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Abstract— Charge transport in doped organic semiconductors
is investigated, and an analytical conductivity model is formulated. This model can explain the temperature dependence
of conductivity and the change in conductivity of an organic
semiconductor upon doping. The results agree well with recent
experimental data.

I. I NTRODUCTION
After the discovery of electroluminescence in the conjugated
polymer PPV [1], [9] and its derivatives, much effort has
been devoted to the study of the (opto)electronic and electrical transport properties. Understanding the carrier transport
properties in these organic materials is of crucial importance to
design and synthesize better materials and to improve device
performances. However, a proper theoretical description of
charge transport in organic semiconductors is still a challenge.
In organic semiconductors, intramolecular interactions are
mainly covalent, whereas intermolecular interactions are due
to much weaker van der Waals and London forces. As a result,
the transport bands in organic crystals are much narrower than
those of their inorganic counterparts, and the band structure
is easily disrupted by disorder in such systems. This disorder
causes the formation of localized states in the energy gap. In
order to enable a current through the device, charge carriers
trapped at the localized states need to escape from these
sites. Such a conduction process is entirely determined by the
tunneling transitions of carriers between the localized states,
provided that the electronic wave functions of the localized
states have sufficient overlap. This theory was originally given
by Conwell [2] and Mott [6]. A more systematic theory called
variable range hopping (VRH) was introduced by Mott in 1968
[8]. The transport properties of organic semiconductors can be
well described by VRH theory [12], [14], [15].
Despite over 25 years development, some rather ubiquitous
features of charge transport in organic semiconductors are
still not well understood. One primary example is the relation
between conductivity and doping [11], [16]. Although it is
known for a long time that the conductivity of organic layers
can be enhanced remarkably by coevaporation with strong
organic π-electron donors or acceptors [13], organic devices
are usually prepared in undoped form. However, the electrical
properties of undoped layers are governed by uncontrolled
impurities or by gases such as oxygen [10]. At the same
time, the breakthrough of microelectronics technology make
it possible to improve device properties by controlled doping
[3], [5].
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The doping process of organic semiconductors can largely be
described by a standard model used for a crystalline anorganic
semiconductors [4]. However, a proper doping model is still
a challenge for organic semiconductors, for example, it is not
known whether the dopants are homogeneously distributed in
the material. In particular, the reason for the strong superlinear
increase of the conductivity with doping observed in some
experiments is unclear [22].
In this work, we present an analytical model of hopping
transport in doped disordered organic semiconductors based
on VRH theory and percolation theory. This model shows the
superliner increase of conductivity with doping observed in
several experimental data sets.
II. M ODEL
For a disordered organic semiconductors system, we assume
that localized states are randomly distributed in both energy
and coordinate space, and that they form a discrete array of
sites. Conduction proceeds via hopping between these sites.
In the case of low electric field, the conductivity between site
i and site j can be calculated as [17]
σij ≈ γ exp − (sij ) .

(1)

with
sij = 2αRij +

| ǫi − ǫF | + | ǫj − ǫF | + | ǫi − ǫj |
2kB T

where ǫi and ǫj are the energies at the sites i and j, respectively, ǫF is the Fermi-energy, Rij is the distance between
sites i and j, and α−1 is the Bohr radius of the localized
wave function. The first part of sij is a tunneling term and the
second one is thermal activation term (Boltzman term).
For organic semiconductors, the manifolds of both lowest
unoccupied molecular orbitals (LUMO) and highest occupied
molecular orbitals (HOMO) are characterized by random positional and energetic disorder. Being embedded into a random
medium, dopant atoms or molecules are also inevitably subjected to positional and energetic disorder. Since the HOMO
level in most organic semiconductors is deep and the gap
separating LUMO and HOMO states is wide, energies of
donor and acceptor molecules are normally well below LUMO
and above HOMO, respectively. So we assume a double
exponential density of states
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where Nt and Nd are the concentrations of intrinsic states
and dopant states, respectively, θ is unit step function, T0 and
T1 are parameters indicating the width of intrinsic and dopant
distributions, respectively, and Ed is the Coulomb trap energy
[18]. Vissenberg and Matters pointed out that they do not
expect the results to be qualitatively different for a different
choice of g (ǫ), as long as g (ǫ) increases strongly with ǫ.
Therefore, we assume that transport takes place in the tail of
Gaussian distribution.
The equilibrium distribution of carriers, ρ (ǫ), is determined
by the Fermi-Dirac distribution f (ǫ) as
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and the Fermi-energy of this system is fixed by the equation
for the carrier concentration n,
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Fig. 1. Temperature dependence of the conductivity in disordered hopping
system at different doping concentrations.

where

nd = Nd exp
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nt = Nt exp



Γ (1 − T /T1 ) Γ (1 + T /T1 )

Here Γ is gamma function.
According to classical percolation theory [17], in a random
Miller and Abraham network [7] the current flows through
the bonds connecting sites. The conductivity of this system is
determined when the first infinite cluster occurs. At the onset
of percolation the critical number Bc can be written as
Bc =

Nb
.
Ns

Ns =

Z

dǫg (ǫ) θ (sc kB T − | ǫ − ǫF |)

(5)
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(3)

Bc = 2.8 for a three-dimensional amorphous system, Nb and
Ns are, respectively, the density of bonds and density of sites
in this percolation system, which can be calculated as follows
[19], [20].
Z
Nb = dRij dǫi dǫj g (ǫi ) g (ǫj ) θ (sc − sij )
(4)
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and
η=

ǫF + kB T sc
,
kB T0

ψ=

T0
,
4αT

γ=

ǫF − Ed + kB T sc
kB T1

ξ=

T1
4αT

Equation (7) is obtained under the following conditions:
•
•

where
κ = πNt2 ψ 3 exp (2η) + πNd2 ξ 3 exp (2γ)

30
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(6)

Substituting g (ǫ), (4) and (5) into (3), we obtain an expression
for Bc .
κ+p
Bc =
(7)
Nt exp (η) + Nd exp (γ)
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Fig. 2. The temperature dependence of the conductivity in organic semiconductors, plotted as log σ versus T −2 .

Here Rij denotes the distance vector between sites i and j and
sc is the exponent of the conductance given by the relation [21]
σ = σ0 exp (−sc ) .

15

•

the site positions are random,
the energy barrier for the critical hop is large,
and the charge carrier concentration is very low.

The exponent sc is obtained by a numerical solution of (7).
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Fig. 3. Conductivity of doped ZnPc at various doping rates as a function of
temperature. The lines represent the analytical model, experiments (symbols)
are from [22].

III. R ESULTS
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Fig. 4. Conductivity as a function of the doping ratio with temperature as a
parameter.

AND DISCUSSION

Fig. 1 illustrates the effect of the temperature dependence
of the carrier conductivity for different doping concentrations.
Parameters are α−1 = 0.37Å, Ed = 0.5eV, T0 = 800K and
T1 = 400K. The Arrhenius-like temperature dependence

Conductivity ( S/cm )

−10

log σ ∝ −EA /kB T
can be observed. The graph log σ versus T
is plotted in
Fig. 2, where we observe a deviation from strick straight line.
This is because at higher temperature, nearly all the carriers
occupy the intrinsic states, so that dopants do not change the
trap-free hopping relation of
−2
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The doping process is quite efficient for ZnPc with dopant
F4-TCNQ [22]. Fig. 3 shows the comparison between the
measured conductivity of room temperature samples and the
theoretical curves calculated from (7). The agreement is quite
good. The fit parameters are the same as given in Fig. 1, which
are taken from [22]. From Fig. 1 and Fig. 3 one can see that
the doping efficiency dramatically increases with decreasing
temperature. This can be explained by the notion that the
activation energy of the equilibrium mobility of extrinsic
carriers strongly increases with decreasing temperature.
This model also describes the relation between conductivity
and doping ratio, which is defined as
Nt
.
Nt + Nd
The calculated dependences are shown in Fig. 4 with the
parameters T0 = 1000K, T1 = 500K, Ed = 0.5eV and
σ0 = 1×107 s/cm. The conductivity increases with doping ratio
and temperature, but there is a transition in the conductivity
of an organic semiconductors upon doping. It is manifested
by a change in the slope of conductivity versus doping ratio.
The effect is illustrated in Fig. 5. For low doping level,
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Fig. 5. Conductivity (T=200k) as a function of the doping ratio. The dashed
line is to guide to the eye.)

the conductivity increases with doping in nearly linearly. At
higher doping levels, a superliner increase of conductivity with
doping is observed. This transition has been interpreted in
[18] in terms of broadening of the transport manifold due to
enhanced disorder coming from the dopant.
Assuming a simple Arrhenius behavior


−EA
σ ∝ exp
,
kB T
we can obtain the relation between activation energy EA and
doping ratio, as shown in Fig. 6. EA decreases with doping
ratio increasing, which means that less energy will be required
for a carrier activated jump to neighboring sites. Fig. 6 also
shows a transition between the two doping regimes which is
visible as a change in the slope of EA with doping ratio.
A comparison between our model and experimental data of
doped PPEEB [23] is shown in Fig. 7. The input parameters
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Fig. 7. Conductivity of PPEEB films versus the dopant concentration. The
line represents the analytical model. Experiments (symbols) are from [23].

are α−1 = 6Å, Ed = 0.6eV, T0 = 1000K and T1 = 500K.
We can see the agreement is good.
IV. C ONCLUSION
We presented an analytical model to describe the doping
dependent conductivity for organic semiconductors. This
model can explain the Arrhenius type dependence of
conductivity on temperature. Moreover, the doping efficiency
increases with decreasing temperature. And a transition
in the conductivity of an organic semiconductor upon
doping was observed. This model is shown to fit the
experimentally observed dependence of conductivity on the
dopant concentration.
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