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ABSTRACT

The charge carrier mobility is a key performance criteria for organic semiconductors. High-
mobility values allow fast device operation as needed for low-cost electronics on large areas
with performance meeting market demands. Mobility is conveniently extracted from thin film
transistors (TFT) characteristics using the standard gradual channel approximation model.
This approach evaluates the mobility of charges during their transport through the high-
density accumulation layer at the semiconductor-dielectric interface. This value is therefore
directly representative of transistor operation and is a relevant parameter for device
integration into circuits. In this paper we have calculated the mobility of an organic
semiconductor, one can use percolation theory,. The current flows through the bonds
connecting the sites in the network. So far, much attention has been devoted to explain the
temperature dependence of the mobility. The model gives a non-Arrhenius-type temperature
dependence, which has also been supported by numerical simulations and analytical
calculations.
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INTRODUCTION

Temperature-activated charge transport in
disordered organic semiconductors at large
carrier concentrations, especially relevant
in organic field-effect transistors (OFETS),
has been thoroughly considered using a
recently developed analytical formalism
assuming a Gaussian density-of-states
(DOS) distribution and Miller-Abrahams
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jump rates. We show that this phenomenon
is entirely due to the evolution of the
occupational DOS profile upon increasing
carrier concentration and this mechanism
is specific to materials with Gaussian-
shaped DOS. The suggested model
provides compact analytical relations
which can be readily used for the
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evaluation  of  important  material
parameters from experimentally accessible
data on temperature dependence of the
mobility in organic electronic devices.
Experimental results on temperature-
dependent charge mobility reported before
for organic semiconductors by other
authors can be well interpreted by using
the model presented in this paper.

In high-mobility organic
semiconductors and in short channel
devices, however, the relative importance
of the contact resistance R; can be such
that the standard model is no longer
appropriate for mobility extraction. Proper
parameter extraction is complicated by the
fact that carrier injection from the contact
into the semiconductor is often mediated
by the gate voltage Vs. When this is not
properly taken into account, it leads to
serious over-estimation of the mobility.
Therefore, a more accurate, yet simple,
method is highly desirable for the proper
evaluation of «, the charge carrier mobility

in thin films of organic semiconductors in
the high-charge density accumulation
layer. In this definition, . characterizes

the  contact-independent  translational
motion of charge carriers across the thin
film  semiconductor  material,  over
distances that may be larger than typical
grain size. In this sense, x encompasses

extrinsic barriers to transport such as grain
boundaries and therefore does not
necessarily correspond to the intrinsic
intra-grain charge carrier mobility of the
monocrystalline semiconductor. [1]

The charge carrier mobility is a key
performance  criteria  for  organic
semiconductors.  High-mobility  values
allow fast device operation as needed for
low-cost electronics on large areas with
performance meeting market demands.
Mobility is conveniently extracted from
thin film transistors (TFT) characteristics
using the standard gradual channel
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approximation model. This approach
evaluates the mobility of charges during
their transport through the high-density
accumulation layer at the semiconductor-
dielectric interface. This value is therefore
directly  representative of  transistor
operation and is a relevant parameter for
device integration into circuits. [2, 3]

In high-mobility organic
semiconductors and in short channel
devices, however, the relative importance
of the contact resistance R. can be such
that the standard model is no longer
appropriate for mobility extraction. Proper
parameter extraction is complicated by the
fact that carrier injection from the contact
into the semiconductor is often mediated
by the gate voltage Vs. When this is not
properly taken into account, it leads to
serious over-estimation of the mobility.
Therefore, a more accurate, yet simple,
method is highly desirable for the proper
evaluation of « , the charge carrier mobility

in thin films of organic semiconductors in
the high-charge density accumulation
layer. In this definition, x characterizes

the  contact-independent  translational
motion of charge carriers across the thin
film  semiconductor  material,  over
distances that may be larger than typical
grain size. In this sense, x encompasses

extrinsic barriers to transport such as grain
boundaries and therefore does not
necessarily correspond to the intrinsic
intra-grain charge carrier mobility of the
monocrystalline semiconductor. [4]

There is no general consensus on the
mechanism of charge transport in these
amorphous organic materials. A complete
model of the electrical properties should
include a description of the energy
distribution of carriers and how the
conduction varies as a function of carrier
energy. Disorder-induced localized states
are also important for the transport, and the
essential problem is the relation between
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temperature,  electric  field, carrier
concentration and the transport properties.
Generally, charge transport in disordered
materials is described either as hopping
between localized states, or as trapping and
release from localized states into higher
energy mobile states. The degree of

structural disorder may change the
mechanism even within the same class of
polymer. [5]

Because the electronic structure of
polymer films is not known exactly, a
simplified model has to be assumed. The
model assuming that the energy
distribution is Gaussian due to the random
disorder in the material. The standard
deviation of Gaussian is around 0.1eV
and increases with increasing disorder of
the material. To simplify the calculations,
an electronic structure comprising an
exponential tail in the bandgap is often
used as well. [6, 7]

In this chapter, we present three
different models to describe the carrier
concentration dependence of the mobility,
the temperature and electric field
dependence, and a unified mobility model
that can explain the temperature, electric
field and carrier concentration
characteristics together. [8]

Recently it has been realized that the
carrier concentration plays an important
role for the mobility. Experiments show
that for a hole-only diode and a FET
fabricated from the same conjugated
polymer, the mobility could differ up to
three orders of the magnitude [9]. This
difference can only be explained by taking
into account the dependence of mobility on
the carrier concentration. This problem
with the concept of a transport energy E,,

but there is no direct proof for the
existence of such transport energy in
organic systems. In this work we will focus
on explain the discrepancy of mobilities
measured in OLEDs and OFETSs. [10,11]
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In this section, an analytical mobility
model with a Gaussian DOS function has
been obtained. It can explain the relation
between the mobility and carrier
concentration. Results are in good
agreement with experimental data.

CALCULATION AND MODEL

To calculate the mobility of an organic
semiconductor, one can use percolation
theory,. The current flows through the
bonds connecting the sites in the network.
The conductance between the states mand
m' can be described as

Z =2 exp(-2a(R, —R,,))exp

(E,—Ep)+(E, —Ep)+E, 1
2k, T

Where Z,* is a prefactor, o~ 'is the Bohr

radius of the localized wave functions, T
is the temperature, R, and E_denote the

position and energy of site . In theory
the value of Z_ . is determined by the

threshold or critical conductance Z_, at

which the first infinite cluster will form,
given by the relation

o= D’uzc_l. (2)

Here o,is a prefactor. To describe the

field-effect mobility in organic
semiconductors .

N E
L o (o B e

N, is the number of states per unit volume

and T, specifies the width of the
exponential  distribution.  Connecting
Equation (2) and Equation (3), the
conductivity can be described as [12,13].
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Here B, is the critical number of bonds per
site and &is the fraction of occupied
states, defined as

5 = exp (k;;) T (1—T/To)T(1+T/Ty),

(®)

I' is the gamma function. Then an
expression for the mobility as a function of

the carrier concentration fcan be
obtained.
To/TV sin (r7/Ty) \
#(H,T):ﬂ (To/T) 'SH;(?F /To) pT0/T-1
q (2a:)" B,

(6)

However, this expression cannot account
for the carrier concentration independent
mobility when the carrier concentration is
very low (LED regime). To overcome this
problem, we derive another mobility model
assuming a Gaussian DOS and VRH
theory. In this model, the DOS function is
given as [14,15].

N

E)=—t ex
g(E) T, P

~

!_ (kfﬂ,y

Here E'is the energy measured relative to
the center of the DOS and T_ indicates the

width of the DOS. The value of the Fermi
energy E.can be determined by the
equation for the carrier concentration 2.

r_/m g(E)dE
" Joeol+exp((E — EF) /kBT)

(8)

(1)
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At low concentration, the exponential
function is large compared to one (the
nondegenerate case) [16], and we obtain
the Fermi energy as

keT?

Ep =—— ==+ kgTIns, ©)

According to percolation theory [17,18], at

the onset of percolation, the critical
number B, can be written as

Ny
Be=x (10)

B, =2.8for a three-dimensional
amorphous  system, N,and N, are,

respectively, the density of bonds and
density of sites in a percolation system,
which can be calculated as [19,20]

N{,z/ngJdEngjg (Eg:lg(Ej)ﬁ(Sc—ng) (11)

and

N, = [dE,‘g (E) 8 (scksT— | E—EF|). (12)

Here R;denotes the distance vector

between sites zand j, s.is the exponent
of the conductance given by the relation
o=0,e*[21,22] and @is step function.
Substituting (10) and Equation (11) into

Equation (12), we obtain a new percolation
criterion for an organic system as

B, o 2N (VEHD) VT (EF +k'BTsc>2 e (_ [EF +kBTscr)

(20T/T5)* kgT, kpT,
(13)

This equation has to be solved for s_and

an expression for mobility can be obtained.
[23]
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H= U_ exp (1), (14)
gV:
where
T, | B (2T/T,)° | T
n=—74|-W|——= -
T N (14+V2) | 4T7 (15)

T17is the Lambert function [24]. Equation
(15) is obtained assuming: that the site
positions are random, the energy barrier
for the critical hop is large and the charge
carrier concentration is very low.

RESULTS AND DISCUSSION

So far, much attention has been devoted to
explain the temperature dependence of the
mobility .As shown in Fig 1, the model
gives a non-Arrhenius-type temperature
dependence, which has also been
supported by numerical simulations and
analytical calculations. The model shows
good agreement for a value C = 0.71.

In Fig. 2, the mobility is plotted. When
plotted in this way, there exists the regime
with a linear relation between 4 and

T-1/3 This indicates that the variable-
range hopping effect has to be taken into
account.

The degenerate limit of organic
semiconductors has been studied in [17].
In Fig 3 (a) we show the Fermi energy for
Boltzmann and Fermi-Dirac distributions
assuming some typical values of the
parameter T_/T as 1.5, 3.5 and 6.0 [21].

Fig 3 (b) is a comparison especially for the
higher carrier occupation regime. The
analytical result Equation (7) agrees well
with the numerically calculated result for
decreasing  carrier  occupation  and
increasing T_ /T . Therefore, for the LED
regime  with low charge carrier

concentration, Equation (7) is a good
approximation of the solution of Equation

(6).
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Fig. 1. Comparison between the analytical model and empirical model for different temperature.
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Fig. 3. Fermi-energy as a function of the carrier occupation probability. The symbols represent Fermi-Dirac and

the solid lines Boltzmann represent statistics. Panel (a) shows the case of carrier occupation between 1

D—4U

and 1. Panel (b) shows the case of carrier occupation bigger than 10719,

The mobility as a function of the carrier
concentration is presented in Fig 4, where
T /T is in the vrange 15-9,
corresponding to some typical values for
organic semiconductors. The mobility
stays constant until a certain threshold
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value of the carrier occupation. Above this
threshold, the mobility can increase about
four orders of magnitude at T_/T =09.

These effects have also been observed
experimentally.
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However, (9) is valid only in the LED
regime with very low carrier concentration.
As it is difficult to get an analytical
expression for the mobility at higher
carrier concentration, we use Equation (4)

as the mobility model for the higher carrier
concentration. The combined model can
explain the experimental data in [19],as
shown in Fig. 5.
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Fig. 4. The calculated mobility versus carrier occupation at different temperature.
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Fig. 5. Comparison between calculation and typical experimental results.
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The curves results plotted in Figure 3
and Figure 4 show that the increment of
mobility increases with charge carriers
density for both the lower and higher
densities for all the temperatures specified
here. However, at temperature T=235 K
the mobility is independent of density in
the low density region in a narrow range

between 10*to 4x10™cm~. The reason
for the increment of mobility with charge
carriers density in a disordered Gaussian
energy system is connected to the filling of
the deep states due to, as described above,
the impact that the density has on Fermi-
energy, and also on the localization length.
When the density increases the deep states
are filled and the Fermi-energy are lifted
up. Increasing charge carriers density can,
also, increase the localization length.
These lead to an increment of the average
hopping rate of a charge carrier, which in
turn leads to the increment of a charge
carrier mobility. This means that mobility
variation with the density presupposes the
presence of deep states (or states with
lower energies) and because of this the
variation of mobility with density is more
pronounced when, for the disorder energy,
the energy distribution width (o) is more or
the temperature is less. Our simulation
results found in the higher density region
has  similarity  with  the  results
demonstrated experimentally. However,
the results we got for the lower density
region, though similar with the numerical
results reported in, are at variance with the
general conclusion made in which says that
mobility is independent of density in the
low density region. The variation shown
with the experimental results is due to the
fact that the effects of electric field and
density were not separated in the
experiment. The effect of density on
mobility, particularly, in the low density
region can be compromised with that of
the electric field which is visible when we
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examine the curves for two different
electric fields shown in Figure 3 and
Figure 4. The charge carriers density
dependence on mobility is more vivid in
Figure 4 where the electric field is
F=0.05%c/ceb than in Figure 3 where
F=0.1xc/ceb. The value of the electric
field used in these experiments was close
to the latter and because of this the
influence of the charge carriers is
suppressed.
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