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Introduction 
 

Abstract 
 
Conjugated polymers have shown a tremendous potential for lighting applications since 
their semiconducting properties were discovered. From commercial point of view white 
polymer light-emitting diodes (LEDs) are considered as promising candidates for 
substituting the energy consuming light bulbs which transfer 90% of the energy into heat. 
One way to generate white light is by blending a red polymer (MEH-PPV) with a blue host 
polymer (PFO). Compared to the blue host polymer, a decrease of the device current can be 
observed when the red polymer is blended in. This can be attributed to the fact that the red 
polymer is acting as a charge trap. By changing the ratio of the polymers the emission 
spectrum of the blend can be tuned. In this particular case, the single-emission-layer devices 
are easy to process and assure a low operating voltage (~2.1 V). The transport properties of 
the polymers can be estimated from different models.  
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Chapter 1 
Introduction 

 

1.1   Conjugated polymer 
In a conjugated polymer (CP) the carbon atoms are covalently bonded by alternating single 
and double bonds, such as polyacetylene (Fig. 1.1). In polyacetylene the � -bonds are 
oriented along the chain and the � -bonds perpendicular to the chain. X-ray diffraction shows 
that there is indeed a bond alternation (between single and double bonds) of 0.08 Å inside 
polyacetylene. This confirms that instead of delocalizing along the whole chain, the � -
electrons would like to set in between two carbon atoms and form a chemical bond (� -
bond). The energy gap between the highest occupied molecular orbital (HOMO) and the 
lowest unoccupied molecular orbital (LUMO) is around 1.5 eV, suggesting that 
polyacetylene (or more generally, a conjugated polymer) is a semiconductor.  
 

 
 
Figure 1.1: Chemical structure and schematic drawing of polyacetylene. Reproduced from 
[1]. 
 

1.2   Charge transport models 
The polymer system is considered to be disordered, since not all the polymer chains have 
exactly the same length. The task to reveal the charge transport in polymers is proved to be 
not trivial. Up till now there is no uniform way, and many models have been designed to 
describe the mobility. In most of the models the mobility is found to be dependent on charge 
carrier density, electric field and temperature. 
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1.2.1   The SSH model 

Charge carriers in polymers are largely localized. They can jump from one state to another 
by absorbing or emitting a phonon, i.e., the hopping process, and in the end form net 
current. The original model to describe this hopping process is presented by Su, Schrieffer, 
and Heeger (SSH) [2, 3]. The whole SSH theory is based on polyacetylene, uses a tight-
binding model for the � -electrons, and neglects the electron-electron interactions. The 
delocalization of solitons or polarons has been taken into account. Treating the material as a 
highly ordered system leads this model to some extent far away from the reality. 
 

1.2.2   The field and density dependence of the mobility 

The field dependence of the mobility, which is also called Poole-Frenkel behavior, is given 
by [4, 5]: 
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�  is the zero-field activation energy, F is the electric field, kB is the Boltzmann constant, 
� E=0 is the mobility at zero electric field and infinite temperature. �  is the field dependence 
parameter given by: 
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� 0 is the conductivity prefactor, � -1=0.16 nm is the effective overlap parameter between 
localized states, Bc=2.8 is the critical number for the onset of percolation, T0 is the width of 
the exponential density of states. 
Both Eq. 1.1 and Eq. 1.2 are empirical formulas. 
 

1.2.3   The Gaussian disorder model and the correlated disorder model 

In a disordered system, the energy levels are related to the conjugation lengths of the 
polymers. Different conjugation lengths give different energy levels. This spread of the 
energy level (lowest unoccupied molecular orbital (LUMO) and the highest occupied 
molecular orbital (HOMO)) of the polymer can be approximated using a Gaussian 
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distribution and can be proven by the electro-luminescence spectrum (See Ch. 2 Fig. 
2.11(right)). For physicists the HOMO and LUMO are also called valence band and 
conduction band, respectively. However in a crystal the energy band comes from the 
diffraction of the quantum mechanical electron waves in the periodic crystal lattice [6]. The 
concept of “valence band” and “conduction band” in a disordered system is totally different 
with that in a crystal.  
Under this Gaussian distribution approximation, the density of states (DOS) is given by [7, 
8]: 
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N is the total density of states, � DOS is the width of the Gaussian density of states, E is the 
energy at the center of the density of states.  
This approach leads to two well known models �  the Gaussian disorder model (GDM) and 
the correlated disorder model (CDM). In the GDM, the energy sites are randomly 
distributed in the Gaussian DOS. At equilibrium, most of the charge carriers sit at the 
bottom of the Gaussian DOS (-� DOS

2/kBT below the center of the DOS). To form a net 
current, the charge carriers have to be excited to the transport level (-(5/9)� DOS

2/kBT below 
the center of the DOS). The charge transport is simulated using the Monte Carlo simulation 
[9, 10]: 
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C is a constant that depends on the site spacing, � 0 is the mobility when F = 0 and T �  � , �  
is the degree of positional disorder. 
 
Because the GDM fails in the low field region (<108 V/m), a correlated Gaussian disordered 
model (CDM) was introduced by Dunlap et al [11, 12]. In this model, long-range charge-
dipole interactions are taken into account, which gives the long-range spatial correlations 
between the energy sites. 
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a  is the intersite separation. Consequently, CDM gives a better prediction for the 
temperature and field dependence of the mobility.  
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In the transition state theory, the Arrhenius equation [13, 14] is always used for the 
temperature dependence of the transition rate of the system: 
 

RTEaAek /-=  
 
k is the rate constant, Ea is the activation energy, A is the pre-exponential factor and R is the 
gas constant. Note that Arrhenius equation has a similar form as the Maxwell-Boltzmann 
distribution.  
Both GDM and CDM give non-Arrhenius behavior: 
 

2)/( TkBe sm -µ  
 
At high temperatures (> ~150 °C) the polymers degrade rapidly, it is therefore hard to say 
whether the mobility obeys the Arrhenius equation or not. 
 

1.2.4   Pasveer’s model 

Pasveer’s model is another successful model that is based on a master equation. The origin 
of the model comes from Böttger and Bryksin [15,16,17,18]. In physics, a master equation 
describes the occupation of a discrete set of states in a system. The origin of the master 
equation comes from the Hamiltonian of a microscopic electron-phonon coupling system: 
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mmme aaJaaEĤ                                                           (1.3) 

� += +

q
qqqph bbH )

2
1

(ˆ w�                                                                          (1.4) 

�� ++
- +=

q
qmqmq

m
mmphe bqubquaaH

�
��

��
� ])()([ˆ *w                                  (1.5) 

mm aa ,  +  and qq bb ,  +  are the creation annihilation operators for electron and phonon 
respectively. 
The Hamiltonian eĤ  represents the electron energy. Em is the kinetic energy of an electron 
in state m. By definition: 
 

mmm naa ˆ=+
 

 
mn̂  is the number operator. So the first term in the left side of Eq. 1.3 gives the total kinetic 

energy of all the electrons. Jmm’ is the single particle potential that works on all the electrons. 
It is also called the transfer integral between the sites m’ and m, since this potential does 
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nothing other than scatter one electron from site m to site m’. Similarly, Eq. 1.4 gives the 
total energy of the phonons, where � q is the phonon frequency and q

�  is phonon wave 
vector. Eq. 1.5 describes the electron-phonon interaction, which is the crucial term for the 
phonon-assisted hopping process in disordered systems. The quantity )(qum

�  is related to the 
dimensionless electron-phonon coupling constant)(qm

�g , by 
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 is the position of the particle. 
Note that the expressing of the Hamiltonian in second quantization form simplifies the 
interaction terms, which are the most difficult to solve in the Schrödinger equation. The 
electron-electron interactions are neglected, since it is assumed that the distance between 
two electrons is large enough and Coulomb electrostatic repulsion does not play an 
important role here. Furthermore, the temperature is too high for electrons to form Cooper 
pairs.  
If an external electric field )(tF

�
 is applied, the energy increase of the electrons is given by 
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The probability current is related to the probability density by the continuity equation: 
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Here the current is given by 
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	  is the volume, and 
 mm is the density matrix: >=< '|ˆ|' mmmm rr . 
The density operator r̂  comes from the following. The average value of a quantity A is 
given by 
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Where TkB/1=b , Ai is the value of A in a state i. Similarly, Ei is the energy of the system in 
the state i. The nominator can be written by 
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By defining r̂  as 
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From the quantum Liouville equation, by using Hartree-Fock approximation and so on, the 
calculation ends up with Master-equation [15]: 
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Wmm’ is the hopping rate. The first term in the summation describes the probability of one 
charge carrier to hop from state m to m’. 
 m gives the possibility that state m is filled. 1- 
 m’ 
gives the possibility that state m’ is empty. Similarly the second term in the summation 
describes the probability of one charge carrier to hop from state m’ back to m. If one 
assumes that the barrier between state m and m’ is a square potential, the wave function of 
the particle decays exponentially within the barrier (Fig. 1.2).  
 

 
 
Figure 1.2: The hopping process is determined by the overlap of the exponential tail of the 
wave functions. 
 
The tunneling possibility Wmm’ is given by 
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phu  is the Miller-Abrahams transition rate. || '' mmmm RRR
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-=  is the distance between sites m 

and m’. e is the charge of the carrier. a/10=a , where a is the lattice constant. For a 
polymer, a is a number between 1.6 nm and 1.8 nm [19]. F

�
 is the electric field. R

�
 is the 

projection of mm RR
��

-'  in the F
�

 direction. For a charge carrier to jump to a high energy level 
(Em’>Em), an extra energy of Em’ -Em is required.  
Under an electric field all the electrons go in the same direction and no electrons can hop 
back, then  
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so only the first part in Eq. 1.7 is considered.  
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Bring Eq. 1.8 in Eq. 1.6 and from the equation EenJ m= , one finds that the mobility can be 
written as 
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To model the mobility, energy sites are designed randomly spreading in the Gaussian 
density of state. The calculation is very time consuming. Instead of solving Eq. 1.9, Pasveer 
et al used compact modeling and obtained following formulas [19]: 
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dependent mobility is given by: 
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The current density as a function of the voltage can be estimated by the following functions: 
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When charge carrier density and electric field are not too high (p<0.1 a-3, F<3� /ea), the 
solution from the compact model Eq. 1.10 can be very accurate (Fig. 1.3). 
 

 
 
Figure 1.3: The mobility as a function of charge carrier density (left) and field (right) at 
different temperatures. Symbols: numerical results. Solid line: fits from the compact 
modeling. Reproduced from [19]. 
 
Pasveer’s model is a powerful tool for analysis and can model most of the polymer devices 
at the present time. The drawback of the Pasveer’s model is that it fails to unify the charge 
transport in LEDs and field effect transistors (FETs). The typical order for the mobility of 
the charge carriers in LEDs is around 10-11 m²/Vs. However in FETs this number is 4 or 5 
orders higher than LEDs. This difference can be explained by considering the charge carrier 
densities (Fig. 1.4). If there is the same concentration of charge carriers in LEDs as in FETs, 
the mobility should also be same. Unfortunately one couldn’t fit these data by Pasveer’s 
model.  
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Figure 1.4: (a) The mobility as a function of charge carrier density in a LED and a FET. (b) 
The activation energy of the polymer in LED and in FET (under different gate voltage). 
Reproduced from [24]. 
 
 
 

1.2.5   The exponential trapping model 
 
 

 
 
Figure 1.5: Schematic drawing of the electron traps exponentially spread under the LUMO. 
 
Charge carriers may be trapped in some of the polymers. Many models are designed for this 
trapping effect, such as single level trapping model (for shallow traps), Gaussian trapping 
model, etc. The exponential trapping model is most commonly used for modeling [20]. In 
this model, it is assumed that the traps are exponentially distributed within the energy gap 
(Fig. 1.5): 
 

tBTk
E

tB

t e
Tk

N
EDOS

-

=)(
                                                                  (1.11) 

 



 
 

  13 
 
 

Introduction 
 

Nt is the amount of traps, Tt is the characteristic constant of the distribution. Under the 
assumption of Fermi-Dirac distribution at 0K: 
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the integral of Eq. 1.11 gives the trap density: 
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n is the charge carrier density, N0 is the number of the charge carriers, EF is the Fermi 
energy. Note the Fermi-Dirac distribution is used here, since two charge carriers can not 
stay in the same energy state (conjugated segment), because of the Coulomb repulsion. 
From Poisson’s equation: 
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and under the boundary condition of Eq. 1.12: 
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when the concentration of deep traps is much larger than the free carrier concentration, the 
current density scales with voltage and thickness is estimated as following: 
 

12

1
10

0 ])
1

()
1
12

[()( +

+
+

++
+

= r

r
rrr

t

r

L
V

r
r

r
r

eN
eNJ

ee
m                                     (1.13) 

 
where e is the elementary charge, � 0 and � r are the dielectric constant of vacuum and 
polymer respectively, V is the applied voltage, L is the thickness, �  is the free charge carrier 
mobility, Nc is the density of states, and r=T t/T. 
 

1.2.6   Space charge limited current 

If we change the assumptions from Tt to T (i.e. r=1), Nt to N0, and spontaneously nt change 
to n. In this case there is no trapped charge carrier in the device any more, Eq. 1.13 will 
become the well known Mott-Gurney equation [22]: 
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where JSCLC is the space charge limited current (SCLC). The origin of the SCLC come from 
the following: under high bias more charges are injected from the electrode than the bulk 
can transport. The accumulation of the charges in the bulk will create an electric field and 
reduce the charge injection from the electrode. In the end the current is controlled not only 
by the applied voltage, but also by the space charge accumulated in the bulk of the 
semiconductor or, in other words, by the carrier mobility in the semiconductor that limits 
the transport. 
 

1.2.7   Device fabrication 
 

 

 
 
Figure 1.6: Schematic drawing of a polymer LED (left) and its energy-band diagram (right). 
 
The device geometry is shown in Fig 1.6(left). On the glass substrate an indium-tin-oxide 
(ITO) layer has already been deposited as transparent (the refractive index n=1.95) anode. 
After treated by UV-ozone for 20 minutes the work function of ITO will change from 4.8 
eV to 5.2 eV. A 50 nm thick low ohmic doped conjugated polymer PEDOT:PSS 
(polyethylenedioxythiophene : polystyrenesulfonate) layer is spin-coated on top of it right 
after the UV-ozone treatment to keep the work function of the anode fixed at the high value. 
After baking the sample at 140 ºC for 10 minutes, the water from the PEDOT:PSS solution 
is removed and the sample is totally dry.  
The polymer solution is prepared and kept on the hot plate (~70 ºC) for more than 12 hours. 
The common solvents used for polymer solution are toluene, chlorobenzene and 
chloroform. Water and oxygen will cause degradation of the device, so the polymer is spin-
coated in a nitrogen atmosphere. To get an uniform polymer layer, the spin speed should be 
higher than 1000 rpm. The thickness of the polymer is measured by a Dektak profile 
analyzer or atomic force microscope (AFM). 
The last step is to deposit the top electrode. Low work function materials such as calcium or 
barium are usually chosen as the materials for cathodes of LEDs (Fig. 1.7(c)). This layer is 
around 5 nm thick and will be covered by a 100 nm aluminum layer for protection.  
In a hole-only (HO) device the only difference compared to a LED is that the top contact 
consists of a 20 nm thick palladium layer and an 80 nm thick gold layer, instead of barium 
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and aluminum. The high work function metal of gold and palladium (around 4.8 eV) acts as 
electron blocking layer since, under forward bias, the high injection barrier (between the 
work function of the cathode and the LUMO of the polymer) prevents the electrons going 
into the polymer region (Fig. 1.7(a)). In this way the hole transport properties of the 
polymer can be measured.  
Similarly, in an electron-only device, instead of using ITO and PEDOT:PSS, a 30 nm thick 
aluminum layer is deposited on bare glass as bottom contact and the other layers are same as 
the LED. The aluminum layer is easily oxidized and forms a thin film of aluminum oxide 
layer on top of the aluminum. At the same time, the work function of this aluminum cathode 
changes from 4.2 eV to 3.7 eV [23] �  resulting in a large injection barrier (between the 
work function of the anode and the HOMO of the polymer) for the holes (Fig. 1.7(b)). The 
current-voltage (J-V) properties of the device are measured using a Keithley 2400 Source 
meter. The electroluminescence spectra of the LEDs are measured using an OceanOptics 
USB 2000 spectrometer.  
 
 

 
 
Figure 1.7: Energy band diagram of (a) HO, (b) EO and (c) LED 

1.2.8   Modeling 

In the following chapters different kinds of devices are fabricated and measured according 
to the procedures introduced above. The device properties are estimated using different 
models. The modeling is a tool for gaining further insight in the fundamental physics 
involved and it can be used to improve the experimental work. The procedure for the 
modeling is: 
 
·  HO devices with different thicknesses are fabricated and measured. The J-V 

characteristics of the devices are fitted using different models. Both the density 
dependent mobility model and Pasveer’s model are used. Under low temperature or high 
bias the field dependent mobility model (See Ch. 1.2.2) is involved. The fitting 
parameters obtained from the modeling represent the hole transport properties of the 
polymer. 

 
·  EO devices with different thicknesses are fabricated and measured. In most of the 

polymers like PFO or MEH-PPV, the electrons are easily trapped in the polymers. With 
the same device thickness the electron current in EO devices is much lower than the hole 
current in HO devices. When fitting the J-V characteristics of EO devices, the 
exponential trapping model is used in combination with the density dependent mobility 
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model or Pasveer’s model. Similar results can be obtained by setting either low mobility 
of the electrons or high density of the traps. Here we assume the electron mobility is the 
same as the hole mobility (obtained from the HO devices) � e=� h and change the number 
of the traps to fit the J-V curve of the EO devices. 

 
·  After both electron and hole transport properties are available, LED data are modeled 

with a double-carrier transport model. The fitting parameters are kept the same with 
those obtained above. 
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Chapter 2 
Red-emission polymer 

 
 

Figure 2.1: The chemical structure of MEH-PPV 
 
The poly(p-phenylene vinylene) PPV-derivatives are famous for their red 
electroluminescence properties. In this thesis the poly(2-methoxy, 5-(2’-ethylhexyloxy)-p-
phenylenevinylene) MEH-PPV is used. It has a HOMO level of 5.2 eV and a LUMO level 
of 2.9 eV. The chemical structure of MEH-PPV is presented in Fig. 2.1. The long side chain 
makes the polymer soluble. Toluene is used as the solvent for spin casting the solution.  
 

2.1   Current-voltage measurements of HO devices 
To obtain hole transport properties of MEH-PPV, HO devices are fabricated. The measured 
J-V characteristics with different thicknesses are given in Fig. 2.2(a). The down-scan 
follows the same route as the up-scan. This suggest that the hole transport in MEH-PPV is 
trap free. 
The onset of the light-output is the upper limit of the modeling, since under higher bias 
some electrons can go across the barrier and start to play a role in the charge carrier 
transport. The 2.0 eV difference between the work function of the gold cathode and the 
LUMO of MEH-PPV should be large enough to block the electrons. However, the electron 
injection starts at a bias of only 2 V (Fig. 2.2(b)). One possible explanation is that the holes 
in the device assist the electron injection or that a strong interface dipole is formed between 
MEH-PPV and Au. 
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Figure 2.2: (a) The J-V characteristics of MEH-PPV HO devices with different thickness: 
165 nm, 130 nm and 80 nm. (b) Photocurrent-voltage characteristics. 
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2.1.1   Modeling from the density dependent mobility model 

The J-V characteristics MEH-PPV HO devices are presented in Fig 2.3. When the applied 
voltage is larger than 0.2 V, the device current will change quadratic with the voltage at 
room temperature, i.e., the current density is characterized by the Mott-Gurney relation (See 
Ch. 1.2.6). The experiment data is fitted using the density dependent mobility model (Eq. 
1.2). The parameters are listed in Table 2.1. Here only the drift current is taken into account 
and is given by 
 

pFqJ pp m=  
 
Jp is the hole current density, � p is the hole mobility. Vbi=0.7 V is the built-in voltage. 
 

� p (10-11 m2/Vs) Polymer T0 (K) � 0 (106 S/m) 
295 K 275 K 255 K 235 K 215 K 

MEH-PPV 490 10 7 7 2 0.5 0.1 
Table 2.1: Fit parameter T0, � 0 and � p from the density dependent mobility model (Eq. 1.2) 
at different temperatures: 295 K, 275 K, 255 K, 235 K and 215 K. 
 
At room temperature the data from modeling fits the experimental data very well. However 
at low temperature and high bias the parameters obtained from the modeling (Eq. 1.2) starts 
to deviate from the experimental data. In this case the field dependent mobility model 
should be included [26-30]. 
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Figure 2.3: J-V characteristics of MEH-PPV HO devices at different temperature: 295 K, 
275 K, 255 K, 235 K and 215 K. The device thicknesses are (a) 80 nm, (b) 130 nm and (c) 
165 nm. The solid lines represent the prediction of the density dependent mobility model 
(Eq. 1.2). 
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2.1.2   Modeling from Pasveer’s model 

The solid lines in Fig. 2.4 represent the prediction of Pasveer’s model. The parameters are 
listed in Table 2.2. Note that here � 0 is not the mobility but a prefactor. �  is the width of the 
Gaussian density of states and a is the lattice constant. In this model both drift and diffusion 
current are taken into account. The current density is given by  
 

pqDpFqJ ppp Ñ-= m  
 
where the carrier diffusion constant Dp is given by the Einstein relationship [31] 
 

pBp qTkD m)/(=  
 
Because of the limitation of the calculation method, the modeling data gives diversions at 
low temperature. For more details of the calculation please look at [32]. 
 

Polymer Vbi (V) �  (eV) � 0 (m
2/Vs) a (nm) 

MEH-PPV 0.7 0.14 5000 1.6 
Table 2.2: Fit parameter a, �  and � 0 from Pasveer’s model (Eq. 1.10). 
 
�  is the standard deviation of the Gaussian function which represents the order of the 
material. For MEH-PPV the value of � =0.105 eV is published as optimal fitting parameters 
[33]. This value is obtained from the temperature dependence of the hole mobility. Pasveer 
reported that modeling using Pasveer’s model gives a higher value of � . The explanation 
from Pasveer is that in previous work the charge carrier density dependence is omitted.  
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Figure 2.4: J-V characteristics of MEH-PPV HO devices at different temperatures: 295 K, 
275 K, 255 K, 235 K and 215 K. The device thicknesses are (a) 80 nm, (b) 130 nm and (c) 
165 nm. The solid lines represent the prediction of Pasveer’s model (Eq. 1.10). The 
calculation results in divergence at low temperature and high bias. 
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2.2   Current-voltage measurements of EO devices 
 

 

 
Figure 2.5: (a) J-V characteristics of MEH-PPV EO devices of different scans. Hysteresis 
appears during the first scan which suggests that the electrons are trapped in MEH-PPV. 
These trapped electrons will not disappear in a short time and will influence the second 
scan. (b) Photocurrent-voltage characteristics. 
 
The J-V characteristics of MEH-PPV EO device are shown in Fig. 2.5(a). The down-scan 
does not follow the same route with the up-scan. During the second or third scan, the down-
scan route remains same and up-scan route start to keep closer and closer to the down-scan 
route. The reason for this phenomenon might be that electrons are easily trapped in MEH-
PPV and remain trapped for several days. The accumulated charges inside the polymer 
during the first scan influence the following scans. Since both the cathode and anode are not 
transparent, no light-output is observed in Fig. 2.5(b). 
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2.2.1   Modeling using the density dependent model and Pasveer’s model 

 

 

 
Figure 2.6: J-V characteristics of MEH-PPV EO devices at different temperatures: 295 K, 
255 K and 215 K. The device thickness is 155 nm. The solid lines represent the prediction of 
the exponential trapping model (Eq. 1.13) combined with (a) the density dependent mobility 
model (Eq. 1.2) or (b) Pasveer’s model (Eq. 1.10). 
 
The experimental data fitted using the density dependent mobility model is shown in Fig. 
2.6(a). The fitted current density at low bias is lower than the experimental data because 
diffusion is not taken into account. The electron current density is orders lower than the hole 
current density with the same device thickness because of the presence of traps. The EO 
parameters are estimated as follows [33]: the electron mobility is set to be the same value as 
the hole mobility (obtained from the HO devices) � e=� h, the current density is calculated 
using a combination of the density dependent model (Eq. 1.2) and the exponential trapping 
model (Eq. 1.13). T0, � 0 and the trapping temperature Tt are assumed to be intrinsic 
properties of the material and are kept the same with those obtained from the HO modeling. 
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The number of the traps Nt changes with the temperature. The fitting parameters are listed in 
Table 2.3. 
 

Nt (1023) MEH-PPV Tt (K) 
295 K 255 K 215 K 

Density dependence 1590 9.0 6.5 4.3 
Pasveer 1500 12.0 6.9 4.8 

Table 2.3: Fit parameter Tt and Nt from the exponential trapping model (Eq. 1.13) at 
different temperatures: 295 K, 255 K and 215 K. 
 
The trap limited SCLC fitted using Pasveer’s model is shown in Fig. 2.6(b). The fitting 
parameters are listed in Table 2.3. Similarly, we keep � 0, a and � 0 the same with the values 
obtained from HO measurements and estimate the current density from the combination of 
Pasveer’s model and the exponential trapping model. 
Note that for EO devices both of the two models fit the experimental data nicely at low 
temperature even without taking into account the field dependence of the mobility. 
 

2.2.2   The variance of the Gaussian DOS 

 

 
Figure 2.7: The effective density of traps (estimated from two different models) for MEH-
PPV as a function of temperature.  
 
The free carrier density is determined by the Gaussian DOS and Fermi-Dirac distribution 
[34, 35]: 
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where E0 is the center of the Gaussian DOS. When the Fermi surface is far away from the 
“conduction band”, Eq. 2.1 becomes: 
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From the temperature dependence of the effective trap concentration Nt 
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� DOS=0.105 eV is obtained as the variance of the Gaussian DOS of MEH-PPV. 
The relation between temperature and Nt is plotted in Fig. 2.7.  
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2.3   The current-voltage measurements of LEDs 

2.3.1   The current-voltage characteristics of MEH-PPV LEDs 
 

 

 
Figure. 2.8: (i) Current-voltage characteristics of a practical PLED which contains three 
parts: (a) Leakage current region. (b) Diffusion current region. (c) High injection region. (ii) 
Photocurrent-voltage characteristics. 
 
The typical LED J-V characteristics are shown in Fig. 2.8(i), which contains three parts. The 
curve in the first part (a), from -1.5 V to 1.5 V, is symmetric and represents the leakage 
current. The second part (b) is the exponential part, which appears linearly in Log-Linear J-
V scale. Same as the traditional diodes, the output current exponentially changes with the 
applied voltage: 
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TnkqV BeJ /~  
 
with n is the ideality factor. Note that in inorganic semiconductors the ideality factor comes 
from the tunneling current. At room temperature and low doping concentration the 
tunneling current is insignificant and the ideality factor is close to unity (ideal Schottky 
Junction) [36]. For undoped organic semiconductors, the ideality factor has to be set as a 
number of 3 or 4, the origin of the ideality factor is still not clear. 
In LEDs the work function of the cathode is much lower than that of the anode. Under low 
bias, the diffusion current is dominant. From a certain applied voltage the curve starts to 
deviate from the straight line, suggesting that the drift current becomes dominant. From this 
critical point we can estimate the built-in voltage, i.e., the difference of the work functions 
between the anode and the cathode.  
 

 
 
Figure 2.9: The energy band diagram under the applied voltage: (a) V<Vbi, (b) V=Vbi and (c) 
V>Vbi. 
 
The third part (c) in Fig. 2.8(i) is the high-injection region. In this region the drift current is 
dominant. Light output is detected by the photodiode (Fig. 2.8(ii)). The current densities of 
devices with different device areas appear to be different at high bias, since they have 
different series resistance from ITO. Under low bias, the device resistance is more than 
1000 	 , and the series resistance is around 30 	 . This effect is negligible. Under high bias, 
the device resistances reduces to the same order with series resistances, therefore this effect 
becomes significant. The bigger the area, the smaller the series resistance and the higher the 
output current at high bias. The energy band diagram, changing from low bias to high bias, 
is presented in Fig. 2.9. 
No hysteresis is observed in LEDs as in EOs, since with a large hole density existing in the 
device, the trapped electrons will be released by the holes in form of light.  
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2.3.2   Modeling from Pasveer’s model 

Fig. 2.10 compares the J-V characteristics of the HO, EO, and LED. The device thicknesses 
are same. It shows that the single-carrier (hole) current in the HO device is in the same order 
with the double-carrier (both electron and hole) current in LEDs. On the contrary the 
electron current is several orders lower than the LED current since the electrons are easily 
trapped in MEH-PPV as we discussed before. This suggests that in MEH-PPV LEDs holes 
are the dominant charge carrier.  

 
 
Figure 2.10: Current-voltage characteristics of EO, HO and LED device. The thickness of 
active layers are 155 nm, 165 nm and 165 nm respectively. 
 
As both the electron and hole transport properties are available, the LED J-V characteristics 
is fitted using Pasveer's model with exponentially trapped electrons and free holes (Fig. 
2.11). All the fitting parameters are the same with those listed in Table 2.2 and Table 2.3. 
The modeling gives diversions in the diffusion current region. 



 

 

30 
   

White Polymer Light-Emitting Devices 
 

 

 

 

 
Figure: 2.11 J-V characteristics MEH-PPV LED devices at different temperatures: 295 K, 
255 K and 215 K with three different thicknesses: 80 nm, 130 nm, 165 nm. The solid lines 
represent the prediction of Pasveer’s model (Eq. 1.10). The break of the solid line in the 
diffusion current region comes from the divergence of the calculation program. 
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Figure: 2.12 EL spectra of MEH-PPV. Top: the EL spectra measured at different 
temperatures. All the curves are normalized to their integrated intensity. Bottom: the EL 
spectra fitted using a Gaussian distribution. 
 
Two peaks appear in the spectrum of MEH-PPV (Fig. 2.12 top). The lower peak at ~ 1.9 eV 
originates from the vibronic progression, e.g., the relaxation of the excited state (exciton) 
due to phonon coupling. With a decrease of temperature a red shift of the emission peak is 
observed. The emission peak can be nicely fitted by the Gaussian distribution (Fig. 2.12 
bottom), which confirmed our previous assumption that the energy level is distributed in a 
Gaussian manner: 
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Chapter 3 
Blue-emission polymer 

 

 

 
Figure: 3.1 Chemical structure (left) and the photoluminescence spectrum (right) of PFO 
 
Poly(9,9-dioctylfluorene) (PFO) is a blue-emitting polymer with a band gap of 3.1 eV. The 
HOMO of PFO is around 5.9 eV, LUMO is 2.8 eV. The chemical structure and spectrum of 
PFO is shown in Fig. 3.1. It is hard to find a proper electrode material to fit the deep HOMO 
of PFO. Therefore, up to now no working PFO HO device has been fabricated.  
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3.1   Switching effect 
 

 

 
Figure: 3.2 (a) J-V characteristics of PFO LED with a thickness of L=80 nm. The device is 
switched on at 2.3 V. (b) Hysteresis also appears on the photo current-voltage plot during 
the first scan. 
 
With a barium cathode and a PEDOT:PSS anode, PFO LEDs show a switching effect [37]. 
The J-V characteristics are presented in Fig. 3.2. Hysteresis appears in the first scan. The 
reason is as follows. Under low bias no charge carriers are injected into the polymer. When 
the applied voltage becomes larger than the built-in voltage, electrons are injected into the 
polymer. The injected electrons accumulate on the PFO-PEDOT:PSS interface, building of 
an large internal field, and this additional field assists the holes crossing the barrier [38]. 
After the device is switched on, the electrons will reside on the interface for a long time 
(around several hours) and the hysteresis disappears in the second scan.  
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3.2   Impedance spectroscopy 
We have tried to make PFO HO with a PEDOT:PSS anode and a gold cathode. Under low 
bias no output current is detected; under high bias the electrons start to go into the polymer 
layer and facilitate the hole injection. The whole device becomes a LED since light output is 
detected by the photo diode. In this case no useful hole transport data is obtained. However 
with this “HO” device the impedance spectroscopy (IS) is measured. With a certain DC bias 
applied to the device the impedance is measured under different frequencies of AC current 
(from 20 Hz to 1 MHz). The real and imaginary part of the impedance is plotted in a 
Nyquist-diagram (Fig. 3.3). The device is treated as an equivalent RC-circuits (see the insets 
of Fig. 3.3) with the impedance of a resistance 
 

RZR =  
 
and the impedance of a capacitor 
 

fC
i

ZC p2
-

=  

 
R is the resistance, i is the imaginary unit, f is the frequency of the applied AC current and C 
is the capacitance. The fitting parameters are listed in Table 3.1. RS is the series resistance, 
RP and CP are the resistance and capacitance of the PEDOT:PSS, RD and CD are the 
resistance and capacitance of the device respectively. The capacitor CD represents the two 
electrodes. The capacitor CP originates from the charging effect on the PFO-PEDOT:PSS 
interface, as discussed before. Under low DC bias the device resistance (RD) is very large 
and the resistance of the PEDOT:PSS (RP) is negligible, only one semi-circle appears on the 
Nyquist-plot (Fig. 3.3(a)). Under high DC bias the device resistance (RD) becomes 
comparable with the resistance of the PEDOT:PSS (RP) and two semi-circles appear on the 
Nyquist-plot (Fig. 3.3(b)). When the AC frequency is small both CD and CP can respond to 
the AC signal. When the frequency becomes larger and larger, at a certain point CD vanishes 
and only CP remains. With further increased frequency CP may also vanish. According to 
this explanation the first semi-circle in Fig. 3.3(b) comes form CD+CP, the second one 
comes solely from CP. Note that normally the resistance of the PEDOT:PSS is very small. 
The large RP probably comes from the energy barrier for the charge carriers.  
 

DC (V) RS (	 ) CD (nF) RD (	 ) CP (nF) RP (	 ) 
3 36 4 3200 0 0 
6 36 4 235 7000 110 

Table 3.1: Fitting parameters RS, CD, RD, CP, RP of the IS measurements under different DC 
bias: 3 V and 6 V. 
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Figure 3.3: Impedance spectroscopy of a PFO HO device with a thickness of L=80 nm at 
room temperature. The device is measured under different DC voltages: (a) V=3 V and (b) 
V=6 V. The solid lines are fits from the equivalent circuits (insets). 
 
From the IS measurements the dielectric constant can be calculated with the following 
function: 
 

A
CL

r
0e

e =  

 
where A is the area of the device. For PFO � r is calculated to be around 2.3.  
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3.3   Modeling of PFO LED and EO devices 
 

 
Figure 3.4: J-V characteristics of a 128 nm thick PFO LED and a 145 nm thick PFO EO 
 
The output current in PFO LEDs is more than 2 orders higher than in the EO (Fig. 3.4). The 
hysteresis appearing in EO J-V characteristics suggests that the electrons can also be trapped 
in PFO. 
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Figure 3.5: The modeling of J-V characteristics of (a) PFO LEDs and (b) PFO EOs at 
different temperatures: 295 K and 255 K. The device thicknesses are 80 nm and 128 nm for 
the LEDs, 145 nm, 250 nm and 362 nm for the EOs. The solid lines represent the prediction 
of the exponential trapping (Eq. 1.13) model with constant mobility.  
 
Because no hole transport properties are available, the electron trap density is roughly 
estimated according to the following procedure: 
 

·  The J-V characteristics of PFO LEDs are fitted using the exponential trapping model 
with constant mobility (Fig. 3.5(a)). Here the mobility is temperature dependent. The 
number of the traps Nt is estimated to be 1024 (for both the electrons and holes) and 
will not change with temperature. As we did before, the electron and hole mobility 
are assumed to be the same. 

 
·  With the value of the mobility obtained above, the J-V characteristics of PFO EO 

devices are fitted using the same model (Fig. 3.5(b)). This time the more accurate 
trap densities Nt are obtained and will change with the temperature. 

 
Temperature (K) � 0 (10-9 m2/Vs) Nt (1023) 

295  3.5 7.5 
255 1.5 6 

Table 3.2: Fit parameter � 0, Nt LED and Nt EO from the exponential trapping model (Eq. 1.13) 
under different temperature: 295 K and 255 K. 
 
The fitting parameters are: T0=540 K, � -1=1.6 nm, � 0=1.6·106 S/m, Tt=1465 K and Vbi=0.6 V 
for both EOs and LEDs. The other fitting parameters are presented in Table 3.2. The 
diffusion current is also taken into account.  
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Chapter 4 
The blend 

 

4.1   Bulk heterojunctions and Energy transfer 
 
 

 
 
Figure 4.1: Energy-band diagram of a white emitting LED with the emission layer made up 
of polymer blends. 
 
To generate white light we blend a red polymer (MEH-PPV) with a blue host polymer 
(PFO) (Fig. 4.1). MEH-PPV and PFO are dissolved and mixed in toluene. Optically, the 
blend appears to be uniform and no phase separation can be observed. After spincoating a 
film from this mixture solution, a bulk heterojuction will form between the two polymers. 
 

  
Figure 4.2: Förster and Dexter energy transfer. 
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In the blend two different kinds of non-radiative energy transfer may occur: Förster energy 
transfer and Dexter energy transfer (Fig. 4.2). By Förster energy transfer the recombination 
of one exciton can create another exciton through dipole-dipole interaction [39], which is a 
long-rang interaction of 3 to 10 nm. Electroluminescent organic materials exhibit 25% 
singlet states and 75% triplet states because of the two spin states of the electrons [40, 41]. 
Only singlet-to-singlet energy transition is allowed in Förster energy transfer.  
The Dexter energy transfer is caused by the diffusion of the charge carriers: the dissociation 
of one exciton creates another exciton nearby. The diffusion length is around 6 nm. In 
Dexter energy transfer both singlet-to-singlet and singlet-to-triplet energy transition may 
occur [42].  
Beside these two mechanisms, energy transfer may also occur by luminescence and re-
absorption, or exciton diffusion to lower energy states. 
Fig. 4.3(top) shows the donor emission (blue) and acceptor absorption (red) spectra. A large 
spectral overlap of donor emission (blue) and acceptor absorption (red) spectra suggests that 
part of the excitons can diffuse from the blue to the red polymer in a blend. With such a low 
concentration red polymer in the blend this energy transfer process is dominated by the 
incomplete Förster energy transfer because two peaks appear in the EL spectra (Fig. 
4.3(bottom)): the peak at 550 nm comes from the red polymer and the other peak at 430 nm 
comes from the blue polymer. Compared to the pure red polymer, the red emission peak is 
shifted towards higher wavelength due to the absence of aggregation [43, 44]. For a blend 
with a red polymer concentration larger than 10 %, both Förster and Dexter energy transfer 
may occur. By changing the ratio of the polymers the emission spectrum of the blend can be 
tuned. With 0.25% MEH-PPV in PFO, the LEDs emit white light [45, 46]. However the 
lack of the green emission results in a low color rendering index and limits this technique in 
full color display applications. 
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Figure 4.3: Top: Spectral overlapping between emission of the donor and absorption of the 
acceptor. Bottom: The EL spectra of the blend with different amounts of MEH-PPV in PFO. 
The curves are normalized to the red emission peak. 
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4.2   Current-voltage measurements of HO and EO devices 
The HOMO level of PFO (5.9 eV) is 0.7 eV higher than the HOMO level of MEH-PPV (5.2 
eV) (Fig. 4.4). MEH-PPV molecules are therefore acting as hole traps in the blend. The 
current densities of blend HO devices will decrease when the MEH-PPV concentration 
increases (Fig. 4.5(a)).  
 
 

 
 

Figure 4.4: Energy-band diagram of the blend. In the PFO matrix MEH-PPV shows a 
trapping effect for the holes but not for the electrons. 
 
The LUMO levels of PFO and MEH-PPV are almost in the same level (~2.9 eV) (Fig. 4.4). 
In this case the electron trapping effect of MEH-PPV is not significant. The estimated 
mobility of the electrons in PFO is two orders higher than in MEH-PPV. The electron 
current in MEH-PPV is smaller than in PFO and in the blend (in Fig. 4.5(b), because the 
layer thickness of MEH-PPV EO (155 nm) is thinner than the other two devices (� 250 nm)). 
The difference of the device current between PFO and blend is small.  
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Figure 4.5: (a) J-V characteristics of HO devices: pure MEH-PPV, 0.25% and 1% MEH-
PPV in PFO, all with a thickness of 80 nm. (b) J-V characteristics of EO devices: pure PFO 
with a thickness of 250 nm, pure MEH-PPV with a thickness of 155 nm and 1% MEH-PPV 
in PFO with a thickness of 270 nm.  
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4.3   Current-voltage measurements of LEDs 
 

 

 
Figure 4.6: (a) J-V characteristics of the blend with 0.25% MEH-PPV in PFO. Hysteresis 
appears in the first scan. The device thickness is 80 nm. (b) The photo current-voltage plot 
of the same devices. 
 
Similar with PFO LEDs, the LEDs of blends with 0.25% MEH-PPV in PFO show hysteresis 
in the first J-V scan (Fig. 4.6). However no hysteresis appears on the J-V plot of the blend 
with 1% MEH-PPV in PFO, suggesting that the contact problem between PFO and 
PEDOT:PSS is largely improved by the high concentration of MEH-PPV.  
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4.4   Quantum efficiency 
 

 

 
Figure 4.7: (a) J-V characteristics of LEDs: MEH-PPV, PFO and blends with two different 
ratios: 0.25% and 1% MEH-PPV in PFO. The thickness of each device is 80 nm. (b) The 
photo current-voltage plots are from the same devices. 
 
A decrease of the device current can be observed in the blend compared to the blue host 
polymer because of the hole trapping effect (Fig. 4.7(a)). Since the decrease of the light 
output is smaller than the decrease of the device current, an improvement of the quantum 
efficiency compared to PFO is achieved in the 1% blend, as shown in Fig. 4.8. 
PFO LEDs have a much lower efficiency than the others because the hole injection barrier 
restrains the charge balance in the device and some of the electrons may go through the 
polymer layer without recombination. In blends the quantum efficiency will increase when 
the MEH-PPV concentration increase from zero to one. One possible explanation is that the 
contact problem between PFO and anode is improved by MEH-PPV. 
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Figure 4.8: Quantum efficiencies of the LEDs: MEH-PPV, PFO, 1% and 0.25%. 
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4.5   Blends - measurements from a different system 
 

 

 
Figure 4.9: Top: Spectral overlapping between emission of the donor and absorption of the 
acceptor. Bottom: The EL spectra of the blend with different amounts of red in blue. The 
curves are normalized to the red emission peak. Pictures from a different blend system 
(CB00 and PDO). 
 
Beside using MEH-PPV and PFO, we also tried another system: PDO and CB00. CB00 is 
the blue host polymer and PDO is a PPV derivative. Similarly, a large spectral overlap of 
donor emission (blue) and acceptor absorption (red) spectra is observed (Fig. 4.9(top)) and 
incomplete Förster energy transfer occurs in the blend (Fig. 4.9(bottom)). With 1% PDO in 
CB00, the LEDs emit white light. 
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Figure 5.0: Energy-band diagram of the blend. In the CB00 matrix PDO shows a trapping 
effect for the electrons but not for the holes. 
 
 

 
Figure 5.1: J-V characteristics of HO devices: 0.5%, 1% and 3% PDO in CB00, all with a 
thickness of 80 nm. 
 
The HOMO levels of CB00 and PDO are similar (Fig. 5.0). In this system the red polymer 
molecules do not act as traps for holes anymore. For different concentration of PDO in the 
blends, the output current of HO devices are comparable (Fig. 5.1). On the other hand, the 
LUMO level of PDO is higher than that of CB00, so electrons can be trapped by the PDO 
molecules in the blends (Fig. 5.0). A decrease of the current density of the blend LEDs is 
observed with increasing PDO concentration in the blend (Fig. 5.2). 
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Figure 5.2: (a) J-V characteristics of LEDs: 0.5%, 1% and 3% PDO in CB00. The thickness 
of each device is 80 nm. (b) The photo current-voltage plots are from the same devices. 
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Figure 5.3: J-V characteristics of CB00 EO, HO , LED and the blend  HO and LED (with 
0.5% PDO in CB00). The thickness of each device is 80 nm. 
 
Similarly the hystersis appears in the fisrt scan of a CB00 EO device (Fig. 5.3). Although 
electrons can be trapped in CB00, the output currents of the EO and HO devices are in the 
similar order. Both electrons and holes are equally important in the charge thransport of 
pure CB00 LEDs.  
From Fig. 5.4, one can clearly see that the more charge carriers being injected into the 
device, the smaller percentage of charge carriers defusing to the PDO molecules. 
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Figure 5.4: The EL spectra of the blend with 0.5% PDO in CB00. (a) measured under 
different current. (b) measured under different voltage. The curves are normalized to the 
intensity at 430 nm (the blue emission peak). Similar effect can also be seen in 1% and 3% 
blends. 
 
Similar with pure red polymer, when temperature decreases, a red shift of the red emission 
peak is observed on the spectrum of the blend system (Fig. 5.5). Under low temperature, the 
mobility of charge carriers is lower than at room temperature, the chance for one exciton 
finding a red polymer molecule (PDO) is smaller and therefore a larger part of the excitons 
will recombine on blue polymer molecules (CB00). 
 

 
Figure 5.5: The EL spectra (without normalization) of the blend with 1% PDO in CB00 
under different temperature. The applied current is 1.58 mA. Similar effect can also be seen 
in 0.5% and 3% blends. 
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Conclusion 
 
The aim of this project is to achieve white light by blending a red polymer (MEH-PPV) with 
a blue host polymer (PFO). Pure red polymer and pure blue polymer are studied at the 
beginning. The hole and electron transport properties are obtained from the modeling of the 
HO and EO devices respectively. After both red and blue polymer charge transport 
properties are available, the blends with different mixing ratios are fabricated and studied. 
The conclusions are summarized below: 
 

�  MEH-PPV is a good hole conductor and a poor electron conductor. The intrinsic 
electron mobility is in the same order with the hole mobility, while electrons are 
easily trap in the MEH-PPV. In this case the HO device is modeled using the density 
dependent mobility model and the EO is modeled using the density dependent 
mobility model combined with the exponential trapping model. The full transport 
properties of MEH-PPV are obtained.  

 
�  PFO has a very deep HOMO level and therefore no working HO device is fabricated 

up to now. Hysteresis appears on the first J-V scan of PFO LEDs because of the hole 
injection barrier between the PEDOT:PSS anode and the HOMO of the polymer. 
From the impedance spectroscopy, two semi-circles appearing on the Nyquist-plot 
confirming the existence of this barrier. The PFO LEDs have poor efficiencies 
because the hole injection barrier restrains the charge balance in the device. The 
hysteresis in the EO J-V plots suggests that PFO also has electron trapping effect. In 
PFO the measured electron mobility is two orders higher than in MEH-PPV. 

 
�  In blends the MEH-PPV molecules are acting as traps for holes while they do not 

have much influence on the electrons. Because the energy difference between the 
LUMO levels of PFO and MEH-PPV is small, the energy difference between their 
HOMO levels is quite large. The contact problem of PFO can be improved by the 
MEH-PPV molecules in the blend. With a MEH-PPV concentration higher than 1%, 
the device quantum efficiency is in the same level as that of a normal device. With 
0.25% MEH-PPV in PFO broadband white light is achieved.  

 
 
 
 
 
 
 



 

 

52 
   

White Polymer Light-Emitting Devices 
 

Acknowledgement 
 
I thank my supervisors André Hof and Herman Nicolai for giving me so much help, 
teaching me everything in the lab, in the measurement room and in the student room, with 
great patience. Thanks to Prof. Paul Blom and Dr. Bert de Boer for the instructions each 
week. Thanks to Afshin Hadipour for sharing the experience in the cleanroom, I benefit a 
lot from your instructions.  
Thanks to our technicians Jan Harkema and Frans van der Horse for maintaining and 
constructing such a powerful and comfortable cleanroom. Thanks to Jurjen Wildeman and 
Bea Langeveld for synthesizing MEH-PPV and PFO. Thanks to Dorota Jarzab for supplying 
the spectral data. Thanks to Oleksandr Mikhnenko for the discussion and brilliant ideas. I 
also want to thank the other classmates of nanoscience: Asem Ampoumogli, Fatemeh 
Gholamrezaie, Marian Otter and Arramel. Thanks to Prof. Paul van Loosdrecht for the 
helps. I also thank Hylke Akkerman, Martijn Kuik and all the other MEPOS group 
members, sorry I couldn’t list all your names. I had a lot fun in such a nice group. Thank 
you very much! 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

  53 
 
 

The blend 
 

References  
 
1. C. Tanase, Unified charge transport in disordered organic field-effect    

transistors and light-emitting diodes, PhD thesis, University of Groningen (2005). 
 

2. W. P. Su, J. R. Schrieffer, A. J. Heeger, Phys. Rev. Lett. 42, 1698 (1979) 
 
3. A. J. Heeger, S. Kivelson, J. R. Scrieffer, and W. P. Su, Rev. Mod. Phys. 60,  

781 (1988).  
 

4. P. W. M. Blom, M. J. M. de Jong, M. G. van Munster, Phys. Rev. B 55,  
R656 (1997). 
 

5. W. D. Gill, J. Appl. Phys. 43, 5033 (1972). 
 
a. V. Ambegaokar, B. I. Halperin, J. S. Langer, J. Appl. Phys. 66, 686 (1989). 
 
6. C. Kittel, Introduction to Solid State Physics, John Wiley and Sons, seventh  

edition (1996). 
 

7. H. Bässler, Phys. Stat. Sol. B 175, 15 (1993). 
 
8. L. Pautmaier, R. Richert, H. Bässler, Synth. Met 37, 271 (1990). 
 
9. P. M. Borsenberger, L. Pautmeier, H. Bässler, J. Chem. Phys. 94, 5447 (1991). 
 
10. P. M. Borsenberger, L. Pautmeier, R. Richert, H. Bässler, J. Chem. Phys.  
      94, 8276 (1991). 
 
11. D. H. Dunlap, P. E. Parris, V. M. Kenkre, Phys. Rev. Let. 77, 542 (1996) 
 
12. S. V. Novikov, D. H. Dunlap, V. M. Kenkre, P. E. Parris, A. V. Vannikov,     
      Phys. Rev. Let. 81, 4472 (1998) 
 
13. K. J. Laidler, Chemical Kinetics (1997)  
 
14. K. J. Laidler, The World of Physical Chemistry (1993)  
 
15. H. Böttger and V. V. Bryksin, Hopping Conduction in Solids (Akademie- 
      Verlag, Berlin, 1985) 
 
16. H. Böttger and V. V. Bryksin, Phys. Stat. Sol. b 78, 9 (1976) 
 
17. H. Böttger and V. V. Bryksin, Phys. Stat. Sol. b 78, 415 (1976) 
 



 

 

54 
   

White Polymer Light-Emitting Devices 
 

18. H. Böttger and V. V. Bryksin, Phys. Stat. Sol. b 113, 9 (1982) 
 
19. W. F. Pasveer, J. Cottaar, C. Tanase, R. Coehoorn, P. A. Bobbert, P. W. M.  
      Blom, D. M. de Leeuw, and M. A. J. Michels, Phys. Rev. Lett. 94, 206601  
      (2005) 
 
20. P. W. M. Blom, M. J. M. de Jong, and J. J. M. Vleggaar, Appl. Phys. Lett.  
      68, 3308 (1996) 
 
21. K. C. Kao and W. Hwang, Electrical Transport in Solids, with Particular  
      Reference to Organic Semiconductors, Pergmon press, Oxford (1981) 
 
22. M. A. Lampert, P. Mark, Current injection in solids, Academic Press, New  
      York (1970) 
 
23. M. M. Mandoc, B. de Boer, and P. W. M. Blom, Phys. Rev. B 73, 155205  
      (2006) 
 
24. C. Tanase, E. J. Meijer, P. W. M. Blom, and D. M. deLeeuw, Phys. Rev.  
      Lett. 91, 216601 (2003) 
 
25. C. Tanase, P. W. M. Blom, and D. M. deLeeuw, Phys. Rev. B 70, 193202  
      (2004) 
 
26. P. W. M. Blom, M. J. M. de Jong, and J. J. M. Vleggaar, Appl. Phys. Lett.  
      68, 3308 (1996) 
 
27. P. W. M. Blom, M. J. M. de Jong, and M. G. van Munster, Phys. Rev. B 55,  
      R656 (1997) 
 
28. L. Bozano, S. A. Carter, J. C. Scott, G. G. Malliaras, and P. J. Brock, Appl.            
      Phys. Lett. 74, 1132 (1999) 
 
29. P. W. Blom, M. C. J. M. Vissenberg, Mater. Sci. Eng., R. 27, 53 (2000) 
 
30. H. C. F. Martens, P. W. M. Blom, and H. F. M. Schoo, Phys. Rev. B  
      61,7489 (2000) 
 
31. Selberherr, Analysis and simulation of Semiconductor Devices (Springer-   
      Verlag, Wien, 1984) 
 
32. L. J. A. Koster, E. C. P. Smits, V. D. Mihailetchi, and P. W. M. Blom Phys.  
      Rev. B 72, 085205 (2005) 
 
33. M. M. Mandoc, B. de Boer, G. Paasch, and P. W. M. Blom, Phys. Rev. B    
      75, 193202 (2007) 
 



 
 

  55 
 
 

The blend 
 

34. G. Paasch and S. Scheinert, J. Appl. Phys. 101, 024514 (2007) 
 
35. M. Shur, M. Hack and J. G. Shaw, J. Appl. Phys 66, 3371 (1989) 
 
36. S. M. Sze, Physics of semiconductor devices, Wiley, New York (1981) 
 
37. A.W. Denier van der Gon, J. Birgerson, M. Fahlman, W.R. Salaneck,  
      Organic Electronics 3, 111 (2002)  
 
38. T. van Woudenbergh, J. Wildeman, P. W. M. Blom, J. J. A. M. Bastiaansen,  
      B. M. W. Langeveld-Vos, Adv. Funct. Mater., 14, 677 (2004) 
 
39. A. Misra, Pankaj Kumar, M. N. Kamalasanan and S. Chandra, Semicond.  
      Sci. Technol. 21, R35-R47 (2006)  
 
40. M. A. Baldo, D. F. Brien, Y. You, A. Shoustikov, S. Sibley, M. E.  
      Thompson and S. R. Forrest, Nature, 395, 151 (1998) 
 
41. R. H. Friend, R. W. Gymer, A. B. Holmes, J. H. Burroughes, R. N. Marks,    
      C. Taliani, D. D. C. Bradley, D. A. Dos Santos, J. L. Brédas, M. Lögdlund   
      and W. R. Salaneck, Nature, 397,121 (1999) 
 
42. Y. Kawamura, S. Yanagida and S. R. Forrest, J. Appl. Phys., 92, 87 (2002) 
 
43. Y. Shi, J. Liu, and Y. Yang, J. Appl. Phys., 87, 4254 (2000) 
 
44. J. Liu, Y. Shi, and Y. Yang, Appl. Phys. Lett., Vol. 79, No. 5 (2001) 
 
45. J. S. Huang, G. Li, E. Wu, Q. F. Xu, and Y. Yang, Adv. Mater., 18, 114  
      (2006) 
 
46. Q. J. Sun, J. H. Hou, C. H. Yang, Y. F. Li and Y.Yang, Appl. Phys. Lett. 89,  
      153501 (2006) 
 
47. G. E. Pike and C. H. Seager, Phys. Rev. B 10, 1421 (1974) 
 


