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Abstract
The eﬀect of extrinsic traps on the charge transport in organic semiconductors has been investigated. An analytical model describing
hopping transport with traps is formulated on the basis of percolation theory. The results show that the presence of a trap distribution
with energy oﬀset and width diﬀerent from that of the intrinsic density of states does not change the basic phenomenology of hopping
transport, as revealed by the temperature dependence of the conductivity at high temperature. However the traps may signiﬁcantly aﬀect
the transport at low temperature. The relation between trap concentration and conductivity is discussed. The model predictions are in
good agreement with experimental results.
 2007 Elsevier Ltd. All rights reserved.
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1. Introduction
Over the past 10 years, the interest in organic semiconductors has increased dramatically. Devices such as organic
light emitting diodes and organic ﬁeld eﬀect transistors
have been realized [3,4]. In spite of these successful applications, the physical processes underlying the charge transport in organic semiconductors are not well understood.
For example, a proper description of the eﬀect of traps
on charge transport is still a challenge. Extrinsic localized
states diﬀer from the majority of intrinsic hopping states
in disordered media in that they require a substantially larger energy to release charge carrier to the intrinsic density
of states (DOS). The Columb potential of trapped carriers
will inﬂuence the charge transport [5]. Borsenberg studied
the eﬀect of traps on charge transport using computer simulation [1]. Arikipov has proposed a model for an eﬀective
transport energy for deep trap states. However, a direct
proof for the existence such as energy in organic semiconductors is not known [8].
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In this article we ﬁrst derive an analytical expression for
the trap-dependent conductivity based on the percolation
theory. It is assumed that both intrinsic states and extrinsic
traps are distributed with an exponential DOS of diﬀerent
widths, and that both distributions are occupied according
to Fermi–Dirac statistics. Then we discuss the eﬀect of
traps on the conductivity of organic semiconductors.
Finally we compare this model with experimental results.

2. Model theory
In organic semiconductors the transport of carriers is
governed by hopping between localized states. The conductivity of such a system can be determined using percolation
theory. The system is regarded as a random resistor network as proposed by Miller and Abrahams [9,11]. The current is ﬂowing through bonds connecting the sites of such
network. The conductance between the site i and j can be
described as [12]


ji  F j þ jj  F j þ jj  i j
sij ¼ r0 exp 2aRij 
: ð1Þ
2k B T
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Here, r0 is a prefactor, a1 is the Bohr radius of the localized wave functions, Rij denotes the distance between the
sites i and j, and i is the energy of carriers at site i. According to percolation theory [12,13], the critical conductance
value sc determines the conductivity of the system when
the ﬁrst inﬁnite cluster occurs [11].

with

r ¼ r0 expðsc Þ:

This equation is obtained under the following conditions:

ð2Þ

In order to model the inﬂuence of traps in a simple manner,
we assume a double exponential function for the DOS.


Nt

gðÞ ¼
exp
hðÞ
kBT 0
kBT 0


Nd
  Ed
exp
ð3Þ
hðEd  Þ:
þ
kBT 1
kBT 1
Here Nt and Nd are the concentrations of intrinsic states
and traps states, respectively, h is the unit step function,
T0 and T1 are parameters indicating the widths of the
intrinsic and the trap state distributions, respectively, and
Ed is Coulomb trap energy [14]. Vissenberg and Matters
pointed out that they do not expect the results to be qualitatively diﬀerent for a diﬀerent choice of g() [13], as long
as g() increases strongly with . Therefore, we assume that
transport takes place in the tail of the exponential distribution. The equilibrium distribution of carriers, n, is determined by the Fermi–Dirac distribution as follows
Z
dgðÞ
 
n¼
F
1 þ exp 
kB T


F
pT =T 0
¼ N t exp
k B T 0 sin pT =T 0


F  E d
pT =T 1
þ N d exp
:
ð4Þ
kBT 1
sin pT =T 1
According to the classical percolation theory [12], at the
onset of percolation, the critical number Bc can be written
as
Bc ¼

Nb
;
Ns

F þ k B Tsc
F  Ed þ k B Tsc
; c¼
;
kBT 0
kBT 1
T0
T1
; n¼
:
w¼
2aT
2aT

g¼

• the site positions are random,
• the energy barrier for the critical hop is large,
• and the carrier concentration is very low.
The exponent sc is obtained by a numerical solution of (8)
and the conductivity can be calculated using (2). This
model was initially proposed in [15], where a doping level
Ed above the intrinsic level Ei was assumed. In the present
work, we assume a trap level below the intrinsic level to
study the eﬀect of extrinsic traps on the conductivity of
organic semiconductors.
3. Results and discussion
Figs. 1 and 2 illustrate the temperature dependence of
the carrier conductivity for diﬀerent trap concentrations.
The parameters are Nt = 1022 cm3, Ed = 0.67 eV, T0 =
800 K, T1 = 400 K, a = 5 nm1 and r0 = 1 · 104 S/cm.
Despite the eﬀect of the traps, we can see an almost perfect
Arrhenius-type temperature dependence in Fig. 1, with the
slope aﬀected by the trap concentration. Increasing the
latter, the activation energy decreases. In Fig. 2, log r versus T 2 is plotted. The deviation from a straight line
occurs at higher temperature, where nearly all carriers
occupy the intrinsic states, and the ﬁlled extrinsic trap
states do not change the trap-free hopping relation log r / T 2 [7]. However, at lower temperature, the carrier
distribution will be pinned near the peak of trap DOS [6].
In Fig. 3 we compare the analytical model with experimental data reported in [1]. Parameters are the relative

ð5Þ
–4

Here Rij denotes the distance vector between sites i and j.
Substituting (4), (6) and (7) into (2), we obtain the
expression
3

pN 2t w3 expð2gÞ þ pN 2d n3 expð2cÞ þ p4 N t N d expðg þ cÞðw1 þ n1 Þ
Bc ¼
N t expðgÞ þ N d expðcÞ

ð8Þ
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where Bc = 2.8 for a three-dimensional amorphous system.
Nb and Ns are, respectively, the density of bonds and the
density of sites in this percolation system, which can be calculated as follows [13,16]
Z
N b ¼ dRij di dj gði Þgðj Þhðsc  sij Þ
ð6Þ
Z
ð7Þ
N s ¼ dgðÞhðsc k B T  j  F jÞ:
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Fig. 1. Conductivity of an organic semiconductor versus T 1 for diﬀerent
trap concentrations.
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Fig. 2. Conductivity of an organic semiconductor versus T2 for diﬀerent
trap concentrations.
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Fig. 4. Conductivity of an organic semiconductor versus the width of the
trap distribution, T1.
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Fig. 5. The dependence of the conductivity on the trap concentration.
Fig. 3. Temperature dependence of the zero-ﬁeld mobility for TTA doped
with DAT. Symbols represent experimental data from [1].

has virtually no eﬀect on the conductivity. At higher trap
concentration, however, the activation energy for the conductivity decreases. The traps themselves can serve as an
eﬀective hopping transport band, so the eﬀect of traps on
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trap concentration ct = Nd/Nt = 1 · 102, T0 = 1200 K,
T1 = 400 K, Ed = 0.15 eV, a = 6 nm1 and r0 = 4.2784 ·
108 S/m. The data are for TTA with doping DAT.
The relation between conductivity and T1 is shown in
Fig. 4. Parameters are Nt = 1 · 22 cm3, Nd = 1 · 19 cm3,
T0 = 1200 K, T = 150 K, Ed = 0.5 eV, a = 3 nm1 and
r0 = 100 S/m. For the exponential trap DOS function of
our model, the parameter T1 is a characteristic temperature, where kBT1 represents the activation energy [17] and
deﬁnes the width of the distribution [18]. Fig. 4 conﬁrms
that the conductivity decreases with T1 almost linearly.
The relation between conductivity and trap concentration is shown in Fig. 5. The parameters are Nt = 1022 cm3,
a = 6 nm1, T0 = 1000 K, T1 = 500 K, Ed = 0.2 eV, the
temperature is T = 400 K and r0 = 1 · 104 S/m.
At a critical trap concentration the conductivity has a
minimum. This has been veriﬁed by experiments [19] and
Monte Carlo simulation [2]. The minimum is due to the
onset of inter-trap transfer that alleviates thermal detrapping of carriers, which is a necessary step for charge transport [2]. We can also see that a small trap concentration
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Fig. 6. The dependence of the conductivity on the Coulombic trap energy.
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the charge conductivity is qualitatively similar to that
caused by a high carrier concentration. It is interesting that
such transition has also been observed in thermally stimulated luminescence (TSL) measurements [20].
The relation between the conductivity and the trap
energy Et is shown in Fig. 6. Parameters are T0 = 600 K,
T1 = 300 K, Nt = 1 · 1022 cm3, Nd = 1 · 1019 cm3, a =
4 nm1, T = 200 K and r0 = 1 · 104 S/m. From Fig. 6 we
can conclude that the conductivity increases approximately
exponentially for jEdj below a certain critical value and saturates for larger jEdj.
4. Conclusion
An analytical model to describe the eﬀect of traps on the
electrical conductivity in organic semiconductors has been
derived. This model predicts an Arrhenius-type relationship log r / T 1, which implies that the trap-free relationship log r / T 2 is not satisﬁed for higher temperature.
Moreover, a minimum of conductivity at low trap concentration, as observed by in experimental data, is also
successfully described by this model.

Acknowledgement
Financial support from Austria Science Fund, project
P16862-N02, is gratefully acknowledged.

References
[1] Borsenberger PM, Gruenbaum WT, Wolf U, Bassler H. Chem Phys
1998;234:277–84.
[2] Wolf U, Bassler H, Borsenberger PM, Gruenbaum WT. Chem Phys
1997;222:259–67.
[3] Burroughes JH, Bradley D, Brown A, Friend R, Burn P, Holmers A.
Nature 1990;347:539–41.
[4] Sheat JR, Antoniadis H, Hueschen M. Organic electroluminescent
devices. Science 1996;16:884–8.
[5] Schmechel R, Seggern HV. Phys Stat Sol (a) 2004;201(6):1215–35.
[6] Arkhipov VI, Reynaert J, Jin YD, Heremans P, Emelianova EV,
Adriadenssens GJ, et al. Synth Met 2003;138:209–12.
[7] Arkhipov VI. In: International symposium on electrical insulating
materials 1995;1:271–4.
[8] Novikov SV, Malliaras GG. Phys Stat Sol (b) 2006;243:387–90.
[9] Miller A, Abrahams E. Impurity conduction at low concentrations.
Phys Rev 1960;120(3):745–55.
[11] Sahimi M. Applications of percolation theory. London, UK: Taylor
Francis; 1994.
[12] Ambegaokar V, Halperin BI, Langer JS. Phys Rev B 1971;
4(8):2612–20.
[13] Vissenberg MCJM, Matters M. Phys Rev B 1998;57(20):12964–7.
[14] Shen Y, Diest K, Wong MH, Hsieh BR, Dunlap DH, Malliaras GG.
Phys Rev B 2005;68:0812041–44.
[15] Li L, Meller G and Kosina H. In: 2006 SISPAD Proceedings.
2006;1:204–7.
[16] Butcher PN. Linear and nonlinear electron transport in solids. New
York, USA: Plenum; 1976.
[17] Chinguvare Z, Dyakonov V. Phys Rev B 2004;70:2352071–78.
[18] Anta JA, Nelson J, Quirke N. Phys Rev B 2004;65: 1253241–
12532410.
[19] Pai DM, Yanus JF, Stolka M. J Phys Chem 1984;88:4714–7.
[20] Fishchuk II, Bassler H. Phys Rev B 2002;66:2052081–20520812.

