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I.    INTRODUCTION

Due to their application in electroluminescent devices, conjugated polymers
have been the subject of intense research over the decade. A typical polymer
light-emitting diode (PLED) consists of a thin layer of undoped conjugated
polymer, such as poly(phenylenevinylene) (PPV), sandwiched between two
electrodes on top of a glass substrate. As the anode a patterned indium-tin-
oxide (ITO) bottom electrode is used, whereas the cathode on top of the
polymer consists of an evaporated Ca electrode, as indicated in Figure 1.
Under forward bias electrons and holes are injected into the polymer from
the cathode and anode, respectively.

During the injection process, charge carriers have to surmount or tun-
nel through a contact barrier that arises from the band offset between the
polymer and the electrodes. For the ITO anode, which matches relatively
well with the highest occupied molecular orbitals of PPV, a low contact
barrier for hole injection of around 0.2 eV is expected [1]. For efficient
electron injection,  on the other hand,  low work function metals such as  Ca,
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Figure 1  Schematic band diagram of a polymer light-emitting diode (PLED) under
forward bias. Indicated are the three basic processes that govern the performance of
the PLED: injection, transport, and recombination. The conjugated polymer used in
this study is poly(dialkoxy p-phenylenevinylene), whereas ITO and Ca serve as the
anode and cathode, respectively.

which match up with lowest unoccupied molecular orbitals of PPV, must be
used. It is evident that control of the electrode-polymer interfaces is very
important with regard to the device performance of a PLED. The nature of
metal-polymer interfaces and their formation have been studied both ex-
perimentally and theoretically [2]. The understanding of the metal-polymer
interface is complicated by the occurrence of chemical interactions, which
depend on both the metal and the polymer involved; the cleanliness of the
materials; and the vacuum system used in the evaporation process [2]. How-
ever, in spite of these chemical interactions, measurements of the built-in
electrical field have demonstrated that the energy barriers at the electrode-
polymer interfaces still scale with the work functions of the electrodes [3].
Thus, the contact barrier for a given electrode-polymer combination is still a
relevant parameter for estimating the role of charge injection.

It is crucial for the understanding and optimization of polymer LEDs
to obtain an answer to the question of whether the device characteristics of
polymer LEDs are controlled by injection or transport. Experimentally, the
discrimination between charge injection and charge transport on the basis of
the device characteristics of a PLED has proven to be difficult. Initially,
from the absence of a thermally activated behavior as well as a highly non-
linear J-V characteristic at high electric fields, it has been suggested [4,5]
that the dependence of  J  on  V  resembles  that  of  Fowler-Nordheim (F-N)
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tunneling through a barrier. From the slope of the J-V characteristics in an
F-N plot [ln(J/E2) vs. E-1)], energy barriers of 0.1 and 0.2 eV were deduced
for the Ca/PPV and ITO/PPV interfaces, respectively [5]. However, quan-
titatively the currents predicted by the F-N theory for these low-energy bar-
riers exceed the experimentally observed currents by several orders of mag-
nitude. Furthermore, it has been demonstrated [6] that the hole currents in
our PPV-based PLEDs are determined by the bulk transport properties of the
PPV and not by charge injection.

II.    MODEL CALCULATION

As a first estimate of whether the current for a given polymer-electrode
combination will be injection or transport limited, the effect of an injection
barrier ϕb on the J-V characteristics of a PLED has been modeled [6].
However, a major problem for setting up such a model calculation is the fact
that the knowledge of the mechanisms of charge injection into conjugated
polymers is not nearly as comprehensive as for inorganic semiconductors
[7]. Therefore, let us first review the conventional charge injection
mechanisms and then discuss their application in case of a conjugated poly-
mer. First, we apply a bias V across a device with thickness L, which results
in a current density J. As a result of the injection of charges at x = 0, the
dependence of the electric field on the position x (between 0 and L) is given
by [8]:

(1)

with E(0) is the electric field at the contact, µ the charge carrier mobility,
and ε0εr the permittivity of the semiconductor. The second term in the right-
hand side of Eq. (1) takes into account the effect of space charge in the
device. For a device that is strongly contact limited, only a small number of
charge carriers are injected, which results in a low current. As a result,
E(0) >> 2JL/ε0εrµ and the electric field E(x) = E(0) = V/L is constant over
the device. For efficient charge injection E(0) ≤ JL/ε0εrµ and space-charge
effects have to be taken into account.

A.    Ohmic Contact

For an Ohmic contact, E(0) = 0 and the J-V behavior is directly given by
[9]:
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9 V2

J = – ε0εrµ — (2)
8 L3

This quadratic dependence of J on V is characteristic for the so-called space-
charge limited current (SCLC). In Figure 2 the calculated bulk SCLC is
shown (dashed line) for a device with L = 100 nm and µ = 10-10 m2/Vs,
which is typical for PPV.

B.    Contact Limited Current

The current density-voltage (J-V) characteristics for thermionic emission of
charge from a metallic electrode into an insulator are described by the
Richardson-Schottky equation [10]:

( )-qφb
J = A*T2 exp  —— (3)

kT

where A* is the Richardson constant (4πqm*k2/h3), T the temperature, and
ϕb the barrier height arising from the band offset between the insulator and
the electrode. The barrier height ϕb is lowered by the image force effect:

Figure 2  Calculated J-V characteristics (solid line) for a device with thickness L
= 100 nm, an injection barrier height ϕb0 = 0.35 V, a mobility µ = 10-10 m2/Vs, and a
dielectric constant εr = 3. For comparison, the bulk-limited SCLC [dashed line,
Eq. (5)], the diffusion-limited injection [dash-dotted line, Eqs. (2) and (3)], and the
Fowler-Nordheim current [dotted line], assuming F(x) = F(0) = V/L are included as
well.
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(4)

where E(0) is the electric field at the contact. It has been pointed out by
Simmons that this expression is invalid in case of an insulator with a low
carrier mobility [11]. For this special case, a large amount of charge will
build up at the contact such that back-diffusion from the insulator to the
metal will occur. In this diffusion limited regime the J-V characteristics are
given by [11]:

( )-qφb
J = qp(0)µE(0) = qNc exp —— µE(0) (5)

kT

where p(0) is the charge carrier density at the contact, µ the charge carrier
mobility, and Nc the effective density of states. For a given current J, Eqs.
(4) and (5) directly provide the boundary condition for the electric field E(0)
at the injecting contact. By integration over x using Eq. (1), the J-V char-
acteristic can be obtained for arbitrary ϕb0. However, the main result of Eq.
(5) is that in case of a low-mobility material it is very difficult to disentangle
contact-limited and bulk-limited processes. The charge-carrier density p(0)
depends on the injection process, whereas the mobility, which determines
the velocity of the charge carriers away from the contact, is a bulk property
of the semiconductor. Therefore, for conjugated polymers, which exhibit
extremely low mobilities as compared to conventional semiconductors [6],
it is expected that besides the injection process the mobility still plays an
important role in contact-limited devices.

In order to investigate the role of an injection barrier ϕb0 in a low
mobility material we have calculated the J-V characteristics using Eqs. (1),
(4), and (5) for a device with L = 100 nm, µ = 10-10 m2/Vs, ϕb0 = 0.35 V,
and εr = 3, as shown in Figure 2 (solid line). For comparison, the limiting
cases for an Ohmic contact [E(0) = 0], implying SCLC according to Eq. (2),
and diffusion-limited injection, Eqs. (4) and (5) with E(x) = E(0) = V/L, are
also given. At low bias (V < 5 V) the calculated current is approximately
equal to the diffusion-limited injection current, and at high bias (V > 15 V)
the current approaches the bulk SCLC current. This transition from contact-
limited current to bulk-limited current at high fields results from barrier
lowering [Eq. (4)], which then eliminates the role of the injection barrier.
Also plotted in Figure 2 is the result for F-N tunneling with E(0) = V/L. It is
clear that at low bias this injection mechanism is negligible with regard to
diffusion-limited injection, whereas at high bias space-charge effects
dominate the conduction. In general, it will depend on both ϕb0 and L
whether the conduction is injection  or  space-charge  limited.  By  repeating
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these calculations for various injection barriers ϕb0, it appears that for ϕb0

≤  0.2 V the J-V characteristics are given by Eq. (2) in the whole bias
regime. Thus, from this simple estimate we have obtained that an electrode
with an injection barrier of ≤0.2 V at the electrode-PPV interface is able to
supply the bulk SCLC. Similar conclusions have been drawn from model
calculations by Malliaras and Scott [12] and Campbell et al. [13] who re-
ported that bulk-dominated behavior in PLEDs is expected for contact bar-
riers lower than 0.3 eV or 0.4 eV, respectively.

From the first simple estimates described above it became clear that
the low charge carrier mobility of the PPV-based materials enhances the
occurrence of space-charge effects in a PLED. Consequently, knowledge
about the mobility is indispensable in disentangling the contributions from
the bulk (mobility) and the electrode (carrier density) to the contact-limited
currents in low-mobility materials. Thus, a systematic experimental study of
contact-limited currents in conjugated polymers requires the use of both
Ohmic contacts (for determination of the mobility) and blocking contacts
(for evaluation of the injection mechanism).

It should be noted that the equations used in the calculations for charge
injection so far have been derived for inorganic semiconductors with sharply
defined band edges. For organic semiconductors with an energy distribution
of localized states the injection mechanism is expected to be more compli-
cated [14,15]. Alternatively, a model of thermally assisted tunneling of car-
riers from the contact to localized states of the polymer has been formulated
[16]. This model has been further investigated by including energetic dis-
order and image force effects in a Monte Carlo simulation [14,17]. These
simulations indicate that in conjugated polymers an increase of J with V is
mainly due to the field dependence of the mobility as well as an additional
increase of the carrier density at the contact due to image force effects [17].
In a recent study by Arkhipov et al. [18], charge injection from metallic
electrodes into a random hopping system has been described. The mecha-
nism consists of injection from the Fermi level of the electrode into the tail
states of the distribution of hopping states of the disordered conductor, fol-
lowed by either a diffusive escape from the attractive image potential or
return to the electrode.

In the present study we use the conventional injection model [Eqs. (4)
and (5)] to analyze the experimental injection-limited currents in PPV. In
this approach the presence of localized states in the PPV is taken into ac-
count by the use of an empirical charge carrier mobility, which represents
the charge transport in a disordered hopping system. From the experiments
we then determine the field and temperature dependence of the metal-poly-
mer interface charge carrier density p(0).  The evaluation of  p(0) for various
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electrodes, fields, and temperatures then provides direct information about
the charge injection mechanism in PPV, which is the subject of this study.

III.   EXPERIMENTAL

The J-V characteristics of holes in PPV are investigated in both the bulk and
contact-limited regime using various hole-injecting electrodes. The devices
under investigation consist of a single polymer layer sandwiched between
two electrodes on top of a glass substrate. The polymer is a soluble
poly(dialkoxy p-phenylenevinylene) [6] that is spin coated on top of a pat-
terned ITO electrode. As a top electrode we use evaporated Au, Ag, Al, and
Cu contacts. From cyclovoltametric experiments it has been shown that the
hole transport states of our PPV are located approximately 5.3 eV below the
vacuum level (0 eV). From electroabsorption measurements on poly[2-
methoxy,5-(2´-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV), which
is very similar to our PPV, an energy of -5.35 eV has been obtained [19].
The work function of our ITO amounts to 4.8 eV, from which a contact
barrier for hole injection of about 0.5 eV is expected. Figure 3 schematically
shows a band diagram indicating the work functions of the various electrodes

Figure 3   Band diagram indicating the work functions of the electrodes used in
this study. Under forward (+) bias, holes are injected from the ITO and ITO*
electrode; for negative bias (-), holes are injected from the evaporated Al, Ag, Cu,
and Au electrodes, respectively. As a result of the large energy barriers with regard
to the conduction band, electron injected can be neglected.
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Figure 4   Contact potential difference (CPD) between the ITO and an Au reference
electrode vs. time without (dashed line) and after UV/ozone cleaning of the ITO
(solid line).

used in this study with regard to the transport states of PPV. By using a
UV/O3 or an O2 plasma cleaning treatment the work function of ITO can be
increased [20,21] by up to 0.8-0.9 eV, as shown in Figure 4. These mea-
surements have been performed using a Kelvin probe in a clean-room en-
vironment. The oxidation of the ITO surface is responsible for the observed
work function increase [20] and such a well-cleaned ITO contact is hereafter
denoted as ITO*. An additional difficulty when studying hole injection from
evaporated metallic contacts into conjugated polymers is that some metals,
such as Ca and Al, chemically interact with the polymer [22-24], which may
complicate the charge injection process. However, noble metals deposited
on organic conductors form abrupt unreacted interfaces [25]. The J-V
measurements are performed in a nitrogen atmosphere in the temperature
range 200-300 K. For a positive bias the holes are injected from the bottom
ITO or ITO* electrode, whereas a negative bias implies hole injection from
the evaporated metal electrode. Furthermore, in the measured voltage range
there is no light emission from the devices, indicating that the devices can be
regarded as hole-only devices.

A.    Ohmic Contact

For a well-cleaned ITO* contact it has been demonstrated that the J-V
characteristics are (bulk) limited by space-charge effects [6]. This observa-
tion demonstrates that for an ITO* contact on PPV the hole current is com-
pletely governed by the  bulk  conduction  and  not  by  charge  injection.  In
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Figure 5 the J-V characteristics for holes injected from the ITO* contact
into the PPV are shown at various temperatures. The occurrence of SCLC
in our ITO*/PPV devices enables us to directly obtain the E and T depen-
dence of the hole mobility in PPV [26], given by:

µp(E, T) = µ0(T)exp(γ√E) (6)
with

( )∆
µ0(T) = µ0 exp - —– (7)

kBT

and
1 1

γ = B     —– - —— (8)
k0T k0T0

with ∆ = 0.50 eV, B = 3.1 × 10-5 eV (V/m)-1/2, T0 = 420 K, and µ0 = 1.0
× 10-2 m2/Vs. The corresponding calculated SCL J-V characteristics are also
shown in Figure 5. This functional form of the field E and temperature T
dependence of the carrier mobility [Eq. (6)] is an intriguing feature of
disordered organic semiconductors. The stretched exponential form has first
been observed for poly(N-vinylcarbazole) by  Gill  in  1972 [27].  Numerous

Figure 5  Forward hole current density J vs. voltage V of an Ohmic ITO* contact
using a ITO*/PPV/Cu hole-only device with thickness L = 300 nm at various tem-
peratures. The calculated J-V characteristics for positive bias following the SCLC
model, using the field-dependent mobility [Eqs. (6)-(8)] are plotted as solid lines.

 ( )
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experimental studies on molecularly doped polymers, pendant group poly-
mers, and amorphous molecular glasses have revealed a similar behavior
[28-30].

A quantitative microscopic interpretation of this ubiquitous mobility
requires a model for the charge transport in these materials. Charge transport
in disordered organic conductors is thought to proceed by means of hopping
in a Gaussian site-energy distribution. This density of states (DOS) reflects
the energetic spread in the charge transporting levels of chain segments due
to fluctuation in conjugation lengths and structural disorder. Bässler and
coworkers [31,32] have performed numerical simulations of charge
transport in a regular array of hopping sites with a Gaussian distribution of
site energies. In this Gaussian disorder model (GDM), the following
functional dependence of µ has been proposed [31]:

2σ 2 σ 2

µGDM = µ∞ exp - —— + C —— - 2.25 √E (9)
3kBT kBT

with µ∞ the mobility in the limit T → ∞, σ the width of the Gaussian DOS,
and C a constant (depending on, say, the site spacing). Thus, the phenom-
enological parameters ∆ and γ [Eq. (6)] may be related to the microscopic
material parameter σ. Applying Eq. (9) to the zero-field mobility of our
PPV, as shown in Figure 6,  yields  for  the  width  of  the  Gaussian  DOS  a

Figure 6   Zero-field mobility µ0(T) vs. 1/T2 (symbols) as obtained from the J-V
characteristics of the ITO* contact. From a comparison with the Gaussian disorder
model [Eq. (9)], a width of the DOS of 0.1 eV is obtained (solid line).

[ ( ) (( ) ) ]



Contact-Limited Hole Current in PPV 515

value of σ = 0.11 eV. The GDM simulations reproduced the µ ∝ exp(√E)
law only at relatively high fields (108 V/m). At low fields, agreement with
experiments could be improved by taking into account spatial correlations
between the energies of neighboring sites [33]. In an analytical one-dimen-
sional model the form of the empirical mobility, as defined by Eqs. (6)-(8),
has been attributed to energy correlations associated with charge-dipole
interactions [34], which has been confirmed by simulations for three dimen-
sions [35]. The modification of Eq. (9) by incorporation of correlation effects
only slightly (<10%) affects the value of σ as obtained from the zero-field
mobilities in Figure 6. In a recent model using an inhomogeneity in structure
instead of energy correlations [36], the stretched exponential behavior of the
mobility has been reproduced in a broad field and temperature range. Here
the characteristic field dependence in conjunction with the Gaussian DOS
directly follows from the topology of the inhomogeneous structure. The
question of which mechanisms are responsible for the ubiquitously observed
mobility is a subject of ongoing research.

B.    Contact-Limited Hole Currents

In the previous section it has been demonstrated that in the bulk-limited
regime the hole conduction in PPV is consistently described by a combi-
nation of space-charge effects and  a  field-dependent  mobility.  In  Figure  7

Figure 7  Experimental (symbols) and calculated (solid lines) J-V characteristics
at T = 295 K of ITO(*)/PPV/M hole-only devices with thickness L = 300 nm using
M = Al, Ag, Cu, and Au as top electrodes.
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the J-V characteristics of various devices are shown at T = 295 K with a
thickness of the PPV film L = 300 nm. In forward bias a large difference is
observed between the bulk SCLC of the cleaned ITO* and the current of the
uncleaned ITO, which is therefore contact limited. In reverse also a
reduction with regard to the SCLC is observed for hole injection from the
evaporated metal electrodes. The amount of reduction is larger for lower
work function electrodes, as expected from the energy level diagram shown
in Figure 3.

In order to further investigate the injection mechanism we compare
the E and T dependence of the contact-limited currents with the bulk SCLC,
as shown in Figure 8 for an ITO*/PPV/Cu device. With the hole mobility
µP(E, T) known, the hole density p(0) at the polymer-electrode interface can
be directly determined from the contact-limited currents (Au, Al, Ag, Cu,
and ITO) using Eq. (5) with E(0) = V/L, where we have neglected the
influence of space charge. In Figure 9 the E and T dependence of p(0) is
shown for the various electrodes. Remarkably, p(0) is independent of E and
T for Al, Ag, Cu, and ITO electrodes. Thus, the contact-limited J-V char-
acteristics are simply described by an Ohmic-like current [Eq. (5) with  E(0)

Figure 8   Current density J vs. voltage V of an ITO*/PPV/Cu hole-only device
with thickness L = 300 nm for various temperatures. The calculated J-V character-
istics for positive bias following the SCLC model using the field-dependent mobility
[Eqs. (6)-(8)] are plotted as solid lines. For negative bias, the Ohmic-like J-V
characteristics are plotted (solid lines) using a field- and temperature-independent
hole density p(0) = 6 × 1018 m-3.
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Figure 9   Hole density at the interface p(0) as a function of the applied voltage
for various temperatures as determined from the contact-limited currents using Eqs.
(1) and (2) with E(0) = V/L for the various electrodes. The hole density p(0) amounts
to 1.5 × 1016 m-3 for Al, 4.0 × 1017 m-3 for Ag, 6 × 1018 m-3 for Cu, and 2.0 ×
1020 m-3 for uncleaned ITO. For ITO* and Au, p(0) exhibits a linear voltage de-
pendence due to space-charge effects.

= V/L] with a field-dependent mobility [Eqs. (6)-(8)] and a constant hole
density. This is exemplified for the Cu electrode in Figure 8 by the solid
lines for negative bias using a hole density p(0) = 6 × 1018 m-3. Applying
Eq. (5) to the bulk SCLC for ITO*, a linear dependence of p(0) on V is
observed, as expected for an SCLC where the approximation E(x) = V/L no
longer holds. The similar bias dependence for the Au electrode indicates that
here space-charge effects are equally important. Space-charge effects can be
taken into account by combining Eqs. (5) and (6) with the Poisson equation
[26]. Then for the Au electrode, p(0) = 1 × 1022 m-3 is obtained, independent
of E and T. In case of the ITO* electrode, the calculated J-V characteristics
are, as expected for bulk-limited conduction, independent of the charge car-
rier density at the interface as long as p(0) > 4 × 1023 m-3. The experi-
mentally obtained values for p(0) are plotted in Figure 10 against the work
function φM for the various electrodes. It appears that p(0) varies exponen-
tially with ϕM. The observed dependence of p(0) on φM and its independence
of E and T are the main results of our study.

It should be noted that an exponential behavior of p(0) with ϕM is also
expected for the conventional thermionic injection  model,  in  which  p(0) =
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Figure 10  Experimental interface hole density p(0) (dots) as a function of the
electrode work function. By assuming an exponential distribution of localized states
with a typical width kTt (Tt = 800 K), Eqs. (10) and (11) give a direct relation
between p(0) and ϕM (solid line, T = 300 K; dashed line, T = 200 K), which provides
the boundary condition for hole conduction in PPV for an arbitrary electrode.

Nv exp(-e(ϕM - ϕPPV)/kT) with Nv the effective density of states in the
valence band. However, the observation of an E- and T-independent p(0) is
in strong contrast to the thermionic emission model wherein a thermally
activated behavior due to the energy barrier and an additional field depen-
dence as a result of the image force effect is expected.

IV.    DISCUSSION

In order to interpret our results various additional aspects should be taken
into account: First, the charge transport in a disordered organic semicon-
ductor is governed by hopping in a distribution of localized states (DOS),
rather than extended state transport [16-18,31]. Furthermore, the values ob-
tained for p(0) at the various contacts represent the magnitude of the hole
density at the electrode-polymer interface but do not provide information
about the charge carrier density inside the device. Let us start with the energy
level diagram for a disordered semiconductor sandwiched between two iden-
tical electrodes, as shown in Figure 11. After alignment of the Fermi level
the tail of the Gaussian distribution is filled with charge carriers up to the
work function of the electrode. For an undoped  semiconductor  with  a  large
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Figure 11   Schematic energy diagram for a disordered semiconductor with a dis-
tribution of localized states (DOS), sandwiched between two identical electrodes.
The open circles represent the localized states occupied by a hole in order to line up
the Fermi level at the interface.

band gap, which is the case for PPV, this gives rise to an accumulation
region of injected charge at the contact [37]. For very thin films, as in the
present study, the accumulation regions of the opposing contacts overlap,
and all the charge in the bulk is of extrinsic nature. When the amount of
transferred charge required for this alignment is small, band bending effects
can be neglected. After application of a bias these extrinsic charge carriers
provide an Ohmic-like current. As stated above, the mobility represented by
Eqs. (6)-(8) reflects the hopping conduction in such a Gaussian distribution
of localized states [31]. For our PPV, the width of the distribution of local-
ized states amounts to 0.11 eV. In such a situation, the number of extrinsic
charge carriers in the device would be determined by the work function of
the electrodes.

Let us compare the distribution of localized states in the bulk of the
PPV with the observed dependence of the interface charge p(0) against ϕM.
The observed dependence of p(0) against ϕM suggests that the tail of the
density of localized states at the interface N(ξ) can be approximated by an
exponential,
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( )Nt ξ
N(ξ) = —– exp - —– (10)

kTt KTt

where ξ is the energy distance with regard to ϕPPV, Nt the density of tail
states, and kTt an energy characterizing the width of the tail. The carrier
density p(0) at the electrode-PPV interface is now calculated using the
Fermi-Dirac distribution:

(11)

In Eq. (11) we have assumed that the position of the Fermi level at the
interface is solely determined by the work function of the metal ϕM. Agree-
ment with experiment is obtained for Tt = 800 K and Nt = 4 × 1023 m-3, as
shown in Figure 10 (solid line). For this characteristic distribution, the
change in p(0) when going from 300 to 200 K only amounts to about 15%,
as shown in Figure 10 by the dashed line, which is within our experimental
resolution. In Figure 12 the intrinsic Gaussian distribution of localized states

Figure 12   Density of localized states at the interface (solid line) compared to the
intrinsic Gaussian DOS (dashed line) arising from energetic disorder in the PPV. For
the Gaussian DOS G(ξ), defined as Nsite/(√(2π)σ)·exp(-0.5(ξ/σ)2) where ξ = 0
corresponds to the energy levels of the transport states of the PPV, a total site density
Nsite of 2.5 × 1025 m-3 has been used [6]. It appears that the interface states act as a
broadened tail of the intrinisic Gaussian DOS.
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is shown together with the DOS at the interface. At low temperature the
interface DOS can be approximated by p(0)/kTt. It appears that the experi-
mentally observed distribution of interface states acts as a broad exponential
tail which clearly differs from the intrinsic Gaussian distribution of localized
states due to energetic disorder in the PPV [31]. Since we only probe the
DOS at the metal-polymer interface, this additional tail may be attributed to
interactions between the polymer and the metal electrode.

With regard to the charge injection mechanism in our electrode-PPV
system, the experimental results strongly indicate that the exponential tail of
localized states at the electrode-PPV interface acts as a charge carrier
reservoir from which holes are injected into the PPV, analogous to an Ohmic
contact where the charge carriers in the metal act as the reservoir, as sche-
matically indicated in Figure 13. As a result, the strongly contact-limited
hole currents in PPV show Ohmic-like J-V characteristics, in which the hole
density is determined by the electrode work function and the density of
localized states at the electrode-PPV interface. Furthermore, since the
energy distribution of these localized states is large compared to kT, the
carrier density in the reservoir only shows a weak T dependence. The com-
plete set of our experimental J-V characteristics can now be modeled using
Eqs. (5)-(8) and the Poisson equation, which describe the bulk transport,
together with Eqs. (10) and (11), which provide the boundary condition
relating p(0)  to ϕM.  The  calculated  results  for  the  various  electrodes  are

Figure 13   Schematic representation of the hole injection mechanism for the con-
tact-limited hole devices of our study: holes are injected from the interface states,
which act as a reservoir for charge injection, into the transport states of PPV.
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shown in Figure 7 (solid lines), where we have used the metal work func-
tions shown in Figure 3 as input parameters. It is demonstrated that this
model provides an excellent description of the experimental J-V character-
istics of holes in PPV as a function of voltage, temperature, and electrode
work function. Thus, our model for transport of holes in PPV consistently
describes both the space-charge-limited regime and the contact-limited re-
gime as well as the transition between them. Recently, an alternative model,
which includes an image force potential and small polaron hopping, has been
proposed [38] as an explanation of our data shown in Figure 7.

It should be noted that the occurrence of an exponential distribution of
interface states has also been observed in Schottky diodes made of inorganic
semiconductors. The current-voltage characteristics of Au/GaAs, Cr/Si,
Ni/Si, and Au/Si [39-41] exhibited a so-called T0 anomaly: explanation of
the experimental data required the addition of a constant temperature T0 to
the absolute temperature in the significant exponential part of the
characteristic. From model calculations by Levine [42,43], it appeared that
this T0 anomaly defined by exponential surface-state energy distribution with
a width that was related to the value of T0. The broadened exponential tail of
states at the interface indicates that these states are of extrinsic origin and as
a result might be sensitive to the deposition conditions. In a recent study by
Ioannidis et al. [44], it was demonstrated that the injection efficiency of Au
contacts into a molecular doped polymer evolved from blocking to Ohmic
over time. This evolution of charge injection has been attributed [44] to two
main processes with time constants of a few hours and 1 month,
respectively. The short process is consistent with an electronic reconfigura-
tion of the molecules at the surface, which enhances interfacial charge trans-
fer between the metal and the molecular material. The slow process might
then arise from a polymer surface repair process. The observed evolution of
injection and enhanced interfacial charge transfer might correspond to the
formation and filling of interface states, as observed in our measurements.
The question of how this exponential distribution of interface states depends
on the processing conditions of the metal-polymer interface will be the
subject of a further study.

V.    SUMMARY

In conclusion, we have demonstrated that strongly contact-limited hole cur-
rents in PPV show Ohmic J-V characteristics. The hole density resulting
from these J-V characteristics indicates that an exponential tail of localized
states is formed at the polymer-electrode interface. The hole density at the
electrode-polymer interface is then determined by the  work  function  of  the
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electrode and the density of localized states at the interface. The question of
whether such a tail of localized interface states is a general feature for
evaporated metal contacts on conducting polymers will require more ex-
perimental data with a variation of both fabrication conditions and materials.
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