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Electron and hole transport in the APFO3:PCsBM
organic photovoltaic blends
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In this paper, the electron and hole transport properties, and the possible presence of spatially correlated disorder in the
APFO3:PCes1BM organic blends are investigated. The temperature dependent current density-voltage (7 — 7) characteristics
of the hole-only and electron-only devices based on the APFO3:PCs1BM blends can be consistently described by using the
improved extended Gaussian disorder model (IEGDM) and the extended correlated disorder model (ECDM), within which
includes the carrier density dependence of the mobility in the Gaussian density of states and assuming either random or
spatially correlated site energies. In contrast to the ECDM, the IEGDM provides a better description for both hole and
electron transport. Based on the comparison of the intersite distance and fit quality of 7 — y curves between the IEGDM
and ECDM, we argue that the analysis provides evidence for the absence of correlated disorder in the APFO3:PCs1BM
blends. Furthermore, it is found that energetic disorder is larger for holes than for electrons, and electron transport is

intrinsically superior to hole transport.
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1. Introduction

Organic semiconductors have promising applications
in organic optoelectronic devices, such as solar cells [1-4],
which typically consist of a disordered mixture of donor
(D) and acceptor (A) materials. Making an optimal
combination of an electron donating material and an
electron accepting material in a bulk heterojunction (BHJ)
for efficient organic photovoltaic devices (OPV) is an
incredibly complicated and multifaceted endeavor [5, 6],
despite the seemingly simple approach of material mixing.
Focus areas in the development of new materials and
devices have since long been the selection of energy levels
and control over the multiscale microstructure [7, 8]. In
order to obtain a larger open circuit voltage, the donor
material should have a lower energy bandgap, so that the
absorption spectrum of the material can reach the best
matching value with the solar spectrum. One of the most
promising low bandgap organic semiconductors to date is
polyfluorene copolymer (Poly[2,7-(9-di-octyl-fluorene)-alt
-5,5-(4',7'-di-2-thienyl-2',1',3'-benzothiadiazole)], APFO3),
which is composed of the electron-donor unit (fluorine
group) and the electron-acceptor units (benzothiadiazole
and two thiophene units). Its absorption bandedge has
reached ~700 nm in the solution and its carrier mobility is
also excellent, which makes it suitable for photovoltaic
application [9]. A significant part of the efforts made in
this field has been the optimization of the fabrication of

solar cells based on APFO3:PCs:BM (methanofullerene
[6,6]-phenyl Cei-butyric acid methyl ester) blends [10,
11]. However, charge transport and energetic disorder in
APFO3:PCsBM blends have been largely ignored, as
research has focused more on photophysical properties of
the mixing materials. Thorough understanding of the
charge transport properties and energetic disorder is
important for developing more stable and efficient
APFO3:PCsBM-based organic photovoltaic devices.
Charge transport in organic semiconductors is usually
characterized by hopping transport between states that
have a certain distribution in energy. This energetic
disorder stems from the morphological ordering of the
molecules and is frequently assumed to have a Gaussian
distribution [12]. Current theoretical research pursues to
predict the mobility and energetic disorder by starting
from microscopic simulations of the morphology, paving
the way to predictive modeling of organic materials and
devices [13-15]. The effects of disorder on the mobility are
frequently described within the Gaussian disorder model
(GDM) [12] or the correlated disorder model (CDM) [16],
assuming a Gaussian density of state (DOS) with random
and spatially correlated energetic disorder, respectively.
Later, it was realized that, apart from the dependence of
the mobility on the temperature and electric field, there is
a strong dependence on the carrier concentration, giving
rise to the extended versions of the GDM and CDM, the
EGDM and ECDM [17, 18], respectively. For small but
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realistic electric fields, the field dependence of the
mobility is within the ECDM much stronger than within
the EGDM. On the other hand, the charge carrier density
dependence is for the ECDM slightly weaker. However,
the EGDM and ECDM, only having a non-Arrhenius
temperature dependence In(zz) c1/T?, cannot well
describe charge transport at high carrier densities [19]. To
better describe the charge transport properties, we
proposed an improved version of the EGDM within which
the temperature dependence of the mobility based on both
the non-Arrhenius temperature dependence and Arrhenius
temperature dependence IN(z) c1/T , leading to the
IEGDM [20]. Being able to make a distinction between the
EGDM and ECDM, to determine the type of disorder and
to accurately extract the materials parameters that
determine the mobility in disordered organic
semiconductors is of great importance to the rational
design of organic photovoltaic devices. 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 [21, 22],
whereas for several small-molecule materials, a more
consistent analysis was obtained by using the ECDM [23,
24]. These studies revealed that equally good descriptions
of the steady-state 7 —  curves could be obtained from
both models, but that a distinction could be made on the
basis of the effective hopping site densities obtained. For
polymers only the EGDM led to a hopping site density
close the actual molecular site density, whereas for the
same reason the ECDM was found to be most appropriate
for small-molecule materials. The question now arises
whether it would also be possible to describe the 7 — 1
curves  of  single-carrier  devices  based on
polymer:fullerene blends using the EGDM or ECDM, and
whether it would again be possible to make a distinction
between both models on the basis of the site density
obtained.

In this paper, we will investigate whether such an
extensive analysis can be given for electron and hole
transport in sandwich-type single-carrier devices based on
the APFO3:PCsBM blends. From an analysis of the
temperature dependence of the 7 —p characteristics of
APFO3:PCesBM electron-only and hole-only devices, it is
found that good descriptions can be obtained within the
IEGDM and ECDM. However, the more realistic values of
the intersite distance for electron-only and hole-only
devices are obtained within the IEGDM than within the
ECDM. This is an indication that in the APFO3:PCsBM
blends correlations between the site energies are absent or
play a minor role.

2. Models and methods

A commonly employed mobility model 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 [17]. For

historical reasons this model is often referred to as the
EGDM. However, the EGDM only with a non-Arrhenius
temperature dependence, cannot well describe charge
transport at high carrier densities. To better describe
charge transport, we proposed an improved version of the
EGDM within which the temperature dependence of the
mobility based on both the non-Arrhenius temperature
dependence and Arrhenius temperature dependence,
leading to the IEGDM [20]. Previously, the IEGDM has
been successfully applied to describe charge transport in
disordered organic semiconductors [25-27]. In the IEGDM,
the dependence of the zero-field mobility on the carrier
density p and temperature T is given by
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with ¢ =0.48x10°, ¢, =0.80, and ¢, = 0.52 .
Where 14 (T) is the mobility in the limit of zero carrier
density and electric field, &=0o/k,T is the
dimensionless disorder parameter, o is the width of the
Gaussian density of states (DOS), a is the lattice
constant (intersite distance), € is the charge of the
carriers, and Vv, is the attempt frequency. The field
dependence of the mobility is included via

w(T,p,E) = u(T, p)°"Pexplc,(9(T,E)-1)]. )

g(T,E)=[1+c.(Eea/o)*]™"?, 3)

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

¢, =d, +d, In(pa®) (4a)
¢, =1.16+0.09In(pa®) (4b)
d, =28.7-36.36 "+ 42567 (5a)

d, =-0.38+0.196 +0.036° (5b)

In addition to uncorrelated energetic disorder, the
presence of molecular dipoles may give rise to spatial
correlations in the energy distribution of the sites.
Bouhassoune et al. employed the same methodology as in
the EGDM, but for an energy landscape with Gaussian
disorder that result from randomly oriented dipole
moments of equal magnitude on all lattice sites, leading to
the ECDM [18]. The mobility can be described as
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follows:
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(6)
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with 4., (T, p,E) the mobility in the low-field limit,
and  L4ign p,E) the mobility in the high-field limit.
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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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Using the above model and the following coupled
equations, the J -V characteristics of organic electron
devices can be exactly calculated by employing a
particular uneven discretization method introduced in our
previous papers [28, 29].

J = p(x)eu(T, px), £(x))E(x), (16a)

dE e
—= p(x), (16b)
dx g,¢,
L
V= jo E(x)dX, (16¢)

where X is the distance from the injecting electrode, &,
is the vacuum permeability, & is the relative dielectric

r

constant of the organic semiconductors, and Z is the
organic semiconductor layer thickness sandwiched
between two electrodes.

3. Results and discussion

To explore the charge transport properties in more
detail and evaluate the energetic disorder, we investigate
the temperature dependent space-charge limited current for
hole-only and electron-only devices based on the
APFO3:PC¢:BM blends. Fig. 1 and Fig. 2 showthe 7 _p
curves of a hole-only device with a thickness of 99 nm at
different temperatures. The solid lines in Fig.1 and Fig.2
represent the numerical calculation results of IEGDM and
ECDM combined with the coupled equations (Egs.(16)),
and the symbols are the experimental measurements of the
J — v characteristics from Ref. [11]. It can be seen from
the figures that the numerical simulations based on both
the IEGDM and ECDM models are in close agreement
with the experimental data. In contrast to the ECDM, the
IEGDM provides a better description for hole current. The
IEGDM and ECDM are the mobility functions that
describe the temperature-, density-, and field-dependence
of the mobility based on three input parameters, viz. the
width of the Gaussian energetic disorder o, the lattice
constant @, and a mobility prefactor . The g, is a
temperature independent parameter that only influences
the magnitude of the mobility, o mainly controls the
temperature and charge concentration dependence of the
mobility, and a predominantly affects the field
dependence of the mobility. By fitting the IEGDM and
ECDM to the charge transport measurements, these
parameters can be reliably determined. The three
parameters in the IEGDM and ECDM are a=1.11 nm,
o =0.089 eV, g, =48 cm?Vs, and a =0.07 nm,
o0 =0.088 eV, u,=35 cm?/Vs, respectively. It is found
that the best-fit values of the intersite distance a as
obtained from the IEGDM and ECDM are quite different.
The value of a obtained from the ECDM can be
considered as unrealistically small (significantly lower
than the typical value of organic semiconductors), in view
of the fact that in polymer APFO3 the use of side-chain
architecture is expected to give rise to a larger typical
distance between neighboring polymer chains in the
APFO3:PCsBM  blends [9]. Furthermore, intra-chain
hopping between the rather long segments is also expected
to be associated with larger a. However, the value of a
obtained from the IEGDM is very close to the typical
value of organic semiconductors, and smaller than the
value obtained by Felekidis et al. for the APFO3:PCsBM
blends [10]. These results indicate that there is no
correlation between the transport site energies in the
APFO3:PC¢BM blends. The comparison between the
values obtained for o and g, does not change this
point of view. For disordered organic semiconductors, the
width of the DOS is typically observed to fall in the range
0.06-0.15 eV. Clearly, the optimal value of o obtained
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from the IEGDM ( 0.089 eV ) is almost equal to that from
the ECDM (0.088 eV) , and both are physically realistic.
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Fig. 1. Temperature dependent J-V characteristics of a

hole-only device based on the APFO3:PCs1BM blends

with a layer thickness of 99 nm. Symbols are the

experimental results from Ref. [11]. Lines are the

numerically calculated results based on the IEGDM
(color online)
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Fig. 2. Temperature dependent J-V characteristics of a
hole-only device based on the APFO3:PCsBM blends
with a layer thickness of 99 nm. Symbols are the
experimental results from Ref. [11]. Lines are the
numerically calculated results based on the ECDM
(color online)

Having characterized hole transport, we will now
focus on electron transport. From a theoretical perspective,
the intrinsic electron and hole transport are comparable in
many organic semiconductors [30], which would also be
expected to hold for polymer:fullerene blends. However,
experimentally, hole transport usually shows trap-free
behavior, while electron transport is severely hindered by
charge trapping [31]. When the trap level becomes filled a
transition to a higher, trap-free space-charge limited
current occurs. In order to ensure that the intrinsic charge
transport properties of the investigated material are
actually probed, the fitting range has to be shifted to
voltages where all the traps have been filled. Fig.3 and

Fig.4 show the 7 — y curves of an electron-only device
with a thickness of 183 nm at different temperatures. The
solid lines in Fig.3 and Fig.4 represent the numerical
calculation results of IEGDM and ECDM combined with
the coupled equations (Eqgs.(16)), and the symbols are the
experimental measurements of the ; — y characteristics
from Ref. [11]. It is clear that the numerical simulations
based on both the IEGDM and ECDM models are in close
agreement with the experimental data when the voltage is
greater than 4V. At high voltages, a transition to a less
steep slope of the s —p characteristics is observed,
which indicates that the current approaches the trap-filled
limit. The three parameters in the IEGDM and ECDM are
a =142 nm, o =0.0645 eV, g, =110 cm?Vs, and
a =036 nm, o =0.0715 eV, g, =165 cm?/Vs,
respectively. It is also found that the best-fit values of the
intersite distance a as obtained from the IEGDM and
ECDM are quite different. The value of a obtained from
the ECDM can be considered as unrealistically small,
whereas the value of a from the IEGDM is realistic. In
addition, the values of o and g, from the IEGDM are
closer to that obtained from the ECDM. These results
further indicate that there is no correlation between
transport site energy in the APFO3:PCsBM blends.
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Fig. 3. Temperature dependent J-V characteristics of an

electron-only device based on the APFO3:PCesBM

blends with a layer thickness of 183 nm. Symbols are the

experimental results from Ref. [11]. Lines are the

numerically calculated results based on the IEGDM
(color online)
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Fig. 4. Temperature dependent J-V characteristics of an
electron-only device based on the APFO3:PCsiBM
blends with a layer thickness of 183 nm. Symbols are the
experimental results from Ref. [11]. Lines are the
numerically calculated results based on the ECDM
(color online)

It can be seen from Figs. 1-4 that good descriptions of
the temperature dependent J-V characteristics of
hole-only and electron-only devices based on the
APFO3:PCg:BM blends can be obtained within both the
IEGDM and ECDM. Compared with the ECDM, the
IEGDM provides a better fit quality for both hole and
electron transport. The intersite distance a as obtained
from the IEGDM and ECDM are quite different. The value
of a from the IEGDM is very close to the typical value
of organic semiconductors, whereas the value of a from
the ECDM may be considered as unrealistically small.
These results show that the energies of the sites in between
which hopping takes place are uncorrelated in the
APFO3:PC¢BM blends. The width of the Gaussian
distribution o found for electron transport is smaller
than that for hole transport, indicating a lower degree of
energetic  disorder for electron transport in the
APFO3:PCg:BM blends. The observation of weak disorder
is in agreement with the higher electron current as
displayed in Fig.3 and Fig.4. As a result, it is evident that
electron transport is better than hole transport in the
APFO3:PC¢BM blends. This further indicates that the
intrinsic electron and hole transport are comparable for
most organic semiconductors.

4. Summary and conclusions

In conclusion, charge transport and the possible
presence of spatially correlated disorder in the
APFO3:PCg¢BM blends are investigated. It is found that
the temperature dependent ; —y characteristics of the
hole-only and electron-only devices based on the
APFO3:PCs:BM blends can be well described using both
the IEGDM and ECDM. However, the intersite distance
obtained from the IEGDM is more realistic than the value

obtained from the ECDM, which indicates that the
correlations between the transport site energies in the
APFO3:PCs:BM blends are absent. Furthermore, it is
found that energetic disorder is larger for holes than for
electrons, and electron transport is superior to hole
transport in the APFO3:PCgsBM blends.
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