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Charge transport and electrical properties in the organic
small-molecule material NPB
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A systematic study of the charge transport and electrical properties in the organic small-molecule material
N,N’-bis(1-naphthyl)-N, N’-diphenyl-1,1'-biphenyl-4,4’-diamine (NPB) has been performed. We show that the thickness
dependent current density versus voltage characteristics of NPB hole-only devices can be accurately described using our
recently introduced improved mobility model based on both the Arrhenius temperature dependence and non-Arrhenius
temperature dependence. For the material studied, we find the model parameters of the width of the density of states
0 =0.14 ev and the lattice constant & =1.6 nm. Furthermore, we show that the boundary carrier density has an
important effect on the current density versus voltage characteristics. Too large or too small values of the boundary carrier
density lead to incorrect current density versus voltage characteristics. The numerically calculated carrier density is a
decreasing function of the distance to the interface, and the numerically calculated electric field is an increasing function of
the distance to the interface. Both the maximum of carrier density and the minimum of electric field appear near the interface.

(Received October 31, 2015; accepted June 09, 2016)

Keywords: Charge transport, Electrical properties, Organic small-molecule semiconductor

1. Introduction

The most efficient white organic light-emitting diodes
(OLEDs) that are currently developed for lighting
applications are  multilayer devices based on
small-molecule organic semiconductors [1-4]. The
approach toward optimizing the efficiency and lifetime is
based on the introduction of novel layer structure concepts
followed by empirical optimization. The most promising
device structures are selected on the basis of the results
from current-voltage-luminance measurements. It is
essential to understand how the current density and charge
carrier distribution in each layer depend on the layer
structure and thicknesses, and on the applied voltage. This
will help considerably to build up a predictive OLED
device model that allows one to rationally design OLEDs
with increased performance.

For developing a predictive OLED device model it is
crucial to understand how the charge carriers in these
small-molecule organic semiconductors are transported, in
particular how the mobility 4 depends on the
temperature T , the electric field E, and the charge
carrier density P [5]. In past decades, the dependence of
the mobility £ on temperature T and electric field E
has been extensively investigated [6-11]. Monte Carlo
simulations by Bassler et al. for the Gaussian disorder
model (GDM) showed a non-Arrhenius temperature
dependence u oc exp[:/(lO /T)?] and a Poole-Frenkel
behavior g oc eXp[y~E] for the electric field
dependence in a limited field range [6, 7]. Gartstein and

conwell pointed out that in order to obtain a Poole-Frenkel
behavior in a broad range of field strengths, it is necessary
to assume correlation between the site energies, leading to
the correlated disorder model (CDM) [8]. However,
recently, it was recognized that the importance of another
parameter had been overlooked: the charge-carrier density
p [12, 13]. From a numerical solution of the master
equation for hopping transport in a disordered energy
system with a Gaussian density of states, a complete
description of the charge transport has been developed by
Pasveer et al. that determines the dependence of the
mobility £ on temperature T, carrier density P, and
electric field E , which is known as the “extended
Gaussian disorder model” (EGDM) [14]. It has been
demonstrated that the EGDM is more applicable for
disordered organic semiconductors than the commonly
used model within which the mobility depends only on the
electric field [15, 16]. Nevertheless, it is worth noting that
their model, only having a non-Arrhenius temperature
dependence In(z) oc 1/T 2, can well describe the charge
transport at low carrier densities, whereas at higher carrier
densities, it becomes no longer satisfactory. Recently, we
proposed an improved unified description of the
temperature, carrier density and electric field dependence
of the mobility based on both the Arrhenius temperature
dependence In(x) c1/T and the non-Arrhenius
temperature dependence In(z) oc1/T? [17]. It has
been demonstrated that the improved model is more
applicable for disordered organic materials than the
EGDM, especially at high carrier density and high electric
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field [18-20].

In the present work, we apply the improved model to
the experimental current density versus voltage (J —V )
characteristics of hole-only devices made from organic
small-molecule material N,N’-bis(1-naphthyl)-N,
N’-diphenyl-1,1’-biphenyl-4,4’-diamine ~ (NPB).  This
material is widely used in OLEDs as a hole-injection layer,
hole-transport layer, electron-blocking layer, blue-emitting
layer, and as a host material in mixed emitting layers. We
show that a consistent and precise description of J(V)
curves can be obtained by using the improved model.
Furthermore, we calculate and analyze some important
electrical properties for NPB by using the improved model,
including the variation of current density versus voltage
characteristics with the boundary carrier density, and the
distribution of charge carrier density and electric field with
the position.

2. Experiment

The devices used to study the charge transport and
electrical properties in NPB have the following structure:
Glass | ITO | NPB | AL. The 100 nm thick indium tin oxide
(ITO) coated glass substrates were prepared and cleaned
with acetone and isopropyl alcohol. Before depositing
organic small-molecule material NPB layers by thermal
evaporator, the surface of ITO was treated with UV ozone
for 10 min. The 100 nm, 200 nm and 300 nm thick NPB
layers were deposited by evaporation in a high-vacuum
system with a substrate temperature of 300 K, followed by
deposition of a 100 nm aluminum cathode layer. The
thicknesses of the deposited layers were monitored during
deposition using a calibrated resonance crystal. The
J —V characteristics of the hole-only devices were
measured by a Keithley 4200 semiconductor parameter
analyzer. All devices were encapsulated prior to the
measurement. In this device geometry, electron injection
from the AL cathode to the hole-transport layer is
prohibited due to the large injection barrier. No light
emission was observed from the devices up to the highest
voltages applied in this study.

3. Results and discussion

Using the improved model of the temperature T,
carrier density P and electric field E dependence of
the mobility 4« and the numerical calculation method as
described in Ref. 17-19, we now perform a systematic
study of the charge transport and electrical properties for
organic small-molecule material NPB. The improved
mobility model has three main parameters: the site spacing
a (lattice constant or hopping parameter), the width of
the Gaussian distribution of density of states o, and a
prefactor for the mobility £¢,, which defines the mobility
in the limit of zero density, zero electric field and infinite
temperature. The solution of the coupled equations
describing the space-charge limited current with the

improved model and the experimental J-V
measurements for NPB hole-only devices with various
layer thicknesses at room temperature are shown in Fig. 1.
It can be seen from the figure that the thickness dependent
J =V characteristics of NPB hole-only devices can be
excellently described using a single set of parameters,
a=1.6 nm, 0=0.14 eV, and g, =1000 M’V s.
The parameters &, o, and 4, are determined in such
a way that an optimal overall fit is obtained. It is clear that
our calculated results are in good agreement with
experimental data. This suggests that the improved model
is suitable to study the J —V characteristics of NPB,
and captures the physical essence of the hole transport in
this organic material. As for the parameters, we have
investigated the sensitivity of the quality of the fits in Fig.
1 to variation of the parameter values. The parameter £,
decreases with decreasing the value of a and o, and
increases with increasing the value of a and o . These
values of the parameters indicate that the lower value of
o can be mainly attributed to the omission of the p
dependence and the lower value of a can be mainly
attributed to the overestimation of the E dependence.
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Fig. 1. Experimental results (symbols) and theoretical
results (lines) of the current density versus voltage for
L=100, 200 and 300 nm NPB layers at room temperature.
The calculations are performed using our improved
model, with parameters a =1.6nm, o =0.14ev
and 4, =1000 m’vs.

It should be noted that the boundary carrier density
(the carrier density at the interface) P(0) = p, is very
important in the calculations, which may affect the J -V
characteristics. Thus, it is necessary to analyze the
influence of the boundary carrier density P(0) on the
J-V  characteristics. The variation of J -V
characteristics with p(0) for NPB hole-only devices
with various layer thicknesses at room temperature are
plotted in Fig. 2. The figure shows that the voltage is an
increasing function of the current density, and the variation
of voltage with p(0) is dependent on the current density.
The voltage decreases with increasing p(0) for enough
small value of P(0) and shows a steep decrease with
decreasing current density. On the other hand, the voltage
increases with increasing p(0) for sufficiently large
values of P(0) and shows a steep increase with
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decreasing current density. Nevertheless, in the middle
region, the V — p(0) curves are fairly flat. This means
that the voltage is almost independent of P(0) in this
region. Now we analyze the physical reason for variation
in Fig. 2. In the small p(0) region, the concentration of
charge carriers in the bulk material is small, whereas the
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impedance and voltage are relatively large. As the p(0)
increases into the middle region, the carrier injection near
the interface and the drain into the bulk material will reach
equilibrium, the J -V characteristics will move into the
Ohmic region and the V — p(0) curves will become
flat.
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Fig. 2. Theoretical results of the voltage V' versus the boundary carrier density p(O) for a 100 nm and a 200 nm NPB
layers at room temperature. Different Lines correspond to different current density values.

The calculated results of the carrier density as a
function of position (the distance to the interface within
the NPB layer) for NPB hole-only diodes are shown in Fig.
3. According to the above analysis of the influence of
p(0) onthe J—V characteristics, we take the values
of p(0), (0.1, 05, 1) x10 *® m?® for NPB in our
calculations. The figure shows that the carrier density
p&ﬁ is a decreasing function of the distance X. The
speed of decrease is rapid for the cases with large values
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of P(0), whereas the speed of decrease is slow for small
values of p(0), and the corresponding curves are flat. As
the distance X increases, p(x) rapidly reaches the
saturated values. Moreover, it can be seen from the figure
that the thickness of accumulation layer (or decay distance)
is a function of P(0) . The larger the value of p(0), the
smaller the thickness of accumulation layer, and vice
versa.
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Fig. 3. Numerically calculated distribution of the charge carrier density [0 as a function of position X in NPB hole-only
devices for low and high current densities at room temperature.
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Fig. 4 shows the calculated results of the electric field
as a function of position for NPB hole-only diodes. The
figure shows that the electric field E is an increasing
function of the distance x, and the shape of E —X
curves are similar to the reflection of P — X curves in
Fig. 3. The speed of increase is rapid for the cases with
large values of P(0). The thickness of accumulation
layer deduced from the figure is consistent with Fig. 3.
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Fig. 4. Numerically calculated distribution of the electric field

Conclusively, the results on p(x) and E(X) presented
in Fig. 3 and Fig. 4 clearly exhibit the space-charge limited
current density and voltage. The injection of carriers from
electrode into NPB layer leads to carrier accumulation
near the interface and decreasing function P(X). The
distribution p(X) leads to the variation of E(X), and
the carrier accumulation near the interface results in
increasing function E(X) :
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E as afunction of position X in NPB hole-only devices for

low and high current densities at room temperature.

4. Summary and conclusions

In summary, we have demonstrated that the J —V
characteristics of NPB hole-only devices can be accurately
described using our improved mobility model based on
both the Arrhenius temperature dependence and the
non-Arrhenius temperature dependence. It is validated that
our improved model is suitable for organic small-molecule
material. For the material studied, the model parameters
have realistic values, the width of the DOS ¢ =0.14
eV and the lattice constant @ =1.6 nm. Furthermore, we
show that the boundary carrier density has an important
effect on the J —V characteristics. Too large or too
small values of the boundary carrier density lead to
incorrect J —V  characteristics. The numerically
calculated carrier density is a decreasing function of the
distance to the interface, and the numerically calculated
electric field is an increasing function of the distance to the
interface. Both the maximum of carrier density and the
minimum of electric field appear near the interface.
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