Study of charge-carrier relaxation in a disordered organic semiconductor by
simulating impedance spectroscopy
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Impedance spectroscopy is a very sensitive probe of nonstationary charge transport governed by chargecarrier relaxation in devices of disordered organic semiconductors. We simulate impedance spectroscopy
measurements of hole-only devices of a polyﬂuorene-based disordered organic semiconductor by solving a
time-dependent three-dimensional master equation for the occupational probabilities of transport sites in the
semiconductor. We focus on the capacitance-voltage characteristics at diﬀerent frequencies. In order to obtain
good agreement with the measured characteristics we have to assume a lower strength of a Gaussian energy
disorder than obtained from best ﬁts to the stationary current density-voltage characteristics. This lower
disorder strength is in agreement with dark-injection studies of nonstationary charge transport on the same
devices. The results add to solving the puzzle of reconciling nonstationary with stationary charge-transport
studies of disordered organic semiconductors.
In order to improve the performance of organic semiconductor devices such as organic light-emitting diodes
(OLEDs), organic ﬁeld-eﬀect transistors (OFETs), and
organic photovoltaic cells (OPVCs), a thorough understanding of charge transport properties of organic
semiconductors is crucial. In the amorphous organicsemiconductor thin ﬁlms in these devices the disorder
plays an important role. Stationary charge transport in
disordered organic semiconductors has been studied to
great depth, both experimentally and theoretically. Energetic disorder gives rise to a strong temperature, T ,
electric ﬁeld, F , and charge-carrier density, n, dependence of the charge-carrier mobility µ, which is determined by the shape of the density of states (DOS).1–5
Nonstationary transport in organic devices, for which the
stationary mobility function cannot be used, has not yet
been studied to equal depth. An important question, addressed in this Letter, is whether our understanding of
nonstationary charge transport in these semiconductors
can be reconciled with that of stationary transport.
Recently, we measured and simulated dark-injection
(DI) current transients of hole-only devices of a
polyﬂuorene-based light-emitting polymer (LEP).6 In
DI experiments a device that is kept in the dark is
brought into a state of nonstationary charge transport
by a sudden step in the applied voltage. The simulations were performed by solving a time-dependent threedimensional master equation (3D ME) for the occupational probabilities of sites representing localized states
in the LEP. The temperature- and thickness-dependent
stationary current density-voltage, J-V , characteristics
of these devices had been analyzed before and a very good
description was obtained within the extended Gaussian
disorder model (EGDM) for the mobility function,4 using
a standard deviation σ = 0.13 eV of the Gaussian density of states.7–9 However, a proper modeling of the DI
transients could only be obtained with a reduced value

σ = 0.08 eV. This has brought up the important question whether our understanding of charge transport in
disordered organic semiconductors is really complete.
Another important technique to study non-stationary
transport in organic devices is impedance spectroscopy.
In this technique a dc bias V is applied over a device
and on top of that a small ac component ∆V (t) =
∆V sin(2πif t). The impedance Z = Z ′ + iZ ′′ is deﬁned as the zero-amplitude limiting value of the ratio
of ∆V (t) and the response ∆I exp [2πi(f + ϕ)t] in the
current, with ϕ a phase diﬀerence. In particular, we will
be interested in the capacitance-voltage, C-V , characteristics, with the capacitance given by C = −Z ′′ /2πf |Z|2 .
Impedance spectroscopy can be fruitfully used to distinguish diﬀerent trapping regimes in single-carrier organicsemiconductor devices10 and to determine doping densities and built-in voltages in organic solar cells11 .
Modeling of the C-V characteristics with the static
mobility function neglects the eﬀects of carrier relaxation
in the DOS. Recently, we developed a multiple-trapping
model for this carrier relaxation that is based on the existence of a conduction-level energy Ec .12 The idea is that
the fraction of carriers around this energy in the DOS determines the conduction. Extra carriers induced by the
ﬂuctuating voltage slowly relax from this energy towards
their equilibrium distribution. It was found that with
a value Ec = −0.75σ and the EGDM mobility function
for the fraction of carriers at the conduction-level energy
a fair description of the C-V characteristics at diﬀerent
frequencies of the polyﬂuorene-based hole-only devices
could be obtained with σ = 0.13 eV.12 However, Ec was
essentially treated as a ﬁt parameter in the modeling, so
that hard conclusions about the comparison between stationary and nonstationary charge transport could not be
drawn.
In this Letter we follow the same methodology as in our
modeling of DI transients6 and simulate the impedance
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spectroscopy experiments by explicitly solving a timedependent 3D ME for a lattice of transport sites representing a complete device. The great advantage of this
methodology is that it does not suﬀer from simpliﬁcations
inherent to one-dimensional (1D) modeling and provides
information at the microscopic level. Like in the modeling of DI transients, this makes a direct comparison
between stationary and nonstationary charge transport
possible.
The time-dependent 3D ME for the occupational probabilities pi of sites i in the device is given by
∑
dpi
=
[Wji pj (1 − pi ) − Wij pi (1 − pj )] ≡ gi (p), (1)
dt
j̸=i

where Wij is the hopping rate from site i to j and p
is the vector of all pi ’s. We follow the same procedure
as in Ref. 13 in ﬁnding the steady-state solution p0 for
dpi /dt = 0 at the applied static voltage V . Sheets of sites
representing the electrodes are introduced at either side
of the simulation box in the same way as in Ref. 13. Since
a small-amplitude ac-signal with the frequency f induces
a minor change ∆p, we write p(t) ≈ p0 + exp (2πif t) ∆p
and g(p) ≈ g(p0 ) + exp(2πif t) [∆V ∂g/∂V + J∆p], with
the matrix elements of the Jacobian J given by Jij =
∂gi /∂pj |p0 . Substituting these expressions in Eq. (1) and
linearizing leads to the equation
(2πif I + J)∆p = −∆V

∂g
,
∂V

(2)

with I the identity matrix. Equation (2) can be solved
for ∆p and from this the current ∆I and the capacitance
C are straightforwardly obtained. Like in Ref. 6 we draw
the site energies from a Gaussian DOS with standard deviation σ and assume Miller-Abrahams hopping rates:14
{
exp [−∆Eij /kB T ] if ∆Eij > 0,
Wij = w0 ×
(3)
1
if ∆Eij ≤ 0,
where ∆Eij is the energy diﬀerence between sites j and i,
which includes the energetic disorder as well as the electrostatic potential due to a perpendicular layer-averaged
electric ﬁeld in the device.13 We assume that the hopping
takes place between nearest neighbors. We use a simple
cubic (SC) as well as a face-centered cubic (FCC) lattice in our simulations. A factor related to wave function
overlap that decays exponentially with distance, but is
the same for each pair of nearest neighbors in a regular
lattice, has been included in the prefactor w0 .
We performed simulations for the same two devices as
studied in Ref. 12. They have the structure glass, indium tin oxide (100 nm), PEDOT:PSS (100 nm), LEP,
Pd (100 nm). The LEP consists of polyﬂuorene with
copolymerized triarylamine units (7.5 mol%) for hole
transport; see Fig. 1(a). The LEP-layer thicknesses are
L = 97 and 121 nm for the two devices and their areas are A = 9 × 10−6 m2 . No injection barrier is taken
at the anode (PEDOT:PSS) and injection barriers of

Table I. Values for the hopping prefactor w0 in Eq. (3) obtained from ﬁts to the measured J-V curves of Fig. 1(c).
σ [eV]
0.13
0.08

SC
2.7 × 1010
9.1 × 107

w0 [s−1 ]
FCC
3.2 × 109
2.2 × 107

1.65 and 1.90 eV are taken at the cathode (Pd) for the
L = 97 and L = 121 nm device, respectively, according to EGDM modeling studies of the J-V characteristics of these devices.7,15 These modeling studies gave
best ﬁts for the J-V characteristics with σ = 0.13 eV.
The relative dielectric constant of the LEP is ϵr = 3.2.7
The simulation boxes have dimensions L × Ly × Lz , with
Ly = Lz = 50 a and periodic boundary conditions in the
y- and z-direction, yielding a suﬃcient lateral averaging.
Figure 1(b) gives an overview of our main results for
the C-V characteristics of the L = 121 nm device at a
frequency f = 100 Hz and room temperature (295 K).
We distinguish four regimes.
1) At low voltage all curves converge to the geometrical capacitance, because almost no carriers are
present in the device.
2) With increasing voltage, a sheet of holes builds up
by diﬀusion at the anode, but these cannot yet
move to the cathode because the electric ﬁeld is
still directed from cathode to anode. As a result,
the capacitance rises.
3) When approaching the built-in voltage Vbi (1.9 V in
this case) these holes start to move to the cathode,
leading to a decrease of the capacitance. The result
is a peak in the C-V curve before Vbi is reached.16
4) Beyond Vbi a regime starts where the experimental C-V curve rises again and where the diﬀerent
modeling results predict very diﬀerent behavior. It
is this regime we want to focus on.
The red curve in Fig. 1(b) is a modeling result in
which a time-dependent one-dimensional drift-diﬀusion
(1D DD) equation is solved with the EGDM mobility
function for σ = 0.13 eV.12 This model assumes that the
mobility at any moment in time is given by the instantaneous carrier density and electric ﬁeld through this function, and therefore does not account for carrier relaxation. At high voltages the curve deviates strongly from
experiment, which should be attributed to the neglect of
relaxation. The dash-dotted blue curve is the result of
the multiple-trapping model for relaxation, assuming a
conduction-level energy Ec = −0.75σ. The agreement
with experiment is in this case fair, not only at the frequency f = 100 Hz, but also at the other frequencies
investigated in Ref. 12 (not shown here).
However, the C-V curves obtained from the 3D ME
simulations for σ = 0.13 eV do not agree at all with
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Figure 1. (a) Schematic structure of the polyﬂuorenetriarylamine copolymer, (b) capacitance C, normalized to its
value at V = 0, as a function of V at a frequency f = 100 Hz
and temperature T = 295 K for a hole-only device with a
layer with thickness L = 121 nm. Dots: measurements.12
Red line: 1D DD calculation with an EGDM mobility function for σ = 0.13 eV, neglecting relaxation. Dash-dotted blue
line: multiple-trapping result.12 (c) Current density-voltage,
J-V , characteristics of the L = 121 and L = 97 nm device
at T = 295 K. Dots: measurements.6 Green lines in both (b)
and (c): 3D ME simulations for σ = 0.13 eV. Black lines: 3D
ME simulations for σ = 0.08. Dashed (full) green and black
lines: SC (FCC) lattice.

experiment. The dashed green curve gives the result
obtained for a SC lattice, with a lattice constant a =
1.19 nm. The latter value was obtained from the value
Nt = 6 × 1026 m−3 = 1/a3 for the density of transport
sites found in the modeling studies of Ref. 7, a value that
is compatible with the known density of 1.8 × 1026 m−3
of triarylamine units in the used copolymer. The eﬀects
of carrier relaxation are clearly too strong in this case.

In Fig. 1(c) we compare the corresponding result for
the J-V curve with experiment, leading to an excellent
agreement. The value of the hopping prefactor w0 found
from this comparison is given in Table I. We conclude
that there is a strong discrepancy between the description
of the stationary charge transport reﬂected by the J-V
curve and the nonstationary charge transport reﬂected
by the C-V curve.
One may argue that carrier relaxation could depend
on the type of lattice and in particular on the number of
nearest neighbors. To investigate this we also performed
simulations for an FCC lattice with a lattice constant of
a = 1.88 nm, corresponding to the same site density as in
the SC lattice, but with 12 instead of 6 nearest neighbors.
It was found from numerical calculations that the critical
energy for percolation within the EGDM is signiﬁcantly
lower for an FCC than for a SC lattice, due to the larger
number of nearest neighbors17 . One may wonder if this
could mean that also the conduction level energy Ec is
lower, leading to weaker relaxation eﬀects. Figure 1(c)
shows that again excellent agreement is obtained with
the experimental J-V curve, with an adapted value of
w0 given in Table I. The full green curve in Fig. 1(b) is
the C-V result for this case. This curve lies only slightly
below the SC curve, from which we conclude that the
type of lattice only has a minor inﬂuence on relaxation.
In the modeling of DI transients in Ref. 6 it was also
found that unsatisfactory agreement with experiment
was found when taking the same value for σ in the DI
modeling as in the modeling of the J-V curves. Reducing the value of σ to 0.08 eV, however, led to a very good
agreement. We tested whether taking this reduced value
of σ leads also to an improvement in the modeling of
the C-V curves. To this end, we ﬁrst reﬁtted the J-V
curves with σ = 0.08 eV. Figure 1(c) shows that very
satisfactory ﬁts are obtained at higher voltages, both for
the SC and FCC lattice. Only at low voltages (< 2 V)
the ﬁts are inferior to those with σ = 0.13 eV. The results obtained for w0 are again given in Table I. Figure
1(b) shows that indeed the C-V curves are now in very
good agreement with experiment, with the FCC curve
even falling on top of the experimental curve for voltages
> 2 V. The only clear disagreement is in the peak, which
is more pronounced in the modeling than in the experiment. In Ref. 12 it was suggested that lateral variations
in Vbi will lead to widening of the experimental peak,
which may partially explain the disagreement.
Figure 2 shows comparisons between experimental and
simulated C-V curves for σ = 0.08 eV and for both SC
and FCC lattices, at frequencies of 100, 250, and 1000 Hz,
for the L = 97 nm (Fig. 2(a)) and L = 121 nm (Fig. 2(b))
device. The conclusion is that the overall agreement is
very satisfactory. At the highest frequency of 1000 Hz
relaxation eﬀects are the least signiﬁcant. This can be
understood from Eq. (2), in which at high frequency f
the ﬁrst, “direct”, term on the left-hand side becomes
dominant with respect to the second, “indirect”, term,
which accounts for the relaxation eﬀects.
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Figure 2. Capacitance C, normalized to its value at V = 0, as
a function of V at diﬀerent frequencies for (a) the L = 97 nm
and (b) the L = 121 device. Dots: measurements.12 Full
(dashed) lines: simulation results for σ = 0.08 eV and a SC
(FCC) lattice.

To exclude the possibility that the obtained agreement with the experimental C-V curves using σ = 0.08
eV is fortuitous we considered other factors that could
inﬂuence carrier relaxation. Speciﬁcally, we looked at
variable-range instead of nearest-neighbor hopping and
Marcus18 instead of Miller-Abrahams hopping rates. In
the case of variable-range hopping (VRH) a prefactor
exp(−2αRij ) should be included in Eq. (3), where Rij is
the distance between sites i and j, and α the inverse wave
function decay length. We have no information about
α for our case, but taking α = 4/a leads to considerable rates for further than nearest-neighbor hops. For
this value and taking hopping up to the fourth nearestneighbor into account on an SC lattice we found that
some eﬀect of VRH is visible on the C-V curves at high
voltage, but the eﬀect is signiﬁcantly smaller than the
diﬀerence between the results for σ = 0.13 and 0.08 eV
in Fig. 1(b). Regarding Marcus hopping rates it has been
found that the mobility function and hence the stationary charge transport is not signiﬁcantly diﬀerent than for
Miller-Abrahams hopping rates,17 but it is not a priori
clear that the same holds for carrier relaxation. Information about the reorganization energy Er in the Marcus

hopping rate is lacking in our case. Our master-equation
solver allowed the study of Marcus hopping on an SC
lattice for reorganization energies down to Er ≈ 3σ. For
all considered cases we found that the diﬀerence with
Miller-Abrahams hopping rates is small.
The puzzling question remains why there is such a discrepancy between the description of stationary and nonstationary charge transport. A possible explanation was
suggested in Ref. 6: maybe in the stationary transport
the low-energy tail of the DOS is important, represented
by a relatively large σ, while in nonstationary transport
relaxing carriers probe a larger part of the DOS, represented by a smaller σ. In other words, the shape of the
DOS could be more complicated than a single Gaussian.
This explanation seems to be corroborated by the J-V
curves in Fig. 1(c). At low voltage, σ = 0.13 eV gives a
better description, while at higher voltage σ = 0.08 eV
gives an excellent and even a slightly better description.
A value of σ = 0.13 eV at low voltage could also explain the lower peak in the C-V curve as compared to
the simulations with σ = 0.08 eV in Figs. 1(b) and 2.
We remark here that the positions of the peak could be
improved by adapting the built-in voltages Vbi used in
the calculations. We recall that these voltages were obtained from an EGDM ﬁt of the J-V characteristics with
σ = 0.13 eV, but the obtained values are probably not
optimal for σ = 0.08 eV.
It was remarked in Ref. 6 that a single-Gaussian DOS
with σ = 0.08 eV will lead to a temperature dependence
in the mobility in the limit of vanishing carrier density
that is too weak as compared to experiment. In the scenario of a more complicated DOS sketched here, however, it would be the value σ = 0.13 eV that determines
the temperature dependence in this limit, which is known
to lead to a good agreement with experiment.7 We suggest that other types of experiments are performed on
our system that can more directly probe the shape of the
DOS. Speciﬁcally, we think of stimulated current (TSC)
measurements, which have originally been used to extract information about trap levels,19–21 but could also
be employed more generally to study DOS tails.
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