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In the measurements of space-charge limited current (SCLC) transport in disordered organic semiconduc-
tors, it is often observed that carrier mobility depends on bias voltage. Two continuous models have been
applied for the description of this dependence. One interpretation assumes the charge carrier mobility
dependent on the local electrical field. In the other one, the mobility at the transport state is affected
by the trapping-detrapping dynamics of an exponential distribution of localized states (traps) in the
band-gap. Analysing the frequency dependent capacitance and conductance (corresponding to measure-

ments of impedance spectroscopy, IS), we demonstrate that the apparent field-dependent mobility found
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in experiments can be interpreted in terms of the multiple trapping approach.
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The development of organic optoelectronic devices (i.e., light-
emitting diodes (OLEDs), and organic photovoltaic cells as well as
transistors) has provided excellent performances in the past sev-
eral years [1]. Particularly, white organic light-emitting diodes
have recently reached the value of 901m W', surpassing the
benchmark of the fluorescent tube efficiency (60-70 Im W~1) [2].
Moreover, large-area, full color and flat-panel displays may be
achieved by the OLED technology [3]. Nevertheless, degradation
still remains as a major issue in many organic-based devices. In
order to improve stability and further optimization, the under-
standing of the physical processes occurring within organic semi-
conductor materials becomes of prime importance. Charge
transport in organic semiconductors has been widely studied by
using current density-potential (J-V) curves and time- or fre-
quency-resolved measurements (e.g., time of flight, impedance
spectroscopy (IS), etc.) [4]. In low-doped organic semiconductors,
space-charge limited current (SCLC) regime usually governs the
carrier transport in the bulk layer [5]. However, the well-known
Mott-Gourney square law J « V2, for trap-free materials with con-
stant mobility u, was not generally found in experiments whereas
a stronger J-V dependence actually was [6,7].

Basically, two interpretations have been applied in the litera-
ture to understand this deviation and, thereby, to model the exper-
imental data [8]. In the first approach, current-voltage
characteristics behave as [ V?exp(0.89y,/V/L) under the
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assumption of field-dependent mobility u oc exp(yvF) that ex-
plains the extra-current required along the voltage range [9,10].
Experimental determination of mobility by different techniques
such as IS supported this assumption [11]. However, the second
interpretation is based on the framework of SCLC with constant
mobility and a transport level, under the influence of an exponen-
tial distribution of traps in the band-gap that capture and release
charge carriers, Fig. 1. Current-voltage characteristics display the
law J oc V™ with m>2 [12]. A similar behavior is explained by
means of a carrier density-dependent mobility model that stems
from hopping conductivity in an exponential density of states
[13-15]. Following Tanase et al. [8], the carrier-density depen-
dence of the mobility has been further developed [16-18] and
these authors find out that the current-voltage characteristics of
organic devices can be adequately modelled. However, in point of
fact many groups modelling transport in organic layer continue to
use the field-dependence of the mobility [19-23]. It seems there-
fore, very important to establish the connection between the two
approaches and this is the topic of the present Letter. We show
here that the apparent field-dependence of the mobility can be ex-
plained in terms of a multiple trapping scheme involving a broad
distribution of localized states. This last model lies behind the car-
rier-dependence of the mobility [24].

In a previous publication, we implemented numerically the
multiple-trapping model with only a single-trap [25]. We showed
that the shape of capacitance spectra (obtained from IS) is critically
modified by trapping properties (i.e., kinetic constants and ener-
getic position). Particularly, fast trapping accounts for a transport
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Fig. 1. Schematic energy diagram of the multiple-trapping transport picture. The
horizontal scale indicates the density of traps in the band-gap. Representative
model quantities are indicated: effective density of transport states N, band-gap
energy E.~E,, effective density of trap states N, characteristic trap temperature T,
(determining the shape of the exponential tail) and the average Fermi level (Eg).

limitation since carriers may be harshly hindered. The case of a
slow-shallow trap provides a low-frequency capacitance increase,
whereas for a fast-shallow trap, the step-up of the capacitance
exhibits a deviation that directly affects the determination of
mobility. In addition, the density of states in organic semiconduc-
tors has been conventionally treated as a Gaussian function
[26,27], however, an exponential distribution was found to be a
good approximation of the effective distribution of the tail states
[8]. For low drive voltages, the distribution of occupied trapping
states is fairly similar either for a Gaussian or an exponential den-
sity, whereas at high voltages, mainly above 10V, the approxima-
tion fails (see Fig. 2). Here we extend the previous analysis, from a
single-trap to an exponential density, in order to discuss the mea-
surements of mobility by means of IS at different voltages. The re-
sults of our calculation indicate that field-dependent mobility,
commonly found in experimental measurements, may be under-
stood in terms of the multiple-trapping picture.

The IS technique is based on the measurement of impedance or
equivalently, admittance, Y(Y(w) = G(w) + iB(w)), obtained from
the application of a small voltage harmonic modulation of angular
frequency w. G(w) and B(w) (=wC(w)) are the conductance and
susceptance, respectively, as a function of the radian frequency.
Capacitance spectra can be extracted as C(w) = Im(Y/w) [4]. Mod-
el representations have been carried out by an extension of the
model of [25] to an exponential distribution of traps. Fig. 3a shows
capacitance spectra at different steady state voltages applied on a
thin film at room temperature. Input parameters concerning the
device geometry, charge transport and carrier trapping values are
displayed in Table 1. In contrast to the single-trap model, two dif-
ferent behaviors are obtained in the frequency ranges of low and
intermediate frequencies. This is due to the fact that the exponen-
tial distribution comprises a wide span of localized states accord-
ing to energetic position and trap dynamics. First, at low
frequencies, capacitance undergoes an increase which is more
appreciable the less voltage is applied due to the lower occupation
of the exponential density of traps. Second, by lowering the Fermi
level, more slow-shallow traps within the distribution are emptied
causing the low-frequency contribution to capacitance.
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Fig. 2. Comparison of the average of trapped charge occupying the localized states
in a Gaussian (red) and exponential (blue) distribution at different voltages: (a) at
2V and (b) at 10V. The DOS is shown in dashed line and the occupancy in
continuous line. For the Gaussian one, o =0.19eV and for the exponential one
T,=1250 K in addition to data of Table 1. (For interpretation of the references to
colours in this figure legend, the reader is referred to the web version of this paper.)

To determine the mobility by means of the IS technique, we use
the representation of the negative differential susceptance
(=AB(w) = —w(C(w) — Cg)), where C; is the geometrical capaci-
tance. Fig. 3b displays peaks at intermediate frequencies fnq.x (ar-
rows) that provide the mobility by the expression [28]:

_4 szmax
H=3072 % Vi — V) W

where (Vs — Vi) is the voltage drop in the bulk layer in SCLC.

Calculations of mobility are carried out for different carrier cap-
ture coefficients as a function of the square root of the electric field
F'2, which is approximated by (V/L)!/?, see Fig. 4. Remarkably, the
fitting to the field-dependent expression
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Fig. 3. Model representations at voltages ranging from 3 V to 7 V. (a) capacitance
spectra and (b) negative differential susceptance extracted from the upper panel.

Table 1

Parameters used in the numerical simulation.
Parameter Value
Thickness L 80 nm
Device active area A 0.235 cm?
Transport effective density of states N 10" cm™3
Relative dielectric constant &, 3
Trap-free mobility pon 5 x 1077 cm?/(Vs)
Temperature T 300K
Band-gap E-E, 3eV
Trap effective density of states N, 5x 107 cm™3
Characteristic trap temperature T; 1500 K

Trapping capture coefficient ¢

7 x 107 cm?[s

1= pto exp(yVF) (2)

provides common mobility values obtained in organic materials.
Mobility parameters p, and y are the zero-field mobility and the
field activation factor, respectively. While the values of p, are ex-
pected (the trap-free mobility was appropriately selected for simu-
lation), the most interesting feature corresponds to the exponential
factor y governing the voltage-variation of the mobility. The values
1.1 x 1073 (cm/V)'? < y < 2.2 x 103 (cm/V)"/? derived from the
simulation are in the suitable order of magnitude for organic layers
as reported in the literature [29,30]. According to the multiple-trap-
ping picture, trap-limitation of mobility stems from the fast-shal-
low traps within the exponential distribution of localized states.
By the application of more voltage, Fermi level covers more trap-

106
| increasing
= capture coefficient L")
n i . Tl 5
"--v-. ..—"' )./' <7
NE ] -.’.-r - ’D’
S - g -
= T e
./" i
-
T
107+
500 600 700 800 900 1000
F1/2((Vlcm)1/2)

Fig. 4. Model representation of mobility versus F'/? by the IS technique for different
capture coefficients c = 7 x 107", 4 x 107'%, 9 x 10™'? cm?3/s, from top to bottom.
Mobility fittings are ranged as: 1.6 x 1077 cm?/(Vs) > i, > 4.8 x 10~% cm? /(Vs)
and 1.1 x 107 (cm/V)"? < 9 < 2.2 x 107* (cm/V)"/.

ping states resulting in a less trap-limited transport that enhances
the device performance.

In summary, we have demonstrated that the apparent mobility
dependence on the electric field i oc exp(yv/F), usually found by
experimental techniques such as IS, may be explained in terms of
a multiple-trapping picture. Computational results of our model
(SCLC with constant mobility and a transport level under the trap-
ping-detrapping dynamics of an exponential density of traps)
yielded a mobility enhancement with the electric field in IS simu-
lations. The main reason is that the trap-limitation of mobility (due
to the exponential distribution of localized states) is reduced as
more voltage is applied.
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