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Abstract Measurements of electrical transport and excess
current noise in semiconducting films of polyacenes re-
vealed a superquadratic increase of the current and a sharp
peak of the relative noise at voltage values corresponding
to the trap-filling transition region. Recently, we formulated
an explanation of these findings in terms of trapping and
detrapping processes of the injected carriers by deep defect
states. This interpretation was based on a phenomenologi-
cal model that takes as input the measured /-V character-
istic curve. Here we introduce a new percolative approach
to transport and noise in these materials. In particular we
develop two percolation models, differing in the voltage de-
pendence of the trapping and detrapping rates: precisely, one
model neglects and the other accounts for the Poole-Frenkel
effect. We then discuss the results of both models in connec-
tions with experimental findings.
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1 Introduction

Nowadays, electronic devices based on organic semiconduc-
tors, like polymeric or molecular semiconductors, are much
more than a promising field. Actually, field-effect transis-
tors, light-emitting diodes, solar cells, switches, memories,
etc. made of organic semiconductors have started to replace
traditional electronic devices in many applications, being
competitive in terms of cost, flexibility, weight and sev-
eral other features. Thus many studies have been devoted
to the investigation of electrical transport properties in or-
ganic semiconductors [1-23]. In particular, it has been real-
ized that the performances of these devices are crucially con-
trolled by the injection of charge carriers at the molecule-
metal interfaces and by their trapping-detrapping (TD) pro-
cesses at defect states [1-3, 7—16, 24]. While the effect of
thermal and electrical stresses on TD processes has been
widely investigated [2, 3, 7-16], only a relatively small num-
ber of studies was devoted to the electrical noise in organic
semiconductors [17-23].

Transport measurements in thin films of polyacenes
(tetracene and pentacene) [17, 18] have evidenced a strong
superquadratic increase of the current voltage (I-V) charac-
teristic and a concomitant peak of the low-frequency relative
spectral density of current noise at intermediate voltages,
corresponding to the crossover between Ohmic and space
charge limited currents (SCLC) regimes [17, 18, 25, 26].
A first qualitative explanation of these experiments has been
given [17, 18] in terms of continuous percolation between
two asymptotic regimes (Ohmic and SCLC), considered as
different conducting phases. The noise increase was ex-
plained as due to the clustering of insulating regions among
which current paths are constrained [17, 18].

Recently, we have proposed a complementary interpreta-
tion of these experimental findings, in terms of noise due to
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trapping and detrapping (TD) processes of injected carriers
by deep traps in the trap filling transition (TFT) regime [27].
This second interpretation was based on a phenomenolog-
ical model which makes use of the measured /—V charac-
teristic to estimate the fraction of filled traps as a function
of the applied voltage. Then, the value of this fraction is
used to express the spectral density of current noise in the
TFT regime. The good quantitative agreement between the
behavior obtained from the phenomenological model and
the experiments supports the interpretation of abscribing the
sharp peak of noise in the TFT region to the fluctuating oc-
cupancy of the traps due to TD processes [27].

Here we introduce a new percolative approach to trans-
port and noise in organic semiconductors which does not
make any a priori assumption on the /-V characteristic
curve. In particular we have developed two percolation mod-
els, differing in the voltage dependence of the trapping and
detrapping rates: precisely one model neglects and the other
accounts for the Poole-Frenkel effect [37-39]. In the next
section we present and discuss the results of both models in
connections with the experimental findings [17, 18].

2 Method

Our approach adopts the well known resistor network (RN)
method [28-33]. Precisely we describe the semiconducting
film as a binary mixture of two kinds of resistors linked in
a two-dimensional resistor network. In particular here we
consider a square-lattice with square geometry (size N x N)
[28-33]. Each elementary resistor 7; ; describes a small re-
gion of the film with homogeneous electrical properties, i.e.
a small region characterized by a leading mechanism of
electrical transport. This leading mechanism of transport de-
fines the “state” of the resistor.

Then, we assume that an elementary resistor can be found
in two states: an Ohmic state (state 1) with resistance r; and
a SCLC state (state 2) with resistance . We indicate with
N1 and N, the number of resistors in the states 1 and 2 re-
spectively, with Ny, = N1 + Ny = 2N 2 the total number
of resistors in the network. The fraction of resistors in the
state 2, p = N2/N;o, is the key quantity which character-
izes the global network state: for p > p. the SCLC phase
associated with the r, resistors percolates through the net-
work, where p, is the percolation threshold [28].

An external constant voltage V is applied to the RN
through perfectly conducting bars placed at the left and right
hand sides. As a consequence of this external bias, a voltage
drop v;,; is also applied to each elementary resistor through
which it flows a current i; ;, while [ is the total current flow-
ing through the network. The network is taken to be in con-
tact with a thermal bath at temperature 7. Furthermore, to
mimic the effect of trapping and detrapping process, we as-
sume the existence of random transitions between the two
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resistor states, occurring with probabilities W12 (v; ;) and
W>-1(v;,j), both dependent on the local voltage drop v; ;.
In other terms, each resistor behaves as a generator of a ran-
dom telegraph signal [34] with voltage dependent transition
rates.

2.1 Model A

As a first approximation, by neglecting the Poole-Frenkel
effect [37-39], we take:

W12 =exp[—(E2 — qv;,j)/kpT] (1
and:
Wr_,1 =exp[—E;/kpT] 2

where E;, E, are two activation energies, g is an effective
charge and kp is the Boltzmann constant. Then, by adopt-
ing a mean field-like approach, similar to that described in
Ref. [35], for W, < 1 the average value (p) of p can be
written as:

1 1

N W) =
1+<W?__);> 1 4 exp(a — bv)

(p) 3)
where:a = (Ey—E1)/KgT,b=q/KpT and v = (v) is the
average voltage applied to an elementary resistor. Moreover,
it is possible to give an approximate analytical expression
for the relative resistance noise of the network:

2 _ Ry
ow=1000 - )
(r) P 1 (mp r1+r)?
Thus:
—_1)2 _
& (v) ~ (fr = D?exp(a —bv) 5)

[fr exp (a — bv) + 1]
where f, = ri/ro. Equation (5) shows that the relative
noise of the network depends only on the three parame-
ters: fy, a, b and on the size N (which enters in the aver-
age value v). The evolution of the network is calculated by
numerical simulations performed according to an iterative
procedure similar to that described in [29, 30, 32, 33] and
by using constant-voltage boundary conditions. The results
of this model are reported in Sect. 3 and they are obtained
by adopting the following values of the parameters (cho-
sen as reasonable values): N =75, f, =290, a = 2.5 and
b=210V~L

2.2 Model B

In highly resistive materials like polyacenes the Poole-
Frenkel effect [37-39], i.e. the modification of the shape of
the impurity potential by the external field, can give rise to a
significant change of the generation and recombination rates
of charge carriers trapped and detrapped by impurity states.
This change has been modeled by Kuhn et al. [37, 38] by
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considering field-dependent generation and recombination
rates. Therefore, according to Ref. [37, 38] we take:
Wil =y i)

VijN v .
yeq(;—'t-’) smh(:j—[’) ifv; j <

Ve(gDlexp2,/ 5t = DR/ =1 (©)

—2%M—%Q+d ifv; j > v
and:
Wyl = o))
1 .
_ fou
,Oeq 1+C(L—’[j) 1 U,’] < V¢
= . @)
ifv; j >

1

Peq EDENET
where: yeq = exp(—E2/kpT) and peq = exp(—E1/kpT)
are the equilibrium probabilities of the transitions 1 — 2
and 2 — 1 between the two states of the elementary re-
sistors in absence of the external voltage, v; is a voltage
threshold value, while ¢ = 0.98 [37, 38]. Given the form of
Egs. (6) and (7), we notice that in this case it is not possible
to write simple expressions like those of Egs. (3) and (4) and
we must rely only on numerical simulations. Preliminary re-
sults concerning this model are reported in the next section.
They are obtained by adopting the following values of the
parameters: N =75, T =300 K, f. =10, v, =0.0015 V,
E{ =0.17 eV, while two values of E, are considered: 0.043
and 0.086 eV. These values are selected as a reasonable
choice just to have an insight of the peak shape resulting
from the inclusion of the Poole-Frenkel effect. However, at
this preliminary stage, we have not yet performed a system-
atic optimization of the parameter values.

3 Results

We start by considering the results provided by model A in-
troduced in Sect. 2.1. Figure 1 shows the time evolution of
the network resistance R (the time is expressed as a num-
ber of iteration steps). Several R(t) signals are reported cor-
responding to increasing voltage values, ranging from the
Ohmic regime (upper curve) up to the beginning of the
SCLC regime (lower curve). We can see that a rather abrupt
transition occurs for voltage values in the range 0.7 - 1.0 V.

Figure 2 displays the calculated /—V characteristic curve.
Each I value is obtained by averaging over R(¢) (only the
stationary portion of the signal, after the decay of the ini-
tial transient state, is considered). For comparison, the -V
curve measured in a tetracene sample at 300 K [17, 18] is
also reported. After the Ohmic regimes, both the curves are
characterized by a strong superlinearity in the transition re-
gion. The slopes of the SCLC regimes are 1.9 £ 0.1 for the
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Fig. 1 Typical evolutions of the resistance (normalized to the perfect
film value Rg) calculated for several values of the applied voltage,
ranging from 0.01 V (upper curve) to 0.9 V (lower curve). The val-
ues of the model parameters are given in the text
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Fig. 2 Circles: experimental /-V characteristic measured in a
tetracene sample (Refs. [17, 18]). Diamonds: I-V curve obtained from
numerical simulations. The dashed and continuous curves correspond
to the slopes 1.9 £ 0.1 and 2.4 £ 0.1, respectively

experimental data (lowest dashed curve) and 2.4 £ 0.1 for
the simulated one (highest continuous curve).

Figure 3 reports the calculated values of the relative re-
sistance noise of the network as a function of the applied
voltage. For comparison we plot also the experimental curve
of the relative spectral density of current noise at 20 Hz
measured for the same tetracene sample of Fig. 2 [17, 18].
The simulated values are normalized by a factor Sphorm =
5.26 x 1072 that is chosen to agree with the measured value
of Smax. Overall, Figs. 2 and 3 show a satisfactory agreement
between experiments and the model predictions.

@ Springer



J Comput Electron

100 ;
@ -®Exp.
€®—€@Simul.
, \
— / e
. / %
Z 10 b :
= Son,
=
s
1 i

0.10 1.00
V[V]

10.00

Fig. 3 Circles: experimental values of S(f) (Refs. [17, 18]). Dia-
monds: relative current noise Sy;,, obtained from numerical simula-
tions
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Fig. 4 Average fraction (p) of r, resistors calculated as a function of
the applied voltage. The dashed line is a guide to the eyes

Figure 4 displays the average fraction (p) of resistors in
the state 2 as a function of the voltage applied to the network.
The abrupt change of (p) for V = 0.9 V points out the first
order character of the transition [36].

This abrupt variation of the average fraction (p) has its
counterpart in the sharp peak of the variance of p itself,
which is shown in Fig. 5 for the same voltage value. Thus,
Fig. 5 emphasizes the key role played by the fluctuations of
the p fraction due to TD processes, as described by Egs. (1)
and (2), in the peak of the relative noise shown in Fig. 3 and
observed in the experiments.

In the following we present some preliminary results ob-
tained from model B of Sect. 2.2, i.e. by accounting for the
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Fig. 5 Variance of the r; resistor fraction calculated as a function of
the applied voltage. The dashed line is a guide to the eyes
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Fig. 6 Average fraction (p) of r; resistors as a function of the applied
voltage and calculated by accounting for the Poole-Frenkel correction
of the generation and recombination rates (see text). The two curves
correspond to two different values of the activation energies E> of the
recombination process

Poole-Frenkel effect on the generation and recombination
rates. Figure 6 shows the average fraction (p) of resistors
in the state 2 as a function of the applied voltage. We can
see that the abrupt change of (p) in the trap-filling region
provided by model A now disappears and the transition be-
comes much smoother as shown by the continuous behavior
of (p).

The calculated /-V characteristic is reported in Fig. 7,
where the two curves correspond to different values of the
energy E>. We remark that in this case the /-V curve be-
comes linear above the trap-filling transition, at least for the
region of parameter values that we have explored (see the
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Fig. 7 [-V characteristics obtained from simulations by accounting
for the Poole-Frenkel correction of the generation and recombination
rates (see text). The two curves correspond to two different E; values
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Fig. 8 Relative variance of the total resistance fluctuations S cal-
culated as a function of the applied voltage by accounting for the
Poole-Frenkel correction (dashed and dot-dashed curves correspond
to two different E, values. The solid curve with circles shows the ex-
perimental curve (the same of Fig. 3)

discussion below). A feature that overall worsens the agree-
ment with experiments, even if it should be noticed that the
model does not attempt at all to describe the SCLC trans-
port regime. Finally, Fig. 8 displays the calculated values of
the relative resistance noise as a function of the applied volt-
age, again for two different values of E. The experimental
curve of the relative spectral density of current noise for a
tetracene sample (the same curve shown in Fig. 2) is also re-
ported for a direct comparison. Here, the simulated values of
S are normalized by a factor Sporm = 1.7 X 10° to agree with

the measured value of Spax. Consistently with the smoother
character of the trap-filling transition provided by model B,
now the shape of the noise peak is more rounded and, at least
for what concerns this feature, it better reproduces the exper-
imental one. However, the rather complicated analytical ex-
pressions of the probabilities W]‘fz and Wz‘f | make more
tricky the optimization of the parameters of model B. This
optimization was not performed at this preliminary stage.
Therefore, comparing Figs. 3 and 8, it seems that the inclu-
sion of the Poole-Frenkel correction worsens the agreement
with the experiments in contrast to what one would expect.
Further investigations could clarify this point.

4 Conclusion

The paper reports a theoretical investigation on the /-V
characteristic and the sharp peak of the relative spectral den-
sity of current noise which have been observed in polyacene
semiconductors as a function of the applied voltage [17, 18].
Recently [27], we have formulated an interpretation of these
experiments on the basis of a phenomenological model, in
terms of TD processes of the injected carriers. This model
made use of the measured /—V curve to estimate the fraction
of filled traps as a function of the applied voltage and it pro-
vides a good agreement with the experiments [27]. Here we
have adopted a percolative approach which does not make
any a priori assumption on the /-V characteristic. In par-
ticular we have introduced two percolation models, differ-
ing in the voltage dependence of the trapping and detrap-
ping rates. Model A neglects and model B accounts for the
Poole-Frenkel effect [37-39] on generation and recombina-
tion rates. We notice that the inclusion of the Poole-Frenkel
effect at this stage does not improve significantly the agree-
ment between theory and experiments. Overall, the numeri-
cal simulation results presented here support the conclusions
of the phenomenological model.
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