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Capacitance spectra of thin (<200 nm) Alq3 electron-only devices have been measured as a function of
bias voltage. Capacitance spectra exhibit a flat response at high frequencies (>103 Hz) and no feature
related to the carrier transit time is observed. Toward low frequencies the spectra reach a maximum
and develop a negative excess capacitance. Capacitance response along with current–voltage (J–V) char-
acteristics are interpreted in terms of the injection of electrons mediated by surface states at the metal–
organic interface. A detailed model for the impedance of the injection process is provided that highlights
the role of the filling/releasing kinetics of energetically distributed interface states. This approach con-
nects the whole capacitance spectra to the occupancy of interface states, with no additional information
about bulk trap levels. Simulations based on the model allow to derive the density of interface states
effectively intervening in the carrier injection (�1.5 � 1012 cm�2).

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Interfaces between metals and organic semiconductors consti-
tute a determining part of organic electronics [1]. A fundamental
knowledge of the mechanisms underlying charge carrier injection
from a metal into an organic semiconductor as well as bulk trans-
port characteristics are essential to design efficient devices. In the
specific case of organic light-emitting diodes (OLEDs), a framework
able to predict the injection of charge carriers (particularly elec-
trons) at interfaces between metals and organic semiconductors
remains elusive despite the important amount of experimental
data and proposed theoretical approaches that are available
[2–7]. Reported experimental data show results that appear to be
contradictory when comparing the response of similar devices pre-
pared in different laboratories. It is then a crucial issue to reveal
which preparing conditions or device structure give rise to partic-
ular current-limiting mechanisms.

For the archetypical electron-transporting and luminescent
compound tris(8-hydroxyquinoline) aluminium (Alq3) there exist
in the literature sound evidences which relate the device current
to either space-charge limited transport or interface-limited injec-
tion. The J–V characteristics of Alq3-based devices, which seldom
exhibit the behavior J / Vm with m > 2, have been interpreted in
ll rights reserved.

e).
terms of trap-charge limited conduction with the parameter
m � 1 = Et/kBT being related to the characteristic energy of the
exponential trap tail Et [8,9]. Such analysis has been improved by
regarding the dependence of the mobility on temperature and
electrical filed F as l ¼ l0 expðb

ffiffiffi
F
p
Þ [10–12]. The Gaussian den-

sity-of-states (DOS) corresponding to the lowest unoccupied
molecular orbital (LUMO) levels was also invoked [13] to account
for the J–V characteristics of Al/Alq3/LiF/Al devices at room-tem-
perature in a trap-free explanation. On the other hand, injection
limited J–V characteristics were proposed for structures of the type
Al/Alq3/Mg:Ag with injection barrier of 0.5 eV [5] and 0.6 eV in the
case of the structure Ca/Alq3/Ca [14]. Charge-carrier injection at
metal–organic interfaces has been analyzed in terms of the diffu-
sion-limited thermionic emission [15]. This approach has been
improved by considering the injection into an energetically disor-
dered organic solid as a sequential process in which carriers hop
from the metal Fermi level to localized states, exhibiting Gaussian
energy disorder, close to the interface [2,16]. It has been further
recognized that such approach is unable to yield the usually
observed power-law relationship J / Vm [6]. Instead of considering
the first hop from the metal Fermi level into the organic film as the
energetically costly event, Baldo and Forrest [6] developed an
injection model which considers the determining role of interme-
diate states induced by interface dipoles. This last approach is in
agreement with the observed power-law J–V characteristics, and
it was validated for different Alq3 structures (with LiF/Al, Mg:Ag,
and Al cathodes) of thickness <200 nm.
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Apart from checking the model validity by varying a series of
external parameters such as active layer thickness, temperature
and metal contacts [11], the investigation of dynamic or transient
properties (i.e. impedance response) might provide new insights
and help selection of the device model. Whereas the sole analysis
of steady-state J–V characteristics appear to be non-definitive in
most cases, frequency- or time-resolved techniques could be deter-
minant by revealing exclusive spectroscopic patterns. In this sense
the work by Berleb and Brütting [17] on Al/Alq3/Ca electron-only
devices clearly demonstrated the space-charge limited origin of
the capacitance spectra. A minimum is observed in C(x) (kneelike
feature of about 5% reduction) which is related to the electron tran-
sit time st and allows to determine the carrier mobility le. For Alq3

samples with thickness longer than 200 nm experimental data
from different techniques were then consistent with a unique de-
vice model: current is space-charge limited (including trap states)
by dispersive transport of electrons. However, such clear picture is
not complete for thinner films (<200 nm). As Brütting pointed out
[11] films with 100 nm-thickness exhibited J–V characteristics that
did not match those predicted using values extracted from the
analysis of thicker structures. Although J–V characteristics fol-
lowed the expected behavior J / Vm for space-charge limited cur-
rent (SCLC) with traps, the influence of some type of injection-
limitation was recognized [11]. In addition to well-known ac
expressions for SCLC, impedance models for electron-injection
based on a sequential hopping process have been recently pro-
posed [18].

The aim of this work was to verify whether SCLC trends are still
observable in thin (<200 nm) Alq3 electron-only devices when fre-
quency-resolved techniques such as impedance spectroscopy are
used. In particular we observed that the characteristic frequency
related to the transit time is not present in the measured capaci-
tance spectra. At higher bias the response changes to an inductive
behavior, clearly visible as the negative values reached by the
capacitance at low frequencies. Such negative capacitance re-
sponse has been reported by many authors [18–21]. These two
trends, namely the absence of SCLC features and the negative val-
ues at low frequencies in the capacitance spectra, have been inter-
preted as strong indication of the injection-limited mechanism
underlying the device operation. The paper is structured as fol-
lows: in Section 2 experimental results (J–V characteristics and
capacitance spectra) are presented. It is explained how purely bulk
models have difficulty interpreting the experimental results. Con-
sequently, an electron-injection model able to simultaneously ac-
count for both steady-state and dynamic responses is described
with high degree of generality in Section 3. Finally, Section 4 is de-
voted to the comparison between the experimental results in Sec-
tion 2 and model simulations.
Fig. 1. J–V characteristics of a L = 150 nm-thick Al/LiF/Alq3/LiF/Al device measured
at room temperature. (a) Symmetrical response. (b) Comparison between exper-
iment (dots) and electron-injection model prediction (solid line) in a log–log rep-
resentation. Model parameters: NI= 2.6 � 1015 cm�2, NB = 1020 cm�3, EF0 = 0.0 eV,
Er

2 ¼ 6 eV, kBT0 = 0.7 eV, Er
3 ¼ 0:3 eV, rB = 0.1 eV, a1 = 1, a2 = 0.065, k12 = 1 s�1, k23NB =

10�1 s�1, c1 = 0.1, and c2 = 0.
2. Experimental results

The devices used in this study had the following structure Al/
LiF(0.8 nm)/Alq3(150 nm)/LiF(0.8 nm)/Al, where the number in
parentheses indicate the layer thickness. Alq3 was purified by gra-
dient sublimation and evaporated at a rate of 1.0 Å/s. Lithium Fluo-
ride (LiF) was deposited at a rate of 0.2 Å/s. Both LiF and Alq3 layers
were thermally evaporated at a base pressure of around
5 � 10�7 mbar during the same fabrication process, without break-
ing the vacuum. Al electrodes (100 nm) were deposited in another
chamber at a rate of 11 Å/s, at a pressure of around 2 � 10�6 mbar,
to form device active areas of 4 mm2. For the measurements, de-
vices were encapsulated in nitrogen atmosphere inside quartz
tubes. Impedance measurements were performed using a Solartron
1260 frequency response analyzer (FRA). A dielectric interface (SI
1296) was coupled to the FRA in order to achieve higher sensitivity
in the high impedance dielectric range. Oscillating amplitude of
10 mV was added to the dc bias voltage using frequencies within
the range of 1 MHz down to 0.1 Hz. Capacitance spectra were ob-
tained from the impedance Z as C = Re(1/ixZ), where i ¼

ffiffiffiffiffiffiffi
�1
p

and
x is the angular frequency of the ac perturbation.

The J–V characteristics of a L = 150 nm-thick Al/LiF/Alq3/LiF/Al
device measured at room temperature is shown in Fig. 1. The cur-
rent density obtained lies within the range of that reported for sim-
ilar devices [11]. As expected the device exhibits symmetrical
characteristics with a power-law exponent (m � 5.4) in J / Vm. In-
stead of following the experimental procedure of varying temper-
ature and sample thickness in order to discern the proper model
(bulk or injection mechanism) accounting for such J–V characteris-
tics, we adopt the approach of investigating the capacitance re-
sponse under variation of the applied bias. By examining Fig. 2
one can realize that the capacitance is constant and bias-indepen-
dent at high-frequencies (>103 Hz). This extremely flat response of
C0 = 0.70 nF corresponds to the geometrical capacitance of the de-
vice and yields a permittivity of e = 2.96, typical for amorphous or-
ganic semiconductors. For low bias voltages (1 V) the capacitance
grows monotonously toward lower frequencies. This feature has
been usually interpreted in terms of trapping [22]. At higher bias
the capacitance values reach a maximum at intermediate frequen-
cies (1–10 Hz) and develop an inductive behavior in the low–



Fig. 2. Capacitance spectra of a L = 150 nm-thick Al/LiF/Alq3/LiF/Al device measured
at room temperature. Comparison between experiment (dots) and electron-injec-
tion model prediction (solid line) for different bias voltages. Same set of parameters
as in Fig. 1. For the sake of clarity spectra are shifted 0.5 nF.

Fig. 3. Scheme of the injection model, showing the changes under applied negative
bias potential. (a) Shift of the interfacial distribution, and change of the bulk carrier
density. (b) Modification of the vacuum level discontinuity and the injection barrier.
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frequency limit. At 5 V-bias the negative contribution dominates
and C becomes negative below 1 Hz.

One might try to interpret the measured capacitance spectra in
terms of SCLC ac models [23]. The electron mobility of Alq3 at room
temperature [24] is known to be of the order of 10�6 cm2/Vs what
it would imply transit frequencies within the range of 1–100 kHz
for bias of 1–5 V assuming relations like le = 4L2/3stF [25]. How-
ever, the small reduction in the capacitance values expected for
SCLC at frequencies around the inverse of the transit time is not ob-
served in any case. This experimental fact leads us to discard trans-
port mechanism as responsible for the device operation, otherwise
capacitance spectra should have shown SCLC features. It seems
therefore that interface-limited injection can be behind the exper-
imental observations in the line suggested by Baldo and Forrest [6].

The second distinctive feature of the capacitance spectra in
Fig. 2 is the transition between positive to negative capacitance,
as exhibited at high bias. Negative capacitance has been under-
stood as originated from transport of minority carriers [26,27] or
related to the electron–hole recombination [28], in both cases for
double-injection devices. In the structures analyzed in this study
the injection of holes is strongly blocked by effect of the LiF buffer
layers, which reduces the barrier height for electron injection [29].
We can then discard recombination or hole conduction as the ori-
gin for the negative capacitance observed.

3. Electron-injection model

Recently we have proposed [18] a kinetic model based on sim-
ple assumptions about carrier injection at the device cathode able
to reproduce the main features of the capacitive response: the
exclusively positive capacitance response for hole-only devices,
the collapse into a single pattern in the low bias region, and the
shift toward lower bias of the inductive (negative capacitance)
behavior for smaller work-function cathodes, in good correlation
with experimental capacitance–voltage (C–V) curves [30]. We
demonstrated [18] that the low-frequency (equilibrium) capaci-
tance is proportional to the variation of the interfacial state occu-
pancy with the bias voltage Cc = qNIDh/DV (q denotes the positive
elementary charge, and h is the occupancy of the interface states).
The interface states are filled at low bias voltages so as to give
increasing positive values of the low-frequency limit of the capac-
itance. At some point an increment in the applied bias promotes
the intermediate state depopulation (Dh < 0) by a net flux of elec-
trons injected into the LUMO of the bulk organic layer. The low-fre-
quency limit of the capacitance then changes sign and becomes
negative. Following this view the negative capacitance might be
originated by a mechanism which is exclusively interfacial.

The model of carrier injection at the metal–organic interface has
been detailed in previous publications [18,31] and is outlined in
the diagram in Fig. 3. The injection from the metal Fermi level to
the organic conductor LUMO (E3) occurs sequentially, via interface
states with energy E2. In the previous papers [18,30,31], a single
intermediate state was used. We first realized that such models
were unable to reproduce the capacitance spectra shape observed
in Fig. 2, in which the excess capacitance DC = C � C0 changes sign
being positive at intermediate frequencies (�10 Hz) and develop-
ing a negative value at low frequencies. This led us to introduce
distributions of states (DOS) into the calculation of the injection
model. In the following, we present the derivation of the model
using a distribution of states both in the dipole layer and in bulk
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levels of the organic material. A list of the symbols used is given in
Table 1.

The applied potential is

V ¼ �ðEF1 � EF0Þ
q

ð1Þ

One can define the potential at the cathode

V c ¼ �
EF1 � EF3

q
ð2Þ

and the potential in the bulk

Vb ¼ �
EF3 � EF0

q
ð3Þ

so that

V ¼ Vc þ Vb ð4Þ

The occupation of the bulk levels at energy E3 follows the Boltz-
mann function as

f ðE3; EF3Þ ¼ exp �ðE3 � EF3Þ=kBT½ � ð5Þ

Therefore, the potential Vb determines the carrier density in the
transport levels in proximity of the dipole layer. The change of
occupation will have an effect on the injection model only at high
carrier density, since it induces a return of injected charge from the
bulk levels to the interfacial levels. For simplicity, we assume that
the increase of carrier density in the bulk is determined by the
parameter c2, according to the relationship

EF3 ¼ EF0 þ c2ðEF1 � EF0Þ ð6Þ
Table 1
List of symbols

q: The positive elementary charge
kBT: The thermal energy
EF0: The equilibrium Fermi level
EF1: The Fermi level in the metal
EF3: The Fermi level in the bulk of the organic material
V: The potential applied
Vc: The potential applied in the cathode
Vb: The potential applied in the bulk (increase of carrier density)
NB: The total density of states (per unit volume) in the bulk LUMO
E2: An interfacial level
E20: An interfacial level, at zero applied bias
Er

2: The reference interfacial level for the DOS
gI: The distribution of interfacial levels
E3: A level of the bulk LUMO in the organic conductor
E30: A level of the bulk LUMO, at zero applied bias
Er

3: A reference level for the distribution of the LUMO in the organic conductor
gB: The energy distribution of bulk levels
rB: The Gaussian disorder of bulk levels
f: The occupancy of bulk levels in the organic conductor
Dd: The vacuum level discontinuity at the interface
Dib: The injection barrier
h: The occupancy of the interfacial level
NI: The total density (per unit area) of interfacial levels
T0 The trap width parameter in interfacial levels
c1: The parameter determining the shift of the interfacial levels under applied

voltage
c2: The parameter determining the increase of the bulk Fermi level under

applied voltage
v12: The rate of transfer from metal to interfacial level
v23: The rate of transfer from interfacial to bulk levels
k12: The rate constant for transfer from metal to interfacial level
k23: The rate constant for transfer from interfacial to bulk level
a1: The asymmetry factor for transfer from metal to interfacial level
a2: The asymmetry factor for transfer from interfacial to bulk level
s: Laplace variable
x: The angular frequency of the ac perturbation
Therefore, we obtain

Vc ¼ ð1� c2ÞV ð7Þ
Vb ¼ c2V ð8Þ

In general, the increase of charge density in bulk levels will de-
pend on the rapidity of evacuation of the carriers, i.e., the transport
model, and also on the presence of opposite sign charge carriers.
Therefore, this effect will be more significant in two-carrier de-
vices, while in single carrier devices the density remains low and
we can assume c2 � 0.

More significant for the injection model are the modifications
under an applied potential occurring at the dipole layer, of width
d, where the interface levels are located. In general, intermediate
states are associated with the presence of interfacial dipoles. The
gap states provide the charge required to establish thermodynamic
equilibrium between the metal and the organic material, and it can
be considered that the interfacial levels lie within the dipole layer
[32,33]. In Fig. 3b, we assume that the interfacial levels lie a dis-
tance x 6 d from the metal surface. In equilibrium, the net effect
caused by the change of dipole energy at the interface is D0

d (the
vacuum level discontinuity). A negative bias Vc increases
Dd ¼ D0

d � qV c and reduces the injection barrier Dib = E3 � EF1, as
shown in Fig. 3b. The variation of Dd induces a shift of the interfa-
cial levels. As indicated in Fig. 3b, the change of any energy level E2

is

E2 ¼ E20 � q
d� x

d
V c ð9Þ

We denote c1 = 1 � x/d. If c1 � 1 the energy level E2 accompanies
the variations of EF1, and on the other hand, if c1 � 0, the interfacial
level is pinned at the organic surface and remains stationary. From
Eq. (9) we have

E2 ¼ E20 � qc1ð1� c2ÞV ð10Þ

Several forms of the DOS accounting for the interface level dis-
tribution were checked in order to reproduce the experimental
data. At the end simulations match with capacitance and steady-
state characteristics by assuming an exponential distribution for
the interface levels, with respect to the reference level Er

2

gIðE
r
2 � E2Þ ¼

NI

kBT0
exp �ðEr

2 � E2Þ=kBT0
� �

ð11Þ

This distribution, shifts with the potential as indicated in Eq.
(10) and depicted in Fig. 3a.

For the energy levels of the bulk organic material, we adopt a
Gaussian distribution

gBðE
r
3 � E3Þ ¼

NBffiffiffiffiffiffi
2p
p

rB
exp �ðE

r
3 � E3Þ2

2r2
B

" #
ð12Þ

as usually assumed as a consequence of fluctuations in polarization
and dipole energies [34]. In most cases a value rB � 0.1 eV is found
[35].

The rate of charge transfer per site between the metal and inter-
facial states at the energy E2 is given by the expression [18]

v12ðE2Þ ¼ k12fð1� hÞA� hBg ð13Þ

where

A ¼ exp ða1 � 1ÞðE2 � EF1Þ=kBT½ � ð14Þ
B ¼ exp a1ðE2 � EF1Þ=kBT½ � ð15Þ

Similarly, the rate of charge transfer per site between the interface
level and the bulk organic material is

v23ðE2; E3Þ ¼ k23fhC � f ð1� hÞDg ð16Þ



Fig. 4. Interface density-of-states following an exponential distribution (black) and
portion of such states intervening in the injection process at 5 V of bias voltage.
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where

C ¼ exp a2ðE2 � E3Þ=kBT½ � ð17Þ
D ¼ exp ða2 � 1ÞðE2 � E3Þ=kBT½ � ð18Þ

The expression for the current density is

JðVÞ ¼ q
Z þ1

�1
gIðE2; E20Þm12ðE2ÞdE2 ð19Þ

The rate of charge transfer from a E2 level to bulk organic levels
is

v23ðE2Þ ¼ k23

Z þ1

�1
gBðE3; E30ÞfhC � f ð1� hÞDgdE3 ð20Þ

Therefore, we can write

v23ðE2Þ ¼ k23fhF � ð1� hÞGg ð21Þ

where

F ¼
Z þ1

�1
gBðE3; E30ÞCdE3 ð22Þ

G ¼
Z þ1

�1
gBðE3; E30ÞfDdE3 ð23Þ

The change of the occupancy of the intermediate levels at the
energy E2 is given by

dhðE2Þ
dt

¼ m12ðE2Þ � m23ðE2Þ ð24Þ

At steady state, we can solve

m12ðE2Þ � m23ðE2Þ ¼ 0 ð25Þ

and one readily obtains the occupancy of the level E2

hðE2Þ ¼
1

1þ BþbF
AþbG

ð26Þ

where

b ¼ k23

k12
ð27Þ

Inserting Eq. (26) in Eq. (19) we obtain the dc current. Note that the
term in G in Eq. (26) corresponds to the return of charge from bulk
levels to interfacial levels, and can normally be neglected.

Let us denote ac modulation of quantity y by Dy and the Laplace
variable by s = ix. The ac current is

DJ ¼ q
Z þ1

�1
gIðE

r
2 � E2Þ

om12

oh
ðE2ÞDhþ om12

oV
ðE2ÞDV

� �
dE2 ð28Þ

We obtain the admittance

Y ¼ DJ
DV
¼ q

Z þ1

�1
gIðE

r
2 � E2Þ

om12

oh
ðE2Þ

Dh
DV
ðE2Þ þ

om12

oV
ðE2Þ

� �
dE2 ð29Þ

The capacitance is defined as

C ¼ Y
s

ð30Þ

There remains to determine the term Dh/DV in Eq. (29). This is
obtained from the kinetic Eq. (24) for the change of the occupancy
of the intermediate level, that gives

sDhðE2Þ ¼ Dm12ðE2Þ � Dm23ðE2Þ

¼ om12

oh
ðE2Þ �

om23

oh
ðE2Þ

� �
Dhþ om12

oV
� om23

oV

� �
DV ð31Þ

Therefore

Dh
DV
ðE2Þ ¼

om12
oV ðE2Þ � om23

oV ðE2Þ
s� om12

oh ðE2Þ þ om23
oh ðE2Þ

ð32Þ
By calculation, we find the partial derivatives that appear in Eqs.
(29) and (32).

om12

oh
ðE2Þ ¼�k12ðAþBÞ ð33Þ

om12

oV
ðE2Þ ¼�

q
kBT

k12 1� c1ð1� c2Þ½ � ð1� a1Þð1� hÞAþ a1hBf g ð34Þ

om23

oh
¼ k23ðFþGÞ ð35Þ

om23

oV
¼� q

kBT
k23 c1ð1� c2ÞhFþ ð1� a2Þc1ð1� c2Þ� c2½ �ð1� hÞGf g ð36Þ

This completes the model of the admittance.

4. Discussion

In the following we discuss on the parameters used in the
simulation based on the described electron-injection model.
We should emphasized that the model has to account for both
steady-state and frequency-dependent characteristics with a sin-
gle set of parameters giving a complete information of the
charge injection process. The aim was to find a good enough
reproduction of our particular experimental data, being con-
scious of the great amount of responses the parameters of the
model could generate. Different forms of the interface DOS were
carefully checked and the exponential distribution finally chosen.
By examining Fig. 1b one can realize that the above outlined
model [Eq. (19)] is able to reproduce with a good approximation
the J / Vm response for bias larger than 1 V. In this simulation
the total interface DOS has been NI = 2.6 � 1015 cm�2, and total
bulk density of NB = 1020 cm�3 with rB = 0.1 eV. The interface
state shift used in the simulation corresponds to c1 = 0.1, indicat-
ing that the intermediate levels are almost pinned at the organic
surface. The effective density of occupied interface states can be
calculated after considering the occupancy of each state and
integration of Eq. (26). For bias of 5 V the effective interface
DOS intervening in the injection process results �1.5 �
1012 cm�2, as observed in Fig. 4. It should be noted here that
the order of magnitude obtained lies within typical values re-
ported in the literature [6]. The intermediate state occupation
reaches a maximum for levels located �1.0 eV above the metal
work function. These levels can be then interpreted as forming
an effective electron energy barrier, which is highly determined
by the injection kinetics. It has been recognized that metal–or-
ganic interfaces form structurally and chemically complex struc-
Same set of parameters as in Fig. 1.
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tures. Diffusion and chemical reaction can lead to the formation
of new metal–organic complexes with a different electronic
structure than that observed in the bulk of the organic film
[36]. The interfacial DOS characteristic energy kBT0 = 0.7 eV used
in the simulation appears larger than the value deduced from
purely bulk SCLC models (�0.1 eV). Other authors have discussed
on the effect of the interface dipoles on the electron-energy
distribution of the interface states with respect to the bulk
DOS. Interfacial dipoles have been regarded to induce a
broadening of 3–4 times the values encountered for bulk
Gaussian DOS [6]. The energy difference between the cathode
Fermi level and the LUMO levels used in the simulation was
Er

3 � EF0 ¼ 0:3 eV, which is a typical value and informs on the
LiF layer effect on improving electron injection by increasing
the dipole offset [37].

The asymmetry factors (transfer coefficients) [38] for electron
transfer were chosen as a1 = 1 and a2 = 0.065. In case of EF1 > E2

the first asymmetry factor reproduces transitions of the
Miller–Abrahams type [39]. When EF1 < E2 the back transition
from intermediate states down to the metal is energetically
favoured due to the positive overpotential as derived from Eqs.
(14) and (15). Since a2 � 0 the second transitions (2 M 3) are also
governed by a mechanism similar to that encountered for 1 M 2,
as one can see from Eqs. (17) and (18). It should be noted here
that strict Miller–Abrahams-type transitions derive from
hydrogenlike wave functions with spherical symmetry. It is then
not surprising that hopping transition at the interface deviate
from this simple form. The geometry of the Alq3 molecule, with
the three quinoline ligands pointing through different directions,
or the special morphology of the LiF buffer layer might lay
behind the values adopted for the asymmetry factors in the
simulation.

Influence of the hopping rates is observed in the simulated
capacitance spectra of Fig. 2, which result from Eqs. (29) and
(30) plus the geometrical capacitance. A net rate constant k023

for the second transitions from interfacial to bulk levels can be
defined by integration of Eqs. (22) and (23). The total DOS of
the bulk LUMO modifies the net rate as k023 ¼ k23NB. Since
k12 > k023 (k12 = 1 s�1, k023 ¼ 10�1 s�1) the effect of the interface
state depopulation appears at lower frequencies, which allows
the increment in the capacitance at intermediate frequencies re-
lated to the filling of interface states. Note here that the simula-
tion captures the essential features of the experimental curves.
For both experimental and simulated spectra, capacitance reaches
a maximum with respect to the geometrical capacitance that
slightly shifts toward high frequencies as the bias increases. In
the low-frequency region the negative capacitance is reproduced.
There is however slight differences between experimental and
simulation curves that we tentatively attribute to possible depen-
dences of the transition rate constants on the applied voltage. Po-
sitive values of the excess capacitance are previously proposed to
derive from filling of bulk trap states [20,23]. Therefore, bulk
models point to two different types of charge carriers to interpret
the capacitance measurements. Whereas DC = C � C0 < 0 occurs as
a consequence of reducing the amount of stored free carriers,
DC > 0 is believed to be related to the occupancy of traps. On
the contrary, our approach simplifies the picture by seeing the
evolution in the occupancy of interface states as responsible for
the whole capacitance spectra change with bias. It must be
stressed that some aspects remain unclear and need further work.
Particularly, the observed slow kinetics of the filling/releasing
process of interface states governing the carrier injection. This
observation suggests us that not only the interface energetics
plays a determining role in the injection process but also the
kinetics of occupancy may have great influence for device
modeling.
5. Conclusions

We have obtained a coherent picture about the processes
governing thin (<200 nm) Alq3 electron-only devices. Whereas
J–V characteristics exhibiting J / Vm behaviors might be
interpreted either in terms of SCLC models or interface-limited
injection, frequency-resolved techniques like impedance spec-
troscopy provide strong evidence which allows proper model
selection. The fact that the capacitance spectra do not show
the pattern predicted by SCLC theories leads us to see
interface-limited injection as the determining mechanism for
the device operation. Furthermore, negative values exhibited by
the capacitance at high bias and low frequencies are in agree-
ment with kinetic models of electron-injection through interme-
diate states. As a final conclusion we can say that deeper
knowledge of the physico-chemical characteristics of such inter-
face states and their relation to and influence of the dipole layer
appears to be crucial.
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