, i.e., organic light-emitting 
diodes (OLEDs), where deep sites within the band gap act as recombination centers. Trapped 
charges will be released by free carriers of the opposite sign, neutralizing their effect on the 
transport. In chapter 3, it was shown that the ideality factor of an OLED generally has a value 
of 2, which originates from the presence of a dominant trap-assisted Shockley-Read-Hall 
(SRH) recombination mechanism in the diffusion regime [23]. Furthermore, free carrier 
recombination of the Langevin type was found to result in an ideality factor very close to 
unity. This was visualized in a white-emitting polymer, where red chromophores incorporated 
in the blue-emitting backbone function as emissive traps. Consequently, the red part of the 
emission arises from an SRH mechanism, whereas the blue emission is a result of Langevin 
recombination. The question is whether a disruption of the classical Einstein relation would 
still result in an SRH and Langevin ideality factor of 2 and 1, respectively. Therefore, device 
simulations were carried out using a numerical drift-diffusion model [24], where the Einstein 
relation could be modified arbitrarily. It was observed that the introduction of an 

 
 

Figure 5.3. Ideality factor derived from the luminance (L) for a 30 nm white OLED at different temperatures. 
A 550 nm longpass filter was used to selectively transmit the red emission originating from SRH 
recombination. The inset shows the luminance ideality factor using a blue bandpass filter, measuring the blue 
emission originating from Langevin recombination. The lines represent the simulations from a drift-diffusion 
model using different values for the Einstein relation enhancement g. 
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enhancement factor g simply modifies the SRH and Langevin ideality factors to 2g and 1g, 
respectively. Fig. 5.3 shows the luminance ideality factor for the red (SRH) part of the 
emission, which has a temperature-independent value of 2. As a result, the data can only be 
described by using the classical Einstein relation (g = 1). In addition, the η-V characteristics of 
the blue (Langevin) part of the emission (inset Fig. 5.3) show excellent agreement with the 
simulations using the classical Einstein relation, complementing the results for the red 
emission. This confirms that the classical Einstein relation is valid (g = 1), and that deep trap 
states govern the enhancement in single-carrier diodes.  

As a final step to confirm the validity of the classical Einstein relation, an organic 
solar cell has been considered. In organic solar cells, a blend of electron- and hole-
transporting materials is used, where transport of both carriers can be regarded as virtually 
trap free [24]. As a consequence, recombination in these devices arises predominantly from 
free charge carriers, rather than trapped charge carriers. At the open-circuit voltage (Voc) the 
current is zero, implying that recombination and photogeneration of charges cancel [25]. 
Since there is no net current, there exists a balance between drift and diffusion, creating an 
excellent environment to study the Einstein relation. Previous research [13] revealed a kT/q 
dependence of the Voc on the logarithm of the incident light-intensity (I). Equivalently to the 
case of the ideality factor, this dependence modifies to gkT/q when the Einstein relation is 
enhanced, as evidenced by simulations from the drift-diffusion model (Fig. 5.4). Hence, it is 
immediately obvious that a kT/q dependence of Voc vs ln(I) can only be possible when g = 1, 
i.e., the classical Einstein relation applies. 
 
 
 
 

 
 

Figure 5.4.  Voc vs light-intensity data (symbols) of a PPV:PCBM solar cell from Ref. [13]. The lines represent 
the simulations from a drift-diffusion model using different values for the Einstein relation enhancement g, 
normalized at I = 2000 W/m2.
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5.3 Conclusions 
 
In conclusion, the validity of the Einstein relation in disordered organic semiconductors has 
been investigated by studying the diffusion-driven currents of single-carrier diodes. In 
contrast to earlier reports, a temperature-independent ideality factor was found for both n- 
and p-type conduction, which is in contradiction with the generalized Einstein relation 
derived for a Gaussian DOS. Furthermore, the ideality factor was observed to be independent 
of energetic disorder and its deviation from unity was explained by the presence of 
energetically deep states within the band gap. The validity of the classical Einstein relation in 
disordered organic semiconductors was demonstrated in double-carrier devices as OLEDs 
and solar cells, where these traps are discharged by charge recombination. 
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Origin of the dark-current ideality factor in 
polymer:fullerene bulk-heterojunction solar cells 
 
In organic bulk-heterojunction solar cells, a deviation of the ideality factor of the 

dark current from unity is commonly put forward as evidence for the presence of trap-assisted 
recombination. In this chapter, we demonstrate that the non-ideality of the dark 
characteristics is determined by deeply-trapped carriers in the transport-dominating 
constituent of the donor:acceptor blend, rather than a trap-assisted recombination 
mechanism. The light-intensity dependence of the open-circuit voltage confirms the absence 
of trap-assisted recombination and demonstrates that the dominant recombination 
mechanism in the investigated polymer:fullerene solar cells is bimolecular. 

6. Origin of the dark-current ideality factor in 
polymer:fullerene bulk-heterojunction solar cells 

6
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6.1 Introduction  
 
Since the discovery of organic-semiconductor solar cells comprising a phase-separated blend 
of a conjugated donor and acceptor material [1], great effort has been put in understanding 
the physics behind their operation [2]. Particularly, the mechanisms governing charge 
transport and recombination have received considerable attention. For a conventional (Si) p-n 
junction solar cell the dark current density is given by 
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where J0 is the (reverse bias) saturation current density, V the applied voltage, q the 
elementary charge, k Boltzmann’s constant, T temperature, and η the ideality factor. The 
ideality factor determines the slope of the exponential regime of the dark J-V characteristics 
on a semilogarithmic plot and can be expressed as 
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The current density under illumination is given by JL = JD – Jph, where Jph is the photogenerated 
current density. Subsequently, the open-circuit voltage is given by (JL = 0) 
 
 )1/ln()/( 0phoc += JJqkTηV . (6.3) 
 

As is the case for organic light-emitting diodes, the ideality factor contains important 
information on the transport and recombination processes in organic solar cells. It is evident 
from Eqs. (6.1) and (6.3) that the ideality factor can be independently determined from the 
slope of the exponential regime of dark J-V characteristics on a semilogarithmic plot [Eq. 
(6.1)] or by measuring the slope of the dependence of Voc on the logarithm of the light 
intensity, that scales linearly with Jph [Eq. (6.3)]. For an ideal p-n junction diode without 
trapping of charge carriers and where recombination is absent or governed by bimolecular 
recombination, the ideality factor is expected to be equal to unity. However, already in 1957, 
Sah et al. [3] showed that the ideality factor of a classical p-n junction is calculated to increase 
due to trap-assisted recombination in the space-charge region. In their calculations, electrons 
immobilized in trapping sites recombine with free holes as described by the Shockley-Read-
Hall (SRH) formalism [4,5]. Their predicted enhancement of the ideality factor, reaching a 
value of 2 for fully trap-assisted recombination, has also recently been found in organic light-
emitting diodes [6,7], as described in chapter 3. From dark-current measurements on 
polymer:fullerene organic solar cells, ideality factors of typically 1.3-2.0 have been reported [8-
11]. Furthermore, it was first demonstrated by Mandoc et al. [12,13] that the presence of trap-
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assisted recombination in organic solar cells can, as implied by Eq. (6.3), be visualized by 
measuring the open-circuit voltage (Voc) of an organic solar cell as a function of the incident 
light intensity. In these experiments on all-polymer solar cells [13], also a deviation of η from 
unity was observed due to trap-assisted recombination. This result seems to be consistent with 
the observation of η larger than unity in dark-current measurements. As a consequence, an 
ideality factor greater than unity is often used as evidence for a dominant trap-assisted 
recombination process in organic solar cells [8-10]. 

However, it appears that an unresolved discrepancy exists between the dark ideality 
factor and the light-intensity dependence of Voc, which should have equal values according to 
Eqs. (6.1) and (6.3). A dark ideality factor larger than unity is often measured for organic solar 
cells of which both electron and hole transport are demonstrated to be trap free, which is in 
contradiction with the appearance of trap-assisted recombination to explain the ideality 
factor. Furthermore, Voc vs light-intensity measurements also showing a deviation from unity 
[13] were carried out on all-polymer solar cells of which the electron transport was observed 
to be clearly trap limited. On the other hand, solar cells with trap-free transport indeed do 
show an ideality factor of unity when Voc vs light intensity is measured, whereas in the dark 
current still a deviation from unity is found [11]. Attributing the occurrence of a dark ideality 
factor larger than unity to trap-assisted recombination is therefore highly questionable. 
Cowan et al. [10] recently argued that the higher density of charge carriers under illumination 
could impose a crossover from trap-assisted to bimolecular recombination, due to a difference 
in density dependence of these recombination mechanisms [6,7]. This would lead to a lower 
ideality factor under illumination as compared to the dark ideality factor. In this chapter, we 
demonstrate that in organic solar cells with trap-free transport, the dark ideality factor is 
determined by the transport-dominating carrier in the blend, whereas the ideality factor 
under illumination is solely governed by bimolecular recombination. 
 
 
6.2 Ideality factor of organic solar cells in dark and under illumination 
 
Organic bulk-heterojunction solar cells were fabricated using the well-studied donor materials 
poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]-dithiophene)-alt-4,7-(2,1,3-
benzothiadiazole)] (PCPDTBT), poly[2-methoxy-5-(2’-ethylhexyloxy)-p-phenylenevinylene] 
(MEH-PPV) and poly[9,9-didecanefluorene-alt-(bis-thienylene) benzothiadiazole] 
(PF10TBT), blended with the fullerene derivative [6,6]-phenyl-C61-butyric acid methyl ester 
(PCBM) as acceptor material in a 1:4 weight ratio. Photoactive layers were prepared by spin 
casting the chlorobenzene solutions under nitrogen atmosphere on clean glass substrates, 
prepatterned with indium tin oxide and coated with a 60 nm film of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonic acid) (VP AI4083, H.C. Starck). The devices 
were finished by thermal evaporation of a LiF(1 nm)/Al(100 nm) cathode. Electrical 
measurements were conducted in a controlled N2 atmosphere in dark and under illumination 
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of a Steuernagel SolarConstant 1200 metal halide lamp, which was set to 1 sun intensity using 
a silicon reference cell and correcting for spectral mismatch. 

In Fig. 6.1,  dark J-V characteristics for the investigated solar cells are depicted.  The 
characteristics show typical diode behavior, with a leakage contribution at low voltages and an 
exponential regime at intermediate voltages, with a transition to the space-charge-limited 
regime at the built-in voltage (Vbi).  The built-in voltage is determined by the work function 
difference between the electron- and hole-extracting electrodes. As can be observed from the 
inset in Fig. 6.1, where the differentiated characteristics according to Eq. (6.2) are plotted as a 
function of voltage, the ideality factors for all these solar cells amount to an identical value of 
~1.3. In contrast, the slope S of the Voc vs light-intensity characteristics equals kT/q, as 

 
 
Figure 6.1. Dark J-V characteristics of PCPDTBT:PCBM, MEH-PPV:PCBM and PF10TBT:PCBM solar cells. 
The solid lines are fits to the exponential regime of the characteristics. The inset shows the differential plot of 
the data according to Eq. (6.2). 

 
 
Figure 6.2. Voc vs incident light intensity for PCPDTBT:PCBM, MEH-PPV:PCBM and PF10TBT:PCBM solar 
cells. The solid lines represent the best fits to the data, for which the slope S is indicated. The dashed line 
represents the slope (S = 1.07 kT/q) of an MEH-PPV:PCBM cell in a 1:2 weight ratio.
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depicted in Fig. 6.2. This can be interpreted as an ideality factor of 1 under illumination, 
clearly indicating the dominance of bimolecular recombination [11]. 

In the previous chapter, we demonstrated that the ideality factor often deviates from 
unity even in single-carrier diodes of a single material, where recombination is completely 
absent [14]. This deviation from unity was ascribed to a violation of the Einstein relation, 
caused by a small number of deeply trapped carriers that are not in thermal equilibrium with 
free carriers in the transport sites. It was shown that by releasing these trapped carriers by 
means of recombination, quasiequilibrium is recovered so that the Einstein relation is valid 
again. Since the occurrence of a small number of deeply-trapped carriers can be material 
dependent, each component of the blend of a bulk-heterojunction solar cell might have a 
different dark ideality factor. To investigate if the dark ideality factor of the solar cell is 
affected by the ideality factors of its components, we compared the η-V characteristics of an 
MEH-PPV:PCBM solar cell and single-carrier diodes of its two constituents. As can be seen in 
Fig. 6.3, the ideality factor of the dark current of the solar cells matches the ideality factor of a 
PCBM electron-only diode. This is consistent with the fact that the electron mobility in PCBM 
is an order of magnitude higher than the hole mobility in MEH-PPV, so the dark current of 
the solar cell is dominated by the electron transport through the PCBM  phase [2]. For an 
MEH-PPV hole-only diode, an ideality factor of 1.6 was measured, in agreement with the 
hole-only diode of the MEH-PPV:PCBM blend. It should be noted that in these single-carrier 
diodes recombination is completely absent. It can therefore be concluded that the dark 
ideality factor of the blend is determined by the dominant type of charge carrier, resulting in a 
PCBM ideality factor of 1.3. An important prerequisite for dominant electron transport is that 
there exist percolative pathways in the fullerene network, so that charge transport is not 
limited by the microstructure of the blend. We therefore validated that an ideality factor of 1.3 
was also measured in solar cells with a lower fullerene content, such as MEH-PPV:PCBM in a 
1:2 ratio and poly(3-hexylthiophene):PCBM in a 1:1 ratio. It is also important to note that the 

 
 
Figure 6.3. η-V characteristics of the dark current of an MEH-PPV:PCBM blend solar cell and hole-only 
device. The lines represent experimental η-V characteristics for an MEH-PPV hole-only device and a PCBM 
electron-only device. 
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occurrence of the fullerene ideality factor in a solar cell is expected for other fullerene 
derivatives that exhibit virtually trap-free electron transport, such that the dominant 
recombination mechanism is bimolecular. Indeed, also for the C70 analogue of PCBM we 
found similar differences between the ideality factor in dark and under illumination.   

In general, Voc is determined by a competition between recombination and generation 
of charges [15]. As a result, recombination mechanisms can be excellently extracted by 
studying the open-circuit voltage as a function of generation rate, which can be tuned linearly 
by variation of the incident light intensity. For the solar cells investigated here, the dominant 
recombination mechanism is bimolecular, as evidenced by the slope of kT/q in the Voc-
intensity measurements in Fig. 6.2. Apparently, the light-intensity dependence of Voc is not 
affected by the individual ideality factors of the donor and acceptor material in the blend. The 
reason is that the deeply-trapped carriers that give rise to greater-than-unity ideality factors in 
the dark current of the separate materials are released from the trap by recombination with 
photogenerated charges, so that their effect on the ideality factor is neutralized. As a result, the 
light-intensity dependence of Voc can be used as a reliable tool to evaluate the presence of trap-
assisted recombination. 

A remaining issue is the large apparent temperature dependence of the ideality factor 
in organic solar cells, as observed in previous publications [11,16]. In the previous chapter, we 
showed a temperature-independent ideality factor for single-carrier devices. If the dark 
current of the blend has an ideality factor equal to that of PCBM, the blend ideality factor 
should also be temperature independent. This temperature independence can be directly 
observed for the MEH-PPV:PCBM cell in Fig. 6.4. Therefore, these measurements confirm 
once more that the solar cell dark current and its ideality factor are dominated by the electron 
current through PCBM. Previous observations of a temperature-dependent ideality are likely 
caused by a too large leakage current [6,14].  
 
 

 
 
Figure 6.4. Temperature resolved η-V characteristics of the dark current of an MEH-PPV:PCBM solar cell. 
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6.3 Conclusions 
 
In conclusion, we have demonstrated that the ideality factor of the dark current of organic 
bulk-heterojunction solar cells is dominated by the fastest-transporting material in the blend.  
The non-ideality is caused by deeply trapped carriers, of which the effect is neutralized under 
illumination, so that the ideality factor under illumination is a reliable indication of the 
recombination mechanism taking place. Consequently, a dark ideality factor deviating from 
unity cannot be used as an indication for the presence of trap-assisted recombination in an 
organic solar cell.   
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Quantifying bimolecular recombination in organic 
solar cells in steady state 
 
In this chapter, a steady-state method to probe bimolecular recombination in 

organic solar cells is presented. The technique is applicable to thin-film solar cells at any 
temperature and does not require a separate measurement setup other than conventional 
solar-cell testing equipment. The key element is the derivation of a simple analytical 
expression that directly gives access to the recombination strength by employing the concept 
of charge neutralization, a process that is competing with charge recombination. The 
analytical equation requires only standard transport parameters as input. We demonstrate the 
suitability of our technique by applying it to polymer:fullerene solar cells. 

7. Quantifying bimolecular recombination in organic 
solar cells in steady state 
  

7
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7.1 Introduction 
 
One of the main limiting factors in the power-conversion process in organic photovoltaics is 
the recombination of photogenerated charges [1]. In an organic bulk-heterojunction solar cell, 
absorbed photons are converted into free holes and electrons that are transported through the 
donor and acceptor phases, respectively. However, free charge carriers may recombine 
bimolecularly instead of being extracted at the electrodes. 

Bimolecular recombination in pristine organic semiconductors can be described by 
Langevin recombination [2], which is based on the notion of diffusion of charge carriers of 
opposite sign in their mutual coulomb field, according to [3] 
 

 )( npL μμ
ε
qk += , (7.1) 

 
with kL the Langevin recombination strength, q the elementary charge, ε the permittivity of 
the material, and μp(n) the hole (electron) mobility. Experimentally, an estimate of the Langevin 
recombination strength kL was obtained by modeling the current of light-emitting diodes 
based on conjugated polymers (PLEDs) [4]. Here it was found that the kL needed to describe 
the current of the PLED was typically 3-4 times larger than the value expected from Eq. (7.1). 
Recently, it was demonstrated by Kuik et al. [5] that this overestimation of kL originated from 
the fact that recombination of holes with trapped electrons was not taken into account. As 
discussed in chapter 4, the bimolecular recombination of free carriers then still follows 
Langevin recombination. In polymer:fullerene solar cells both the electron and hole transport 
are trap free [6], such that recombination via traps as occurs in PLEDS is not expected. 
Therefore, recombination will be dominated by bimolecular free-carrier recombination only 
[7,8]. 

However, in organic solar cells, bimolecular recombination has been shown to 
frequently deviate from the classical Langevin picture. For example, the recombination 
strength in a solar cell based on poly(3-hexylthiophene) (P3HT) was measured to be reduced 
by 3 orders of magnitude [9], which has been attributed to two-dimensional Langevin 
recombination in the lamellar structure of regio-regular P3HT [10]. Therefore, a prefactor γpre 
can be applied to the Langevin equation, giving 
 

 )(prepre npLR μμ
ε
qγkγk +== , (7.2) 

 
with kR the total bimolecular recombination strength. Bimolecular recombination is an 
important process in organic optoelectronic devices, as it determines the light generation and 
thus efficiency of organic LEDs and is a loss mechanism in solar cells. Therefore, 
measurement techniques to quantify the Langevin prefactor are of great significance. 
 There exist several time-resolved techniques to probe bimolecular recombination and 
charge transport in organic semiconductors, including photogenerated charge-carrier 
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extraction by linearly increasing voltage (photo-CELIV) [11], time-of-flight [12] and double-
injection transients [13]. However, such techniques often require thick films, and even for the 
state-of-the-art photo-CELIV technique, transients are frequently superimposed by the RC 
time [14]. Therefore, the application of this measurement is limited to lower temperatures, 
where mobility and thermal injection are reduced. Recently, a modification to photo-CELIV 
was reported [14] that overcomes some of these limitations. However, even if RC-effects are 
negligible, only the order of magnitude of the fast-carrier mobility can be determined, 
requiring numerical calculations to correct for the error [15]. 

A more general problem associated with transient measurements is that charge 
transport is often dispersive in disordered semiconductors, implying that charge carriers do 
not relax to the deeper sites during transit [16]. In that case, the mean arrival time of the 
carriers, and consequently the carrier mobility, depends on the dimensions of the sample and 
the mobility does not reflect a genuine material parameter. In a steady-state measurement 
however, the contributions of fast and slow carriers are integrated in time, yielding an average 
mobility. 
 In this chapter, we present a steady-state method to probe bimolecular recombination 
in organic solar cells. The technique is applicable to thin-film solar cells at any temperature 
and does not require a separate measurement setup other than conventional solar-cell testing 
equipment. The key element in our method is the derivation of a simple analytical expression 
that directly gives access to the recombination strength by employing the concept of charge 
neutralization, a process that is competing with charge recombination. We demonstrate the 
suitability of our technique by applying it to solar cells of P3HT and poly[2-methoxy-5-(2’-
ethylhexyloxy)-p-phenylenevinylene] (MEH-PPV) blended with the fullerene derivative [6,6]-
phenyl-C61-butyric acid methyl ester (PCBM). 
 
 
7.2 Analytical expression for obtaining the Langevin prefactor 
 
In the past decades, the presence of space-charge-limited currents has been widely recognized 
in organic-semiconductor diodes [17]. When an electrode emits more charge carriers into a 
material than the space between the electrode and counterelectrode can accept, space charge 
will be formed [18]. The present space charge will create an electric field to reduce the rate of 
charge-carrier emission from the respective electrode. As such, the current is not governed by 
the rate of emission from the injecting electrode, but by the carrier mobility in the space of the 
semiconductor, giving rise to a space-charge-limited current. When a one-dimensional planar 
current flow is considered through a specimen of insulating or semiconducting material with 
a confined thickness, the space-charge-limited current follows the Mott-Gurney law [19], 
 

 3

2

)()( 8
9

L
VεμJ npnp = , (7.3) 
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where Jp(n) denotes the hole (electron) current density, V the voltage and L the layer thickness. 
It is clear that Eq. (7.3) can be conveniently used to obtain the charge-carrier mobility of an 
organic semiconductor [17]. By selecting appropriate injecting and blocking contacts, creating 
single-carrier devices, then allows one to discriminate between electron and hole transport. 
Since in a single-carrier device an injection barrier is employed to block the injection of 
carriers of opposite sign, the current through the device is due to one type of charge carrier 
only. 
 In a double-carrier device, electron and hole injection is present at the same time. In 
that case, two additional phenomena need to be considered, namely charge recombination 
and charge neutralization. Charge recombination is the process of annihilation of two carriers 
of opposite sign. On the other hand, if these oppositely charged carriers coexist in the film, 
their charges cancel, leading to charge neutralization [20]. As a result, the total amount of 
charge in the layer can exceed the net space charge, giving rise to an enhancement of the 
current. If recombination is sufficiently slow that both injected carriers can traverse the whole 
layer, charge neutralization is effective [21]. In that case, electron and hole densities are 
approximately equal throughout the whole layer (left inset Fig. 7.1), which can be described as 
the buildup of injected plasma. This process has been described elegantly by Rosenberg and 
Lampert [21], arriving at an expression for the double-carrier current in the injected-plasma 
(IP) limit, given by 
 

 [ ] 3

2
2/1

pre

2/1

IP /2
8
9

L
VγμμεπJ np






= , (7.4) 

 
which we have adapted to the case of Langevin-type recombination here. Since recombination 
exists at the expense of charge neutralization, the limit of infinite recombination can be 
described as a situation where no charge neutralization takes place. In this limit, electron and 
hole distributions do not overlap (right inset Fig. 7.1), resulting in a pure electron current on 
the cathode side and a pure hole current on the anode side that meet and mutually annihilate 
at a plane (parallel to the electrodes) in the diode [21]. As a result, this situation is equivalent 
to two single-carrier, space-charge-limited diodes placed back to back (BB), as recognized by 
Rosenberg and Lampert [21]. Therefore, the current in the limit of infinite recombination can 
be expressed as [21] 

 

 3

2

BB )(
8
9

L
VμμεJ np += , (7.5) 

 
which represents the lower limit for the double-carrier current. The position of the 
recombination plane then depends on the electron and hole mobility [21].  
 In a real situation, however, the strength of recombination is likely to be in between 
the limits described by Eqs. (7.4) and (7.5). A solution for the double-carrier current at any 
recombination strength has been derived by Parmenter and Ruppel in 1959 [20]. However, 
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the Parmenter-Ruppel equation itself is too complicated to derive a closed-form expression 
for the Langevin prefactor from it. Therefore, we make the ansatz that the double-carrier 
current can be obtained from both limits according to 
 
 2

IP
2
BBD JJJ += , (7.6) 

 
from which we arrive at the expression for the Langevin prefactor 
 

 22
D

pre )(9
16

np

np

JJJ
JJπγ
+−

= . (7.7) 

 
In Fig. 7.1, we compare our ansatz to the exact solution of the double-carrier current, as 
derived by Parmenter and Ruppel (Eqs. (23) and (24) in Ref. [20]). Figure 7.1 shows that our 
simple approximation is in close agreement with the exact solution for all recombination 
strengths. Interestingly, classical Langevin recombination (i.e., γpre  = 1) appears to be right in 
between the limits of injected plasma and recombination confined to a plane in the diode. 
Therefore, a spatially distributed recombination zone will be present in polymer light-
emitting diodes. 

Using Eq. (7.7), the Langevin prefactor can straightforwardly be extracted from easily 
accessible experimental quantities, i.e., the hole, electron and double-carrier currents. Note 
that it is equivalent to use mobilities instead of currents, as is evident from Eq. (7.3). This 
could be useful when there is a variation in layer thickness between the electron-only, hole-

 
 
Figure 7.1. Normalized double-carrier current density as a function of the Langevin prefactor. The double-
carrier current density is normalized by the current density at infinite recombination (JBB), which equals the 
sum of the electron and hole current densities. Plotted is the situation for μn = 10μp, typical for 
polymer:fullerene solar cells. The approximation [Eq. (7.6)] is also valid for other mobility ratios. The insets 
show the injected-carrier distribution across the film for slow (left) and infinite (right) recombination, 
calculated with a drift-diffusion model [30], qualitatively corresponding to the sketches in Ref. [21] (Fig. 1). 
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only and double-carrier devices. Since the current-density at a given voltage scales linearly 
with the mobility, it is equivalent to express Eq. (7.7) as 
 

 22
eff

pre )(9
16

np

np

μμμ
μμπγ

+−
= . (7.8) 

 
The effective double-carrier mobility μeff can be obtained from the double-carrier current 
according to )/()8/9( 32

effD LVεμJ = , which has the same form as Eq. (7.3). It should be noted 
that the mobility itself does not increase in a double-carrier device, but the double-carrier 
current increases as a result of the increased carrier density that space can accept because of 
charge neutralization. Therefore, the apparent effective mobility exceeds that of the single-
carrier devices.  
 
 
7.3 Application to bulk-heterojunction solar cells 

 
As outlined in the previous section, with the derived simple equations, the prefactor follows 
directly from standard transport parameters. We have adopted this method to calculate the 
prefactor for the well-characterized polymer-fullerene systems P3HT:PCBM and MEH-
PPV:PCBM. In most polymer-fullerene blends, both hole and electron transport are 
characterized by trap-free space-charge-limited currents, enabling determination of the 
recombination strength according to Eq. (7.7). It should be noted that the method can also be 
applied to pristine semiconductors if transport of both charge carriers is trap free or if only 
shallow trapping is present [21]. 

Electron-only, hole-only, and double-carrier devices were fabricated according to the 
procedure described in the Experimental Section. These devices are depicted schematically in 
Fig. 7.2. In our calculations, the bulk heterojunction is treated as an effective medium, which 
is justified for the small phase separation that is necessary in organic bulk-heterojunction 
solar cells, typically smaller than a critical radius of about 20 nm, at which the Coulomb 
binding energy between an electron and hole equals the thermal energy. As is evident from 
Eq. (7.7), it is not even required to calculate the mobility for the devices, since it suffices to use 
the current at a specific voltage (corrected for the built-in voltage Vbi determined as in Ref. 
[22]) directly, as long as the layer thickness remains the same. However, in order to confirm 
the correctness of our measurements, the mobility was calculated nonetheless [Eq. (7.3)]. 
Since the measured current enters Eq. (7.7) directly, any electric-field or charge-density 
dependence of the mobility is included automatically.  
 The insets in Figs. 7.3(a) and 7.3(b) show the current densities for hole-only, electron-
only and double-carrier devices for P3HT:PCBM and MEH-PPV:PCBM blends. For 
P3HT:PCBM, it is evident that the double-carrier current greatly exceeds the electron-only 
current. This is the result of the increased carrier density that space can accept because of 
effective charge neutralization. Since charge neutralization is only effective when 
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recombination is slow, it is already clear that greatly reduced bimolecular recombination must 
be present in this device. In the case of MEH-PPV:PCBM, there is less difference between the 
double-carrier current and the electron-only current, implying that charge neutralization is 
also less effective. Therefore, recombination should be stronger in this system.  
 By combining the hole, electron and double-carrier currents in Eq. (7.7), the Langevin 
prefactor can be calculated for every voltage and temperature. In Fig. 7.3(a), the 
recombination prefactor is plotted against the effective applied voltage for the P3HT:PCBM 
system. The acquired prefactor has a value of ~3 × 10-3 at room temperature, consistent with 
previously obtained values, typically between 10-4

 and 10-2
 for several techniques [9,12,13,23-

25]. In comparison, the prefactor obtained for MEH-PPV:PCBM [Fig. 7.3(b)] shows that 
recombination is much closer to the Langevin equation, with a reduction factor of 0.1-0.3 at 
room temperature, as can be expected for this system [11,26].  
 Interestingly, a decreasing Langevin prefactor with decreasing temperatures is 
observed for both systems, with a slightly more pronounced temperature dependence for 
MEH-PPV:PCBM. This is in contrast with reported results from photo-CELIV measurements 
[9,23], although it has been noted that photo-CELIV measurements suffer from a low signal-
to-noise ratio and a strong influence of charge injection at higher temperatures, thereby 
increasing the error margin [14,27]. It has been reported that therefore no temperature 
dependence of the prefactor could be observed within the error margin for the P3HT:PCBM 
system [27]. A reduction of the prefactor with decreasing temperature, as we observe here, 
could correspond to the presence of a potential barrier for recombination [28] that can be 

 
 
Figure 7.2. Schematic representation of the three types of devices: (a) electron-only device, (b) hole-only 
device, (c) double-carrier device. The bottom electrodes are biased positively, while the top electrodes are 
biased negatively (forward bias). The depicted morphology schematically represents the percolative pathways 
through which the currents flow and should not be confused with a columnar phase separation. 
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overcome by thermal activation. Another model that produces such a temperature 
dependence is based on the notion that the slower carrier is limiting the recombination 
process [26]. Since a lower mobility is usually accompanied by larger temperature activation 
of the mobility [29], recombination will decrease relative to Langevin recombination at lower 
temperatures. As an example, in Fig. 7.3(c) we have plotted the obtained recombination 
coefficient for MEH-PPV:PCBM, under the assumption that the recombination is determined 
by the slower carrier [ ),min()/(pre npR μμεqγk = ]. For that case, the recombination prefactor is 
close to 1 and nearly temperature independent, as expected from Eq. (7.1). However, such a 
mechanism is not sufficient to explain the greatly reduced recombination in P3HT:PCBM.  
 Finally, we would like to stress the importance of series resistance of the electrodes in 
these measurements. Especially when the injected currents are high, they will be limited by the 
resistance of the electrodes at a certain point. To ensure that series resistance is small in our 
devices, we have replaced conventional indium-tin oxide (ITO) electrodes by Au electrodes in 

   
 

 
 
Figure 7.3. Temperature-dependent Langevin prefactor as calculated by Eq. (7.7) for (a) P3HT:PCBM, and (b) 
MEH-PPV:PCBM. The prefactor in case of a slower-only recombination mechanism is shown in (c) for MEH-
PPV:PCBM. The insets in (a) and (b) show the room-temperature J-V characteristics of the three devices, 
which yielded electron and hole mobilities of 2 × 10-7 m2/Vs and 2 × 10-8 m2/Vs, respectively, for P3HT:PCBM. 
The inset in (c) shows the temperature-dependent low-field mobilities for MEH-PPV:PCBM. 
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our devices. The effect is displayed in Fig. 7.4, from which it is evident that the magnitude as 
well as the slope [quadratic; Eqs. (7.3)-(7.5)] of the current increases. This implies that the 
current is now bulk limited, instead of limited by the (Ohmic) resistance of the ITO 
electrodes. The current is well described by numerical simulation with a drift-diffusion model 
[30], using the experimentally determined electron and hole mobilities. The obtained 
prefactor agrees very well with the value obtained from the analytical formula. The numerical 
simulations are in almost exact agreement with the analytical equations for all recombination 
strengths. 
 
 
7.4 Conclusions 
 
In conclusion, it was demonstrated that the bimolecular recombination strength in organic 
bulk-heterojunction solar cells can be readily extracted from simple, steady-state current-
voltage measurements. We have derived a simple analytical expression for the Langevin 
prefactor that requires only standard transport parameters as input. As a result, our method 
does not require separate measurement techniques or expensive equipment. Only the 
fabrication of electron- and hole-only devices is needed, which is part of the standard 
procedure to characterize electron and hole transport in a material system. The measurements 
can be performed on normal film thicknesses and in steady state, in which solar cells are 
usually operated. The method was benchmarked against the P3HT:PCBM and MEH-
PPV:PCBM polymer-fullerene blends, yielding largely reduced recombination in the former 
and moderately reduced recombination in the latter. We expect that the simplicity of our 
technique renders it eminently suitable for screening charge recombination in new materials 
for organic solar cells. 
 

 
 
Figure 7.4. Room-temperature J-V characteristics of a P3HT:PCBM double-carrier device using ITO and Au 
bottom electrodes (symbols), showing the effect of series resistance of the electrodes. The solid line represents 
the simulated characteristics of a double-carrier device using γpre = 3 × 10-3. 
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Experimental section 
 
Device Fabrication: Devices were fabricated on glass substrates that were thoroughly cleaned 
by washing with detergent solution and ultrasonication in acetone and isopropyl alcohol, 
followed by UV-ozone treatment. For hole-only and double-carrier devices, a 
Cr(1 nm)/Au(30 nm) anode was thermally evaporated, followed by spin coating of a hole-
injection layer of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS; 
VP AI4083, H.C. Starck). For electron-only devices, Al (30 nm) bottom electrodes were 
evaporated on the glass substrates. Subsequently, polymer:fullerene blends were spun under 
N2 atmosphere, using the same solution and spin-coating program for every device type. This 
process yielded layers of 165 nm for P3HT:PCBM (1:1 by wt. in chloroform) and 120 nm for 
MEH-PPV:PCBM (1:4 by wt. in chlorobenzene). The P3HT:PCBM layers were annealed in N2 
atmosphere for 10 minutes at 140 °C, immediately after deposition. The electron-only and 
double-carrier devices were finished simultaneously by evaporation of a 
LiF(1 nm)/Al(100 nm) cathode, while for hole-only devices a Pd(20 nm)/Au(80 nm) top 
electrode was deposited. 
Device Characterization: Electrical measurements were conducted under controlled N2 
atmosphere, using a computer-controlled Keithley 2400 source meter. 
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Identifying the nature of charge recombination in 
organic solar cells from charge-transfer state 
electroluminescence 

 
In this chapter, charge-transfer (CT) state electroluminescence is investigated in several 
polymer:fullerene bulk-heterojunction solar cells. The ideality factor of the 
electroluminescence reveals that the CT emission in polymer:fullerene solar cells originates 
from free-carrier bimolecular recombination at the donor-acceptor interface, rather than a 
charge-trap-mediated process. The fingerprint of the presence of nonradiative trap-assisted 
recombination, a voltage-dependent CT electroluminescence quantum efficiency, is only 
observed for the P3HT:PCBM system, which we explain by a reduction of the competing 
bimolecular recombination rate. These results are in agreement with measurements of the 
illumination-intensity dependence of the open-circuit voltage. 

8. Nature of recombination in organic solar cells from 
charge-transfer state electroluminescence 
  

8
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8.1 Introduction 
 
Recombination in low-mobility materials, such as organic semiconductors, is usually 
described by bimolecular recombination of the Langevin type [1-3], determined by diffusion 
of free carriers towards each other in their mutual Coulomb field. However, as discussed in 
the previous chapter, bimolecular recombination in bulk-heterojunction solar cells can be 
considerably slower than in pristine organic semiconductors. Recently, it has been 
demonstrated that trapped charges may also take part in the recombination process [4-9]. In 
that case, a charge carrier is first trapped on an isolated site within the energy band gap, 
followed by recombination with a mobile carrier of opposite sign, as implied by Shockley-
Read-Hall (SRH) statistics [10,11]. The presence of SRH recombination has been identified in 
all-polymer solar cells [5], organic light-emitting diodes (OLEDs) [6-8] and polymer:fullerene 
solar cells with intentionally added impurities [4,9]. 

In addition to inducing a second recombination channel, the presence of traps also 
limits charge transport in organic semiconductors. As discussed in the introduction of this 
thesis, it has been observed that the electron transport in organic materials is frequently 
hindered by electron traps, while hole transport generally shows trap-free behavior [12,13]. As 
a result, SRH-type recombination via electron traps is naturally present in organic light-
emitting diodes made from a single conjugated material [6], as was shown in chapter 3. In an 
organic solar cell, however, a donor material is used in combination with an acceptor material, 
so that charge recombination takes place at the donor-acceptor interface. A frequently used 
acceptor material is the fullerene derivative [6,6]-phenyl-C61-butyric acid methyl ester 
(PCBM), which shows trap-free electron transport [14]. Consequently, since both hole 
(donor) and electron (acceptor) traps are absent in polymer:fullerene systems, the electron-
hole recombination between the donor and acceptor is expected to be bimolecular. However, 
recent studies reported on the observation of trap-assisted recombination in polymer:fullerene 
bulk-heterojunction solar cells [15,16], despite the virtually trap-free electron and hole 
transport. 

To address this issue, we have studied electroluminescence (EL) from the charge-
transfer state in polymer:fullerene solar cells. The charge-transfer state emission directly 
originates from electron-hole recombination at the donor-acceptor interface [17]. In this 
chapter, we demonstrate that the nature of charge recombination in organic solar cells can be 
determined by carefully analyzing the bias-dependence of the electroluminescence and its 
quantum efficiency. 
 
 
8.2 Ideality factor of the charge-transfer state electroluminescence 
 
In the present study, bulk-heterojunction solar cells were fabricated based on a variety of 
donor polymers blended with a PCBM acceptor. Among the investigated polymers are poly(3-
hexylthiophene) (P3HT) and poly[2-methoxy-5-(2’-ethylhexyloxy)-p-phenylenevinylene] 
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(MEH-PPV), which have served as workhorses in organic photovoltaic research [18,19]. The 
other two polymers used in this study are poly[9,9-didecanefluorene-alt-(bis-thienylene) 
benzothiadiazole] (PF10TBT) and poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-
b’]-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT).  These are more recent wide- 
and narrow-bandgap polymers, respectively, capable of giving power-conversion efficiencies 
between 4 and 6% [20,21]. Hence, homopolymers as well as copolymers with distinct chemical 
and physical properties are used, to demonstrate the generality of our approach. 
 In chapter 3, we demonstrated for OLEDs that the recombination mechanism, either 
bimolecular or trap-assisted recombination, is directly reflected in the ideality factor of the 
current and light output [6]. This ideality factor appears in the general Shockley diode 
equation, given by [22] 
 

 











−








= 1exp0 kTη

qVJJ , (8.1) 

 
where J is the current density, J0 the (reverse bias) saturation current density, V the applied 
voltage, q the elementary charge, k Boltzmann’s constant, T temperature, and η the ideality 
factor. The ideality factor equals unity in an ideal classical p-n junction diode with only direct 
recombination taking place. However, as shown in 1957 by a theoretical analysis of Sah, 
Noyce and Shockley, the presence of SRH recombination results in an enhancement of the 
ideality factor, reaching a value of 2 for dominant trap-assisted recombination [23]. In chapter 
3, the difference in ideality factor for bimolecular (η = 1) and trap-assisted recombination 
(η = 2) has been visualized in the different voltage dependence of the red and blue emission of 
white-emitting OLEDs, where both bimolecular (blue) and trap-assisted recombination (red) 
are emissive [6]. As a result, the ideality factor can be used as a fingerprint for the presence or 
absence of SRH recombination. 

Ideality factors larger than unity have also been found in the dark current of 
polymer:fullerene solar cells, which is frequently put forward as evidence for the presence of a 
dominant trap-assisted recombination process [15,16]. However, in chapter 6 it was 
demonstrated that in this case the greater-than-unity ideality factor is caused by enhanced 
diffusion due to violation of the classical Einstein relation [24]. As a result, an ideality factor 
above unity can be measured even when trap-assisted recombination is completely absent 
[25]. The dark-current ideality factor of a polymer:fullerene bulk-heterojunction solar cell 
therefore cannot give conclusive information about the presence or absence of trap-assisted 
recombination. 

As described in a recent study by Tvingstedt et al. [17], recombination at the polymer-
fullerene interface is directly observable from the electroluminescence of the charge-transfer 
state. Charge-transfer state electroluminescence can be detected by applying a forward voltage 
across the solar cell and measuring the resulting emission with a silicon photodiode. Thus, the 
solar cell is simply operated as a light-emitting diode. As stated above, the different 
recombination mechanisms can directly be identified by measuring the luminance (L) ideality 
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factor, i.e. the ideality factor of the electroluminescence intensity vs voltage characteristics. For 
bimolecular recombination, a luminance ideality factor of unity is expected, whereas radiative 
trap-assisted recombination is characterized by a luminance ideality factor of 2. 

In Fig. 8.1, the total electroluminescence of the investigated bulk-heterojunction solar 
cells is plotted as a function of voltage. For all solar cells, weak luminescence could be 
detected, in agreement with previous studies [17,26]. At the onset of electroluminescence, the 
emission shows an exponential dependence on voltage according to )/exp( kTηqVL ∝ ,  
similar to Eq. (8.1). For the P3HT:PCBM system, the electroluminescence is too weak to 
resolve the exponential part of the characteristics. At higher voltages, the emission bends off 
from the exponential, indicating that the injected current has reached the space-charge limit. 
The slope of the exponential is determined by the ideality factor, which can be directly 
obtained by numerical differentiation according to 
 

 
1
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This derivative is plotted as a function of voltage in Fig. 8.2, where the ideality factor can be 
obtained from the minimum or plateau value of the characteristics [6]. Note that it is difficult 
to obtain a long plateau value due to weak electroluminescence and a limited sensitivity of the 
photodiode. It is clear from Fig. 8.2 that the ideality factor approaches unity for the 
investigated solar cells. The ideality factor of 1 reveals that charge-transfer state emission 
originates from a free-carrier, bimolecular recombination process. From these measurements, 
we can thus exclude the presence of radiative trap-assisted recombination. This is in 
agreement with the measurements on very similar systems by Tvingstedt et al. [17], where no 

 
 
Figure 8.1. Luminance vs voltage characteristics for the charge-transfer state electroluminescence of several 
polymer:PCBM solar cells. The onset of emission is proportional to exp(qV/kT), plotted as a dashed line as a 
guide to the eye. 
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additional low-energy feature could be observed from the CT state electroluminescence 
spectra. 
 
 
8.3 Charge-transfer state electroluminescence efficiency 
 
Clearly, electroluminescence from the charge-transfer state can shed light on the radiative 
recombination routes. However, the nonradiative part of the recombination process cannot be 
identified directly in this way. As recombination via trap states is usually nonradiative [6], a 
definitive statement about its absence or presence cannot be made. In chapter 3, it has been 
shown that trap-assisted recombination has a weaker voltage dependence than bimolecular 
recombination [6], since the former has a linear charge density dependence and the latter a 
quadratic density dependence. As a result, radiative bimolecular recombination becomes 
more important than the competing nonradiative trap-assisted recombination with increasing 
bias voltage [6-8]. The direct consequence is that the conversion efficiency of electrical charge 
carriers into photons increases also with voltage, in the case that both mechanisms are present 
[7]. When only either of the two recombination channels is present, the quantum efficiency of 
luminescence is expected to be voltage independent. The reason is that, although the 
recombination rate itself is density- and hence voltage-dependent, recombination is present in 
the luminescence as well as in the current. The EL efficiency is the ratio between the 
luminescence and the current. If luminescence and current are governed by the same 
recombination mechanism, their voltage (density) dependence is cancelled when calculating 
the efficiency, resulting in a voltage-independent EL efficiency. However, when the radiative 
bimolecular recombination (second order) is accompanied by a nonradiative trap-assisted 
recombination (first order) process, the EL efficiency will increase with voltage.  

 
 
Figure 8.2. Luminance ideality factor of the charge-transfer state electroluminescence of the investigated 
polymer:PCBM solar cells, obtained by numerical differentiation according to Eq. (8.2). For all three systems 
the curves approach unity at low voltages, indicative of a luminance ideality factor of 1. 
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 Therefore, we plotted the EL quantum efficiency, calculated by dividing the 
photodiode signal by the injection current of the solar cell, as a function of voltage in Fig. 8.3. 
For solar cells made from PCPDTBT, MEH-PPV and PF10TBT, the luminous efficiency is 
voltage independent. Since it has been verified that the charge-transfer state emission 
originates from bimolecular free-carrier recombination, the voltage-independent efficiency 
proves the absence of a competing nonradiative recombination process of trap-assisted 
nature. For the P3HT:PCBM system however, a clearly different trend is observed. The 
efficiency increases with voltage, characteristic of the presence of a nonradiative trap-assisted 
recombination mechanism competing with radiative bimolecular recombination [7].  
 The observation of dominant bimolecular recombination in PCPDTBT, MEH-PPV 
and PF10TBT solar cells is in agreement with our findings in chapter 6 where we measured 
the light-intensity (I) dependence of the open-circuit voltage (Voc) of these systems [24]. It is 
well established that SRH-type trap-assisted recombination causes an increased slope of Voc vs 
ln(I), which has a value of kT/q when trap-assisted recombination is absent [4,5]. A slope of 
kT/q was measured for PCPDTBT, MEH-PPV and PF10TBT solar cells, arising from 
dominant bimolecular free-carrier recombination. This is confirmed by our measurements of 
the charge-transfer state luminescence (η = 1) and its voltage-independent efficiency. 
Interestingly, P3HT:PCBM solar cells showed a voltage-dependent efficiency of the 
luminescence of the charge-transfer state, indicative of an additional trap-assisted 
recombination process being present. Consequently, these solar cells should also exhibit an 
enhanced light-intensity dependence of the open-circuit voltage. This is indeed what we 
observe in Fig. 8.4. In contrast to the other investigated systems, the P3HT-based solar cell 
shows a slope of Voc vs ln(I) that is significantly larger than kT/q, implying the presence of a 
lower-order recombination mechanism. The slope of 1.25 kT/q is in agreement with 

 
 
Figure 8.3. Electroluminescence quantum efficiency of the charge-transfer state emission as a function of the 
applied voltage. Except for P3HT:PCBM, the EL efficiency is virtually voltage independent. 
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previously obtained values [27] and once more confirms the interpretation of the voltage-
dependent EL efficiency. It should be noted that similar slopes were obtained using P3HT 
obtained from different sources (see Experimental Section) and processing the films from 
different solvents.  
 The qualitative agreement of the EL ideality factor and efficiency measurements with 
the intensity dependence of Voc shows that our electroluminescence measurements are a 
relevant representation of recombination mechanisms in organic solar cells under operating 
conditions. Important in the comparison between recombination of photogenerated and 
voltage-generated charges is the electric-field and charge-density regime in which the 
measurements are performed. The ideality factor of the CT-state electroluminescence is 
obtained in the voltage regime just below the open-circuit voltage, which is actually close to 
the voltage of the maximum-power point. As the measurements are performed near flat-band 
condictions and in dark, the charge density in the EL ideality factor experiment is lower than 
under illumination. Since trap-assisted recombination (if present) is more dominant at lower 
densities [6,7], the amount of trap-assisted recombination is expected to be even lower under 
illumination. 

The EL efficiency measurements are performed in a regime where the effective 
applied electric field is similar to the fields in solar cells under operating conditions (although 
in opposite direction). As charge density is increased with applied voltage, a crossover from 
trap-assisted (if present) to bimolecular recombination is expected to occur in a certain 
voltage range, which is observed only for P3HT. As a result, it can be concluded that trap-
assisted recombination plays a role in a P3HT:PCBM solar cell both in dark and under 
illumination. 
 
 

 
 
Figure 8.4. Normalized Voc vs incident light intensity for the investigated polymer:fullerene solar cells. For 
P3HT:PCBM, the best fit to the data (solid line) has a slope (S) of 1.25 kT/q. The other investigated cells are 
well described by a line with a slope of kT/q. The Voc was normalized by addition of a constant so that the best 
fits of the separate datasets coincide at an intensity of 1400 W/m2. 
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8.4 Trap-assisted recombination in P3HT:PCBM 
 
Although both independent EL and Voc measurements indicate a substantial influence of an 
SRH-type recombination channel in P3HT:PCBM, the occurrence of this mechanism is not 
straightforward. The appearance of trap-assisted recombination requires the presence of a 
density of trap states, which should give rise to the observation trap-limited charge transport. 
However, the transport characteristics as measured in single-carrier diodes of P3HT and 
PCBM show trap-free behavior, which contradicts the presence of a large trap density.  

This apparent discrepancy can be resolved by considering the fact that recombination 
of free and trapped carriers are competing processes. As a consequence, the observation of a 
SRH mechanism can also be due to a reduced bimolecular recombination rate. Bimolecular 
recombination in organic semiconductors is usually of the Langevin type. As discussed in the 
previous chapter, greatly reduced bimolecular recombination rates have been measured for 
the P3HT:PCBM system [28-30]. The experimentally obtained value for the bimolecular 
recombination coefficient in those cells is approximately a factor of 1000 lower than for 
conventional Langevin recombination. 

Since the bimolecular Langevin recombination rate is greatly reduced in the 
P3HT:PCBM system, it is expected that SRH recombination can become apparent even when 
the trap density is small. To investigate at which trap density the transport is affected such that 
it can be observed experimentally, numerical drift-diffusion simulations[31] were carried out. 
Figure 8.5 shows simulations of the J-V characteristics of a P3HT hole-only diode for 
increasing hole-trap densities. It is clear that the effect of charge trapping on the hole current 
becomes negligible at trap densities below 2 × 1021 m-3, and hence impossible to observe from 
experimental J-V characteristics. 

The next step is to investigate whether such low trap densities are sufficient to explain 
the light-intensity dependence of Voc when a reduced bimolecular recombination rate is taken 
into account. Therefore, current-voltage characteristics of a P3HT:PCBM solar cell were 

 
 
Figure 8.5. Experimental (symbols) and simulated (lines) J-V characteristics of a P3HT hole-only device. The 
simulations are performed for increasing hole-trap densities [m-3] of a single-level trap with a depth of 0.5 eV. 
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simulated, where the competing recombination mechanisms were introduced in the 
simulations as described in chapter 3. A trap density of 2 × 1021 m-3 was already sufficient to 
described the enhanced Voc vs light intensity dependence of P3HT:PCBM. (Fig. 8.6), assuming 
that the bimolecular recombination rate was reduced by a factor 1000 as compared to the 
Langevin formula, in turn increasing the relative SRH contribution. Similar low trap 
concentrations have been measured for P3HT in recent studies [32-36]. As is obvious from 
Fig. 8.5, such a low trap density cannot be observed experimentally from the current of a 
single-carrier diode, so that the charge transport appears to be trap free. It should be noted 
that a slope of kT/q was obtained for the Voc-ln(I) data when bimolecular recombination 
would follow the conventional Langevin expression.  
 
 
8.5 Conclusions 
 
In conclusion, it was demonstrated that the nature of charge recombination in organic solar 
cells can be identified from the charge-transfer state electroluminescence. By measuring the 
slope of the onset of electroluminescence as a function of voltage, it is demonstrated that 
radiative recombination at the donor-acceptor interface originates from a bimolecular 
process. Nonradiative recombination becomes apparent when measuring the efficiency of the 
conversion of electrical charges into photons. The presence of nonradiative trap-assisted 
recombination gives rise to an increase in EL efficiency as a function of bias. Such voltage-
enhanced efficiency was observed only for P3HT:PCBM, whereas the other investigated 
systems showed a voltage-independent EL efficiency. Hence, P3HT:PCBM comprises an 
additional trap-assisted recombination channel, whereas bimolecular free-carrier 

 
 
Figure 8.6. Voc vs incident light intensity for a P3HT:PCBM solar cell (symbols). The lines represent 
simulations of a drift-diffusion model assuming a trap concentration of 2 × 1021 m-3 and are normalized at 
I = 1400 W/m2. A slope of kT/q was found when using the Langevin formula for bimolecular recombination, 
whereas an enhanced slope was found when a reduced bimolecular recombination rate was introduced, in 
agreement with the experimental data. 
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recombination is dominant in the other solar cells. Ultimately, this was confirmed by 
measurements on the light intensity-dependence of the open-circuit voltage. The 
manifestation of SRH-type trap-assisted recombination in P3HT:PCBM bulk-heterojunction 
solar cells is attributed to a reduced competing bimolecular recombination rate. In that case, a 
small number of trapping sites is sufficient to cause an enhanced light-intensity dependence of 
Voc, while having only a minor effect on charge transport.  
 
 
Experimental section 
 
Device Fabrication: For the fabrication of the polymer:fullerene solar cells, glass substrates, 
prepatterned with indium tin oxide, were thoroughly cleaned by washing with detergent 
solution and ultrasonication in acetone and isopropyl alcohol, followed by UV-ozone 
treatment. The cleaned substrates were coated in ambient air with a 60 nm film of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonic acid) (VP AI4083, H.C. Starck). Subsequently, 
photoactive layers with a thickness of 80-100 nm of PCPDTBT:PCBM (1:2), MEH-
PPV:PCBM (1:4), PF10TBT:PCBM (1:4) and P3HT:PCBM (1:1) were deposited by spin 
coating from chlorobenzene solution under N2 atmosphere. The P3HT:PCBM layers were 
annealed in N2 atmosphere for 10 minutes at 140 °C, immediately after deposition. The 
devices were finished by thermal evaporation of a LiF(1 nm)/Al(100 nm) cathode at a base 
pressure of 1 × 10-6 mbar. Hole-only devices were fabricated similarly in a 
glass/ITO/PEDOT:PSS/P3HT/Au structure. P3HT was obtained from Rieke Metals, Inc. 
(4002-EE) and Plextronics, Inc. (Plexcore® OS 2100). 
Device Characterization: Electrical measurements were conducted under controlled N2 
atmosphere, using a computer-controlled Keithley 2400 source meter. Electroluminescence 
was recorded simultaneously using a Hamamatsu S1336 silicon photodiode. For the 
measurements under illumination, a Steuernagel SolarConstant 1200 metal halide lamp was 
used, which was set to 1 sun intensity using a silicon reference cell and correcting for spectral 
mismatch. Intensity-dependent measurements were performed by using a set of neutral-
density filters to decrease the illumination level. 
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Summary 
 
 

| Summary 
 
 
Organic semiconductors are a very attractive class of materials. Like classical inorganic 
semiconductors, organic semiconductors can serve as the active component in electronic 
devices, such as solar cells, light-emitting diodes, and field-effect transistors. The attraction 
towards organic electronics stems from a number of advantages: organic semiconductors are 
typically lightweight, flexible, (semi)transparent, and easy to process. In addition, there are an 
almost infinite number of possibilities for tuning the chemical structure of these organic 
properties, resulting in an equal number of distinct optoelectronic properties. As a result, also 
in that respect, organic semiconductors comprise a large flexibility.  
 However, despite the abundance in future potential, there are still some issues that 
have to be solved for organic-semiconductor devices to compete with present-day technology. 
Most importantly, performance and lifetime have to be increased. In order to improve the 
performance of organic-semiconductor devices, a fundamental understanding of the device 
physics is indispensable. 
 This thesis focuses on the properties of charge transport and recombination in 
organic-semiconductor diodes. The most important organic devices that comprise a diode 
structure are organic solar cells and organic light-emitting diodes (OLEDs). Organic solar 
cells convert sunlight into electrical energy, while OLEDs produce light upon the application 
of electrical energy. Two of the main processes that govern the operation of these diodes are 
the transport and recombination of charge carriers. 
 Charge transport describes the movement of charges through the semiconductor. In 
an OLED, injected electrons and holes are transported through the organic semiconductor, 
after which the recombination process can occur. In an organic solar cell, photogenerated 
charge carriers are transported toward the electrodes to produce an electrical current. As 
organic semiconductors typically have a disordered conformation when processed into a thin 
film, also their energetic properties are subject to disorder. As such, charge transport occurs 
via a phonon-assisted hopping process through a landscape of energetically-distributed 
localized states. Therefore, charge transport has vastly distinct properties as compared to band 
conduction in classical inorganic semiconductors. In addition, charge transport can be 
hindered by so-called trapping sites, which are energetically-favorable isolated states that can 
trap mobile charges that move through the organic semiconductor. 
 Next to the charge-transport process, also the recombination of charge carriers plays 
an important role in organic diodes. When an electron and a hole meet, they may recombine, 
which can result in the emission of a photon. In an OLED, the recombination process is 
responsible for the light emission, while in a solar cell, recombination is a loss mechanism. In 
the latter case, photogenerated charges are annihilated in the recombination process and can 



Summary 

112 
 

no longer contribute to the generation of an electrical current. It is evident that a fundamental 
understanding of charge transport and recombination is necessary to improve the 
performance of organic-semiconductor diodes. 
 In chapter 2 of this thesis, charge transport is investigated in a donor-acceptor 
copolymer. Remarkably, it is observed that both electron and hole transport are trap free, 
which is uncommon for an organic semiconductor. In many cases, electron transport shows 
distinct trapping behavior and is inferior to hole transport. Due to the large electron affinity of 
the investigated copolymer, the commonly-observed trapping sites are no longer energetically 
favorable and electron transport shows trap-free behavior. In addition, the electron mobility is 
observed to be more than two orders of magnitude higher than the hole mobility, which is 
explained by quantum chemical calculations. These results show that electron trapping can be 
avoided by using materials with deep energy levels. 
 In chapter 3, it is demonstrated that electron traps do not only hinder charge 
transport, but also negatively affect the recombination process. By studying the diode ideality 
factor of single-layer OLEDs, it is observed that trap-assisted recombination occurs in these 
devices, competing with radiative bimolecular free-carrier recombination. Trap-assisted 
recombination is identified as a nonradiative process that is dominant at low driving voltages. 
Because of its nonradiative nature, trap-assisted recombination is a loss mechanism in 
OLEDs. The two competing recombination mechanisms can be disentangled by studying the 
luminance ideality factor of a white-emitting polymer, in which both trap-assisted and 
bimolecular recombination are radiative. 

The physical origin of trap-assisted recombination in organic semiconductors is 
investigated in the following chapter. It is demonstrated that the rate-limiting step for this 
recombination mechanism is the diffusion of free holes towards trapped electrons in their 
mutual Coulomb field. As a result, the trap-assisted recombination rate follows directly from 
the hole mobility, allowing quantification of this loss mechanism. 

While the ideality factor can be used as a fingerprint for the present recombination 
mechanism, the origin of the ideality factor in single-carrier diodes, in which recombination is 
absent, is unclear. The regime in the current-voltage characteristics from which the ideality 
factor is determined is dominated by the diffusion of charge carriers. Previous research 
suggests that diffusion in disordered semiconductors does not obey the classical Einstein 
relation, which connects the kinetic coefficients of diffusivity and mobility. Studying the 
diffusion-driven current in single-carrier diodes, however, shows that the Einstein relation is 
violated only under nonequilibrium conditions, due to the presence of deeply-trapped 
carriers. Removal of these deeply-trapped carriers by recombination proves the validity of the 
classical Einstein relation in disordered semiconductors in thermal (quasi)equilibrium. 

With the increased knowledge about diffusion currents in OLEDs and single-carrier 
devices, the dark-current ideality factors of polymer:fullerene bulk-heterojunction solar cells 
are examined in chapter 6. In a solar cell, both electron and hole transport show trap-free 
behavior. While also for such solar cells a deviation of the ideality factor from unity is 
commonly ascribed to the presence of trap-assisted recombination, it is demonstrated that 
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this does not have to be the case. Like in a single-carrier diode, the ideality factor can deviate 
from unity, even in the absence of recombination. It is demonstrated that trap-assisted 
recombination is absent, while the nonideality is caused by the transport properties of the 
transport-dominating constituent of the donor:acceptor blend. 

Since trap-assisted recombination typically plays a minor role in organic solar cells, 
bimolecular recombination is the most important loss mechanism. However, the bimolecular 
recombination rate frequently appears to be reduced with respect to the expected Langevin 
rate. Therefore, a steady-state technique to quantify the bimolecular recombination rate is 
introduced in chapter 7. It is observed that the recombination rate in the P3HT:PCBM system 
is reduced by about three orders of magnitude as compared to Langevin recombination. For 
other systems, the reduction is substantially less pronounced. 
 The absence of trap-assisted recombination in organic solar is further substantiated in 
chapter 8. Here, it is demonstrated that emission from the charge-transfer state has a 
bimolecular origin, evidenced by the luminance ideality factor. Studying the voltage 
dependence of the electroluminescence quantum efficiency reveals that nonradiative trap-
assisted recombination is absent in most polymer:fullerene blends. However, it is shown that 
in the P3HT:PCBM system a significant contribution of trap-assisted recombination is 
present. Since it has been demonstrated in chapter 7 that bimolecular recombination is very 
weak in this system, a competing trap-assisted recombination mechanism from a small 
number of traps can become apparent. 
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| Samenvatting 
 
 
Organische halfgeleiders vormen een zeer aantrekkelijke klasse van materialen. Net zoals 
klassieke anorganische halfgeleiders kunnen organische halfgeleiders dienen als de actieve 
component in elektronische schakelingen, zoals zonnecellen, lichtuitstralende diodes (leds) en 
veldeffecttransistors. De aantrekkelijkheid van organische elektronica vindt zijn oorsprong in 
een aantal voordelen: organische halfgeleiders zijn typisch licht in gewicht, flexibel, 
lichtdoorlatend en eenvoudig te verwerken. Bovendien zijn er ontelbare mogelijkheden voor 
het aanpassen van de chemische structuur, hetgeen resulteert in een overeenkomstige 
verscheidenheid aan opto-elektronische eigenschappen. Ook in dat opzicht bezitten 
organische halfgeleiders dus een grote flexibiliteit. 

Ondanks de overvloed aan toekomstperspectief resteren er echter enkele problemen 
die opgelost dienen te worden alvorens toepassingen op basis van organische halgeleiders 
kunnen concurreren met de huidige technologie. Voorop staat dat de prestaties en levensduur 
moeten worden verbeterd. Om de prestaties te verbeteren is een fundamenteel inzicht in de 
fysica van deze organische elektronische componenten onmisbaar. 

Dit proefschrift richt zich op de eigenschappen van ladingstransport en -recombinatie 
in organische halfgeleiderdiodes. De belangrijkste organische componenten met een 
diodestructuur zijn organische zonnecellen en organische leds (OLEDs). Organische 
zonnecellen zetten zonlicht om in elektrische energie, terwijl OLEDs licht produceren uit 
elektrische energie. Twee van de belangrijkste processen die de werking van deze diodes 
bepalen zijn het transport en de recombinatie van ladingsdragers. 

Ladingstransport is het proces van het bewegen van ladingen door de halfgeleider. In 
een OLED bewegen geïnjecteerde elektronen en gaten zich door de organische halfgeleider, 
wat kan leiden tot het recombinatieproces. In een organische zonnecel worden onder 
belichting vrije ladingsdragers gecreëerd die zich vervolgens naar de elektrodes bewegen, wat 
resulteert in een elektrische stroom. Omdat organische halfgeleidermoleculen in een dunne 
laag zich vaak wanordelijk schikken zijn ook hun energetische eigenschappen onderhevig aan 
wanorde. Dit heeft als gevolg dat ladingstransport plaatsvindt via een fonon-geassisteerd 
hopping proces door een landschap van energetisch verdeelde gelokaliseerde toestanden. 
Daarom heeft het ladingstransport duidelijk verschillende eigenschappen in vergelijking met 
het bandtransport in klassiek halfgeleiders. Verder kan het landingstransport gehinderd 
worden door zogenaamde ladingsvallen (Engels: traps), wat energetisch gunstige, geïsoleerde 
toestanden zijn die mobiele ladingen kunnen invangen die zich door de organische 
halfgeleider bewegen. 

Behalve het ladingstransport speelt ook de recombinatie van ladingsdragers een 
belangrijke rol in organische diodes. Wanneer een elektron en een gat elkaar tegenkomen 
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kunnen ze recombineren, wat kan resulteren in het uitzenden van een foton. In een OLED is 
het recombinatieproces verantwoordelijk voor het uitzenden van licht, terwijl recombinatie 
een verliesmechanisme is in een zonnecel. In het tweede geval worden fotogegeneerde 
ladingen vernietigd in het recombinatieproces en kunnen derhalve niet meer bijdragen aan de 
opgewekte elektrische stroom. Het is evident dat een fundamenteel begrip van 
ladingstransport en -recombinatie noodzakelijk is om de prestaties van organische 
halfgeleiderdiodes te verbeteren. 

In hoofdstuk 2 van dit proefschrift wordt ladingstransport in een donor-acceptor 
copolymeer onderzocht. Opmerkelijk is dat het transport van zowel elektronen als gaten niet 
gehinderd wordt door ladingsvallen, wat vrij ongebruikelijk is voor een organische 
halfgeleider. In veel gevallen wordt het elektronentransport sterkt gehinderd door 
ladingsvallen en is daardoor minder goed dan het gatentransport. Als gevolg van de grote 
elektronenaffiniteit van het onderzochte copolymeer zijn de gebruikelijke ladingsvallen niet 
meer energetisch gunstig gelegen, waardoor ze geen ladingen meer kunnen invangen. Voorts 
blijkt de elektronenmobiliteit meer dan twee ordes van grootte hoger te zijn dan de 
gatenmobiliteit, wat verklaard wordt met kwantumchemische berekeningen. Deze resultaten 
tonen aan dat het invangen van elektronen in ladingsvallen kan worden vermeden door 
materialen te gebruiken met diepe energieniveaus. 

In hoofdstuk 3 wordt aangetoond dat ladingsvallen niet alleen het ladingstransport 
hinderen, maar ook het recombinatieproces negatief beïnvloeden. Door de idealiteitsfactor 
van enkellaags OLEDs te bestuderen wordt het duidelijk dat trap-geassisteerde recombinatie 
plaatsvindt, concurrerend met de bimoleculaire recombinatie van vrije ladingsdragers. Trap-
geassisteerde recombinatie wordt geïdentificeerd als een proces dat niet tot het uitzenden van 
een foton leidt en dominant is bij een lage aangelegde spanning. Omdat deze vorm van 
recombinatie niet leidt tot het uitzenden van licht is het een verliesmechanisme in OLEDs. De 
twee concurrerende recombinatieprocessen kunnen worden onderscheiden door de 
idealiteitsfactor van het licht van een witte OLED te bestuderen, waarin zowel de 
bimoleculaire als de trap-geassisteerde recombinatie leiden tot het uitzenden van licht. 

De fysische oorzaak van trap-geassisteerde recombinatie wordt onderzocht in het 
daaropvolgende hoofdstuk. Het wordt aangetoond dat de snelheidsbepalende stap in dit 
proces de diffusie van vrije gaten richting ingevangen elektronen in hun onderlinge 
elektrostatische veld is. Dientengevolge volgt de recombinatiesnelheid direct uit de 
gatenmobiliteit, wat het mogelijk maakt om dit verliesmechanisme te kwantificeren. 

Hoewel de idealiteitsfactor kan worden gebruikt als uniek kenmerk om verschillende 
recombinatiemechanismen te onderscheiden is de oorzaak van de idealiteitsfactor in diodes 
waar geen recombinatie plaatsvindt onduidelijk. Het is bekend dat de diffusie van 
ladingsdragers de stroom veroorzaakt in het gebied van de stroom-spanningskarakteristiek 
waaruit de idealiteitsfactor bepaald wordt. In eerder onderzoek is gesuggereerd dat diffusie in 
wanordelijke halfgeleiders niet voldoet aan de klassieke Einstein relatie, die de kinetische 
coëfficiënten diffusiviteit en mobiliteit aan elkaar verbindt. Door de diffusiestroom in 
organische diodes te bestuderen is gebleken dat de Einstein relatie slechts geschonden wordt 
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buiten thermisch evenwicht, wat veroorzaakt wordt door de aanwezigheid van diep 
ingevangen ladingsdragers. Wanneer deze ladingsdragers middels recombinatie worden 
weggenomen blijkt dat de klassieke Einstein relatie geldig is in wanordelijke halfgeleiders is 
thermisch (quasi-)evenwicht. 

Met de toegenomen kennis over diffusiestromen in OLEDs en andere organische 
diodes wordt de aandacht in hoofdstuk 6 gericht op de idealiteitsfactor van de donkerstroom 
in organische bulk heterojunctie zonnecellen. In dergelijke zonnecellen is wordt het 
ladingstransport niet gehinderd door ladingsvallen. Hoewel ook voor zulke zonnecellen een 
afwijking van de idealiteitsfactor van 1 vaak wordt toegewezen aan de aanwezigheid van trap-
geassisteerde recombinatie, wordt het aangetoond dat dit niet het geval hoeft te zijn. Net zoals 
in een diode die slechts één type ladingsdrager geleidt, kan de idealiteitsfactor afwijken van 1, 
zelfs wanneer er geen recombinatie plaatsvindt. Het wordt aangetoond dat trap-geassisteerde 
recombinatie niet plaatsvindt, terwijl de niet-ideale diode karakteristiek wordt veroorzaakt 
door de transporteigenschappen van de component in het donor:acceptor mengsel die het 
ladingstransport domineert. 

Omdat trap-geassisteerde recombinatie typisch een kleine rol speelt in organische 
zonnecellen is bimoleculaire recombinatie het voornaamste verliesmechanisme. De 
bimoleculaire recombinatiesnelheid blijkt echter in veel gevallen gereduceerd te zijn ten 
opzichte van de verwachte Langevin recombinatiesnelheid. Daarom wordt er een stationaire 
toestandsmethode om de recombinatiesnelheid te kwantificeren geïntroduceerd in hoofdstuk 
7. De recombinatiesnelheid in het P3HT:PCBM systeem blijkt 3 ordes van grootte 
gereduceerd te zijn ten opzichte van Langevin recombinatie. Voor andere systemen is de 
reductie minder nadrukkelijk. 

Dat trap-geassisteerde recombinatie niet plaatsvindt in organische zonnecellen wordt 
verder onderbouwd in hoofdstuk 8. Hier wordt aangetoond dat de fotonemissie van de 
ladingsoverdrachtstoestand een bimoleculaire oorsprong heeft, wat volgt uit de 
idealiteitsfactor van de uitgezonden straling. De spanningsafhankelijkheid van de 
kwantumefficiëntie van de elektroluminescentie onthult dat trap-geassisteerde recombinatie 
niet plaatsvindt in de meeste polymeer:fullereen mengsels. Dit geldt echter niet voor het 
P3HT:PCBM systeem, waarvoor een significant aandeel van trap-geassisteerde recombinatie 
aanwezig is. Aangezien het in hoofdstuk 7 werd aangetoond dat bimoleculaire recombinatie 
zeer zwak is in dit systeem, wordt het concurrerende trap-geassisteerde recombinatieproces 
van een klein aantal ladingsvallen zichtbaar. 
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