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Analysis of electron transport in a fullerene derivative:
evidence for the absence of correlated disorder
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In this paper, the electron transport in a fullerene derivative indene-C60 bisadduct (ICBA), which is frequently used in organic
solar cells and transistors, is studied. From an analysis of the layer thickness and temperature dependence of the current
density-voltage (7 — 1) characteristics of ICBA electron-only devices, it is found that consistent descriptions with equal
quality are obtained using both the improved extended Gaussian disorder model (IEGDM) and the extended correlated
disorder model (ECDM), within which spatial correlations between the transport site energies are absent and are included,
respectively. Based on a comparison of the model parameters as obtained from both models, we view the more realistic
intersite distance obtained using the IEGDM (2.7 nm) compared to the value obtained using the ECDM (0.3 nm) as an
indication that in ICBA correlations between the transport site energies are absent. Distinguishing correlated from
uncorrelated disorder, which we achieve on the basis of the intersite distance, is shown to be highly relevant for the
development of quantitative organic electron device models.
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1. Introduction

Organic semiconductors are a promising alternative to
conventional inorganic semiconductors, because of their
ease of processing, flexibility, and low cost. However,
charge transport in organic semiconductors is governed by
hopping conduction, leading to charge carrier mobilities
and conductivities that are orders of magnitude lower as
compared to inorganic semiconductors. Fullerenes and
their derivatives are widely used in organic solar cells, in
organic field-effect transistors, and as electron-transport
layers in hybrid perovskite photovoltaic cells, owing to
their excellent electron-transport capabilities [1-3]. By
functionalizing fullerenes with side groups, their solubility
and energy levels can be tuned, enabling their use in
solution-processed electronic devices [4-6]. With regard to
electron transport, fullerenes exhibit mobilities that are
among the highest in organic semiconductors [7] and
exceptionally long electron diffusion lengths have been
observed [8]. A further detailed understanding of the
charge transport in these fullerenes and their derivatives is
a prerequisite for the improvement of organic device
performance. The most important parameter for describing
the charge transport is the charge carrier mobility s,
which quantifies how easily charge carriers move when an
electric field is applied.

It is widely agreed that the charge carrier mobility in
organic semiconductors is determined by hopping between

localized states. However, the development of charge
transport models with predictive value is hampered by a
lack of consensus about the type of energetic disorder:
completely random or with correlation between the
transport site energies. In the early modeling introduced by
Bassler et al. [9, 10], the random energies were described
by a Gaussian density of states (DOS), leading to the
Gaussian disorder model (GDM), within which spatial
correlations between the transport site energies are absent.
Alternatively, it was suggested that the presence of dipole
moments can give rise to spatial correlation between the
site energies [11, 12], leading to the correlated disorder
model (CDM). Later, it was realized that, apart from the
dependence of the mobility £ on the electric field E
and temperature T , there is a strong dependence on the
carrier concentration P [13-15], giving rise to the
extended versions of the GDM and CDM, the EGDM [16]
and ECDM [17], respectively. Furthermore, it should be
noted that the EGDM, having a non-Arrhenius temperature
dependence In(zz) oc1/T?, can only well describe the
charge transport at low carrier densities. To better describe
the charge transport, we proposed an improved model
within which the temperature dependence of the mobility
based on both the non-Arrhenius temperature dependence
and Arrhenius temperature dependence In(z) oc1/T ,
leading to the improved extended Gaussian disorder model
(IEGDM) [18]. It has been shown that the improved
mobility model can rather well describe the charge
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transport in various organic semiconductors [19-21].
For the GDM and CDM, key issues are the roles of
the energetic disorder of the states where the charge carrier

hopping occur, assuming a Gaussian density of state (DOS)

with random and spatially correlated energetic disorder,
respectively. Being able to make a distinction between
various models, to determine the type of disorder and to
accurately extract the materials parameters that determine
the mobility in organic semiconductors are of great
importance to the development of quantitative device
models and the rational design of organic devices.
However, analyses of measured current density versus
voltage ( 7 — ) curves of sandwich-type devices based on
several polymers have been successfully carried out using
the EGDM [22-25], whereas for several small-molecule
materials, a more consistent analysis was obtained by
using the ECDM [26, 27]. The question now arises
whether a successful analysis of current density versus
voltage (7 — 1) characteristics of a certain material using
the EGDM or ECDM would already convincingly proof
that the disorder is completely random or correlated,
respectively. To date, it has remained unclear to what
extent it is possible to make a distinction between the
EGDM and ECDM, and the type of disorder (random or
spatially correlated).

In this paper, the 7 _p characteristics of the
electron transport and the possible presence of spatially
correlated disorder in a fullerene derivative indene-C60
bisadduct (ICBA) are investigated. We address the above
question by analyzing the layer thickness and temperature
dependence of the s _y characteristics for ICBA
electron-only devices by using the IEGDM and ECDM,
respectively. It is found that an equally good fit to the
J() curves can be obtained using both the IEGDM and
ECDM, but a more realistic value of the intersite distance
is obtained within the IEGDM (2.7nm) than within the
ECDM (0.3nm). This is an indication that in fullerene
derivative bisadduct ICBA spatially correlations between
the transport site energies are absent.

2. Models and methods

The extended Gaussian disorder model (EGDM) has
been developed by Pasveer et al. on basis of numerical
transport simulations accounting for hopping on a simple
cubic lattice with uncorrelated Gaussian disorder [16].
Based on the EGDM, we proposed an improved mobility
model (IEGDM) in which the dependence of the mobility
M on the electric field E, carrier concentration p,
and temperature T [18]. In particular, the dependence
of the zero-field mobility on the carrier concentration p
and temperature T is given by

(T P) = 1T exp (67 ~5)(2pa%) 1. (1)

1o (T) = 1€ X0(C,6 — Csé-z) , (1b)
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with ¢ =048x10°, ¢,=0.80, and ¢,=052. Where
1, (T) is the mobility in the limit of zero carrier density
and zero electric field, 6 =o/kgT is the dimensionless
disorder parameter, o is the width of the Gaussian
density of states (DOS), a is the lattice constant
(intersite distance), e is the charge of the carriers, and
Vv, is the attempt-to-hop frequency. The field dependence
of the mobility is included via

w(T,p,E) = u(T, p)* "= explc,(9(T,E)-1)]. @

g(T,E)=[1+c.(Eea/o)*]™"?, (3)

where g(T,E) is a weak density dependent function,
C, and C; are weak density dependent parameters,
given by

c, =d, +d, In(pa®) (4a)
¢, =1.16+0.09In(pa®) (4b)
d,=28.7- 36.36 +42.56 2 (5a)

d, =-0.38+0.196 +0.0356* (5b)

In addition to uncorrelated energetic disorder, the
presence of molecular dipoles may give rise to spatial
correlations in the energy landscape. Bouhassoune et al.
employed the same methodology as in the EGDM, but
for an energy landscape with Gaussian disorder o that
results from randomly oriented dipole moments of equal
magnitude on all lattice sites, leading to the extended
correlated disorder model (ECDM) [17], which can be

describ(_ed by the following phenomenological
expression:
HCT,E) = [t T PLEN™ + (th (P, BN
(6)
q(6)=24/1-5), @

with 4., (T, p,E) the mobility in the low-field limit
(the average reduced field E,, =€aE/o<1), and
with £4,,,( P, E) the mobility in the high-field limit (the
average reduced field E,, =eaE/o >1).

thow(T, P BE)=14,(M)g(T, p)F(T,E, p), (®

where g(T, p) and f(T,E, p) are the dimensionless
mobility enhancement functions. These functions can be
written as follows:
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within the very low-field, O0<E,, <0.16=E e ,

h(E ;)

can be written as
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By using the above mobility models, the J-V
characteristics of organic electron devices can be exactly
calculated by numerically solving the following
equations adopting a particular uneven discretization
method introduced in our previous paper [28, 29].

J = peulT, p(x), E(x))E(x), (16a)
E__® w0, (16b)
dx  &y&,
V L
= [ E()dx, (16c)

where X is the distance from the injecting electrode,
L is the organic semiconductor layer thickness
sandwiched between two electrodes, &£,&, is the
permeability of the organic semiconductors.

3. Results and discussion

To explore the spatial correlations between the site
energies and electron transport in detail, we investigate
the layer thickness dependent and temperature dependent
J — v characteristics of electron-only devices based on
the fullerene derivative indene-C60 bisadduct (ICBA) by
using the IEGDM and ECDM, respectively. As

previously described, the mobility in disordered
semiconductors exhibiting hopping transport depends on
the temperature, electric field, and charge concentration.
For a system with Gaussian disorder, the mobility
characteristics can be described by both the IEGDM and
ECDM, which uses three input parameters: the width of
the Gaussian density of states distribution o , the
intersite distance a, and a mobility prefactor . The
o mainly controls its temperature and charge
concentration dependence, a predominantly affects its
field dependence, and the mobility prefactor determines
the magnitude of the mobility.
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Fig. 1. Thickness dependent J-V characteristics of ICBA

electron-only devices at room temperature. Symbols are

experimental measurements from Ref. [25]. Lines are

the numerically calculated results based on the IEGDM
(color online)
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Fig. 2. Temperature dependent J-V characteristics of an
electron-only device based on ICBA with a layer
thickness of 176 nm. Symbols are experimental data
from Ref. [25]. Lines are the numerically calculated
results based on the IEGDM (color online)

Fig. 1 shows the thickness dependent ;
characteristics of electron-only devices with ICBA layer
thickness of 125 nm and 176 nm at room temperature.
Apparently, the experimental data from Ref. [25] can be
well described by using the IEGDM, within which an
optimal fit can be obtained using a single parameter set
of a=2.7nm, ¢ =0.09 eV, and 4, =12500 m?/Vs. Fig.
2 depicts the temperature dependent ; _y
characteristics of an electron-only device based on ICBA
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with a layer thickness of 176 nm. It is obviously that the
temperature dependent electron current could also be
accurately described within the IEGDM using the same
parameters as the thickness dependent (/) curves.
For the model parameters, the value of the disorder
parameter o is equal to the value used by Kotadiya et
al. [25]. The value of intersite distance a found in this
work is very close to the typical value of fullerenes and
their derivatives [25, 30]. Apparently, our numerical
simulations based on the IEGDM are in good agreement
with the experimental measurements, which suggests that
the IEGDM is suitable to study the electron transport in
the bisadduct fullerene ICBA.
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Fig. 3. Thickness dependent J-V characteristics of ICBA

electron-only devices at room temperature. Symbols are

experimental measurements from Ref. [25]. Lines are

the numerically calculated results based on the ECDM
(color online)
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Fig. 4. Temperature dependent J-V characteristics of an
electron-only device based on ICBA with a layer
thickness of 176 nm. Symbols are experimental data
from Ref. [25]. Lines are the numerically calculated
results based on the ECDM (color online)

As a next step, we consider the question whether the
ECDM can also describe the J -V characteristics of
ICBA electron-only devices with various layer
thicknesses and temperatures as successfully as the
IEGDM. When employing the ECDM, we address the
question whether site-energy correlations with this

specific correlation function are present in ICBA. Here,
we re-analyse these experimental data from Ref. [25] for
ICBA electron-only devices by using the ECDM. Fig. 3
and Fig.4 show the layer thickness dependent and
temperature dependent J -V characteristics of ICBA
electron-only devices, respectively. Obviously, the layer
thickness dependent and temperature dependent J -V
characteristics of ICBA electron-only devices can also be
well described within the ECDM only using a single set
of parameters, a=0.3 nm, o =0.1 eV, and ,,=16000
m?/Vs. It is concluded that the ECDM can also provide a
good description for the electron transport in ICBA,
provided that a much smaller intersite distance is
assumed within the ECDM (0.3 nm) than within the
EGDM (2.7 nm).

It can be seen from Figs. 1-4 that equally good
descriptions of the layer thickness dependent and
temperature dependent J -V characteristics of ICBA
electron-only devices can be obtained within both the
IEGDM and ECDM. For both models, the shape of the
J() curves depends on only two temperature and
thickness independent parameters, o and a. Varying
the mobility in the zero-density and zero-field limit
14, (T) . gives rise to an overall vertical shift of the / (/)
curves, but does not affect the shape. The optimal fitting
parameter set for each model is obtained as follows. We
determine the fitting errors between the experimental and
calculated /() curves for each layer thickness and
temperature. The total error is calculated as a sum of
mean square errors of the fits for all layer thicknesses and
temperatures. By minimizing this total error, we obtain
the optimal model parameter set. For the IEGDM, the
value of a and o obtained in this work are 2.7 nm
and 0.09 eV, and for the ECDM, a=0.3nmand o =0.1
eV are obtained. By optimizing the position of the /()
curves along the vertical axes, the optimal temperature
dependent , can be determined for the IEGDM
(12500 m?/Vs) and ECDM (16000 m?/Vs), respectively.

The key parameters in both the IEGDM and ECDM
are the strength of the energetic disorder, quantified by
the width of the DOS o, and the average hopping site
distance a. The optimal fit values of a as obtained
from the IEGDM and ECDM are very different, viz. 2.7
nm and 0.3 nm, respectively. The value of a found for
the IEGDM is very close to the typical value of
fullerenes and their derivatives, slightly larger than the
result reported by Eersel et al. for PCBM (2.54 nm) [30],
and slightly smaller than the value obtained by Kotadiya
et al. for ICBA (3.0 nm) [25]. However, the value of a
found for the ECDM may be considered as unrealistically
small (10 times lower than the typical value). This
suggests that for ICBA the energies of the sites in
between which hopping takes place are uncorrelated. The
values obtained for o does not change this point of
view. For disordered organic semiconductors, the
Gaussian density of states o is typically observed to
fall in the range 0.06-0.16 eV, the optimal values of o
obtained within both models (0.09 eV for the IEGDM
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and 0.1 eV for the ECDM) are physically realistic.

4. Summary and conclusions

In summary, the electron transport and the possible
presence of spatially correlated disorder in a fullerene
derivative bisadduct ICBA are investigated. It is found
that the thickness dependent and temperature dependent
J — v characteristics of the ICBA electron-only devices
can be accurately described using both the IEGDM and
ECDM, within which spatial correlations between the
transport site energies are absent and are included,
respectively. Apparently, a successful analysis of the
J() curves using above two models does not yet
convincingly prove that the disorder is completely
random or correlated. Especially, for the material studied,
we argue that the most significant difference between the
two sets of optimal fit parameters is an observed large
difference between the intersite distance a . The
parameter a=2.7 nm is found for the IEGDM, whereas
the value of a obtained for the ECDM is 0.3 nm. The
intersite distance found using the IEGDM is very close to
the typical value of fullerenes and their derivatives,
whereas the value of a found for the ECDM may be
considered as unrealistically small. This indicates that for
the ICBA studied correlations between the site energies
are absent or insignificant. Finally, we mention that the
present work is useful to build up the quantitative organic
electron device models.
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