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Unified Description of Charge-Carrier Mobilities in Disordered Semiconducting Polymers
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From a numerical solution of the master equation for hopping transport in a disordered energy
landscape with a Gaussian density of states, we determine the dependence of the charge-carrier mobility
on temperature, carrier density, and electric field. Experimental current-voltage characteristics in devices
based on semiconducting polymers are excellently reproduced with this unified description of the
mobility. At room temperature it is mainly the dependence on carrier density that plays an important
role, whereas at low temperatures and high fields the electric field dependence becomes important.
Omission in the past of the carrier-density dependence has led to an underestimation of the hopping
distance and the width of the density of states in these polymers.
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Introduction—The use of conjugated semiconducting
polymers in light-emitting diodes (PLEDs) [1] and field-
effect transistors (FETs) [2] has triggered intensive re-
search into the optoelectronic and electrical transport prop-
erties of these materials [3,4]. Understanding their charge-
carrier transport is of crucial importance to design and
synthesize better materials and further improve device
performances. One of the most important parameters de-
termining performance is the mobility [ ] of the charge
carriers. In particular, the dependence of [] on temperature
T and electric field E has been extensively addressed in
literature [5—8]. Charge transport in disordered polymers is
regarded as a hopping process between localized sites,
which are thought to consist of conjugated polymer chain
segments. The variations in the on-site energies due to
disorder are usually assumed to be Gaussian. Very recent
direct measurements of the energy distribution in an elec-
trochemically gated polymer transistor, indeed, showed a
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nearly Gaussian shape [9]. Monte Carlo simulations of
hopping transport were performed by Béssler et al. for
the case of a Gaussian disorder model (GDM), showing a
non-Arrhenius temperature dependence [] exp c[?2,
with ¢ 0.44, [4 [J/kgT, and [J the width of the
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Gaussian, while a Poole-Frenkel [ ] ex
i, M /R—IBE R 1 exp efT A
was found, in a limited field range, for the dependence on
the electric field [5,6]. However, as pointed out by
Gartstein and Conwell [10], a spatially correlated potential
for the charge carriers is needed to explain the Poole-
Frenkel behavior in a wide region of field strengths.
Several suggestions were put forward as a cause for this
correlation, such as charge-dipole interactions [11,12] or
thermal fluctuations in molecular geometries [13].
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Recently, it was realized that the importance of another
parameter had been overlooked: the charge-carrier density
p [14,15]. Experiments on hole-only diodes and FETs,
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with the same polymer as active material, showed that [ ]
can differ up to 3 orders of magnitude between the diode
and the FET [15]. It was demonstrated that the only way to
explain this huge difference is by taking a strong depen-
dence of the mobility on p into account. More recent
experiments suggested that at room temperature it is suffi-
cient to take only the p dependence of [] into account, but
that at low temperatures it is still necessary to assume an E
dependence [16]. Experimentally, it is hard to separate the
influences of E and p on [, since under a higher electric
field more carriers will be injected. In Ref. [16] the p
dependence of [J was taken equal to an empirical form,
consisting of an algebraic contribution p™/T !, derived by
Vissenberg and Matters for the high-density regime [17],
plus a density-independent contribution, determined from
the current-voltage characteristics of hole-only diodes at
low voltages. The failure of this empirical form to repro-
duce the experimental current-voltage characteristics at
low temperatures and high voltages was attributed to an
unknown dependence of [ ] on E. The purpose of this Letter
is to establish a unified theoretical description of the full T,
p, and E dependence of [J, and to critically compare the
results with experiments.
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Theory.—We determine the mobility [ ] unambiguously
from a numerical solution of the master equation

represent-ing hopping of charge carriers on a lattice of
sites:
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Here p; is the probability that site i is occupied by a charge
and W;; is the transition rate for hopping from site i to j.
The factors 1 p; account, in a mean-field approximation,
for the fact that only one carrier can occupy a site, due to
the high Coulomb penalty for the presence of two or more
carriers. We consider hopping as a thermally assisted tun-
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neling process and assume coupling to a system of acous- Results.—In Fig. 1 we display the p dependence of [] for
tical phonons, which, in line with earlier work, leads to  different temperatures. This dependence shows a striking
transition rates of the form [18] similarity to the p dependence found by Tanase et al.
LR, A AR RS, X5 [15,16]. The numerical data of Fig. 1 can be rather well
W THE, SEERERREA18]

exp eXp 2@1? D s s | s s,
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consideration, and s; is the on-site energy of site i. The
energy differences in Eq. (2) are supposed to contain a
contribution eER;;, due to an electric field E in the x
direction (e is the charge of the carriers). In the absence of
an electric field the occupational probabilities are given by

the Fermi-Dirac distribution.
EE, si NI aEE. Q) #IANNEEH Tx

77 6] b B L E (B S BT 1 R AT ) T AR ) 5T R
eERijx. fERAHIKIHELT, S¥EJLEH K-k
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We solve Eq. (1) by an iteration procedure similar to that
suggested by Yu et al. [13]. For simplicity we take a regular
cubic lattice with lattice constant a. For the inverse local-
ization length we take [ ] 10/a, a typical value for the
relevant polymers [15] (we checked that varying [] pre-
dominantly changes the prefactor of the mobility). Our
method allows for variable-range hopping [19], but for
the parameter range studied here it was suffcient to con-
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withc; 1.8 10 %and c, 0. 42. This parametrization
is, in particular, satisfactory for not too high densities.

206601-9



eek endin,
PRL 94, 206601 (2005) PHYSICAL REVIEW LETTERS 27 MAY 2005

206601-



PRL 94, 206601 (2005)

PHYSICAL REVIEW LETTERS

week ending
27 MAY 2005

el 1.8 10 9 flc2 0.42 .
AR BHIHSE

Because of particle-hole symmetry [ ] T, p
BRSO/ T, p o T, a 3
p , so the parametrization obviously fails at densities
approaching a 3/2. In the limit of vanishing densities,

we recover the [ exp c[? temperature dependence
found by Bissler et al. [5,6].
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In Fig. 2 we display the E dependence of [] for different
temperatures at a low and a high density, typical for
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LEDs and FKTs, respectively. We find that the E
dependence capbe approximately modeled by a density-
independent pre- factor f T, E :
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OT, p, E ~ T, pfT, E. (4) The
prefactor can be rather well parametrized by
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