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Hole mobility in N ,N�-diphenyl-N ,N�-bis�1-naphtylphenyl�-1 ,1�-biphenyl-4 ,4�-diamine ��-NPD� is evalu-
ated by electrical characterization in the ac regime. The frequency-dependent complex admittance and imped-
ance of the structure consisting of the organic layer, grown by thermal evaporation, sandwiched by indium tin
oxide and aluminum electrodes, are measured as functions of the applied dc voltage. The capacitance response
shows negative values for frequencies below a characteristic value depending on the bias and ranging from
0.1 Hz up to 20 Hz. It increases with the modulation frequency and reaches a peak, the magnitude and position
of which are functions of the applied voltage. For higher frequencies, a minimum can be observed before the
capacitance increases again up to a constant value. A final decreasing occurs at frequency of 4�106 Hz. The
analysis of the experimental data is performed by a detailed theoretical study of the steady-state and small-
signal electrical characteristics of the device. Numerical calculations are based on the solution of the basic
semiconductor equations for the system consisting of two electrodes connected by the semiconducting channel
formed by the organic layer. The description explicitly includes a continuous distribution of trap density of
states and a field-dependent carrier mobility. The spatially dependent charge carrier and occupied trap concen-
trations, as well as the various components to the total current density, are obtained for the dc and ac regimes
and are analyzed for given bias and frequency. Based on a formalism used in the study of inorganic semicon-
ductors, the results of the simulation show that the inductive contribution to the capacitance response originates
from the modulation of the hole concentration in the organic material, leading to the corresponding carrier
transit time. Moreover, the low-frequency behavior of the capacitance curves could be explained by the
presence of a band of defect states which modifies the charge distribution within the organic layer and the
injection of electrons from the cathode. We show that the latter contribution is also responsible for the negative
values of the capacitance measured below 10 Hz. Good agreement is observed between the experimental and
theoretical electrical characteristics, in particular for the differential susceptance results and the subsequent
hole mobility values. Our approach can be a useful contribution for the methodology of obtaining mobilities
from admittance measurements as it allows one to clarify the physical origin of the measured frequency-
dependent capacitance and to check for the experimental procedure. This work finally leads to the formulation
of the conditions under which small-signal ac measurements can be used to determine carrier mobility in
organic devices.
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I. INTRODUCTION

The efficiency of charge transport in organic materials is
one of the key factors which determine the overall perfor-
mance of organic light-emitting diodes �OLED’s�. In disor-
dered media, such as amorphous films of small molecules,
the conduction mechanism involves charge transfer between
localized sites, with a rate depending on temperature and
applied electric field. The carrier mobility �, classically de-
fined as the proportionality factor between drift velocity and
field, is a crucial microscopic parameter describing charge
transport in solids. In organic materials, the field dependence
of � usually takes the well-known Poole-Frenkel form,1–3

although some recent works suggest that the origin of such a
functional dependence is due the density of charge.4–6 The
measurement of carrier mobility is an important task which
delivers fundamental data for the evaluation of charge trans-
port in the device under study.

Various experimental methods have been used to perform
such a measurement in thin films. The time-of-flight

technique,7,8 dark current injection,9,10 and transient
electroluminescence11,12 have been used to determine carrier
mobility in organic materials. The common feature of these
experiments is the observation of the generation or injection
of charge carriers at one electrode and their drift to the op-
posite one. The mobility is then deduced from the delay time
related to the charge transport through the organic layer. In
some cases, steady-state current-voltage characterization can
be employed to measure the mobility.13,14 Experiments in the
ac regime can also provide a valuable tool for the investiga-
tion of transport properties in solid-state materials.15–20 In the
so-called admittance spectroscopy technique, the com-
plex impedance and admittance of the studied device are
measured as functions of the modulation frequency and
the applied dc voltage. By the interpretation of the
frequency-dependent capacitance data, mobility in single-
carrier devices made of poly�phenylene vinylene�15,16,18,19

and tris�8-hydroxyquinoline� aluminum17 was eval-
uated. Recently, Tsang et al.20 have also successfully
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applied the method to a structure based on 4,4� ,
4�-tris�N , -�3-methylphenyl�-N-phenylamino�triphenylamine
�m-MTDATA�. In these studies, the analysis of the small-
signal response curves was derived from an analytical for-
mulation of the admittance obtained from the Fourier trans-
form of the current density expression for a space-charge-
limited diode. The original derivation is due to Shao and
Wright,21 who assumed Ohmic injecting contacts and field-
independent mobility, and neglected diffusion currents. In
their contribution, Berleb and Brütting17 included a field-
dependent mobility and the dynamics of trap states, which
were eluded in other works. Admittance spectroscopy experi-
ments were finally used in the study of bipolar carrier trans-
port in conjugated polymers.19,22–24

In this paper, we present the results of a detailed study of
the electrical characterics in the ac regime of an organic thin-
film structure. The experimentally obtained admittance data
are reproduced by a theoretical model of the electrical con-
duction under small-signal conditions. The low-molecular-
weight material is treated within a description derived for
inorganic semiconductor devices and usually called the drift-
diffusion formalism. This framework allows the use of con-
duction and valence bands, assuming that free carrier trans-
port is characterized by electron and hole mobilities.
Application to structures made of organic materials may be
considered as a first approximation, due to the inherent com-
plexity of these materials. The assumption of band transport
with determined mobilities for electrons and holes, which is
not fully compatible with the amorphous nature of the or-
ganic layers, may thus lead to difficulties in the interpretation
of the results, due to different mechanisms in the charge
transport between organic and inorganic materials. However,
in spite of its limitations, this approach allows a tractable
description of the electrical conduction process. It is widely
spread in literature and has been successfully applied to
OLED’s �see, e.g., Ref. 25 and references therein�. The
analysis starts with the classical semiconductor equations
which are generally used in the description of electronic
devices.26 This equation set includes Poisson’s equation for
the electric potential and continuity equations for holes, elec-
trons, and traps.

The numerical simulation is performed for a structure
based on N ,N�-diphenyl-N ,N�-bis�1-naphtylphenyl�-
1 ,1�-biphenyl-4 ,4�-diamine ��-NPD� in order to investigate
the microscopic response of the organic medium to the ap-
plied ac voltage and to realize the subsequent analysis for
evaluating carrier mobility. Indium tin oxide �ITO� acts as
the hole injection contact �anode�, and Al is taken as compo-
sition of the cathode. A set of parameters is used to charac-
terize the organic layer, the contacts, and the experimental
conditions, such as temperature, applied voltage, and modu-
lation frequency. The expression of the current density in our
approach contains both drift and diffusion terms, as well as
contribution from the displacement current in the ac case.
The field dependence of mobility is explicitly taken into ac-
count, and the trap states, which may be present in the real
devices, are included in the calculations. In the first step of
the procedure, the equations are solved for the steady-state
condition. This yields the energy band diagram and the elec-
tron and hole distributions, as well as the current densities

and the recombination rates. The position-dependent ampli-
tudes of the same quantities are then obtained by small-
signal analysis. These results lead, for a given steady-state
voltage, to the admittance- and impedance-versus-frequency
curves which are the macroscopic quantities that can be com-
pared to experiment. Then, a relation between the micro-
scopic effects of the applied modulating voltage and the
characteristics of the admittance spectra can be established.
The philosophy that guided the present work is similar to
that used for numerical studies of steady-state conduction of
organic diodes which can be found in the literature.27–33 The
objective is to provide a theoretical background to the inter-
pretation of the frequency-dependent capacitance of the de-
vice. The description of the electrical conduction in the thin
film allows us to explain the microscopic origin of the transit
time effect and to yield final admittance curves which can be
compared to experimental data. It can be considered as a
useful contribution to the methodology of obtaining carrier
mobility from admittance spectroscopy experiments. We
show thus that the transit time effect is due to a modulation
of the hole charge inside the structure. Above a frequency
which is of the order of the inverse transit time, the holes no
longer respond to the modulating applied voltage and the
capacitance is that of a dielectric of static dielectric constant.
In principle, holes are dominant in �-NPD as their mobility
is by several orders of magnitude higher than electron mo-
bility. However, at low frequency, the negative values and
the variations of the capacitance can only be explained by a
combined effect of the modulation of electron concentration
and the response of trap states. Minority carrier injection,
determined by the barrier height at the Al cathode, leads thus
to modifications in the admittance spectra that can have an
influence on the determination of the hole transit time. A
Gaussian distribution of trap states is included in order to
reproduce the device capacitance at intermediate frequencies.

The paper is organized as follows. Details of device fab-
rication are given in Sec. II, as well as the experimental
admittance results. Section III is devoted to a description of
the basic formal developments to the numerical calculations.
Results of the application to a �-NPD-based structure are
discussed in Sec. IV. The theoretical analysis starts with the
case of a trap-free organic layer. The study of a device con-
taining defect states is finally exposed and comparison with
the experimental data is discussed. We summarize and con-
clude the paper in Sec. V.

II. EXPERIMENT

A. Sample fabrication and measurement procedure

The devices were fabricated by thermal evaporation of the
organic material on ITO-coated substrates. Prior to deposi-
tion, substrates were thoroughly cleaned in an ultrasonic bath
using subsequently detergents and de-ionized water. Finally
the samples were spin dried. Organic residues were removed
by a 3-min UV-ozone treatment. Then, the samples were
transferred into the deposition tool via a load lock. The depo-
sition of the �-NPD layer was done by thermal evaporation
from a heated crucible under a background pressure of
10−7 mbar. The deposition rate, on the order of 0.2 nm/s,
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and the film thickness were monitored by an Inficon quartz
balance. Finally an Al cathode was deposited onto the or-
ganic film by thermal evaporation. The samples were pack-
aged prior to the measurements.

The frequency-dependent impedance measurements were
performed jointly with a Solatron SI 1260 impedance ana-
lyzer and a Novocontrol “alpha-A high resolution dielectric
conductance impedance gain phase modular measurement
system.” The modulation frequency was varied from 0.1 Hz
up to 5 MHz with oscillation amplitude of the ac voltage set
to 50 mV. A dc bias up to 10 V was superimposed on the ac
signal.

Independently, dark current injection experiments were
performed to determine the mobility of holes in the samples.
The method, described in literature,10,34,35 is based on a rect-
angular voltage step to generate carriers in an organic thin
film. We used 1-kHz rectangular pulses made by a HP
33120A “arbitrary waveform generator.” These pulses were
fed into an amplifier, which allowed us to define the pulse
height and offset. Due to the applied electrical field, which is
the pulse height divided by sample thickness, carriers are
transported to the counter electrode. Using a properly chosen
pickup resistance, we measured the current transient with a
Tektronix TDS754D oscilloscope and determined the carrier
transit time from which the field-dependent mobility could
be extracted.

B. Experimental admittance curves

We show in Fig. 1, the capacitance C and conductance G
as function of the ac modulation frequency f between 102

and 106 Hz and for applied dc voltages V0 from 3 V up to
10 V. Above 3�105 Hz, the C-f curve for all voltages
shows a plateau with an average value of 466 pF, followed
by an abrupt decrease for a modulation frequency of about
4 MHz. The plateau is interpreted as the dielectric capaci-
tance of the device. It is indeed consistent with the expected
value obtained by taking a dielectric constant of 3, a contact
area A of 0.235 cm2, and a layer thickness of 1340 nm. The
sharp cutoff which appears at high frequency �HF� leads fur-
ther to a vanishing of the capacitance signal and is due to the
effect of the series resistance Rs of the whole structure.
Among the multiple physical origins of the series resistance,
contact resistance is one of the most probable ones. A mini-
mum occurs in the intermediate-frequency �IF� region of the
capacitance. For V0=3 V, the position and magnitude of this
minimum are, respectively, 7.1 kHz and 389 pF. It is fol-
lowed by a steplike transition leading to the HF plateau.
When the applied dc voltage is increased, sensible variations
of the C-f curve are observed. The low-frequency �LF� part
of the curve decreases while, in the IF range, the amplitude
of the extremum is enhanced and its position shifts to higher
frequencies. The conductance curves show a constant value
in the LF regime, followed by a general increase of the sig-
nal at high frequency. The height of the plateau increases
with V0, with a value of about 3.4�10−5 S at 3 V and 2.1
�10−4 at 10 V. The region in which G increases with f starts
at a threshold frequency depending on the applied bias and
which is approximately equal to 2�105 Hz at the highest

voltage. This behavior at high frequency is related to the
series resistance of the device. A small dip occurs in the IF
region, just before the beginning of the increasing portion. Its
position shifts into the HF region when the bias voltage in-
creases.

The most interesting part of the admittance curves con-
sists of the capacitance signal in the IF range—i.e., for f
roughly between 103 Hz and 105 Hz. Indeed, it is believed
that the average transit time �tr of the charge carriers can be
evaluated from an interpretation of the negative differential
susceptance function −�B=−��C−Cg�, where Cg is the geo-
metric capacitance of the organic layer and �=2�f the an-
gular frequency of the ac oscillations.13,16 The position of the
maximum in the −�B curve, fmax, yields �max=2�fmax
which is equal to ��tr

−1, with � an empirical coefficient. In
Fig. 2, we show the differential susceptance as function of
the ac modulation frequency. The position and magnitude of
the maximum in the −�B curve are dependent on the applied
voltage V0. When V0 increases, the peak shifts to higher fre-
quencies and its amplitude grows. One may formulate a re-
mark at this stage: the method of determining carrier mobil-
ity by observation of the susceptance signal requires the
condition that the total capacitance of the film must be lower
than the dielectric value of Cg=	A /d, with 	 the permittivity
of the organic layer, A the contact area, and d the layer thick-
ness. The latter situation must occur at least for a non-
negligible frequency range. In the Section IV, we will show

FIG. 1. Experimental �a� capacitance C and �b� conductance G
as functions of the modulation frequency f for applied dc voltages
V0 between 3 V and 10 V at room temperature. The inset shows the
capacitance C as a function of frequency f in the low-frequency
range �0.1–103 Hz� for the same applied dc voltage values.
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that this is only one of the conditions required to evaluate
mobility in organic materials by admittance spectroscopy.

The theoretical analysis, the background of which is de-
veloped hereafter, allows us to give an explanation, at the
microscopic scale, of the existence of the minimum in the
C-f curves. It will also provide a quantitative check of the
whole procedure of obtaining mobility by admittance mea-
surements. Determination of the value of the coefficient �
can be performed by numerical calculations. As demon-
strated in the discussion of Sec. IV, we obtained that �
�3.2, which is close to the values found by Blom et al.16

and Tsang et al.20 Using the peak position in the −�B curves
at different applied voltages, we can subsequently evaluate
the hole mobility, as illustrated in Fig. 3. The experimental
points could be fitted by Poole-Frenkel’s mobility field-
dependence relation. We found a zero-field mobility �h0 of
�2.9±0.2��10−4 cm2/ �V s� and a characteristic electric field
Eh0 of �1.52±0.28��105 V/cm. For comparison, hole mo-

bility data obtained by dark current injection experiments are
shown together in Fig. 3. Here, we found �h0= �1.8±0.2�
�10−4 cm2/ �V s� and Eh0= �5.4±0.7��104 V/cm. The val-
ues obtained by both techniques are comparable to those
measured by Naka et al. using the time-of-flight technique.36

In addition to the IF region, the analysis of which allowed
to determine hole mobility, admittance measurements at low
frequency—i.e., f 
102 Hz—show relevant information on
electrical transport. In the inset of Fig. 1, a strong depen-
dence of the capacitance on frequency and on applied bias
can be observed. Negative values for C are reported in a
frequency range growing with the dc voltage. For V0=10 V,
starting with a value of −3.7 �F at 0.1 Hz, the measured
capacitance rapidly increases and reaches zero for f between
20 and 30 Hz. A general maximum occurs for each experi-
mental curve, with a frequency position increasing with bias
while the corresponding magnitude decreases. Negative ca-
pacitance shows that the Al electrode allows for a weak in-
jection of electrons in the organic layer, which was not in-
tentional. As developed in the following sections, the
behavior of the system capacitance at very low frequency
originates from the combination of the variations, with fre-
quency, of the minority carrier concentration and the occu-
pied trap concentration.

Our interpretation of the experimental results, based on a
solution of the fundamental semiconductor equations for the
structure consisting of a �-NPD layer sandwiched by two
electrodes, will show that the full description of the modula-
tion of free carrier concentration, in magnitude and phase,
can explain the capacitance response curves from which in-
formation on mobility is extracted. Furthermore, it demon-
strates the role of the injected minority carriers on the LF
behavior of the electrical quantities. The analysis is made by
a detailed theoretical study of the small-signal electrical
characteristics of the structure.

III. THEORY

We start from the basic equations for semiconductor
devices26 and extend these to organic compounds. The for-
mal developments are applied to a structure with planar ge-
ometry containing one organic layer sandwiched between
two metallic electrodes. Therefore, all quantities depend only
on one spatial variable x. The treatments generally used to
study devices made of inorganic substances are applied to
the organic materials.37,38 The highest occupied molecular
orbital �HOMO� levels play the role of the valence band and
the lowest unoccupied molecular orbital �LUMO� levels give
the conduction band. They are separated by an empty gap of
value Eg. Holes are dominant in �-NPD. The contribution of
electrons, however, cannot be neglected in the transport
properties for all frequency ranges. The importance of the
role of the minority carriers is determined by the electron
barrier height at the Al electrode. Assuming Boltzmann sta-
tistics, the free hole and electron concentrations are given in
terms of the hole and electron quasi-Fermi levels Fp and Fn
by

p = Nv exp��Ev − Fp�/kT� , �1�

FIG. 2. Negative differential susceptance −�B curve as a func-
tion of frequency f for applied dc voltages between 3 V and 10 V.

FIG. 3. Hole mobility �h in �-NPD as a function of the square
root of the applied electric field E. The experimental points �solid
squares� were obtained by relating the carrier transit time to the
peak in −�B�f� for different applied dc voltages. The fit is shown as
the solid line. Experimental �open squares� and fit �solid line� re-
sults of dark current injection measurements.
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n = Nc exp��Fn − Ec�/kT� , �2�

where Ev and Ec are the valence band edge and the conduc-
tion band edge while Nv and Nc are the effective valence
band density of states and effective conduction band density
of states, respectively. The band edges are position depen-
dent and related to the electrostatic potential by

Ec = − � − q� , �3�

Ev = − � − q� − Eg, �4�

where � is the electron affinity. It defines the position of the
various energy levels with respect to a common zero refer-
ence level.

Defects are included with a density of states Dt�Et� de-
pending on the defect energy Et inside the gap.37 The posi-
tion dependence of Dt could also be included. Integration of
Dt over the gap yields the total defect concentration Nt. The
occupation function f t�Et� is given at thermal equilibrium by
Fermi-Dirac statistics. Defect states are either of donor or
acceptor type. Acceptor states are neutral when empty and
negatively charged when occupied by electrons. Donors are
neutral when occupied and positively charged when empty.
The number of occupied states, nt�x�, at a given position x is
then obtained by integration, over the gap region, of the
product dt�Et�= f t�Et�Dt�Et�, where both factors can depend
on position x.

The electrical potential � obeys Poisson’s equation

	
d2

dx2� = − q�p − n + ND − NA + Ct� , �5�

where ND and NA are the shallow donor and acceptor con-
centrations and Ct is the trap charge concentration. The latter
equals −nt for acceptor states and equals �Nt−nt� for donor
states, q being the electronic charge. The continuity equa-
tions for electrons, holes, and occupied defect states are

�p

�t
= −

1

q

d

dx
Jp − Rpt − Rbb, �6�

�n

�t
=

1

q

d

dx
Jn − Rnt − Rbb, �7�

�nt

�t
= Rnt − Rpt. �8�

In Eq. �6�, Jp is the hole current density consisting of a drift
and a diffusion contribution, according to

Jp = qp�hE − qDh � p , �9�

where E is the electric field, �h the hole mobility, and Dh is
the diffusion constant. A classical Einstein relation between
diffusion constant and carrier mobility is assumed. Similarly,
for electrons, we have

Jn = qn�eE − qDe � n . �10�

The band-to-band recombination term Rbb is given by

Rbb = Br�np − ni
2� , �11�

where ni is the intrinsic carrier density and Br a constant. The
hole mobility is supposed to be field dependent, following a
Poole-Frenkel law30

�h�E� = �h0 exp�� E

Eh0
� . �12�

Here �h0 is the zero-field mobility and Eh0 is the character-
istic electric field. The dependence of carrier mobility on
charge density is neglected. A similar field dependence is
also assumed for the electron mobility �e.

The recombination term Rpt is the total hole transition rate
from trap states to the valence band. It results from the inte-
gration, over the band gap, of the hole transition rate per unit
energy:

rpt�Et� = cppftDt − ep�1 − f t�Dt, �13�

where cp is the hole recombination constant and

ep = � cp

g
�Nv exp	 �Ev − Et�

kT

 , �14�

with g the degeneracy factor. Similarly, Rnt is the integral
over the band gap of the transition rate for electrons per unit
energy:

rnt�Et� = cnn�1 − f t�Dt − enf tDt, �15�

where cn is the electron recombination constant and

en = gcnNc exp	 �Et − Ec�
kT


 . �16�

Each defect level is supposed to interact independently with
the valence band and the conduction band. The interaction
between trap states is neglected, which is certainly justified
at trap concentrations for which hopping mechanisms be-
tween various defect states can be ignored.

Under steady-state conditions, Eq. �8� leads to the relation
rnt�Et�−rpt�Et�=0, from which the steady-state occupation
function can be deduced:

f t0�x,Et� =
cnn + ep

cnn + en + cpp + ep
. �17�

This quantity is, in the general case, position dependent, as it
depends on the hole and electron concentration. It reduces to
the Fermi-Dirac shape only under thermal equilibrium con-
ditions. This allows one to replace f t in the various expres-
sions of nt and Rpt in the steady-state equations by expres-
sion �17� and finally reduces the initial set of four equations
to a set of three equations, as the defect variable is elimi-
nated.

In the study of the ac response under small-signal condi-

tions, a sinusoïdal potential of amplitude Ṽ and of frequency
f =� /2� is added to the steady-state voltage V0:

V = V0 + Ṽej�t, �18�

where j=�−1. Within the small-signal approximation, all
quantities can be written as the sum of a steady-state plus a
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harmonic term. All higher-order terms are neglected. Label-
ing the steady-state term with an index 0 and the ac compo-
nent with a tilde, one has, e.g., for the potential, the hole
concentration, and the electron concentration,

��x,t� = �0�t� + �̃ej�t, �19�

p�x,t� = p0�t� + p̃ej�t, �20�

n�x,t� = n0�t� + ñej�t. �21�

The amplitude of the various ac terms is complex in the
general case, as these quantities are not in phase with the
applied voltage. From the continuity equation for the defect
states under the same assumption of noninteracting states,
one can deduce the ac component of the occupation function.
As for the steady-state case, the ac problem can be reduced
to a set of three equations, obtained by introducing the har-
monic developments �19�–�21� in the expression of Poisson’s
equation and the continuity equation for holes and electrons.
The as-obtained equations are written in terms of the vari-

ables �̃, p̃, and ñ. In addition to the hole and electron ac

current densities J̃p and J̃n, the total current density contains

the displacement current term J̃D=	�E /�t. The sum of these

three terms yields the total current J̃ which has to be constant
with respect to position x. For the numerical resolution of
both the steady-state and small-signal equations, one ex-
presses all terms as functions of the electrical potential � and
of the hole and electron Fermi level Fp and Fn, using rela-
tions �1� and �2� for the steady-state part. For the ac compo-
nents of p and n, one obtains by inserting expressions �20�
and �21� into Eqs. �1� and �2�, making use of Eqs. �4� and
�3�, and retaining only first-order terms

p̃ = − p0�q�̃ + F̃p�/kT , �22�

ñ = n0�q�̃ + F̃n�/kT . �23�

The position-dependent occupied ac-defect-state concentra-
tion ñt�x� is obtained by numerically integrating the product
of the defect density of states Dt�Et� and the ac-occupation

function f̃ t�x ,Et�:

ñt�x� = �
Ev

Ec

f̃ t�x,Et�Dt�Et�dEt, �24�

where the integration is performed for energy values in the
band gap. The steady-state and small-signal equations are of
similar form; they therefore can be solved along the same
numerical procedure. After scaling and discretization accord-
ing to a variable-size mesh, the resulting second-order non-
linear equations are linearized in terms of small corrections
of the variables and iterated until convergence is achieved.

Contacts are supposed to be of the Schottky type, where
hole and electron currents are specified at the left contact xL
and the right contact xR. In the expression of the boundary
conditions, each contact current consists of a thermionic and
recombination current J1 plus a tunnelling term J2.25 The first
term J1 can be expressed in terms of a surface recombination

velocity and is written, respectively, for holes and electrons39

J1p = qvsp�p − peq� , �25�

J1n = qvsn�n − neq� , �26�

where peq and neq are, respectively, the hole and electron
thermal equilibrium values at the contacts while vsp and vsn
are the surface recombination velocities for holes and elec-
trons. The electron and hole current densities J2 at the con-
tacts are the Fowler-Nordheim tunneling currents. The elec-
tron term is written

J2n = �t� B

n
�E2 exp	− �bC� �qn�3/2

E
�
 , �27�

where n is the electron barrier height, B=q3 / �8�h�, and
C=2��2m / �3hq�, h being Planck’s constant. The quantities
�t and �b are adjustable parameters allowing for eventual
corrections to take into account for the inadequate field de-
pendence of these expressions. Image force lowering is also
included.

This yields all dc and ac components of the involved
physical quantities. The small-signal conductance G and
capacitance C are obtained from the complex admittance

Y = J̃ / Ṽ which is decomposed into an equivalent parallel con-
ductance and capacitance:

Y = G��,V0� + j�C��,V0� . �28�

These quantities can be compared with experimentally ob-
tained admittance data.

IV. ANALYSIS AND DISCUSSION

A. Microscopic description of the device

In order to completely describe the system, one needs the
parameters corresponding to the semiconducting material,
the electrodes, and the external conditions such as dc bias or
modulation frequency. The structure on which the measure-
ments have been performed corresponds to a pair of Schottky
contacts connected back to back with the �-NPD layer as a
conducting channel, the thickness of which is d=1340 nm.
For the numerical calculations, we have taken �Evac−Ev�
=5.5 eV and �Ec−Ev�=3.1 eV, with the vacuum level Evac

being the energy reference. The ITO/�-NPD interface shows
a nearly Ohmic contact behavior with a barrier height for
holes qp of 0.2 eV. For the barrier height for electrons qn
at the Al cathode, we have studied two different cases. The
first one, in which a value of 1.6 eV holds for qn, leads to
a system where only holes, injected at the ITO electrode,
play a role in the transport properties of the device. In the
second case, with a value of 0.4 eV for the Al barrier, elec-
trons are injected into the organic layer and contribute to the
electrical characteristics. A theoretical built-in voltage Vbi
=1.3 eV can be deduced for the first case while a value of
2.5 eV should be assumed for the second case. As demon-
strated in the following, the small-signal characteristics of
the real device at low frequency can be numerically repro-
duced by the introduction of trap levels in the band gap of
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the organic material. Traps are included with a Gaussian dis-
tribution of states centered at energy Ēt=0.45 eV and of
width �t=0.4 eV. In the numerical simulation, their effect
can be switched on and off by setting the corresponding con-
centration to the adequate level in the input data.

The basic semiconductor equations are first solved under
steady-state conditions. The values of the space-dependent
carrier concentrations are determined by Eqs. �1� and �2�
where the quasi-Fermi levels Fp and Fn for holes and elec-
trons, respectively, at zero voltage coincide with the Fermi
level EF of the system in thermal equilibrium. For any given
applied voltage, the electrostatic potential and the steady-
state concentrations of holes, electrons, and occupied traps
are thus obtained. Using Eqs. �9� and �10�, the carrier current
densities are calculated and the total current I deduced. In
Fig. 4, we show the theoretical current-voltage characteristic
and the numerically obtained differential resistance of the
device Rd= �dI /dV�−1. A good agreement with the experi-
ment is observed when an additional Ohmic term is added to
the total current of the device. This contribution is only
dominant for voltages below 2 V and simulates the effect of
leakage currents. In the equivalent circuit representation of
the system, it takes the form of a parallel conductance Gp
=4�10−6 S. We may thus clearly identify two distinct re-
gimes in the steady-state characteristic. The main one starts
from V0�2 V and increases with a rate weaker than that for
an exponential law, monotonically reducing with the bias.
Values as high as 10−3 A are measured at 10 V. The simula-
tion is performed with an electron barrier height of 0.4 eV.
The flat energy band diagram of the corresponding system is
given for reference as the inset of Fig. 4.

Once obtained, the steady-state solution serves as a basis
for the calculation of the small-signal components, according
to Eqs. �22� and �23�. As an example, we show in Fig. 5 the
real parts of the ac concentrations of holes, p̃R, electrons, ñR,
and occupied trap states, ñt

R, as functions of the space coor-
dinate x, for V0=5 V and modulation frequency of 0.1 Hz.

These quantities are calculated using the set of parameters
given in Table I. The hole concentration is the dominant
contribution throughout the device, with a background value
of about 1012 cm−3 in the bulk and a maximum very close to
the ITO contact. As expected, the electron modulation is im-
portant only in the cathode region, presenting an extremum
at 15 nm from the contact. Outside the peak, Re ñ rapidly
decreases to negligible concentrations. At low frequency, the
ac concentration of occupied trap states is nearly constant in
the organic layer, only showing strong variations near the
anode. In the bulk, an average magnitude of 6�109 cm−3 is
reported.

FIG. 4. Experimental �solid squares� and theoretical �lines�
current-voltage characteristics of the ITO/�-NPD/Al system. The
result including the effect of parallel conductance Gp is shown as
solid lines, with Gp=4�10−6 S. Rd is the differential resistance.
The inset shows the flat energy band diagram of the system.

FIG. 5. Real parts of the small-signal ac hole concentration p̃,
electron concentration ñ, and occupied trap concentration ñt as
functions of the x coordinate for applied dc voltage V0=5 V and
modulation frequency of 0.1 Hz. The electron barrier height qn is
taken as 0.4 eV.

TABLE I. Parameters of the numerical simulation.

Parameter Value

Thickness d 1340 nm

Contact area A 0.235 cm2

Dielectric constant 	r 3

Parallel conductance Gp 4�10−6 S

Series resistance Rs 45 �

Band gap Eg 3.1 eV

Hole zero-field mobility �h0 3�10−4 cm2/V s

Hole characteristic field Eh0 1.74�105 V/cm

Electron zero-field mobility �e0 1�10−9 cm2/V s

Electron characteristic field Ee0 1.74�105 V/cm

Valence band effective density of states Nv 1�1021 cm−3

Conduction band effective density of states Nc 1�1021 cm−3

Band-to-band recombination coefficient Br 2�10-14 cm3/s

Hole capture constant cp 4�10−13 cm3/s

Electron capture constant cn 1�10−18 cm3/s

Trap total concentration Nt 8�1013 cm−3

Mean energy of traps �Ec− Ēt� 2.65 eV

Width of the trap Gaussian distribution �t 0.4 eV
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B. Admittance response of the ideal trap-free system

We first discuss the small-signal response of the structure
without traps. This step allows us to explain the role of the
majority carriers, as well as that of the minority carriers, in
the frequency-dependent complex admittance and impedance
curves. By setting aside the effect of trapped charges, the
physical mechanisms at the basis of the transport of free
charges can be clarified. In the following, the contact area
will be fixed by normalization of the high-frequency value of
the capacitance to the corresponding experimental value,
leading to A=0.235 cm2. In order to illustrate the role of hole
modulation in the admittance response curves, the electrical
characteristics are calculated at various applied voltages for a
trap-free device. In this application, the dielectric constant 	r
is taken as 3. Figure 6 gives the resulting C-f curves between
10−1 and 107 Hz. In order to fully understand the role of the
modulation of majority carrier concentration, the injection of
electrons from the cathode will be neglected in a first step. Its
effect will be discussed in a next step. In the simulation
leading to the results shown in Fig. 6, series resistance ef-
fects are neglected. Therefore, we do not observe any cutoff
frequency in the HF region of the capacitance. Instead, the
HF value of C corresponds to the geometrical or dielectric
capacitance Cg defined above. The transit time effect clearly
appears on the admittance curves. Indeed, for frequencies
below 104 Hz, the value of C is smaller than that of the
geometrical limit. This corresponds to the “inductive” con-
tribution as described in the literature.15,19 For each value of
V0, the capacitance remains constant up to a frequency value
f1, above which C increases up to a frequency f2. It then
decreases down to the value of Cg at a frequency f3. As an
example, for V0=3 V, one has f1=4.0�103 Hz, f2=1.3
�105 Hz, and f3=3.0�106 Hz. The values of f1 and f2 in-
crease with V0. An increasing value of the applied voltage
implies a reduction of the transit time and, as a consequence,
an increasing value of the transition frequencies. This leads

to a HF shift of the capacitance step defined by the f1− f2
region. Hole injection into the organic film starts as soon as
the built-in potential is exceeded. In the semiconducting ma-
terial, the building up of the electric field is related to the
presence of the accumulation of the space-charge density.
For V0�2 V, the superposition of the small-signal alternat-
ing field leads to modulation of the space charge, along time
and x coordinate, in order to adapt to the variations induced
by the oscillations. An inductive behavior of the capacitance
is observed due to this charge redistribution when the period
T=1/ f of the ac voltage is longer than the carrier transit time
�tr, which represents the duration of a travel from one elec-
trode to the other one. The related negative variation of the
capacitance, with respect to the dielectric value, originates
from the phase lag between the applied stimulus and the
subsequent relaxation of the space charge. When the fre-
quency is much higher than 1/�tr, the capacitance meets the
geometrical value. At the microscopic level, the small-signal
concentration of holes, as represented in Fig. 5, vanishes at
high frequencies. The interpretation of the admittance spectra
in the light of the analysis of microscopic quantities such as
the ac concentration allows us to explain the origin of the
transit time effect. The latter is therefore due to a modulation
of the hole charge inside the structure. Above a frequency
which is of the order of the reciprocal transit time, the holes
no longer respond to the modulating applied voltage and the
capacitance is that of a classical dielectric.

Although the concentration of electrons is much lower
than the concentration of holes in �-NPD, the contribution of
the minority carriers to the total capacitance of the system
cannot be neglected when the barrier height at the cathode is
sufficiently small to allow for electron injection. As illus-
trated in Fig. 6, the enhanced presence of electrons in the
device strongly modifies the admittance spectra. In the IF
region, the capacitance response increases in magnitude for
all dc voltages while the position of the transit time step is
slightly shifted to lower frequencies. The negative variation
of C between 3�103 Hz and 2�105 Hz, however, holds,
which guarantees that hole mobility can still be deduced
from the modified curves. The most important changes are in
the LF region, where the capacitance signal abruptly van-
ishes and shows negative values as low as −6.3�10−8 F for
V0=9 V at 0.1 Hz. The frequency range for which C is nega-
tive widens when the bias increases. These features can be
interpreted by putting forward arguments similar to those
invoked to explain the reduction of the capacitance at fre-
quencies below the reciprocal transit time.21 Indeed, the
space charge present in the organic layer leads to a deviation
of the capacitance C from its dielectric value measured at
high frequency. Because of the lag of the space charge in-
creasing with respect to the applied ac voltage, the variation
of C is negative. When electrons are injected in the device—
i.e., bipolar conduction occurs—the additional space charge
can be much larger than in the unipolar case, due to the
mutual compensation of both free carrier types.34 As a con-
sequence, the capacitance deviation from the geometrical
limit increases in magnitude, leading to negative values for
the total capacitance. The amplitude of the negative capaci-
tance effect of minority carriers depends on the value of the
recombination constant Br.

19 For the results shown in Fig. 6,

FIG. 6. Capacitance C as a function of frequency f for applied
voltage V0=3, 6, and 9 V. Set �a� is related to the case where the
barrier height at the right contact �Al� qn is of 1.6 eV while set �b�
corresponds to the situation where qn=0.4 eV. Series resistance
Rs is set to zero.
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we have chosen Br=2�10−14 cm3/s. It can be related to
relatively high recombination rates as the frequency region
where hole transit mechanism takes place is not much modi-
fied by the electron injection. This result shows that, when
supported by numerical simulation, the admittance spectros-
copy technique, performed for a wide frequency range and
under various applied voltages, can provide a way to esti-
mate the strength of carrier recombination in organic mate-
rials.

C. Admittance curves with a Gaussian distribution
of defect states

The oscillation of the hole concentration near the injection
electrode is responsible for the negative capacitance contri-
bution at intermediate frequencies. It cannot, however, ex-
plain the LF behavior of C. The so-called excess capacitance
at low frequency was either reproduced by a frequency-
dependent mobility15,17,20 or by a dispersion of the transit
time values.15 Another explanation is that one or several trap
states can be partially responsible for the variation of C for f
smaller than the transit frequency.18 In this paper, we show
that a Gaussian distribution of trap states, located near the
valence band edge, can account for this behavior of the ca-
pacitance. Here again, the analysis of the microscopic quan-
tities allows us to give an interpretation of the frequency-
dependent complex admittance. In our approach, the trap
states are explicitly included in the numerical simulation, as
indicated by Eq. �8�.

The mean energy of the donor-type traps Ēt is located at
0.45 eV from the valence band edge. This position is close to
the Fermi level. This ensures that a maximum effect occurs
when the applied voltage is modulated. It is indeed well
known that the contribution of traps to the device capaci-
tance is maximum for those levels which cross the Fermi
level.40 This also allows us to reproduce the main effects of a
continuous distribution of trap states, as levels well above
the Fermi energy do not contribute, as they remain empty,
and those well below the Fermi level do not contribute either,
as they remain fully occupied. We have taken a distribution
width of �t=0.4 eV and a total trap concentration Nt of 8
�1013 cm−3. The result for the detailed response of the indi-
vidual trap states at dc bias V0=5 V and modulation fre-
quency f =1 Hz is shown in Fig. 7 for the particular case x
=0 nm. This position is representative of the situation in the
bulk, where the trap response is known to be practically con-
stant with respect to the space coordinate, as shown in Fig. 5.
On the one hand, together with the density of states Dt, the
steady-state occupied-state concentration dt0=Dtft0 is given
as a function of trap energy Et. The shape of dt0 depends on
the local position of the quasi-Fermi level, which varies with
the external dc voltage. For applied bias of 5 V, the occupa-
tion rate of trap states in the bulk is smaller than half of the
total concentration while the contribution of traps to the elec-
trostatic charge is determined by the crossing of the hole
quasi-Fermi level with the defect band. On the other hand,
we observe that the real part of the ac occupation function is
the dominant component at this frequency. It describes the
filling and emptying of the trap energies Et between 0.25 and

0.50 eV above the valence band edge. At x=0 nm, the re-
sponse is only due to the states whose position is close to
that of the hole quasi-Fermi level, the other states remaining
either occupied or empty. Our calculations also show that the
magnitude of the trap response remains strong up to a fre-
quency of about 10 Hz, which is much lower than the value
of f1 at moderate voltage. For f �102 Hz, the role played by
the defect band vanishes. This frequency-dependent behavior
originates from the limited ability of traps to adapt to the
applied ac voltage and can be illustrated by the definition of
a defect transition frequency fd which value ranges between
10 Hz and 102 Hz. For frequencies above fd, defect states
cannot follow the small-signal modulation anymore, involv-
ing the extinction of the trap contribution.

In the following step, the capacitance of the system con-
taining traps can be obtained. In Fig. 8, the C-f curves are
shown for three different bias values. When electron injec-
tion is negligibly small, the effect of the trap levels is to give
an additional contribution to the capacitance at low frequen-
cies. The amplitude of the contribution, defined here as the
difference between the LF plateau and the capacitance due to
the transit time effect, increases with the applied dc voltage.
The trap cutoff frequency, which is between 25 Hz and
40 Hz, does not strongly depend on the dc voltage. Its value
is mainly determined by the trap parameters. At 3 V, the
resulting C-f curve presents a minimum in the region
102–104 Hz. The presence of the trap levels leads to the
filling of the negative contribution originating from the tran-
sit time effect. From the curves of Fig. 8, one can see that, in
order to preserve a region where C is lower than the geo-
metrical value, the trap contribution must not be too impor-
tant, as the valley in the C-f curve would then be completely
filled and no mobility evaluation would be possible. The ac
curves strongly depend on the parameters used to describe
the trap states. Yet for organic compounds, their precise
value is not known in any case. As shown by Eqs. �13� and

FIG. 7. Density of trap states Dt, steady-state occupied trap
concentration dt0, real part, and imaginary part of the small-signal

occupied trap concentration, Re d̃t and Im d̃t, as functions of the
trap energy Et, for x=0. The energy reference of Et is here the
valence band edge. The small-signal quantities are shown for fre-
quency f =1 Hz.
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�14�, the trap response essentially depends on the energy
position Et relative to the valence band and the capture co-
efficient cp. The total concentration of traps Nt is also an
important parameter of the simulation, as it has an effect on
the frequency dependence of the capacitance in the LF re-
gion.

When electrons are allowed to flow into the organic de-
vice, by a reduced barrier height at the Al cathode, the LF
region of the admittance curves is again deeply modified.
The plateau corresponding to the trap contribution disappears
at all voltages, and the value of C vanishes and becomes
negative. At V0=3 V, a local maximum occurs at a fre-
quency of 2.5 Hz, with a magnitude of 1.5 nF. In the IF
region, the transit time step is shifted to lower frequency.
Minority carrier injection has therefore an effect on the val-
ues of the majority carrier mobility determined by the posi-
tion of this transition, with or without traps in the system.
When traps are present and minority carrier injection occurs,
the obtained curves result from a combination of the capaci-
tance responses of set �b� of Fig. 6 and set �a� of Fig. 8.

The last step of the analysis is to reproduce the experi-
mental curves obtained for the ITO/�-NPD/Al system. To
achieve this, we performed a numerical simulation of the
capacitance and the conductance over a wide range of the
above-mentioned microscopic parameters. Our goal is to ob-
tain the correct transit frequencies, negative capacitance de-
viations with respect to the geometrical limit, defect transi-
tion frequencies, and low-frequency capacitance amplitudes.
These are indeed the most salient features of the measured
electrical characteristics. Perfect agreement with the experi-
ment cannot be expected for such a complex system. Implicit
approximations such as homogeneity or abrupt barriers are
not necessarily valid in a real device. The results are shown
in Fig. 9 for applied dc voltage varying from 3 V to 10 V.
The most essential values of the obtained parameters are

�Ēt−Ev�=0.45 eV, �t=0.95 eV, and Nt=8�1013 cm−3. The

full set of parameters is given in Table I. The theoretical
voltage-dependent C-f and G-f curves well reproduce the
experimental results shown in Fig. 1. The series resistance
effect was included in the numerically obtained capacitance
and conductance. Furthermore, in order to correctly simulate
the low-frequency values of the conductance, we have added
the real term Gp to the complex admittance Y of the struc-
ture. This consequently allows us to reproduce the shape of
the steady-state current-voltage characteristic. The variation
of the LF region of the calculated capacitance curves with
applied bias, as well as the amplitude of the minimum and
the shift of the carrier transit-induced frequency, reproduced
the characteristics of the experimental data. The admittance
spectra could be refined by introducing several Gaussian dis-
tributions of traps in the input data. That would result in less
abrupt defect transitions and smoother capacitance variations
at low frequency.

Theoretical studies by numerical simulation allow us to
formulate the conditions which have to be fulfilled in order
to evaluate carrier mobility by the technique of admittance
spectroscopy. First, there must be an inductive contribution
to the capacitance from the transit time effect. This is
achieved by carrier injection at high level, which is allowed

FIG. 8. Capacitance C as a function of frequency f for applied
voltage V0=3, 6, and 9 V. Set �a� is related to the case where the
barrier height at the right contact �Al� qn is of 1.6 eV while set �b�
corresponds to the situation where qn=0.4 eV. Traps are present
with a concentration of 8�1013 cm−3 and series resistance Rs is set
to zero.

FIG. 9. Theoretical �a� capacitance C and �b� conductance as
functions of the frequency f for dc bias V0 between 3 V and 10 V.
Parameters of the simulation are of Table I, with Rs=45 � and
Gp=4�10−6 S. The inset shows the capacitance C as function of
frequency f in the low-frequency range �0.1–103 Hz� for the same
applied dc voltage values.
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by an Ohmic behavior of the injecting electrode—i.e., very
low barrier height at the contact. In order to be correctly
measured, the reciprocal transit time should be included in
the frequency range of the impedance measurement tool. For
a given analyzer, it is then possible to define a range of
mobility values that can be extracted by the method. Second,
the trap concentration has to be sufficiently low in order to
maintain a minimum in the C-f curve. Third, the trap cutoff
frequency should be sufficiently low, at least lower than the
transit frequency. One could estimate that a difference of
about two decades between the carrier transit frequency and
the defect transition frequency is necessary to yield an ob-
servable maximum in the negative differential susceptance
curve. In most cases, however, these two latter conditions
can hardly be efficiently controlled. Finally, one last condi-
tion is that, when both carrier types are active, their expected
mobilities are different by several orders of magnitudes. Oth-
erwise, the capacitance variation corresponding to the modu-
lation of the concentration of one carrier type would interfere
with that of the other carrier type. Such a complex situation
would ruin the practical utility of admittance spectroscopy as
a mobility measurement tool. In �-NPD, as holes are clearly
dominant over electrons for transport properties, frequency-
dependent experiments lead to satisfactory results. The elec-
tron mobility �e could not be evaluated. The corresponding
peaks in the negative differential susceptance, which would
appear for frequencies below 10 Hz, are concealed by trap
response and negative capacitance effect. The inset of Fig. 9
shows the calculated capacitance spectra between 0.1 Hz and
1 kHz for voltages up to 10 V. It reproduces the character-
istic features of the experimental data shown in the inset of
Fig. 1—i.e., negative values of C at very low frequency and
a local peak due to the combined effect of recombination and
traps.

Finally, we would like to comment on the results obtained
for the hole mobility in �-NPD. The numerically obtained
differential susceptance curves are given in Fig. 10. The volt-
age dependence of the peak positions and amplitudes repro-
duces well the experimental data of Fig. 2. For each value of
V0, we obtain the majority carrier transit time �tr by taking
the position of the corresponding maximum fmax. The coef-
ficient � between �max and �tr

−1 was determined by a linear fit
of the relation between these two latter quantities. The values
of �max=2�fmax were extracted from the −�B�f� curves at
different dc voltages while those of �tr were obtained making
use of Poole-Frenkel’s field-dependent mobility introduced
as input in the simulation and E= �E= �V0−Vbi� /d, the mean
value of the electric field. The fit procedure yields a value of
�=3.2±0.1, which was subsequently used in the interpreta-
tion of the experimental admittance spectra. The same value
then allows one to evaluate the carrier mobility from the
theoretical susceptance curves. In Fig. 11, the resulting out-
put is compared to the input data of the calculations. The
purpose of this plot is first to demonstrate the self-
consistency of our approach, as the obtained values of the
mobility can reproduce the field-dependence model intro-
duced in the numerical code. Second, it shows that admit-
tance spectroscopy experiments can be applied to determine
carrier mobility in organic materials with an acceptable ac-
curacy. The comparison with the result of Fig. 3 shows a

good agreement between the experimental and theoretical
values of �h. We notice, however, that for an electric field
lower than 2�104 V/cm, the mobility obtained by the
method is overestimated. The origin of this discrepancy is
that, in the classical determination of �h, one makes use of
the averaged value of the electric field. Yet as demonstrated
by the result shown in the inset of Fig. 11, the electric field is
far from being rigorously constant throughout the organic
layer. One should be aware that the method leads to a value
of mobility averaged over the width of the organic layer. For
larger bias values, we illustrate here that the field dependence
of hole mobility in �-NPD can be well reproduced by Poole-
Frenkel’s law. Moreover, within our approach, the origin of
the negative contribution to the capacitance, as well as the

FIG. 10. Calculated negative differential susceptance −�B curve
as a function of frequency f for applied dc voltages between 3 V
and 10 V. Series resistance Rs is equal to zero.

FIG. 11. Hole mobility �h in �-NPD as function of the applied
electric field E, determined by numerical simulation. The straight
solid line is the input data of the calculations, the full circles rep-
resent the values obtained by applying the admittance method. The
inset shows the electric potential and field distributions in the simu-
lated device for V0=5 V.
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frequency dependence of C in the LF region, which governs
the shape of the differential susceptance curves leading to the
mobility values, can be explained at the microscopic level by
the analysis of the steady-state and small-signal charge con-
centrations and current densities. The inductive contribution
to the capacitance is due to the modulation of the hole con-
centration while the traps and the injected electrons are re-
sponsible for the low-frequency behavior.

V. CONCLUSIONS

We have determined experimental voltage-dependent ad-
mittance curves for the ITO/�-NPD/Al structure where the
organic layer was grown by thermal evaporation. The differ-
ential susceptance curves, related to the capacitance response
of the system, show for dc bias values from V0=3 V a domi-
nant peak which moves to higher frequencies with increasing
voltage, as for the dip in the conductance response. The low-
frequency region of the capacitance-frequency curves pre-
sents a large decreasing signal, the shape of which is shifted
to higher frequencies when the applied bias increases. The
HF limit of C corresponds to the dielectric capacitance de-
fined by the geometrical characteristics of the device.

The theoretical analysis is based on a numerical simula-
tion of the whole structure containing the two electrodes and
the hole conduction through the organic material. It includes
the dependence of mobility on applied electric field, follow-
ing Poole-Frenkel’s expression. Mobility is not therefore as-
sumed constant with x. A trap density of states distribution of
Gaussian shape is explicitly involved in the calculations by
means of a rate equation. The numerical results explain the
basic mechanisms responsible for the frequency and voltage
dependence of the small-signal electrical characteristics,
leading to an explanation of the experimentally observed
facts.

Based on the formal developments used for the simulation
of electronic devices made of inorganic semiconductors, the
analysis suggests that only a complete numerical study al-
lows a correct interpretation of the admittance curves. In
particular, from a detailed study of the microscopic quantities
such as the steady-state and small-signal amplitudes of the
hole concentration, we showed that the negative contribution
to the capacitance in the IF region originates from the modu-
lation of the majority carriers near the anode contact. Fur-
thermore, the role of defects, which are virtually present in
all real devices, cannot be neglected in the resulting ac elec-
trical characteristics. Our investigation of the trap effect led
to the formulation of the conditions under which the admit-
tance method can be applied to the determination of carrier

mobility: a negative variation of the capacitance with respect
to the geometrical limit must be present, the concentration of
the trap levels has to be small enough to preserve the mini-
mum in the C-f curves, and the transition frequency of traps
must be lower by at least two decades than the reciprocal
carrier transit time. Moreover, we have shown that electron
injection must adequately be taken into account as this phe-
nomenon can drastically modify the frequency-dependent
admittance curves. Even for materials where carrier mobili-
ties differ by several orders of magnitude, such as �-NPD,
the modulation of the minority carrier concentration, contrib-
uting to the amplitude of the variation of the total space
charge, can lead to strong negative values of the measured
capacitance at low frequency. This feature is governed by the
strength of the recombination rate.

As demonstrated by the correlation between theoretical
and experimental results, this work contributes to the basic
understanding of the capacitance variations with the modu-
lation frequency; it can be useful for the methodology of
obtaining mobilities from admittance measurements. Once
the system has been defined, it is possible to numerically
solve the set of physical equations without any further ap-
proximation. The analysis of the literature shows that, in the
past, the procedure used was certainly correct, but several
steps were made on a rather empirical basis. As an example,
in our interpretation, the low-frequency behavior of the ca-
pacitance can be explained by a contribution of the defect
band response and the response of electrons. It is not there-
fore necessary to introduce frequency dependence of the car-
rier mobility or spectral dispersion of the transit time.

The approach developed in this paper could be applied to
other organic materials. However, in order to extract mobility
data from the analysis of the admittance curves, the above-
mentioned conditions must be fulfilled. The literature on the
applicability of admittance spectroscopy to the evaluation of
mobility in small-molecule organic materials is indeed much
less abundant than for conjugated polymer-based devices.
The experimental aspects could take into account modified
conditions such as transient excitation. Finally, the numerical
analysis of different continuous distribution functions of the
trap density of states or the inclusion of two or more levels
is also possible. The influence of the traps located near
the metal-organic interface on the carrier injection
mechanism31,41–43 could also be investigated by numerical
simulation of the small-signal ac characteristics.
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