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Abstract
The field of polymeric semiconductors light emitting devices is emerging field
in modern microelectronics. Development of organic thin-film electroluminescence was
spurred on in the 1980s through the work of Tang and Van Slyke, who demonstrated
efficient electroluminescence in two-layer sublimed molecular devices. Conjugated
polymers for light emitting applications appeared later (1990) when Burroughes and
collaborators reported the fabrication of ‘light-emitting diodes based on conjugated
polymers.
The polymeric systems consist of long carbon chains in which single and double
carbon-carbon bonds alternate (conjugated polymers). The mixing of degenerate atomic
unpaired p-orbitals of carbon atoms leads to the emergence of molecular energy levels,
which can be separated into two categories π and π* or bonding and anti-bonding. The
occupied π- levels are equivalent to the “valence band” in crystalline semiconductors.
The mechanism of conductivity in these polymers is based on the motion of
charged defects within the disordered conjugated net. The charge carriers’ transport is
transport by hopping between neighboring regions of conjugation.
Experimental investigation of conjugated polymer devices reveals some features
that are exclusive for semiconducting conjugated polymers. Such as field-dependent
mobility and weak temperature dependence of injection rate for high barriers metalpolymer contacts. In this work we demonstrate that widely known models of injection
from realm of inorganic microelectronic devices can’t be used for injection phenomena
explanation. Moreover, the field-dependence of mobility also demands special
explanation.
In order to explain observed effects both qualitatively and quantitatively we had
built integral physical picture of injection and transport in polymeric devices. Basing on
the first-principle physical assumption about the microscopic nature of transport we
obtained macroscopic characteristics of polymer and finally we simulated the device
behavior.
During the course of the research we carried out both experimental and
numerical investigations of polymer diode devices. Some modifications were
introduced to numerical technique. Reasonable degree of agreement between
experiment and theory is achieved.
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List of symbols and abbreviations
a – mean distance between the sites in the polymer
CGDM – Correlated Gaussian Disorder Model
D- diffusion constant
DOS- Density Of States
γ − mean inverse hopping distance
g(E) – density of state function
ε- dielectric constant
εο- permittivity of free space
εi- energy of site i
εF- Fermi level
f(εi, εF) – Fermi-Dirac distribution function
HOMO – Highest Occupied Molecular Orbital
GDM – Gaussian Disorder Model
ϕ – contact barrier
k- Boltzmann constant
LUMO-Lowest Unoccupied Molecular Orbital
νο- frequency of hopping attempts
n- charge carriers concentration
Nc – total density of states

µ- mobility
µ∗- zero-field mobility
R*- Richardson constant
σ- parameter of energetic disorder
SCLC – space charge limited current
STM – Scanning Tunneling Microscope
η− inverse of Einstein relation
T- temperature
TEC- Thermionic Emission Current
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I. Conjugated polymers
I.1. Historical introduction
The history of research began in the 1970’s and 1980’s when researchers found
that the conductivity of certain polymeric systems could be changed over the full range
from insulator to metal by chemical doping.
The first polymer capable of conducting electricity - polyacetylene - was
prepared by Shirakawa [1]. The subsequent discovery by Heeger and MacDiarmid [2]
that the polymer would undergo an increase in conductivity of 12 orders of magnitude
by oxidative doping has raised the world interest in such materials. Development of
organic thin-filmelectroluminescence was spurred on in the 1980s through the work of
Tang and Van Slyke[3], who demonstrated efficient electroluminescence in two-layer
sublimed molecular devices. These devices consisted of a hole transporting layer of an
aromatic diamine and an emissive layer of 8-hydroxyquinoline aluminium (Alq3).
Conjugated polymers for light emitting applications appeared later (1990) when
Burroughes [4] and collaborators reported the fabrication of ‘light-emitting diodes based
on conjugated polymers’. Since that date this field has seen much progress and the first
commercial products based on organic light emitting diodes are reaching the market.
In this section we introduce several concepts that are important for our
discussion of electronic devices in the following chapters.

I.2. Electronic structure of conjugated polymers
The polymeric systems consist of long carbon chains in which single and double
carbon-carbon bonds alternate (conjugated polymers). Several examples of conjugated
polymers are presented in the top row of Figure I.1.
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Figure I.1: Several conjugated polymers (top row) and conjugated oligomers (first two molecules of
the second row). The last molecule in the second row is MEH-PPV

As one can see the basic building blocks for the compounds shown in Figure I.1
are benzene or thiophene rings enriched with side chains concatenated by single C-C or
alternating single and double C=C bonds. This is indeed the most common case but
there could be endless variations due to the flexibility of organic chemistry. The bond
angles of 120° in benzene suggest that C atoms are sp2 hybridised as in graphite. The
sp2 bonds mainly fix the structure of the molecule while the unpaired pz orbitals give a
rise to electro-optical activity. An alternative representation therefore starts with a
planar framework and considers overlap of the pz orbitals (π electrons)(Figure I.2).

Figure I.2 Electronic structure of benzene ring and appearance of π electrons

The mixing of degenerate atomic unpaired p-orbitals leads to emergency of
molecular energy levels that can be separated into two categories: π and π* or bonding
and anti-bonding (Figure I.3).
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Figure I.3 : Mixing of degenerate p-orbitals give rise to π-π* molecular orbitals

The occupied π- levels are equivalent to the “valence band” in crystalline
semiconductors. The electrically active level is the highest one and it is called HOMO
(Highest Occupied Molecular Orbitals). The unoccupied π*-levels are equivalent to the
“conduction band” and the electrically active level is the lowest of them, called LUMO
(Lowest Unoccupied Molecular Orbitals). The structural characteristic of most
conjugated polymers is their quasi-infinite

system extending over a large number of

recurring monomer units. This feature results in materials with directional conductivity,
strongest along the axis of the chain.
The simplest model of the electronic properties of polymers considers only the
unpaired π-electrons of the carbon atoms. Since these electrons are delocalized along
the chain, to a first approximation, they can be modeled as particles in a onedimensional box. The energy levels for a particle in a box of length L are:
En =

h 2π 2 2
n
2me L2

I.1

The difference between two levels is:

∆E =

h 2π 2
( 2n + 1)
2me L2

I.2

Consider a polymer, which has electronic delocalization across N recurring units
(conjugation length), each units is called a monomer. So, if this monomer has a length
a, the total conjugation length is L = Na. If we have m π-electrons on each monomer,
the total number of π-electrons in this electronic unit is Nm, and since each energy level
can accommodate two electrons, the number of occupied states is Nm/2. Hence, the
energy gap of this polymer is:
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∆E =

h 2π 2
2me ( Na ) 2

  Nm   h 2π 2  m
1
 2
+ 2
 + 1 =
2 
  2   2me a  N N

 1
∝
 N

I.3

The last expression means that the energy gap is inversely proportional to the
conjugation length in the polymer. Figure I.4 shows the absorption spectra of oligomers
of para (p-phenylene-vynelyne). Oligomers are molecules with a small number of
repeated monomers, they are essentially very short polymers. From these spectra, we
can clearly see the decrease of the optical gap as the oligomer becomes longer as
predicted by the above simple argument.

Figure I.4: Experimental absorption (right side of the panel) and cw photoluminescence spectra
(left side of the panel) at 77 K of PPV oligomers (dispersed in an inert PMMA matrix) containing
from 2 to 5 rings (PPV n. n = 2 -5)[5]

The same argument is used to describe the size dependence of the band gap in
quantum well structures in conventional semiconductors. However, the above
expression (I.3) suggests that the optical gap goes to zero as the length of the polymer
gets to infinity. Experimentally, this is not the case! The polymer PPV has an optical
gap of about 2.5 eV and different polymers have different optical gaps. To account for
this behavior, we have to use of a more sophisticated model, which lay beyond the
survey level.
One should note the energy red shift between the absorption and emission
spectrum as well as a vibronic structure of the emission spectrum. It illustrates another
important aspect of polymer physics – the role of electron-lattice relaxation processes.
12

In the present case we see a series of peaks separated by about 0.2 eV. These peaks are
associated with phonon replicas and this energy difference corresponds well to the
stretching mode of the C—C bonds.

I.3. Electron-Geometric Structure Coupling
Peierls [6] drew an attention to interplay between the energy of π-electrons
system and the elastic energy of polymer chain that stems from distortion of σ-electron
bonds. This effect called “Peierls distortion” predicts a brake of translational symmetry
in the chain of equidistantly placed “atoms” (Figure I.5).

Figure I.5: Peierls distortion causes the gap in electronic energy structure.

Peierls stated that the distortion of a one dimensional lattice was energetically
most favorable when every second atom was displaced by the same amount in the same
direction, corresponding to a long-short-long-short alternation in the carbon-carbon
distances, reminiscent of alternating single and double chemical bonds. Because the
atoms close up in pairs, this lattice distortion is also referred to as ‘dimerisation’, while
the chain with equidistant interatomic separation is termed ‘undimerised’.
Qualitatively it can be understood as follows. In the ground state the electrons
fill up molecular π-orbitals only, π*-orbitals remain unoccupied. Opening the gap in the
structure cause the lowering of high π-orbitals and diminishing of total energy. The
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lattice distortion, of course, has some energetic cost. An equilibrium configuration
minimizes the total system energy.
Linear translation is only one possible lattice distortion and for example, the
torsion angle affects the energy gap of the structure too. Again, the energy associated
with the torsion angle is only part of the overall energy that has to be minimized. For
example, exciton wants to move to a region where the energy gap is minimal and
possibly deform the structure to lower the gap and minimize its own energy. Since
decreasing the torsion angle lowers the band gap, the exciton strives to flatten the
polymer but that will cost too much elastic energy to do over the entire length of the
polymer, so a compromise will have to be reached and only a certain length of the
polymer will flatten. A consequence of the energy relaxation is also a shift between the
absorption and emission peaks. An example of such optimum structural deformation is
shown in Figure I.6, I.7.

Figure I.6: Relative energy of poly- (pphelynene) as a function of the torsion angle
between successive monomers

Figure I.7 Plot of the torsion angles between
monomers showing the deformation due to the
presence of an exciton. The extent of the
deformation is about 20 monomers.
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As was mentioned above, there are many possible distortions and we illustrate
below a few more:
Interjectional single bonds

Twists

Horizontal kinks

Figure I.8 Elementary distortions in polymeric chains

The illustration above provides an intuitive picture of the coupling between
elastic and optical excitation – excitons. Similar effects play a crucial role in motion of
charged defects, polarons, within the polymer.
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I.4. Conductivity of conjugated polymers
It is generally agreed [7] that the mechanism of conductivity in these
polymers is based on the motion of charged defects within the conjugated framework.
The charge carriers, either positive (p-type) or negative (n-type), are considered as the
products of oxidizing or reducing the polymer respectively. When this is done by device
contacts we call it an electrical injection.
Conformational distortions unavoidably break the electronic continuity
(conjugation) that leads to shorter conjugation lengths and hence to enhanced
localization of the excitations. In their turn the chain conformations are affected by
external conditions such as solvents, temperature, and pressure. Controlling such
conformations via the molecular structure and/or the processing conditions is one of the
challenges of our field where morphological effects are becoming important.
Such effects have been observed experimentally where was found that the
fluorescence even from single chains of MEH-PPV (electroluminescent polymer)
depends strongly on chain conformation [8,9]. The time evolution of the spectra,
emission intensity, and polarization all provide direct evidence that memory of the chain
conformation in solution is retained after solvent evaporation. Chains cast from toluene
solution are highly folded and show memory of the excitation polarization. Exciton
tunneling to highly aggregated low energy regions causes the chain to mimic the
photophysical behavior of a single chromophore. Chains cast from chloroform,
however, behave as multi-chromophore systems, and no sudden discrete spectral or
intensity jumps are observed. These also exhibit different spectroscopy from the folded
chromophores.
Geometrical and chemical defects play an all-important role [10], severely
reducing the extent of π-electron overlap. Consequently, the polymer chain can be seen
as a sequence of relatively short conjugated segments of varying length. In this
“molecular” picture, excitations and/or charge are localized on such segments. Because
of the variation in conjugation lengths, the energy levels are distributed in energy thus
enhancing the localization effect. A result of this localization is that charges move by
hopping between sites on different chains. Charge transport in such systems, being the
result of interchain hopping, has been studied in great detail during the last decade. A
discussion dedicated to modeling of transport in conjugated polymers films can be
found in the following chapters.
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II. Experiment and experimental results
II.1. Introduction: general consideration for device
architecture
In this thesis we have set a twofold target: the first, to develop a self-consistent
unified model that takes into account effects specific to transport and charge injection in
polymers; the second, to test this model against experimental data. Our device model
and grasp of the physical picture will be considered valid only if we could use it to
explain the transport and injection across a wide parameters’ span (temperature,
electric-field, and charge density). In light of the stated above, the main purpose of the
experimental effort was to build a device that would satisfy several criteria listed below.
The device architecture contains single polymer layer sandwiched between
ohmic and injection limiting contacts. This way by changing the voltage polarity of a
single device we change its operation between "high-density" (ohmic contact) and "lowdensity" (injection limited) regime. The device is a single carrier (hole-only) device so
the recombination of negative and positive charge carriers is excluded in order to
simplify the I-V curve analysis. The investigation scheme was as follows:
1. To test several contact materials to determine a reliable set (i.e. that is
reproducible).
2. To check that an I-V curve for injection from ohmic contact supposed to obey
the model of Space Charge Limited Model with field-dependent mobility.
Analysis of this curve provides in situ data regarding the mobility values as a
function of electric field and temperature.
3. The dependence of mobility on field and temperature may provide the
estimation for material microscopic parameters: measure of disorder, interstitial
distances, and mean hopping length- by means of fitting this behavior with
Gaussian Disorder Model.
4. Use the physical-model to extend the device model to the injection-limited
regime and compare it to experimental data of injection-limited device.
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II.2. Device preparation procedure
From a perspective of the previous points, it is clear that the ohmic nature of one
of contacts is crucial for success of the investigation scheme explained above. The
problem is that generally, there is a potential barrier between the substrate and polymer
layer, even for materials with work function close or lower than the work function of
polymer. After numerous efforts we developed the experimental routine that satisfies
ohmic contact demand.

II.2.1 The bottom contact
The device substrate was commercially available glass chips with ITO (Indium
Tin Oxide) pixels that were defined geometrically as windows in insulating layer of
polyamide. The glass substrates were rinsed in organic solvents consequently: acetone,
methanol and isopropanol - holding substrate chips in an ultrasonic bath for 10 min per
solvent. The solvents residuals were removed from substrates by heating to 120°C for
30-60 min. After drying ITO surfaces were additionally cleaned with oxygen plasma
following the standard oxygen plasma treatment procedure. Immediately after the
substrate plasma treatment, PEDOT/PSS (water-soluble conducting polymer) layer of
35-40nm thickness was spin-cast. Prior to the deposition, the PEDOT solution was
filtered through 1µm filter. After spin casting the water residual was removed by
heating the substrate to 120°C for 1hour. The water must be removed completely
otherwise the contact will deteriorate. After drying, the substrate was moved into the
dry nitrogen glove box (Oxygen: less than 3ppm, Water: less then 3.5ppm) and further
processes were carried out in the glove box.

II.2.2 The semiconducting layer
According to our experience, the presence of water contamination in polymer
solution can deteriorate contacts and causes irreproducibility of device behavior. For
this reason, the severe accuracy arrangements should be taken in the making the
polymer solution; therefore we prepared the MEH-PPV solution in anhydrous toluene
only in the nitrogen atmosphere. The choice of toluene was not accidental. As known
from the literature [11], the solvent has an influence on conformational disorder of the
polymer. For example, polar solvents result in lowering of holes mobility in polymers.
Using of toluene allows achieving higher values of mobility.
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The conjugated (semiconducting) polymer layer was formed by spin casting
from solution followed by baking the polymer in evacuated oven at temperature of
90°C. The variation in layer thickness was achieved by varying the spinner speed. The
layer thickness obeys the “Law of square root “of spinner speed and can be changed in
predictable manner in range of 30-200nm.

II.2.3 The top contact
The top contact made by vacuum evaporation from chemically pure Au at
pressure ~1µPa . Evaporation rate was strictly set under 2nm/sec for first 10nm of the
evaporated contact and never exceed 5nm/sec during all the evaporation process.

II.3. Testing the device against known models
II.3.1 Applicability of SCLC model to the device with field-dependent
mobility
As was mentioned above the ohmicity of PEDOT/polymer contact implies the
applicability SCLC Model. Usually the ultimate “trace” of this model is the “1/d3
scaling law” for current, which means that for a given applied voltage to devices of
different thickness the current should obey:
II.1

J 1 d 23
=
J 2 d13

However, the Mott-Gurney expression for SCLC was developed for a constant
mobility. Since verifying the SCLC regime is an essential part of our experimental
methodology, we start by developing an expression for SCLC model for a fielddependent mobility.
Assuming that the mobility obeys the well known empirical relation:

(

µ ( x ) = µ 0 exp γ E (x )

)

II.2

And neglecting diffusion currents, the current is expressed as:

(

)

J = q µ n ( x ) E ( x ) = q µ0 exp γ E ( x ) n ( x ) E ( x )

II.3
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According to Poisson equation:
dE ( x )
q
n ( x)
=
dx
εε 0

II.4

Combining the two former equations one arrives at:
x

E ( x)

0

0

∫ Jdx ' = εε 0 µ0

∫

(

)

exp γ E ( x ') E ( x ')

dE ( x ')
dx '
dx '

II.5

Next we change variables according to:

y= E⇒

II.6

dE
dy
= 2y
dx
dx

And after the substitution one arrives at the integral:
x

y( x)

0

0

∫ Jdx ' = 2εε 0 µ0

∫

II.7

exp ( γ y ) y 3 dy

Applying several times integration by parts to the expression above one finally
finds:
y( x)

1

3
6
6
Jx = 2εε 0 µ0  exp ( γ y ) y 3 − 2 exp ( γ y ) y 2 + 3 exp ( γ y ) y − 4 exp ( γ y ) 
γ
γ
γ
γ
0

II.8

Returning to the E (x ) variable from the y (x ) one gets an implicit expression for
the field dependence on coordinate:

(

x

)


1
3
6
6 
3/ 2
1/ 2
Jx = 2εε 0 µ0 exp γ E ( x )  E ( x ) − 2 E ( x ) + 3 E ( x ) − 4  
γ
γ
γ  0
γ


II.9

If the charge concentration is high at x=0, the field strength at this point tends to
zero and it can be neglected in the integration, that means E ( x = 0 ) ≈ 0.
J = 2εε 0 µ0

(

)

1
1
3
6
6 6
3/ 2
1/ 2
exp γ E ( x )  E ( x ) − 2 E ( x ) + 3 E ( x ) − 4  + 4 
x
γ
γ
γ  γ 
γ

II.10

Given J, E(x) can be numerically calculated and finally we have:
d

V = ∫ E ( x)dx

II.11

0
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The expression (II.10) allows to solve the distribution of the field inside the
device numerically for any value of current J. Numerical integration of the field gives
the voltage drop across the device for a given value of current. Results of exact
numerical solution of the problem are presented in the Figure II.1 in comparison with
 V V 2
9

oversimplified expression for current: J = εε 0 µ 0 exp γ
, where L – is device
8
L  L3

length.
As one can see, for reasonable set of device parameters the exact solution is very
close to the approximated one. Moreover, the full coincidence of curves could be
achieved by use of a modified approximation historically related to Murgatroyd [12]:

9
V V 2
 3
J = εε 0 µ 0 exp 0.89 ⋅ γ
L
8
L



II.12

For that reason the use of “1/d3 scaling law” is completely justified.

Figure II.1: Comparison of exact numerical solution of space charge limited current for device with
field
dependent
mobility
and
naïve
approximation.
The
device
parameters
are: µ0 = 5 × 10

−11

[cm 2 / V sec], γ = 5 × 10−3[(cm / V )1/ 2 ], ε = 3, L = 100[nm]

In order to check the validity of the “1/d3 scaling law” for the PEDOT/MEHPPV/Au devices the set of polymer diodes with different thickness of polymer layer had
been prepared. Experimentally obtained results for all thickness of the devices are
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assumed to satisfy the equality: J i d i = J j d j = f (E ) , where E – is mean field strength in

the device: E = V d . The representative results for set of devices with different
thicknesses are presented on the Figure II.2 and II.3

-7

10

-8

I*d [A*cm]

10

-9

10

d=120nm
d=85nm

-10

10

d=65nm

-11

10

5

1 10

3 10

5

F [V/m]

4 10

5

5

6 10

I*d [A*cm]

Figure II.2 : The temperature 300 K. Verification of scaling relation of SCLC model for polymer
devices. The current-thickness product is supposed to be the function of mean field strength in the
device irrelatively to device thickness.
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Figure II.3: The temperature 170 K. Verification of scaling relation of SCLC model for polymer
devices. The current-thickness product is supposed to be the function of mean field strength in the
device irrelatively to device thickness.

According to Figure II.2 and Figure II.3 the SCLC scaling overestimates the
effect at room temperature and underestimates it at low temperature. This suggests that
in this device the PEDOT contact is on the border between ohmic and injection limited.
In the following we will assume the PEDOT/MEH-PPV contact to be ohmic.
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II.3.2 Field

dependent

mobility

for

different

temperatures:

experimental result.

Now using the SCLC framework we can analyze our devices in a similar
manner, which presented in the literature. As was noted above, the general property of
conducting polymers is field- and temperature-dependent mobility, which is often
represented by the empirical form of:

(

 ∆ 
 exp γ E
 kT 

µ (E , T ) = µ * exp −

)

II.13

where
 1

II.14

1 


−
γ = B
 kT kT0 

In order to investigate the field and temperature dependence of mobility we
performed current-voltage measurements of the organic diode for different temperatures
in the range of 150-300K. The sample was placed inside evacuated chamber with
temperature control. Current-voltage measurements were performed by AGILENT SPA
unit.
From the measurements of hole current injected through the PEDOT/polymer
ohmic contact and fitting I-V curves by SCLC model with exponentially fielddependent

mobility

we

obtain

follows

parameters:

zero

field

mobility

 ∆ 
 for every temperature, activation energy and temperature
 kT 

µ E =0 (T ) = µ * exp −

dependence of γ - coefficient of root of electric field -

E (see Figures II.4, II.5).
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Figure II.4: Zero-field mobility plotted against 1/T for hole-only PEDOT/MEH-PPV/Au device.
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Figure II.5: Temperature dependence of γ for hole-only PEDOT/MEH-PPV/Au device

In the table below we summed up data extracted from our experiments and
several examples taken from the literature. We found a good agreement with published
data. The spread in parameters is attributed to different processing procedures as well as
to material synthesis procedure. However, the experimental shape of the dependence of
γ on temperature deviates from a straight line across a wide temperature range
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suggesting that the value we measure is affected by mechanisms not accounted for in
equation II.14 [13].
Parameter

This work

[14]
–solvent
unspecified

[15] solvent p-xylene

[16] - solvent
unspecified

∆ [eV]
µ* [cm2/Vs]
T0 [K]
B [eV (cm/V) 1/2]

0.4
22
1300
4·104

0.27
0.1
325
1.3·104

0.38
0.1
600±90
2.3±0.2·104

0.48
3.5
600
2.9·104

Finally, it is also worth to fit the experimental data for predictions of Gaussian
Disorder model [17] in order to get the microscopic parameters estimation (see Figure
II.6 below).
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Figure II.6: Zero-field mobility (fitted in according with Gaussian Disorder Model) for variety of
temperatures against square of the temperature. The graph inline give the measure of energetic
disorder term σ .For given material σ=0.095 eV

According to this model, the logarithm of zero-field mobility is in inverse
proportion to square of the temperature, where the coefficient of proportion is actually
2

 2σ 
the width of energetic disorder: ln(µ E =0 ) ∝ 
 . For this reason, the appropriate
 3kT 
plotting of mobility against the temperature gives the measure of energetic disorder. We
see that the data does not show a clear straight-line behavior and hence the GD model
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developed for the low-density limit may not be accurate [13]. Nevertheless, using a best
fit we found: σ=0.095 eV.

II.3.3 Analysis of injection limited contact
As it was discussed above the PEDOT/MEH-PPV contact of our devices exhibit
a fairly good ohmic behavior and the current injected through this contact obeys the
SCLC law. In Figure II.7 we compare the injection from PEDOT/MEH-PPV to that
from Au/MEH-PPV contact. The data is shown for two temperatures (160K and 300K).
The current through the Au contact is about two orders of magnitude lower then that
through the PEDOT/MEH-PPV indicating that the Au contact is limiting the current,
probably due to a high contact barrier.
2
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Figure II.7: IV-curves for different temperatures for PEDOT and Au contacts (using Vbi=0.3V and
Vbi=-0.3V for the PEDOT and Au sides respectively). The temperature dependence of the injection
from Au contact seems to be slightly less affected by the temperature change with respect to the
injection from PEDOT contact.

Figure II.7 also shows that the temperature dependence of the injection from Au
contact is slightly less affected (influenced) by the temperature change with respect to
the injection from PEDOT contact. This is contrary to expectations that there should be
a high injection barrier that becomes much more significant at low temperatures (this
"strange" behavior will be explained by our comprehensive model).
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In the case of purely injection-limited current, and regardless to specific limiting
mechanism, the current in the contact is a function of the field F and has no explicit
thickness dependence, j = j (F ) . In order to confirm the injection-limited nature of the
Au contact we plotted in Figure II.8 the current dependence on the mean field in the
devices for different thicknesses.

Figure II.8: Current dependence on the mean field in the devices with different thickness for
variety of temperatures for Au injection-limiting contact. The current is function of applied field
only and it isn’t affected by device thickness. This is proof of injecting-limiting nature of Au
contacts.

Figure II.8 shows that the current is indeed approximately dependent on the field
(V/d) unlike the SCLC (V2/d3). We consider this as an additional proof that the Au
contact is injection limited and that charge density is too low to create space charge
effects.
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The failure of standard models

To emphasize that the Au contact in a polymer device exhibits features that are
not explained within the conventional semiconductor device theories, we will apply the
common analysis methods to our data. Seeking the adequate description of the contact
behavior, it seems promising to try and fit the injection current for such known model as
Thermionic Emission Current (TEC). Indeed, several groups even state the applicability
of the TEC for current-voltage curves analysis [18] or base their analysis on implicit
assumption of Arrenius behavior of current with the temperature [19, 20].
According to TEC model current is given by:

φ   q

J TE = R *T 2 exp − q b  exp
kT 

 kT

II.15

qF 
4πε 0 ε 

where R * - is Richardson constant: R * = 4πqme k B2 / h 3 = 120 [ A / cm 2 K 2 ] ,and F
– is a field strength.
 J 
According to the formula II.15 log ∗TE 2  versus
R T 
intercept equal to − qφb / kT and a slope equal to β =

q
nkT

of ε = 3 the numerical value of β = 1.465 [cm1 / 2 K / V 1 / 2 ] ∗

F is a straight line with an
q
4πε 0 ε

. For typical value

1
nT [ K ]

28

Figure II.9:Fitting of the injection-limited current by thermionic emission model looks promising:
the experimental data follow the straight line for many orders of magnitude

Indeed, the experimental data follow a straight line across many orders of
magnitude, as it presented on the Figure II.9. However, examining the temperature
 J 
dependence of the slope and the intercept of the graph log ∗TE 2  versus
R T 

F one

finds that the TE model is completely inapplicable for description of the experimental
data. In the Figures II.10, II.11 we show extracted values of β ⋅ nT and ϕb obtained
from the experimental data fitted for R * = 120 [ A / cm 2 K 2 ] .
According to the theory β ⋅ nT [ K ] = 1.465 [cm1/ 2 K / V 1/ 2 ] and indeed the result

shown in Figure II.10 is temperature independent. However, the absolute value is many
orders of magnitude lower than expected.
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Figure II.10: Fit of temperature dependence of the β from the expression of thermionic emission

The barrier is supposed to be temperature independent also and constant during
the device processing. According to TE theory the barrier height is found from the
intercept of the graph of ln( J TE / R *T 2 ) . As Figure II.11 shows, again, actual results
completely disagree with the model predictions.
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Figure II.11: Injection barrier extracted from the temperature dependent data. and to provide the
value of barrier for injection.. For comparison the given the theoretical line with φb ≈ 0.6 [eV ]

Another popular model, Diffusion-Emission model, also can’t give satisfactory
degree of agreement with experimental data. According to Diffusion-Emission model,

30

the injected current is the product of charge concentration at the peak of the potential
barrier with field and mobility at this point:

 q
∆ϕ 

J = N 0 exp − q
 exp
kT 

 kT

q


 ⋅ µ (E , T )E
4πε 0 ε 
E

II.16

where E – is mean filed in the device, that given as ratio between an applied
voltage and device thickness: E =

V
. As one can see, for given applied voltage on the
L

device the current through the device should be scaled exponentially with the
temperature:


 1
J (E , T1 )
1   µ (E , T1 )

= exp − ∆ϕ eff 
−

J (E , T2 )
 kT1 kT2   µ (E , T2 )


II.17

Where:
∆ϕ eff = ∆ϕ −

qE

II.18

4πεε 0

Ordering the terms in the expression above one can get:
∆ϕ eff ∆ϕ eff
 µ (E , T2 ) J (E , T1 ) 
 = −
+
ln
kT1
kT2
 µ (E , T1 ) J (E , T2 ) 

II.19

To calculate expression II.19 we used the charge carrier mobilities extracted
from the PEDOT contact injection curves using the SCLC theory. In the Figure II.12 we
plot the value of expression II.19 and we note that the 1/T dependence is not reproduced
by the experimental data analysis using common models.
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Figure II.12: Diffusion-Emission model is completely inappropriate choice for description of
injection in metal-organic semiconductor junction. On the figure presented the experimental line
for E = 4 × 10 5 [V / cm] and for the comparison “theoretical fit” with effective barrier of 0.15 eV

II.4. Summary and Conclusions
In course of the research the preparation procedure of hole-only MEH-PPV
based device was developed. High reproducibility of properties was achieved. The
ohmicity of the PEDOT contact was ensured and rigorously approved. From the fits of
current-voltage characteristics of SCLC injected from the ohmic contact at different
temperatures the parameters of field-dependent mobility were obtained and compared to
known values from the literature. Preliminary analysis of injection-limited Au contact
was performed on the base of well-known models and total inapplicability of those
models was found.
As we consider the main puzzle is the behavior of injection-limited contact and
its’ most intriguing feature is low temperature dependence of the current. This fact
stands in opposite to intuition that higher barrier to injection gives rise to steeper
temperature dependence. We will try to answer this question in the next chapters.
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III. Injection to organic polymer
III.1. Introduction
The contact region in the polymer-based devices plays the crucial role in device
performance. As was shown in the previous chapter, conventional models cannot
reproduce the injection-limited current. Conventional models were developed for
inorganic devices. Therefore, we will outline below some important issues regarding
contact to organic materials that will assist us later in formulating the proper model for
organic devices.

III.2. Experimental data about metal-polymer interface
Ultraviolet Photoelectron Spectroscopy (UPS) and Biased Absorption [21,22]
had been applied in order to understand the metal-polymer surface energetic structure.
In the UPS method the spectrum of photoelectron emitted from the bare metal surface
and surface covered with thin polymer layer of few angstroms are compared. The
principle of UPS method presented on the Figure III.1

Figure III.1: Principle of the UPS study of an organic/metal interface. a) Photoemission from the
metal. b) Photoemission from the organic layer deposited on the metal substrate. c) Presentation of
the UPS spectra of metal and organic material with the energy of an emitted electron with an
arbitrary origin as the abscissa. hν: photon energy, EF: Fermi energy of the metal, Φm: work
function of the metal,

E mvac : VL of the metal, E k : kinetic energy of photoelectron, E max
k (metal)

maximum kinetic energy of photoelectron from the metal, ∆:VL shift at the interface, HOMO:
highest occupied molecular orbital of the organic layer, e : energy of the HOMO relative to the
Fermi level of the metal, eFvac: energy of the VL of the organic layer relative to the Fermi level of
max

the metal, Evac: VL of the organic layer, E k
form the organic layer

(org ) maximum kinetic energy of photoelectron
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The studies carried out on several polymers and substrates [23,24] demonstrate
rather surprising picture of band alignment. Representative results of such study are
shown below at the Figure III.2

Figure III.2: Schematic energy level diagrams of the interfaces between the three COMs and Au
and PEDT/PSS, showing the Fermi level EF , HOMO and LUMO, the vacuum levels (Evac)) and
IE, and the interface dipole D. The positions of the HOMO and D are derived from photoemission
measurements. The position of the LUMO of a-NPD and pentacene are obtained from inverse
photoemission experiments [25]

Figure III.3: Change of the gold work function as a function of CO coverage. Note that the induced
shift (dipole) may be up to 1eV [26].

It can be clearly seen that the interface dipole barrier for hole injection is
systematically lower for polymer/polymer interface than for metal/polymer interface
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although the work functions of both substrates - PEDT/PSS and Au – are very close
(~5eV)
As it appears from quantum chemistry calculation [27], the interface dipole,
measured as the metal work function change upon adsorption of an organic monolayer,
can be divided into two components: (i) the “chemical” dipole, Dchem, induced by a
partial charge transfer between the adsorbate and the metal upon chemisorption, and (ii)
the change in metal surface dipole, ∆Dmet, because of the modification of the metal
surface electron density tail induced by the interaction with the adsorbate. The influence
of the nature of the metal and the adsorbate can be estimated qualitatively. Of course, it
should be noted that the barriers measured by photoelectron spectroscopy, without any
doubts, have correlation in electrical performance of the contacts in the devices,
although the implementation is not a straightforward.

III.3. Injection to disordered medium: general consideration
Irrelative to the causes and nature of barrier arises the question: how do charge
carriers overcome a barrier and participate in conduction? And why well-known model
for charge injection, the so-called Thermionic Emission [28], has so far failed .
Thermionic Emission implies charge transfer from the extended quantum states
in the metal to the extended states in a semiconductor that reside beyond the peak of the
contact barrier potential (see Figure III.4). However, in organic semiconductors the
nature of the subject calls for a description of tunneling from the metal states to the
statistical manifold of localized hopping sites in the polymer. Microscopic description
of charge injection would include ballistic motion of charge carrier through the
polymer, energy loss and thermalization, hopping motion of thermalized carrier between
the localization site to the collector or recombination at the source. A macroscopic
semiconductor device-model is generally applied to thermalized carriers only and hence
if we want to include the contact region in such a model the thermalization length
should be negligibly small. Thermalization of carriers in polymers can be described as
ballistic motion of the particle under the influence of viscous drag force in the image
potential field [29]:

m

v
dϕ
dv
= −e − e
µ
dx
dt

III.1
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Which lead to an approximate expression for the thermalization distance for hot
carriers:

xt ≈ µv0 ( m / e)

III.2

where v0 - initial velocity of the injected carrier and m is the carrier mass. The
thermalization length is believed to be 1- 0.1 nm [30]. So we can assume that the
carriers thermalize at first-hop site [31] and are not directly transferred from the metal to
the other side of the barrier peak. The further motion of the carrier is governed by the
hopping in the image force potential (the standard transport mode in organics) [32].

Figure III.4: Schematic representation of contact region. Xm-coordinate of peak of the image force
potential in the presence of applied field, Jt – current of carriers thermalized at the contact region,
Jh-current of “hot” carriers that success to overcome a peak ballisticaly

The general description above can be viewed as diffusive escape process of the
injected carrier from the recombination at the metal surface in the field of its image
charge.

III.4. Rate limited injection
There may be several models in the literature but the most comprehensive one
was first suggested in 1998 by Vladimir Arkhipov who gave an explicit treatment of
injection process based on first-principles assumption about the physical processes on
microscopic scale [33]. Briefly speaking, Arkhipov suggested that the injection is twostage process including: 1) thermally activated hop from the metal to the nearest polaron
site; 2) hopping diffusion of the polaron in the potential of image force. This model
assumes that the rate limiting the process is rate of 1st stage. It implies that the region
next to the contact is not at equilibrium with the metallic contact.
The escape model is based on a model developed by Onsager [34] for description
of ion dissociation in weak electrolyte. In the Arkhipovs’ model the system to be
considered is an energetically as well as positionally random hopping system in contact
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with a metallic electrode. Charge transport occurs among localized sites of a Gaussian
distribution g(E) of states (DOS) of variance σ and centered about the energy E=0. The
initial event is an injection of a carrier from the Fermi level of the electrode, which
assumed to be at an energy ∆ below the center of the DOS, into a localized state located
at a distance x0>a from the interface, where a is the nearest-neighbor distance. At an
arbitrary distance x away from the metal-polymer interface, located at x=0, the carrier
electrostatic potential of relative to the Fermi level of the electrode is given by the
superposition of the image potential, the external potential and the site energy E:
U (x, E ) = ∆ −

e2
16 πεε

− eF 0 x + E

III.3

0

where F0 is the external field strength, e the elementary charge, ε the electric
constant, and ε0 the dielectric permittivity. Throughout the work, Arkhipov at. el
assumed that currents are injection-limited, i.e., injection is weak enough or,
equivalently, transport is fast enough to render space effects unimportant.
Let us consider a carrier that has made a jump from the contact over the distance

x0. It contributes to injection current unless it returns to the contact. The escape
probability is determined by interplay between drift and diffusion within the potential
distribution described by Eq. (III.3). This is nothing but the well-known onedimensional Onsager problem yet subject to the premise of energetic disorder.
Moreover, the probability of the first carrier jump from the contact over a given distance

x depends also on the energetic distribution of localized states in the polymer. Once
injected into a localized state with the energy Ein, a carrier chooses the easiest jump to
the nearest target site with energy Ef. It is known [35,36] that for energetic upward jumps

Ef is determined by the temperature, the concentration of hopping sites, and their
energetic distribution but is independent upon the energy Ein . This is also valid for the
first carrier jump from the electrode into a localized state. Therefore, thermal
equilibrium distribution of carriers, according to Arkhipov, is already established after
the first jump (in the polymer but not with the metal?). For sufficiently high barriers the
first jump is the most difficult one and is, consequently, rate limiting. The subsequent
drift and diffusion of carriers within a polymer can be considered as an equilibrium
process that determines the probability for a carrier to migrate into the bulk. Under
equilibrium conditions, this probability does not depend upon the energy Ein of a
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localized state to which a carrier has made its first jump. Concomitantly, the injection
current density, jinj, can be written as:
∞

+∞

a

−∞

j inj = eν 0 ∫ dx 0 exp( − 2γx 0 ) w esc (x 0 ) ×

∫ dE ' Bol ( E ' ) g (U o (x 0 ) − E ')

III.4

where :

III.5

  E 
 , E>0
exp −
  kT 
Bol (E ) = 

1 , E < 0

- Boltzman function
g (U − E ) =

 ( E − U )2
exp −
2σ 2
2π σ

1






III.6

Gaussian density of states
 1 

1
∫a exp − kT  Fx + 16πεε 0 x  


wesc ( x0 ) =
 1 

1
∫a exp − kT  Fx + 16πεε 0 x  


xo

III.7

Escape probability for charge after 1st-hop to distance of x0.
So, the main parameters that govern the ILC are:
•

a - minimal hopping distance (the lower limit of integration in escape
probability calculations)

•

σ - width of distribution of energetic disorder

•

ε – permeability of polymer
It should be noted that formula for escape probability as it written above

derived in assumption of low concentration of charge carriers next to the contact and an
absence of traps that could influence on the transport. Those assumptions seem to be
hardly applicable to the contact region in conducting polymer devices.
One may charge after Arkhipov, that the first assumption hold as long as the first
hop from the contact to the polymer is an upward jump, i.e. U (a ) > 0 , which can be

translated to: ∆ > Fa +

e
16πεε 0 a

. As one can see, the former expression implies the
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injection into infinitely narrow conducting band rather than injection to statistical
manifold of localized states with a long tail of traps. In that case the expression above
should be replaced by: ∆ > Fa +

e
16πεε 0 a

+σ .

On the Figure III.5 presented typical calculations in according with Arkhipov
model with reasonable set of microscopic parameters. While there is resemblance to the
dependence found in the experimental data we found it hard to apply this model is a self
consistent manner across a wide temperature range to the injection limited case and it
does not hold for the SCLC case where there is no doubt that equilibrium between the
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Figure III.5: Calculation of current injected current in according with model of Arkhipov for ratelimited injection .The calculation are performed for device with barrier to injection ϕ=0.5eV,
Gaussian disorder parameter σ=130meV.
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IV. Transport in conjugated polymers
As was shown in the previous chapter the injection process across the potential
barrier mainly involves transport across this barrier. Namely, we need next to examine
the transport phenomena in organic materials. The accepted picture describing charge
carrier transport is the hopping transport taking place between discrete sites having
energetic and positional disorder. The disorder can be associated with regions of
conjugation of chaotically folded polymer chain giving rise to fluctuations in
conjugation length, interchain coupling, polarization etc. Measuring directly the
disorder or the site parameter distribution is very difficult and close to impossible.
There is one experimental technique that to some extent can show directly the site
distribution and we devote the following to paragraphs to briefly outline it.

IV.1. Experimental confirmation of energetic disorder in
polymer solids
It is now well established that the optoelectronic properties of conjugated
polymers resemble those of the related oligomers with statistically varying lengths [37].
Therefore, their electronic properties should be similar to those of other organic solids,
albeit disordered.
Most direct experimental evidence of energetic disorder was provided Alvarado
with co-workers [38,39] by mapping of spatial distribution of charging potential of
polymer film by Scanning Tunneling Microscope (STM) imaging in the framework of
so-called z-V spectroscopy. Recently, scanning tunneling microscopy imaging has
proven to be a powerful tool to locally investigate processes with resolution on the
nanometer scale. Moreover, characterization by STM distance versus potential (z-V
spectroscopy) lets determine accurate values for the electronic properties.
In contrast to conventional STM current–voltage (I–V) spectroscopy, which has
to open the feedback loop during operation and measures the energy dependence of the
density of states (DOS) [40,41,42,43], STM z–V spectroscopy probes the DOS via the
voltage-dependent tip displacement at constant tunneling current.
The scheme of experiment is followed. Polymer film was deposited on gold Au
(111) surface. The STM tip travels along the surface and dependence of the tip elevation
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on potential difference for given and constant value of tunneling current is probed at
several hundred points on the 200×200nm.

Figure IV.1: Energy diagram of STM tunneling through a vacuum barrier into the organic thin
film and through a Schottky-like barrier with a tip in contact respectively. In both cases, a negative
tip bias relative to the Fermi level of the metal electrode is shown .

The typical curve obtained in the single point is presented on FigureIV.2. The
curve is imposed on the z-V curve representing the injection to the bare gold substrate.
The point of strong z-V curve bending correspond to such tip elevation, that the
injection into the substrate is negligible and major injection occurs to the polymer
energy levels. Positive or negative bias relatively to the substrate corresponds to
injection of n-polaron (electron) or p-polaron (hole) respectively.

Figure IV.2: The first graph is schematic of a STM z-V injection spectrum. Ep- and Ep+ are the
thresholds of the charge-injection energies for electrons and holes into polaronic states,
respectively, and Egsp is the single-particle energy gap. The dashed curves represent typical STM tip
displacements observed at a clean metal surface. The second graph is experimental STM tip
elevation as function of different bias voltages when the tunneling current kept constant.
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The Figure VI.3 shows typical examples of statistical distributions of the
electron and hole injection threshold energies, and of the single-particle band gap. The
data were recorded on two different regions of the sample, A and B, several µm apart
from each other. The root mean square deviation of each peak is greater than the
uncertainties in the determination of the injection threshold (< 50 meV) and reflects the
actual variations of the material properties as well as of the injection threshold at
different locations on the sample. So, we can see that even on area of order of
100nmX100nm (equivalent to the thickness of standard LED) there is energy
distribution broadening.

Figure IV.3: P- and N-polaron energies and single-particle band gaps are sampled in different
points that show rather significant statistical dispersion.

The measurements of the sort described above are very difficult and it is not
clear that they are resistant to artifacts associated with the actual measurement
procedure. To this end one does not attempt to use the exact shapes to describe the DOS
but rather a single Gaussian that still captures most of the phenomena involved (though
we keep in mind that more then one Gaussian may be required).
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IV.2. The effect of Disorder
If we assume energetic and spatial disorder it then and there has some inevitable
consequences as an Anderson localization of charge carriers. It means that transport is
hopping-like rather than motion in band of delocalized states. It leads to the followed
manifestations: a deviation from Einstein relation: D µ ≠ kT for high concentration of
the charge carriers and mobility dependence on electric field and concentration.
It should be noted, that the disorder has a great influence on the injection from
the metal contact to the polymer and it would be discussed in the next chapter.

IV.3. Deviation from Einstein relation
The deviation from Einstein relation is not surprising but is an outstanding
feature of conjugated polymers. A decade ago Ritter and Zeldov [44,45,46] measured the
deviation from Einstein relation in amorphous silicon.
In general, the deviations from Einstein relation can be rigorously drown from
the energetic disorder distribution. The general form of diffusion coefficient over the
mobility ratio is:
D

µ

=

p
 dp 

q
 dη 

IV.1

where D-diffusion coefficient, µ- mobility, p is charge carrier concentration, qelectron charge and η is chemical potential.
Let’s assume that density of state for polaron in the polymer has Gaussian form:

 (ε − ε 0 )2 
exp  −

2σ 2 
2π σ

N0

g (ε ) =

IV.2

where N0 – total density of states, σ- variance normalized to kT (disorder
parameter), ε- energy of the given site, ε0- center of Gaussian.
We consider that the charge density is in thermal equilibrium condition:
p(η ) =

+∞

∫ g (ε ) f (ε ,η )dε

IV.3

−∞
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where f (ε ,η ) =

1
is Fermi-Dirac function.
 ε −η 
1 + exp

 kT 

The relation (IV.3) connects the local charge density with local Fermi level and
allows expressing the Fermi level dependent properties (the Einstein relation in the
present case) by the way of the charge density. The derivative of concentration
relatively to chemical potential is given by:
+∞

+∞

1
 ε −η 
exp

kT
 kT 

IV.4


d
dp
f (ε ,η ) = ∫ g (ε )
= ∫ g (ε )
2
dη −∞
 −∞
 dη

 ε − η 
1 + exp kT 




Gathering all the terms above finally we get [47]:
 (ε − ε 0 )2 
1
∫−∞exp− 2σ 2  
 1 + exp ε − η 



D kT
 kT 

=
µ
q
 ε −η 
exp

2
+∞
 (ε − ε 0 ) 
kT 

2
∫ exp− 2σ 2  
−∞
 ε − η 


1 + exp kT 



+∞

IV.5

The meaning of obtained formula (IV.5) can be illustrated by Figure VI.4 where
presented some calculated curves of the

D

µ

ratio versus the carrier density

Figure IV.4: The inverse of Einstein relation (i. e. µ/D versus the normalized charge concentration
p / N V for different density of variances σ). The solid lines are calculated for a variety of Gaussian
DOS. The dotted lines are calculated for the Gaussian DOS that had been cut at ~0.5eV and 1eV
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As one can see, the deviation from the unity is greater for high densities, it
means in device terms that the deviation from the unity is greater in contact region
mainly and for wider density of state distribution parameter σ. We recall that σ is
normalized to kT, and it has to be understood, that the effect is more significant for low
temperature. The fact that at high density the material becomes degenerate and the
Einstein relation changes is not surprising. However, the “surprising” feature is that for
Gaussian DOS the so-called “high-density” regime starts at densities of about 1014cm-3.
The derivation of the generalized Einstein relation is based of fundamental and
broadly accepted mechanisms and hence one can safely accept it to be true. However,
this prediction is rather new and to the best of our knowledge the density dependence of
the Einstein relation has not been verified experimentally yet.

IV.4. Mobility dependence on the field and carrier
concentration
Field-dependent mobility is experimentally well-established feature of
conjugated polymers. In time-of-flight experiments carried out in 1970, Pai [48]
observed that the mobility of photo-injected holes in poly (N-vinilcarbazole) at high
electric fields might be described by law:

[

 ∆
exp γ E
 kT 

µ = µ 0 exp −

]

IV.6

where µ0 –zero field mobility, ∆- an activation energy ∆ = 0.5eV , γ-constant.
The behavior described by the law (IV.6) has subsequently been observed for
variety of polymer systems and its applicability has been demonstrated for electric field
strength E, ranging in some samples from 104 to 106 V/cm. And in its turn Gill [49] has
show that the factor γ obey the next law:
1

IV.7

1 

γ = B −

 kT kT0 

[

where B ≈ 4 × 10 − 4 e 2 cm / V

]

1/ 2

and T0 ≈ 500 K .
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IV.5. Theoretical models for hopping in disordered media
IV.5.1

Pool-Frenkel mobility

(

)

It’s common to call the dependence µ ∝ exp γF 1 2 by name Pool-Frenkel (PF)
mobility, but one should pay an attention, that this similarity is superficial.
Originally, PF model describe temperature-assisted transport of carrier through
the media containing the charged traps. The processes accompanying the escape of the
charge carrier from the trap is schematically presented at the Figure IV.5 below.

Figure IV.5: Schematic representation of escape of charge carriers from the charged trap.

The charge carrier is subjected to the influence of the Coulomb force attracting it
to the trap and the externally applied electric field. The total potential is:
U ( x ) = Eionization −

q2
4πεε 0 x

IV.8

− qFx

where Eionization – energy of ionization, q- electron charge, ε- relative
permeability, ε0- vacuum permeability, F-electric field, x- coordinate along field.
In order to escape the trap the charge carrier should overcome the maximum of
the potential at the point: x max =

q
4πεε 0 F

. At this point the potential is going down

with square root of the applied field:
U ( x max ) = Eionization −

q3/ 2

πεε 0

F

IV.9
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 q 3/ 2
Thermally assisted escape rate should be proportional to exp 
 πεε
0



F kT  .



And as long as the transport is limited by the rate of capture-release process from
charged traps, mobility will has behavior accordingly to the field square root.
Thus the standard Pool-Frenkel model [50] gives a plausible explanation to the
observed mobility. Further inspection, however, reveals several inconsistencies. The
experimental investigation had been performed by numerous researchers on molecularly
doped polymers for different dopant concentrations and different molecular dipole
strengths of the dopant. It was ascertained that PF model did not explain obtained
results.
So, in the absence of charged traps in the polymers, it should be incorrect to talk
about real Pool – Frenkel mobility.

IV.5.2

Gaussian Disorder Model (GDM)

Theoretical efforts in the field of polymer semiconductor directed to solve the
problem of field-dependent conductivity was based on research paradigm, that such
behavior is a universal feature of spatially and energetically disordered system. The
essential model in this field had been developed by H. Bassler and co-worker through
the last decade [51].
Bassler performed numerous Monte-Carlo simulation of charge hopping through
the cubic lattice. Energetic disorder had been modeled by assignment to each lattice site
a random normally distributed energy with some variance σ. Positional disorder had
been modeled by assignment to each lattice site a tunneling parameter Γi (wave function
overlap) normally distributed with Σ. The hopping rate between the sites was assumed
to be so-called Miller-Abraham’s rate [52]

ν i→ j

1 if Ei > E j


= ν o exp − 2γ (Γi + Γ j ) × 
E − Ej 
exp  i
 if
  kT 

[

]

IV.10

Ei < E j

Miller-Abraham’s rate has the simplest form that still provides an appropriate
equilibrium occupational distribution between the sites, but in our opinion, it’s wrong to
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assume that it is real rate of hopping events from site to site. For illustration our
conviction lets assume two sites, which we represent as weakly coupled quantum wells
with different position of the bottom level. Assume some level at energy E from
vacuum level. The probability of level occupation P(E)i(j) – under assumptions of
thermal equilibrium and weak coupling

in each well is proportional to

 E − Ei ( j ) 
.
exp −
kT 


Figure IV.6: Occupational probability of some energetic level in the well depends on the energetic
distance from the well bottom.

As soon as the particle of energy E in the left (right) bottom hit the barrier the
tunneling probability from both sides is equal T and proportional to the wave function
extension beyond the well. The frequency of hit events may be assumed equal for wells
with equal geometric parametersν i ( j ) = ν 0 . Thus the hopping rates will be given by:

Ri → j = ν 0TPi (1 − Pj )

IV.11

R j →i = ν 0TPj (1 − Pi )
At the low occupation (density) limit it can be simplified to:
Ri → j = ν 0TPi

IV.12

R j →i = ν 0TPj

It is clear that Miller-Abraham’s expression (IV.10) gives the right ratio between
the real hopping rates. However, all the structural information embedded in
“T”(tunneling probability) is lost and the rates themselves are not accurate. More over,
effects imposed by external field, applied to the system, on T are lost as well (see Figure
IV.7).
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Figure IV.7 Band bending under applied field. There is an addition to Ej that is caused by external
field F.

Nevertheless, the simple form of the Miller-Abrahams rate has been most useful
in obtaining insight of the transport especially using Monte-Carlo simulations. In fact,
using this expression in Monte-Carlo simulations and after averaging the data over a
large number of sites configurations, Bassler suggested a semiempirical expression for
mobility dependence on microscopic characteristic parameters of the bulk matter:
2
2
  2 2   exp C (σˆ − Σ ) E , Σ ≥ 1.5
µ = µ0 exp  −  σˆ   × 
2
  3   exp C (σˆ − 2.25 ) E , Σ < 1.5

IV.13

where µ0- zero field mobility, σ- diagonal disorder parameter (energy disorder)
normalized to kT, Σ- off-diagonal disorder parameter (spatial disorder), C- empirical
constant that is equal to C = 2.9 × 10−4 cm / V , E – electric field.
On Figure IV.8 the results of Basslers’ simulation are presented. Authors [15]
think that it is illustrative to compare results (logarithmic dependence of mobility versus
square root of electrical field) for cases of absence of diagonal disorder, off-diagonal
disorder and presence the both.
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Figure IV.8: The logarithm of mobility vs.

E , parametric of Σ and σ (simulation results) [53]

It is usually assumed that µ0, σ, and Σ completely characterize any given
material, with σ% representing the width of the DOS due to all sources of energetic
disorder. Values of these three parameters have been obtained and tabulated for many
organic solids.
Although equation (IV.12) does describe time-of-flight data, provided µ0, σ, and

Σ are viewed simply as fitting parameters, recent theoretical work casts doubt on
whether the parameters extracted from experiment using (IV.12) represents the actual
width of the all included DOS.
Numerical simulations capture well many features of experiment; its Gaussian
density of states (DOS) leads to temperature dependence ln µ ∝ −(T0 T ) routinely
2

observed.
Unfortunately, although GDM (Gaussian Disorder Model) satisfactorily explains
many features of experiment, such as the time-of-flight transients, it displays field
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dependence similar to Pool-Frenkel dependence only in a relatively narrow range and
only at large fields (E >105 V/cm).
Also it should be noted, that Bassler and co-workers Monte-Carlo simulations
were conducted for low density of charge carriers. By the other words, the possible
influence of the density on transport process has not been investigated.

IV.5.3

Correlated Gaussian Disorder Model (CGDM)

Similar approach to the transport processes is the model of Correlated Gaussian
Disorder (CGDM). The CGDM also treats carrier hopping among sites arranged on a
cubic lattice, but differs from the GDM in the way that sites energies are determined.
This approach starts from the works of Novikov and co-workers [54,55] that suggested a
random dipole nature of correlated disorder origin. In works of Saxena and Bishop
[56,57] it is also suggested to seek the origin of correlated disorder in polaron-phonon
coupling.
Novikov conducted Monte-Carlo simulation on the grid of hopping sites, when
the energetic disorder was introduced through the summation of the potentials produced
by randomly –oriented dipoles placed on each site.
r r r
p n (rn − rm )
U m = −∑ q r r 3
n ≠ m ε (rn − rm )

IV.14

where q- electron charge, p- randomly oriented dipole moment , rn- distance to
the sites, ε- relative permeability.
The site energy distribution for this model has been extensively studied, and
shown to be approximately Gaussian, with a width σ d = 2.35qp εa 2
On the base of Monte-Carlo simulations of transport in random lattice with
correlated energetic disorder had been suggested the formula (IV.15) for mobility
slightly different from (IV.12):

  3σˆ  2
aE 
3/ 2
 + C0 (σˆ − Γ ) q ˆ 
σ 
  5 

µ = µ0 exp  − 

IV.15
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Figure IV.9: Field dependent mobility of the CGDM for different values of σ[53].

It’s seems rather plausible and non-contradictive on the intuitive level, that the
sites with the deeper energy potentials are bottlenecks for transport, since it is difficult
for carriers to escape once they are caught there. Thus the mobility depends on the
carrier density, since when some carriers fill the deeper potentials, the other carriers
become more mobile. But one should take into account, that the filled “traps” product
the space charge in the device.

Figure IV.10: Logarithm of mobility against
E with different carrier densities for energetic
disorder parameterν = 0,3eV , K = 0, 0034eV / A , temperature T=300K. Dotted, short-dashed,
dot-dashed lines correspond to carrier density 0.08, 0.5, 2, 6.9*1018 cm-3, respectively. The solid line
corresponds to linearized Master Equation.
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IV.5.4

Semi-Analytical Model

To get an insight on this effect lets follow Tessler and Roichman [58].
According to this approach, let’s discuss the hopping transport in the statistically
disordered manifold of states {ε i } that can be described by some distribution g (ε ) . Each
hopping event is assumed to contribute to the total current an amount of:
r v
J i → j = ν (Rij , ε i , ε j )g (ε i ) f (ε i , ε F )g (ε j )(1 − f (ε i , ε F )) × Rij ⋅ E

(

(

ν ij = ν 0 exp −γ Rij

)

)

− ( ε j − Ezij −ε i )
, ( ε j − Ezij − ε i ) > 0
 e

,
elsewise
1

IV.16
IV.17

where E-is electric field strength, ν - hopping rate between sites separated by
distance Rij, γ - wave function overlap governing the tunneling process.
Owing to existence electric field there is a preferable space dimension, so it’s
natural to summarize the hopping events in polar system coordinates ( z , θ , ϕ )

Figure IV.11: The problem geometry allows choosing of polar coordinate system: all the values are
expressed through ( z , θ , ϕ )
+∞

+∞

−∞

−∞

J tot = 2πqν 0 ∫ dε i g (ε i ) f (ε i , ε F ) ∫ dε j g (ε j )(1 − f (ε j , ε F ))×
 ∞

2 ∫ zdz +
 ε j −ε i
 E

ε j −ε i
E

∫

−∞

IV.18



z 
 ε j − ε i − Ez  π / 2 dθ sin θ 2

 × ∫
zdz exp −
z exp − γ
3

kT
cos
θ
cos
θ

 0




The integral (IV.18) can be simplified by performing integration over the angle
variable θ (the integration over ϕ is already “performed”: it gave the factor 2π ).
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One should make the change of the variables: 1/ cos θ ≡ y . From this
substitution it can be obtained: dy =

sin θ
dθ . The limits of integration are also changed
cos θ

from 0 and π 2 to 1 and ∞ , respectively. Finally we have:
IV.19

This way the integration should be performed over the energy and the space dimension
z only. Further integration can be done numerically. The typical results are presented on

10

-6

10

-7

10

-8

10

-9

2

Mobility [cm /Vsec]

the Figure IV.12.

10

-10

10

T =250K,F=1e-6[V /cm ]
T =250K,F=5e6[V /cm]
T =300K,F=1e-6[V /cm ]
T =300K,F=5e6[V /cm]
12

10

14

10

16

3

10

18

10

20

p [1 /cm ]
Figure IV.12: Typical results of mobility calculation for different fields and temperatures.

The formula above had been derived basing on some assumptions that should be
justified. First of all, the assumption of thermal equilibrium that used in population
probability is expressed by Fermi-Dirac function. The second assumption is supposition
about isotropic distribution of distances to the neighbors. It’s clear that it should be a
minimal distance between the hopping sites. Performing the summation over some
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“lattice” of hopping sites instead of integration over the continuous variable can test the
influence of the second factor on mobility.
The simulations performed according to the formalisim unfolded above reveal at
least on the qualitative level main effects:
•

Increase of the mobility with concentration due to higher probability of
occupation of transport states.

•

Increase of mobility with field. Higher field smears out the disordered
energetic landscape and causes hopping enhancement.

•

Mobility increases with the field steeper at lower temperature although
the mobility is higher for higher temperatures. Because of smearing the
occupational probability of the states the field induced mobility
enhancement is pronounced less.

It’s interesting to compare results obtained by calculation according to the
attitude defined above with results gained by numerical solution of Master Equation
governing the hopping at random lattice for different concentration. [55]
According to the Master Equation approach some population probability Pi is
assigned to each site of energetically disordered lattice. The probability ωij for hopping
from site j to site i is calculated as Miller-Abraham hopping rate:

[

]

rr 
 1
ε i − ε j − qERij 

 kT

ω ji = ω0 exp(− γ (Rij / a ))exp

IV.20

The equilibrium occupational probability for each site is obtained by iterative
solving the Master equation:

∑ω P (1 − P ) − ω P (1 − P ) = 0
ij

j

i

ji i

j

IV.21

j

After finding the Pi an average velocity of charge carrier can be calculated as:

v=

r

∑ ω ji Pi (1 − Pj )R ji

IV.22

ij

and mobility is obtained via v = µE . Compared with Monte Carlo simulations
the Master equation approach has several advantages: The first, Master equation
approach guarantees a stationary solution; the second, it is convenient for considering
density-dependent effects; the third, it is numerically more efficient. The comparison

56

graphs of concentration dependent mobility according to analytical and Master equation
approach is presented beneath on the Figure IV.13 and IV.14

Figure IV.13: Logarithm of mobility plotted against square root of the applied field F1/2 ,which
calculated for different charge carriers concentrations: n=(6.74, 2.45, 0.8, 0.2) ·1018 [1/cm3] in
according with semi-analytic model. Calculation performed on the cubic lattice with the lattice
constant a = 1nm and mean hopping distance ro = 0.1nm at T=300K. Energy disorder parameter is
σ = 0.156[eV]. The inset is the distribution of the carriers’ energies.

Figure IV.14: Logarithm of mobility m against E1/2 with different carrier densities for ν= 0.3 eV, K
= 0.0034 eV, and T = 300 K. Dotted, short-dashed, long-dashed, and dot-dashed lines correspond to
carrier density n =(0.08, 0.5, 2, and 6.9) ·1018 [1/cm3], respectively. The solid line shows the result of
solving the linearized Master Equations.
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As one can see the Master Equation approach forecasts steeper behavior of the
mobility with the field than the analytical one. The possible explanation for this effect is
violation of most subtle suggestion of the analytic approach- violation of thermal
equilibrium. The graph of redistribution of charge carriers’ population with field
obtained from the Master Equation approach simulation is presented on the Figure
IV.15.

Figure IV.15: Carriers occupation as a function of the energy with different applied fields for
carriers density n= 6.93·1018 [1/cm3], ν = 0.3 eV, K = 0.0034 eVֵ, and T=300 K. Solid and dashed
lines correspond to field E=0.05 and 1.0 ·106 [1/cm3] V/cm, respectively. The inset is the distribution
of carrier energies.

The conclusion is obvious: higher field smears population probabilities. The
same effect one can obtain by heating the bulk. Increase of “effective temperature”
raises the mobility as well.

IV.6. Summary and conclusions
Conjugated polymer is energetically disordered physical system. This fact
approved experimentally by direct measurements of injection energies for holes and
electrons at different location on polymer film. Degree of disorder is influenced by
preparation condition of polymer film such as solvents and presence of doping.
Transport properties in polymer film are hopping transport in energetically and spatially
disordered grid of sites. In the chapter reviewed several model for prediction of
transport properties of polymer on the base of assumptions about microscopic nature of
transport. The common feature of reviewed models is prediction of mobility dependence
on electric field strength and charge carriers concentration.
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V.Simulations
V.1. Introduction: basic simulation assumptions
Summing the previous chapters we can state in brief that:
•

Due to inherent disorder in organic semiconductors mobility is field- and
concentration dependent entity

•

Due to inherent disorder in organic semiconductors the Einstein relation should
be violated especially in region of high concentration of charge carriers such as
the contact region.

•

Due to low mobility in organic semiconductors, injection from metal contact
into the polymer can’t be considered as ballistic process and should not be
considered as process that is separate from bulk transport

•

Due to presence of space charge in the device one should consider influence of
space charge induced field as well as applied external field
Considering the complexity and mutual dependence of transport parameters in

organic polymer devices as well as impossibility to separate a contact region from
device bulk, we state that the simulation should be based on integral self-consisted
approach to the device [59].
The equations describing the model are:
− D ⋅ ∂n / ∂x − µn ⋅ ∂φ / ∂x = J

V.1

φ = φ SC + φ image

V.2

∂ 2φ SC ( x) / ∂x 2 = qn( x ) /( 4πεε 0 )

V.3

φ image ( x ) = −q /(8πεε 0 x ) + φ barrier

V.4

where

φ SC is the potential caused by space distribution of charge carriers,

φimage is the potential of image force at the contact and φ

is the total potential

influencing on the carriers . Put an attention that φ - the total potential –does not
account for the Gaussian DOS effects
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V.2. Analytic solution of transport equation
Lets consider the equation, where the potential φ ( x ) is assumed to be a given
function of space coordinate:

− D ⋅ ∂n / ∂x − µn ⋅ ∂φ / ∂x = J

V.5

Let’s solve the homogeneous equation first:
− D ⋅ ∂n / ∂x − µn ⋅ ∂φ / ∂x = 0

V.6

µ
∂n
= − n(x )∂φ / ∂x
D
∂x
∂
(ln(n(x ))) = − µ ∂φ / ∂x
D
∂x
x
µ x  ∂φ ( x') 
∂
(
(
(
)
)
)
dx
'
ln
n
x
'
dx'
=
−
∫0 ∂x'
D ∫0  ∂x' 

 µ
n( x ) = C exp − φ (x )

 D
The solution of inhomogeneous equation can be obtained by assuming the
solution of the form of multiplication of homogeneous solution with some unknown
function:
nin hom o ( x) = A(x )n hom o ( x )

V.7

After substitution the expression (V.7) to the equation (V.6 ) we will obtain :
dA( x )
nhom o (x ) = J
dx
x
J
dx'
A( x ) = − ∫
D 0 nhom o (x')

V.8

−D

The total solution of equation is combination of homogeneous and
inhomogeneous solutions are subjected to boundary condition of the problem:
 µ
 J
 µ

µ

n( x ) = C exp − φ ( x ) − exp − φ ( x ) ∫ dx' exp  φ (x')
D

 D
 D
 D
0
x

V.9
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V.3. Numeric procedure
Generally speaking, any numerical solutions of differential equation describing
transport imply discretization of the space and time variables. That means, instead of
continues variables ( x, y, z , t ) and function f ( x, y, z, t ) we set some mesh (grid, refining)
of points

([xi , yi , z i ], [t k ])

~
and consider the approximated solution f ([xi , y i , z i ], [t k ]) in

those points. Of course, it’s meaningful to talk about approximation, if the behavior of
~
f ( x, y, z , t ) between grid points can be predicted using values of f ([xi , y i , z i ], [t k ]) at
given points of grid.
Crucial role in the numerical solution of transport equation plays the
discretization of differential operators. For example, in the framework of so-called
finite-differences approximation the differentiation is approximated by the expression
(V.10):

( ) ( )
df
([xi ]) ≈ f xi +1 − f xi −1
dx
xi +1 − xi −1

V.10

In similar way the second derivation approximation is:
d2 f
dx 2

([xi ]) ≈

f ( xi +1 ) − 2 f (xi ) + f (xi −1 )
xi +1 − xi −1

V.11

If we assume that the function f(x) is smooth function of coordinates the
derivative approximation mistake for grid with step h will be O(h )and going to zero
with mesh refining.
Considering the discretization of the set of equations above one should pay an
attention that simple finite differences procedure is not sufficient since the charge
concentration n is nearly exponentially dependent on the potential φ [60].
Let’s consider mesh points [xi-1, xi , xi+1] with concentrations [ni-1, ni , ni+1]
respectively, according to the general analytical solution one can write down:

µ

x

i
µ
µ
Jq
ni = ni −1 exp(− [φi − φi −1 ]) −
exp(− [φi − φi −1 ]) ∫ exp( φ ( x' ))dx'
µkT
D
D
D
xi−1

V.12
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According to the generalized Einstein relation:

µ
D

=

q
, when η- factor
ηkT

concentration dependence for given device is governed by disorder parameter σ ( mean
deviation of Gaussian distribution in hopping sites energies) . As one can see η is a
smooth function of log(n/Nc). In its turn n(x) is roughly exponential function of band
bending φ(x) . Those facts cause η to be actually constant at every small enough region
[xi, x

i+1]

of coordinate mesh. Assuming the η to be constant between the mesh points

we may charge for validity of the basic solution at the region:

φ ( x)
φ ( x) x
φ ( x' )
Jq
n( x) = N o exp(−
)−
exp(−
) ∫ exp(−
)dx'
ηkT
µηkT
ηkT 0
ηkT

V.13

Writing an similar expression for the second mesh interval and expressing the J
by mean of n(x) we can get the expression connecting only concentrations:




 n − n exp( µ [ φ − φ ]) 
 n − n exp( µ [ φ − φ ]) 
i +1
i +1
i
i
i −1
µkT  i −1 i
 µkT  i

D
D
J=

=
 xi +1

xi
q 
q 
µ
µ


exp(
φ
(
x
'
))
dx
'
exp(
φ
(
x
'
))
dx
'
∫x
∫x




D
D
i −1
i





V.14

by rearrangement of terms we obtain :


q
 exp(
[φ − φ ])
ηi −1/ 2 kT i i −1
ni −1

ηi −1/ 2 − ni  xi
ηi −1/ 2 +...
xi
q
q

φ ( x' ))dx'
exp(
∫ exp(ηi −1/ 2 kT φ ( x' ))dx'
∫
η
kT
i
−
1
/
2
x
xi −1
 i−1

q
 ni +1 exp(
[φ − φ ])
ηi +1/ 2 kT i +1 i
ni

ηi +1/ 2  + xi+1
... xi+1
=0
q
q

∫x exp(ηi +1/ 2 kT φ ( x' ))dx'  x∫ exp(ηi +1/ 2 kT φ ( x' ))dx'
i
i


V.15
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V.4. Solution procedure: step by step
Looking closely on expression (V.15) we can see, that the distribution of charge
carrier in the device can be found, when the follows values are given:
•

Concentration of charge carriers on the boundaries

•

Potential φ (x ) as function of space coordinate throughout the device

•

Einstein ratio η (x ) as function of space coordinate
The current through the device can be calculated using the expression (V.14) at

the moment, when we know:
•

Concentration of charge carriers at some point

•

Mobility at this point

•

Einstein ratio in this point
In their turn the potential φ (x ) , Einstein ration η ( x ) and the mobility – all of

them are functions of space charge density:
•

The potential φ (x ) is related to the space charge density through the Poisson
equation (V.3)

•

The Einstein ratio η (x ) is related to space charge density through the
generalized Einstein relation and for specific energetic disorder parameter σ and
total density of states No can be obtained according to formula (IV.5)

The mobility µ (x ) can be calculated from space charge density and microscopic
material parameters: total density of states No, energetic disorder parameter - σ (it is
the same parameter, which used for Einstein ratio calculation (!)), distance between
the sites – a, tunneling parameter – γ and νo – jump-attempt frequency, as explained
in the chapter IV
In order to account all cross-relations described above we solved the steady state
problem by iterations.

9 Firstly, the initial potential distribution is assumed in the device.
9 Secondly, some initial charge distribution calculated according to the
potential.
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9 Thirdly, the mobility, Einstein ration and potential were calculated
according to the initial space charge distribution

9 Forthly, the concentration on the boundaries set and charges distribution
inside the device were recalculated in according with new values of
mobility, Einstein ration and potential

9 Fifthly, the current was calculated for obtained mobility, Einstein ratio,
and electric field and charge carriers concentration.

9 At this step the program return to 2nd step and continue until the current
value converges as well as all other values.
Summing, it should be emphasized again that the simulation of the device
behavior is actually numerical solution of Continuity Equation for current, when all
macroscopic parameters such as diffusion coefficient, mobility and ratio between them
were obtained from single microscopic picture of polymer.

V.5. Examining the influence of Einstein relation on device
behavior
Lets incorporate the Einstein relation into device simulation and examine the influence
on device behavior. The calculations of Einstein relations for several values of disorder
parameter through wide range of concentrations are presented on the Figure V.1
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Figure V.1: Einstein relations calculated for several disorder parameters at the constant
temperature 300 K

The conclusion from the Figure V.1 is that the Einstein relation plays significant
role in diffusion enhancement in the regions of high concentration of charge carriers.
The diffusion enhancement can improve an injection. It can be understood as follows.
As we know for some barrier ϕb the concentration on the top is determined by the
 µ 
concentration on the barrier bottom through ntop = n0 exp  − ϕb  . With lowering the
 D 
ratio

µ
D

the concentration on the barrier top grows up.

It’s also interesting to examine the Einstein relation behavior for the same value
of energetic disorder parameter σ , but for different temperatures. The simulation results
are presented on the Figure V.2.
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Figure V.2: Einstein Relation as function of charge carrier’s concentration for different
temperatures. Diffusion enhanced at lower temperatures. The simulation performed for disorder
parameter σ=130meV.

As it seen from the Figure V.2 the Einstein Relation is higher at lower
temperatures. The physical meaning of the fact is that at lower temperatures the charge
concentration on the top of the barrier is higher than at high temperatures. This effect
works against the effect of mobility drop with the temperature lowering.
In order to examine the influence of Einstein relation solely, we performed the
simulation of devices with same barrier, length, and the same constant mobility but with
different parameters of energetic disorder σ. On the Figure V.3 we presented the graph
of such simulations performed for devices with barrier ϕb=0.4eV and several values
ofσ. As one can see, the accounting of Einstein relation only switches the device
behavior from contact-limited, which coinciding with textbook diffusion-emission
model for low values of disorder parameter, to SCLC regime for high enough disorder
parameters. Conclusion: Einstein relation wipes the small barriers off and makes them
invisible [61].
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Figure V.3: Effects of Einstein relation accounting: the device behavior switch from contact limited
to space charge limited with growing of disorder parameter σ

V.6. Concentration on the boundary
As said before, for given potential distribution and boundary condition for
concentration we can obtain the current and applied voltage by solving the system
iteratively. It’s rather obvious that the setting of concentration in the interface is the
crucial point of the calculation. Let’s discuss it more deliberately.
As discussed in the previous chapters, in spite of the fact that the work function
of Au and polymer, the UPS spectrum analysis consistently points on the presence of
potential barrier at the metal-polymer interface with magnitude of approximately 0.51eV. The origin of this barrier is a dipole layer with thickness a~0.5nm [62] .The
polymer itself begins after this layer, so the first point in the spatial grid should be
established after the layer. The charge concentration in this point can be drawn from
condition of statistical equilibrium with the metal .For Gaussian density of states the
concentration, as function of temperature and position of center of Gaussian above the
metal Fermi level- E 0 , is given by:
N=

 1  E 2 
dE
   
exp
∫
 E + E0 
2π σ −∞  2  σ  
1 + exp

 kT 
Nc

+∞

where E 0 = φb −

q
16πεε 0 a

V.16

+ Fa
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In the case of narrow Gaussian the concentration is supposed to behavior in
according with Boltzmann distribution. It’s interesting to see the degree of influence of
temperature on the concentration for different DOS widths. Calculation results are
presented on

the Figures V.4 and V.5 .The graphs are calculated for following

parameters : ϕb=0.7eV,σ=130meV through the temperature range from 100 up to 350K.
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As we can see the differences in charge carriers concentration are negligible if a
Gaussian DOS assumed. That is definitely of one of the reasons for moderate effect of
temperature on current-voltage curves.

V.7. Mobility calculation from microscopic parameters
Another important simulation element is field- and charge density – dependent
mobility. Mobility is a macroscopic material parameter that reflects in averaged manner
microscopic processes of transport. On the base of the assumptions about the
microscopic mechanisms of transport one can calculate the mobility for any given field
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and charge density (DOS population) by mean of averaging results of Monte-Carlo
simulations or to make an approximation by other analytic or semi-analytic method.
We calculated the mobility by averaging the hopping transport on threedimensional grid of sites with some average distance a, with energies normally
distributed with distribution parameter σ, populated in according with equilibrium
Fermi-Dirac distribution. Averaging of individual hopping events from site with energy

ε i to site with energy ε j contributes the current:

(

r v
J i → j = ν (Rij , ε i , ε j )g (ε i ) f (ε i , ε F )g (ε j )(1 − f (ε i , ε F )) × Rij ⋅ E

(

)

− ( ε j − Ezij −ε i )
, ( ε j − Ezij − ε i ) > 0
 e

ν ij = ν 0 exp −γ Rij 

1

,

)

V.17
V.18

elsewise

where:
•

g (ε ) - relative weight of sites with energy ε in total population, calculated from

Gaussian DOS : g (ε ) =
•

 (ε − ε 0 )2
exp  −
2σ 2
2π σ

N0

f (ε , ε F ) - Fermi-Dirac function

1
ε −εF
1 + exp
 kT








, that gives the population of

sites with energy ε . The Fermi level ε F is function of total charge carriers
density and energy distribution parameter σ.
•

ν - hopping rate from site to site. Hopping rate depends on distance from site to
site.
Calculated mobility depends on all microscopic parameter: a, σ, γ and νo –

and on the temperature T. On the Figures V.6 and V.7 mobilities calculated for
several values of concentration with identical set of microscopic parameters
(a=1nm, σ=130meV, γ=5×107 1/cm – but for different temperature: 300 and 200 K)
are presented.
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As we see, mobility is lower for lower temperatures, for lower temperature the
field dependence is steeper for the same carriers concentration, as well as concentration
dependence for the same field.
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V.8. Simulation of contact and contact limited devices
The final goal of simulation was to reproduce behavior of the device currentvoltage curve on the base of integral picture of microscopic processes. In previous
chapters the ways of productions of building block for simulation were explained. In the
bottom line, the simulation was supposed to reproduce the experimental curves with
reasonable set of microscopic parameters characterizing the polymer and reasonable
values of barriers for injection from the gold (Au) and from PEDOT. On the Figure V.8
results of simulations and fittings for current are presented. An optimal fitting we

2

J [mA/cm ]

obtained with disorder parameter σ=130meV and barriers ϕ=0.5 eV Au contact.
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Figure V.8: Current injected from Au contact at 160 and 300 K. Presented experimental data and
fit from simulation. Contact barrier ϕ=0.5eV

First of all we should proof the contact-limited nature of simulated current. We
simulated the behavior of devices with different thicknesses. The current is appearing to
be average-field dependent value. On the Figure V.9 the currents for devices as function
of mean field in the device are presented. The coincidence of the curves proves the
contact-limited nature of currents.
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We may ask the question: what is the activation energy for current in the device?
How far is the activation energy from the barrier height? And we may try to answer on
those questions by mean of physical insight are got from simulation.
The effective activation energy, which we can get by mean of current ratio at
different temperatures and the same value of field strength, is given by:
 J (T )
1
ln
 J (T2 )



 1
1 
 = −∆


−
current 

 kT1 kT2 
F = F0 

V.19

Performing such calculation one can get the value ∆ current =0.11 eV. This value
is definitely far from the barrier of 0.5 eV. Let’s take a look on the concentrations in the
devices as it appears in simulation at different temperatures (Figure V.10).
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The concentration in the device demonstrates very weak dependence on the
temperature. In the middle of device the charge concentration is 3.8·1015 [cm-3] for 300
K and 1.9·1015 [cm-3] for the temperature 160 K. Performing the calculation of effective
activation energy for concentration in analogy with currents one can get the value of
0.02 eV only. This fact emphasizes the role that degeneracy of the polymer plays in
injection process. Remembering that the electric field distribution inside the device is
actually the same for any temperature if the applied voltage is identical in both cases,
and also that the concentration distribution is almost independent on the temperature
one may try to find the source of current activation energy existence in activation
energy of mobility. On the Figure V.11 the distribution of the mobility inside the device
for different temperatures is presented. Taking the values of mobility in the region of its
constancy one can calculate the effective activation energy that appears to be
approximately 0.094 eV. This value is extremely close to total effective activation
energy for currents.
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Figure V.11:Simulated mobility distribution inside the device at 300 and 160 K. The current
injected from contact with barrier ϕ=0.5eV.Applied voltage 4.5V.

From the analysis given above one can conclude that the mobility temperature
dependence makes the main contribution to the temperature dependence of the current.

V.9. Space charge limited devices simulation
Let’s now turn to simulation of space charge limited devices. It should be
emphasized once again that in according with self-consistent approach throughout the
simulation we obliged to use the same microscopic material parameters for simulation
of contact and space charge limited devices. Actually the only parameter we may
change is mean barrier height for injection from different contacts. We expect that
lowering of the barrier alone will cause the device to change the regime of transport.
If so, the first question is: is there the switch in device behavior with lowering of
the barrier? In the chapter devoted to experimental results we charge, that the trace of
Space Charge Limited Current is invariance of the current-thickness product:
Jd = const and also this expression is expected to be proportional of square root of

mean field. On the Figure V.12 this product is plotted against the square root of field for
devices with different thicknesses.
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The coincidence of the curves provides the proof for SCL behavior of the
current. The simulation performed with same microscopic values of material parameters
as before and mean barrier for injection is ϕ=0.3 eV.
In spite of reasonable success in simulation of contact limited devices and
promising confirmation of SCL nature of the current the suggested model is failed to
mimic the temperature dependence of SCLC injected from PEDOT contact.
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On the Figures V.14 and V.15 the simulated charge concentration distribution
and mobility inside the device at different temperatures are presented.
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Figure V.14: Charge concentration distribution at different temperatures in the device with low
injection barrier: ϕ=0.3 eV, applied voltage is 1V.
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76

The concentrations at both temperatures coincide, as expected for low-barrier
contact. The effective activation energy for mobility is 0.05 eV. This activation energy
is definitely insufficient to provide steep lowering of current with temperature. Possible
reasons for failure and direction of further research are listed in Summary and
Conclusions.

V.10.Summary and conclusion
In present chapter the simulation procedure is presented in deliberate way.
Starting from basic equation for charge flow in the device and accounting profound
effects of transport in conjugated polymers we developed some novel numeric
technique for problem solution. The boundary condition setting discussed in the chapter
and the effect of degeneracy on concentration at the boundary is emphasized. The fieldand concentration dependence of microscopic mobility calculated in according with
deliberate microscopic model for transport. Finally, simulation result was presented
with high resemblance with experimental data for contact limited devices. The model is
failed to fit the SCLC throughout the full temperature span in spite of reasonable
agreement in high temperature region. The main reason for failure seems to be in
insufficiency of model for mobility calculation from microscopic parameters, because
the main source of current effective activation energy is activation energy for mobility.
First of all, we should admit, that the model we use for mobility calculation need an
improvement. It’s definitely insufficient at low voltages. From the comparison with the
mobilities extracted from microscopic transport simulation by mean of Master Equation
(see the chapter IV) one can see, that the field-dependence of mobility should be steeper
than in our model. But also we should admit, that in general the temperature behavior
reproduced in reasonable manner, as we can see from simulation of contact limited
current. It brings us to suggest that the nature of PEDOT contact changes with
temperature .As far as we know there had not been done research about it except very
resent evidence [63] about the degradation of PEDOT contact under electric stress.
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VI. Appendix A: Onsager model in application to
photocurrent measurements
Onsager model comes to describe the process of separation of two oppositely
charged particles in some media with/without applied field. The separation is assumed
to be two-stage process. At first step the particles separated by mean of thermal or
optical excitation to some initial distance r0, the second step is thermally assisted
transport of the particles in the combined potential of Coulomb attraction and applied
field.

Figure VI.1: The separated particles move into combined potential of Coulomb attraction and the
applied field. As result of the application of the external field the barrier for escape is lowered by
amount proportional to the square root of applied field. The distance of the barrier maximum is rm.

The Onsager model implies the solution of drift-diffusion equation in three
dimensions. In the case of escape of thermally or optically injected charge carrier from
the image potential at the contact the problem becomes essentially one-dimensional and
is boiled down to the equation of the form:
dp (x ) 
dU ( x )
d 
= δ (x − x0 )
− µp( x )
−D

dx 
dx
dx 

VI.1
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where U ( x ) = ∆ −

e

16πεε 0 x

− Fx , ∆ – is the barrier height and F – is the field

strength .
Integrating the equation above over x one get:
0, x < x0



e
dp( x )
 p( x ) + j 0 = 
−D
+ µ  F −
2 
dx
16πεε 0 x 

1, x > x0


VI.2

where j0 is a measure of the back flow of the carriers.
Assuming, that the charge recombines in the contact if it gets some minimal
distance a one can set boundary condition: p( x = a ) = 0 . Solving the equation above for
p(x) with given boundary conditions one obtains:
 1
j0 x
'
exp
dx
p(x ) =

D ∫a
 kT
p(x ) =
... −

x
1
j0 0
dx' exp 
∫
D a
 kT

1 − j0
D


e  1 1  
 F (x − x') −
 −  , x < x 0
16πεε 0  x' x  


e
 F ( x − x') −
16πεε 0


x

 1 

x0



e

∫ dx' exp kT  F (x − x') − 16πεε

0

VI.3

 1 1  
 −   − ...
 x' x  
 1 1  
 −  , x > x 0
 x' x  

As it easily seen in order to keep the p(x) finite for x → ∞ one should provide:
 1
j 0 ∫ dx exp 
a
 kT
x0

∞
 1 



e
e
 Fx −
 = (1 − j 0 )∫ dx exp   Fx −

16
πεε
x
16πεε 0 x 
kT
0



x0


VI.4

That means :
 1 

e
∫x dx exp kT  Fx − 16πεε 0 x 


j 0 = ∞0
 1 

e
∫a dx exp kT  Fx − 16πεε 0 x 


∞

VI.5

Remembering that j0 is the back-flow probability current j ∞ = 1 − j 0 . From this reason
the escape probability is:
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1 

e
∫a dx exp kT  Fx − 16πεε 0 x 


=∞
 1 

e
∫a dx exp kT  Fx − 16πεε 0 x 


x0

ω esc

VI.6

81

82

Literature
1 Ito, T.; Shirakawa, H.; Ikeda, S. J. Polym. Sci. Chem. Ed., 12, 11 (1974)
2 Chiang, C. K.; Park, Y. W.; Heeger, A. J.; Shirakawa, H.; Louis, E. J.; MacDiarmid, A. G. Phys. Rev.
Lett) 39, p1098 (1977)
3 Tang, C. W. & Van Slyke, S. A.. Appl. Phys. Lett. 51, p913-915 (1987)
4 Burroughes, J. H. et al. Nature 347, p539-541 (1990)
5 J. Cornnil, D. Beljonne, C. M. Heller, I. H. Campbell, B. K. Laurich, D. L. Smith, D. D. C.Bradley, K.
Mllen, and J. L. Br´edas, Chem. Phys. Lett. 278, 139 (1997).
6 R. E. Peierls, ‘Quantum Theory of Solids’, Clarendon Press, Oxford (1955)
7 Wilbourn, K.; Murray, R. W. J. Phys. Chem. 92, 3642. (1988)
8 T. Q. Nguyen, V. Doan, and B. J. Schwartz Journal of Chemical Physics, 110, pp. 4068-4078, (1999).
9 T. Q. Nguyen, I. B. Martini, J. Liu, and B. J. Schwartz, J. Phys. Chem. B, 104, pp. 237-255, 2000
10 L. J. Rothberg, M. Yan, S. Son, M. E. Galvin, E. W. Kwock, T. M. Miller, H. E. Katz, R. C. Haddon,
and F. Papadimitrakopoulos, Synth. Met. 78, pp. 231-236, 1996
11 C.Y. Yang, F. Hide, M.A. Diaz Garcia, A.J. Heeger, Y. Cao, Polymer 39 p2299 (1998)
12 P. N. Murgatroyd, Journal of Physics D: Applied Physics 3 p151 (1970)
13 Y. Roichman, Y. Preezant, N. Tessler Phys. Stat. Sol. (a) 201, 1246–1262 (2004)
14 S.J. Martin, J. M. Lupton, I.D. Samuel and A. B. Walker J. Phys. Condens. Matter 14, 9925-9933
(2002)
15 L. Bozano, S.A. Carter, J.C. Scott, G. G. Malliaris and P. J. Brock Appl. Phys. Lett. 74, 1132 (1999)
16 P.W.M. Blom, M. J. M. de Jong and M. G. van Munster Phys. Rev. B 55, 656 (1997)
17 H. Bassler, Phys. Status Solidi B 175, p15 ( 1993)
18 J. Liu, T.-F. Guo, Y. Shi, Y. Yang J. Appl. Phys. 89, p3668-3673 (2001)
19 R. N. Marks, D. D. C. Bradley, R. W. Jackson, P. L. Burn, and A. B. Holmes, Synth. Met. 57 p4128
(1993)
20 G. G. Malliaras, J. R. Salem, P. J. Brock, and J. C. Scott, J. Appl. Phys. 84 p1583 (1998)
21 T.M. Brown, J.S. Kim, R.H. Friend, F. Cacialli, R. Daik, W.J. Feast Appl. Phys. Lett. 75 (12) p16791681 (1999)
22 T.M. Brown, J.S. Kim, R.H. Friend, F. Cacialli, R. Daik, W.J. Feast Synth. Met. 111 p285-287 (2000)
23 I. G. Hill, A. Rajagopal, A. Kahn, Y. Hu Appl. Phys. Lett. 73 (5) p662-664 (1998)
24 Y. Hirose, A. Kahn et al. Phys. Rev. B 54 (19) p13748-13758 (1996)
25 N. Koch, A. Kahn et al. Appl. Phys. Lett. 82 (1) p70-72 (2003)
26 J.M. Gottfried, K.J. Schmidt, S.L.M. Schroeder and K. Christmann, Surf. Sci. 536 (2003) 206-224
27 Xavier Crispin, Victor Geskin, Annica Crispin, Jerome Cornil, Roberto Lazzaroni, William R.
Salaneck, and Jean-Luc Bredas J. AM. CHEM. SOC., 124, 8131-8141 (2002)
28 E. S. Yang “Fundamental of semiconductor devices” p133-135, McGrew-Hill Book Company (1978)
29 D. F. Blossey Phys. Rev. B 9 (12) p5183-5187 (1974)

83

30 E. G. Enck, G. Pfister, Photoconductivity and related phenomena. J. Mort, D. M. Pai, Eds. (Elsevier,
New York, 1976)
31 V. I. Arkhipov, U. Wolf, H. Bassler, Phys. Rev. B 59, 7514 (1999).
32 Y. Preezant and N. Tessler J. of Appl. Phys. 93, 2059 (2003)
33 V. I. Arkhipov, E. V. Emelianova, Y. H. Tak, and H.Bassel J. of Appl. Phys., 84, p848-856 (1998)
34 L. Onsager, Phys. Rev. 54, p554 (1938)
35 V.I. Arkhipov and H. Bassler, Philos. Mag. B 72, p505 (1995)
36 A. Nemeth-Buhin, C. Juhasz, V.I. Arkhipov, H. Bassler , Philos. Mag. B 74, p295 (1996)
37 H. Bassler, “Electronic excitations of conjugated polymers” in Electronic Materials: The Oligomer
Approach (Eds: K. Mullen and G. Wegner), WILEY-VCH, Weinheim 1998, Germany, p. 403
38 S. F. Alvarado, 7th International Workshop on Beam Injection Assessment of Microstructures in
Semiconductors
39 P.Muller, S. F. Alvarado, L.Rossi and W. Rieb, Mater.Phys. Mech. 4,76 (2001)
40 N.D. Lang, Phys. Rev. Lett. 58, 45 (1987)
41 S. De Cheveigne, J. Klein and A. Leger, in: Tunneling Spectroscopy, ed. by P.K. Hansma (Plenum
Press, New York, 1982) p. 109
42 R. Wiesendanger, Scanning Probe Microscopy and Spectroscopy, Methods and Applications
(Cambridge University Press, Cambridge,UK, 1994)
43 R. Feenstra, Phys. Rev. B 50 (1994) 4561
44 D. Ritter, E. Zeldov, and K. Weiser, Appl. Phys. Lett. 49, 791 (1986)
45 D. Ritter, E. Zeldov, and K. Weiser, Phys. Rev. B 38, 8296 (1988)
46 Qing Gu, E. A. Schiff, S. Grebner, F. Wang, and R. Schwarz Phys. Rev. Lett 76, 3196 (1996)
47 Y. Roichman, N. Tessler Appl. Phys. Lett. 80, 1948 (2002)
48 D.M. Pai,J. Chem. Phys. 52, 2285 (1970)
49 W.D. Gill, J. Appl. Phys. 43, 5033 (1972)
50 J. Frenkel Phys. Rev. 54 ,647 (1938)
51 H. Bassler, Phys.Stat.Solidi B 175, 15 (1993)
52 A. Miller and E. Abrahams, Phys. Rev. 120, 745 (1960)
53 Borsenberger, Pautmeier, Bessler, J.Chem.Phys. 94,5452(1991)
54 S. V. Novikov and A. V. Vannikov, JETP 79, 482 (1994)
55 S.V. Novikov, D.H. Dunlop, V.M. Kenkre, P.E. Parris, A.V. Vannikov, Phys. Rev. Lett 81, 4472
(1998)
56 Z.G. Yu, D. L. Smith, A. Saxena, R. L. Martin and A. R. Bishop Phys. Rev. Lett. 84, p721-724 (2000)
57 Z. G. Yu, D. L. Smith, A. Saxena, R. L. Martin, and A. R. Bishop Phys. Rev. B 63 (2001)
58 Y. Roichman and N. Tessler, Synth. Met. 135, 443 (2003)
59 Y. Preezant, Y. Roichman, N. Tessler J. Phys.: Condens. Matter 14, 9913 (2002)
60 S. Selberherr “Analysis and Simulation of Semiconductor Devices “ Springer-Verlag (1984)
61 Y.Preezant, N. Tessler Synth. Met. 137, 1061 (2003)

84

62 M. A. Baldo, S. R. Forrest, Phys. Rev. B, 64, 085201 (2001)
63 R. U. A. Kahn, A.B. Walker et al. Appl. .Phys. Lett 84,p921 (2004)

85

