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Abstract

The influence of different substrates used for the fabrication of poly(p-phenylene vinylene) (PPV) light-emitting devices on the device
characteristics is investigated with different experimental techniques, like current-voltage, brightness—voltage and capacitance~voltage
measurements. Using thermally stimulated currents we determine the energetic depth and density of states created by doping of PPV during
device fabrication. In devices prepared on indium—tin oxide (ITO) substrates doping with InCl; leads to states with a depth of about 0.15 eV
and an ionized acceptor concentration in excess of 10'® cm ™%, These carriers are mobile and form a depletion layer of width 120 nm when a
metal with low work function, like Al is used as cathode. This doping is responsible for the observed Schottky diode behaviour in PPV
devices on ITO. With fluorine-doped tin dioxide as transparent hole-injecting contact, trap energies increase slightly to 0.2 eV and the ionized
acceptor concentration is lowered by a factor of five. The lower doping concentration leads to an increase of the depletion layer width to about
270 nm and thickness-dependent device characteristics. For PPV converted on gold no doping is detectable with capacitance-voltage
measurements and thermally stimulated currents. Photoluminescence measurements show a significant quenching of fluorescence in PPV
converted on ITO. We regard this as an important limiting factor for single and heterolayer devices with PPV as emissive material. © 1997
Elsevier Science S.A.
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1. Imntroduction

Doping of conjugated polymers with the aim of replacing
metals and the fabrication of organic electronic devices (e.g.
diodes and transistors) was an important research area in the
1980s [1]. The discovery of electroluminescence (EL) in
poly{p-phenylene vinylene) (PPV) by the Cambridge group
in 1990 triggered intense research for optoelectronic devices
based on conjugated polymers, combining the charge trans-
port capabilities with optical properties like strong fluores-
cence in the visible [2]. Due to its good processability and
high thermal stability PPV is still one of the most attractive
materials for polymer light-emitting devices (LEDs) [3].

In many cases, the description of organic EL devices based
on the concept of work functions, where the barriers for the
injection of charge carriers are simply given by the difference
of the metal work function and the energy levels (HOMO
and LUMO) of the organic material, is not satisfactory. The
presence of interfaces, e.g. formed by chemical reactions of
the polymer with the electrodes, can influence the device
characteristics significantly even in a simple single-layer
device. Additionally, the assumption of a homogeneous volt-
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age drop over the device is no longer valid in the presence of
mobile carriers created by chemical doping. Instead of rigid
bands one has to take into account band bending, which leads
to a spatially non-uniform electric field distribution.

PPV prepared by the precursor route is particularly sub-
jected to doping reactions since the thermal conversion of the
precursor polymer to PPV is performed directly on the anode
used for hole injection in LEDs. So, additionally to the known
doping processes of conjugated polymers [1], there is the
possibility of chemical reactions of the precursor polymer’s
leaving groups with the substrate, which can have strong
influence on the electrical and optical properties of the
devices. It is known from earlier investigations that the elec-
trical conductivity of PPV prepared by the precursor route
changes by several orders of magnitude when doped with
electron acceptors [4]. Already the exposure to air increases
the conductivity of pristine PPV films within seconds from
10~ "% to more than 10~ (Q cm) ™' at room temperature.
PPV prepared on an indium-tin oxide (ITO) substrate, a
technique widely used for the preparation of polymer light-
emitting devices, gives rise to an additional oxidation process
through the reaction of indium (or more likely indium oxide)
with the HCl leaving group during the thermal conversion of
the precursor to the conjugated PPV. This doping reaction
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has been proven by depth profiling of ITO/PPV/AI devices
with secondary ion mass spectrometry (SIMS), where
enhanced Cl and In count rates were found throughout the
whole PPV layer [5]. With scanning electron microscopy
(SEM) using energy-dispersive X-ray analysis (EDX) the
formation of InCl; has been detected at the ITO/PPV inter-
face {6]. Since InCl; is known as an oxidizing agent, we
believe that this compound is responsible for doping of PPV
in the same way as has been shown earlier for FeCl; [7]. In
ITO/PPV/metal LEDs this doping leads to both the forma-
tion of a Schottky barrier at the PPV /metal interface in the
case of low work function metals, like Ca and Al, and an
ohmic contact with good hole-injecting properties at the ITO/
PPV interface. The existence of a Schottky contact in ITO/
PPV/metal devices has been demonstrated by several
experiments, e.g. photovoltaic experiments [8], photolumi-
nescence (PL) quenching in an electric field {9], impedance
spectroscopy [8,10,117 or X-ray photoelectron spectroscopy
(XPS) measurements [ 12].

In this paper we will address the influence of different
substrate materials on the electrical characteristics of PPV
devices. Additionally we determine the concentration and
energetic depth of dopants in PPV and discuss the conse-
quences for PPV-based LED:s.

2. Experimental results and discussion

2.1. Current-voltage characteristics and
electroluminescence

In Fig. | we compare current-voltage (/~V) and bright-
ness—voltage characteristics of PPV devices fabricated on
different anode materials (ITO, fluorine-doped tin dioxide
(FTO) and gold (Au) ). The PPV film thickness was about
450 nm and the active device area 0.25 cm?. Except for the
substrate, all devices were prepared as identical as possible;
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Fig. 1. J-V characteristics and light output of PPV devices fabricated on
different substrate materials. The PPV thickness of all devices was about
450 nm and the active device area 0.25 cm?, The flat line with a light intensity
of 8% 1077 mW is the detection limit of our setup.

especially the evaporation of the Al cathode was performed
simultaneously.

The -V characteristics of ITO/PPV devices have been
analysed in detail recently [ 10,131; therefore, we only want
to point out the significant differences to the other anode
materials. The most striking difference among the three
devices is the strong variation of the current in forward direc-
tion (Al biased negatively). All devices show rectification;
however, the rectification ratio p, at 5 V varies from almost
10° for ITO to only 107 for Au. The difference in current in
reverse direction is less than two orders of magnitude.

In previous work by our group it has been shown that ITO/
PPV /metal devices with low work function metals like Ca
or Al are well described by a Schottky diocde model, where
the current is carried predominantly by holes and determined
by a Schottky barrier at the PPV/metal interface [10,13].
The ITO/PPV contact is regarded as an ohmic contact with
negligible injection barrier. Taking into account a serial resis-
tance Rg of the PPV bulk, which is considerably larger than
in conventional semiconductor Schottky diodes, the /-V char-
acteristics in forward direction can be described well by the
modified Shockley equation [ 14]:

V—IR
s [ expf L2 | ()

where n is the ideality factor and js the saturation current
density.

The application of the model to the devices investigated
here is meaningful for ITO and FTO as anode material. The
exponential rise of the /-V characteristics immediately above
1 V and also the flattening at higher voltage can be well
described within this model. Above 5V, space charge limited
currents lead to deviations from this description, which will
not be discussed here. For Au it is questionable to use the
Shockley equation since the exponential rise above 1 V is
almost completely suppressed. In this case, however, one can
get at least information about the bulk resistance of PPV.

We have fitted the I~V characteristics of the three devices
with the modified Shockley Eq. (1) between 1 and 5 V in
forward direction. The resulting parameters are listed in
Table 1. The important parameter in this context is the PPV
bulk resistance Ry which varies over five orders of magnitude:
4% 107 Q for ITO, 1.5X 10* Q for FTO and 7.1 X 107 Q for
Au. Taking the device geometry as given above, one can
calculate the conductivity of the PPV bulk for the respective
anode material. One yields values of 4.5X 107 (2 cm) ™!

Table 1
Device parameters * obtained from current—voltage characteristics shown in
Fig. | by fitting the modified Shockley Eq. (1)

js (Aem™?) i Ry (1)
ITO 2.1x 1073 2.5 4% 107
FTO 19X 107 2.5 L5x 10
Au 1.4x107%7 2.8 7.1x 107

* js: saturation current density, »: ideality factor, Rg: PPV bulk resistance.



for ITO, 1.2X 1073 (Q em) ™! for FTO and 2.5X 1072
(Q em) ' for Au. This is not necessarily the ohmic conduc-
tivity of the material, since the device is in the carrier injection
regime and not in thermodynamic equilibrium. The data for
Au are in good agreement with published d.c. conductivity
measurements performed on free-standing PPV films [15];
thus, for the other materials the calculation should at least
give an estimate of the order of magnitude. The drastic change
in conductivity from Au to ITO is clear evidence that the
fabrication of PPV devices on ITO substrates leads to doping
of the polymer. With FTO as anode material, which is
expected to be chemically more inert, the degree of doping
must be less compared to ITO.

The open symbols in Fig. 1 show the EL light output of
the three devices measured simultaneously with the [~V char-
acteristics. For ITO we observe EL for a bias voltage V>3
V., the FTO device has an onset voltage of about 7.5 V., and
for the Au device no EL is detectable for voltages up to 25 V
at this thickness.

In previous work we have shown that the onset voltage for
ITO/PPV devices with Ca or Al as cathode can be as low as
1.5 V and it is essentially independent of the PPV thickness
between 200 and 800 nm [10.13]. For FTO devices we
observe a strong thickness dependence of the onset voltage,
but not a linear relationship. which indicates that carrierinjec-
tion is not simply governed by the electric field.

2.2. Capacitance-voltage spectroscopy

More quantitative information about doping concentration
in these devices can be obtained from capacitance-voltage
spectroscopy. Fig. 2 shows the bias-voltage-dependent
capacitance of the three devices. For ITO devices we observe
astrong voltage dependence caused by mobile charge carriers
in the material. The capacitance peaks at about 1.3 V, which
is equivalent to the diffusion voltage of the Schottky barrier,
necessary to obtain flat band condition. In the case of FTO
the variation of the capacitance with bias is much smaller,
suggesting a lower concentration of mobile carriers. In Au

T T T T T T T T T T

capacitance / nF

0.0 s ! ) L " 1 . 1 I I
-5 -4 -3 -2 -1 0 1 2 3

voltage / V
Fig. 2. Capacitance-voltage dependence of PPV devices fabricated on dif-
ferent substrate materials. Devices were taken from the same batch as in
Fig. 1.
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devices the capacitance is virtually voltage independent and
equivalent to the geometrical capacitance of a PPV film with
a dielectric constant of €= 3.

Assuming an abrupt junction, the bias-dependent capaci-
tance and depletion layer width of a Schottky junction are
given by [14]

172
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where N, is the ionized acceptor concentration and V), the
diffusion voltage. Thus, a linear plot of 1/C;? versus voltage
in reverse direction should give a straight line with a slope
proportional to N,™ .

The data of Fig. 2 have been evaluated with Egs. (2) yield-
ing parameters listed in Table 2. The data clearly show that
the concentration of ionized dopants in the three devices
decreases by a factor of five from ITO to FTO and at least by
another factor of five from FTO to Au. Thus, the width of the
depletion layer at zero bias calculated within this model
increases from 120 nm for ITO to 270 nm for FTO, which is
already more than half the device thickness (450 nm). There-
fore, it is reasonable that with FTO substrates the device
characteristics are no longer thickness independent for a PPV
thickness between 200 and 800 nm (as is the case with ITO).
Additionally, the FTO device has a larger bulk resistance,
which also causes a considerably higher voltage drop at the
PPV bulk, and the injection barrier for holes is also probably
larger.

2.3. Thermally stimulated currents

In order to get more information about the dopant species
and the influence on charge transport in PPV, we have per-
formed thermally stimulated current (TSC) measurements,
which is a classical method for the determination of the ener-
getic depth and density of trap states in inorganic semicon-
ductors as well as organic materials [16,17]. In the
experiment the sample is cooled to an initial temperature of
about 10 K. At this temperature the traps are filled by applying
current for a certain period of time. Finally, while the sample
is heated up to room temperature at a constant heating rate of
several K min~"' the discharge current without bias (short-
circuit operation) is recorded as a function of temperature.
When charge carriers are thermally detrapped, peaks in the
TSC spectra occur. From the position and form of these TSC
maxima the energetic depth and the concentration of trap
states can be determined. In this contribution we discuss the
results obtained on PPV LEDs only briefly; a detailed survey
will be given in a forthcoming paper [ 18].

Fig. 3 shows a comparison of TSC spectra of ITO/PPV/
Al and Au/PPV/AI devices in the temperature range from
10 to 200 K. Both samples had a PPV layer thickness of about
600 nm and the trap filling was performed identically, passing
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Table 2
Device parameters > obtained from capacitance-voltage measurements
shown in Fig. 2 by using Eqgs. {2)

Ny (em™) Vp (V) w {nm)
iITC 2.3x10% 1.3 120
FTO 5% 104 1.1 270
Au <10%

* N,: lonized acceptor concentration, Vi,: diffusion voltage, w: depletion
layer width at zero bias.
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Fig. 3. Thermally stimulated currents of PPV devices fabricated on ITQO and
Au substrates. The PPV thickness of both devices was about 600 nm and
the active device area 0.25 cm?,

acurrent of 10 wA at 10 K for 5 min through the device. The
curves were recorded at a heating rate of about 5 K min™",
While there is no TSC signal detectable within our experi-
mental resolution (107 '* A) when Au is used as anode, the
sample with ITO clearly shows a peak at about 128 K. Thus,
the elimination of PPV on ITO substrates creates at least one
trap state detectable with TSC,

A current peak in the TSC spectrum for a trap species with
discrete energy £, {relative to the valence band for a hole
conductor) is of the following form [17]:

T
I(T)dexp[—f—;_—afﬁexp(—ki]:,) dT’] (3)
Ty

Following a method proposed by Cowell and Woods [19]
the integral can be approximated by the first term of a series
expansion, leading to an analytical expression for I(7). «
and B are parameters depending on the retrapping kinetics
and the attempt-to-escape frequency, which are not known
for PPV. Nevertheless, the formula can be used for determin-
ing the trap energy E.. The released charge is obtained by
integrating the TSC spectrum over time. With the sample
geometry this then gives the density of released carriers.

The TSC spectrum for ITO shown in Fig. 3 has been eval-
uated assuming one discrete trap energy. From the fit shown
in the figure a trap depth of £,=0.18 eV is obtained. There
are deviations at the bottom of the peak, which can be attrib-
uted to either a distribution of trap energies or, more likely,

to a second broader peak superimposed. For the latter case
we have obtained a second trap energy of about 0.05 eV by
fitting the experimental data with a superposition of two TSC
peaks. The integral of the curve yields a trap density of
N,=10'® cm ™2, For the FTO substrate (not shown in Fig. 3)
we find qualitatively similar results with one major peak at
165 K with £,~=0.2 eV and a second smaller peak at 100 K
with £,~0.02 eV. The total trap density of the two peaks is
with the same trap filling conditions about a factor of three
lower than with ITO. The trap densities obtained by TSC are
in good agreement with the ionized acceptor concentrations
obtained from capacitance—voltage analysis givenin Table 2.
Thus, we can clearly identify the doping of PPV on ITO (and
less effective on FTO) as the origin of shallow traps with
energies Jower than 0.2 eV.

In the temperature range above 200 K we find additional
TSC peaks independent of the substrate used. The depth of
these trap species is between 0.6 and 0.9 eV, Their density
can be reduced by applying vacuum to the devices or
increased by exposure to oxygen, indicating a reversible dop-
ing process by oxygen, which could be assigned to the obser-
vations in d.c. conductivity measurements as described in
Section 1 [4]. A detailed investigation of these peaks is in
preparation [ 18].

2.4. Implications for light-emitting devices

For efficient organic EL devices a series of different phys-
ical processes have to be optimized: injection and transport
of carriers of both polarity, formation of excitons and their
radiative recombination. Our investigations show that PPV
converted on ITO is a well-suited material for efficient injec-
tion of holes, although from the concept of work functions
there should be a considerable barrier between ITO ( @=4.3
¢V) and the ionization potential of PPV (/p=35.0eV). How-
ever, the doping reaction by InCl; formed during thermal
conversion leads to a highly p-doped interface region, which
can be regarded as an ohmic contact — in analogy to inor-
ganic semiconductor devices. The hole mobilities in PPV
derived from space charge limited currents in excess of 103
cm?® V™ !'s ™ 'are also acceptable for many device applications
[10,13]. Doping of the PPV bulk leads to the formation of a
Schottky contact with low work function cathode materials.
With its spatially inhomogenous field distribution this contact
enables electron injection at low voltages. Additionally, it is
responsible for device characteristics almost independent of
the PPV bulk thickness. Thus, leakage currents in these
devices caused by considerable surface roughness of the sub-
strate materials (typically 10 to 50 nm) or by dust particles
can be overcome by using larger film thicknesses.

The most important drawback of ITO/PPV devices is their
low EL quantum efficiency of 0.01% (external) or less,
depending on the cathode material, which is a consequence
of the large excess hole current in the Schottky diode as a
majority carrier device. It has been shown that charge balance
can be improved considerably by using a second organic layer
with hole-blocking and electron-conducting properties
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Comparison of ITO/PPV single-layer and heterolayer LEDs with a starburst oxadiazole [24] and Alg, as electron transport layer and a Mg:Ag ( 10:1) cathode *

ViV) L{cdm™?) Nexe (%) o (ImW™h)
ITO/PPV/Mg:Ag 10 30 0.005 0.003
ITO/PPV/Oxd/Mg:Ag 15-20 500 0.1 0.025
ITO/PPV/Algy/Mg:Ag 15-20 2500 05 0.25

* Layer thickness: PPV 100 nm, oxadiazole 30 nm. Alq; 50 nm. Mg:Ag 100 nm; V: operating voltage, L: radiance, 7,,,: external quantur efficiency, 7,: power

efficiency.
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Fig. 4. PL spectra of PPV films (with a thickness of 600 nm) converted on
ITO and glass. Films were pulled off the substrate after conversion and
spectra were taken from both sides of the {ilm. All spectra are scaled with
the same factor.

[20.21] or in metal/insulator/polymer structures with an
additional interfacial oxide layer [22]. With our devices we
have found that the usage of oxadiazole polymers and star-
burst molecules increases the external quantum efficiency to
about 0.1% (see also Table 3).

As in these heterolayer devices PPV is still the emitting
material. one also has to look at the effects of doping on the
fluorescence properties of PPV. Fig. 4 shows the comparison
of PL spectra of a 600 nm thick PPV film converted on glass
and ITO. The spectrain Fig. 4 can be compared quantitatively
since they are all measured in the same geometry and nor-
malized with the saume scaling factor. After conversion the
films were pulled off the substrate and PL spectra were taken
from both sides of the film. Owing to the high absorption
coefficient of PPV (3% 10° cm ™" at the excitation energy of
E'=2.92 eV) the penetration depth (drop of intensity to 1/
e) of the incident light is 33 nm.

Therefore, this experiment probes fluorescence only within
the first 100 nm of the PPV film.

In the case of glass, both sides of the film exhibit the same
PL spectra (thus only one curve is plotted). On PPV films
prepared in this way we have measured independently abso-
lute PL efficiencies of about 15% using an integrating sphere
as described by Greenham et al. [23]. With ITO as substrate
the PL intensity is quenched at the top of the film by about a
factor of two; at the bottom the quenching is more than 20.
PPV films converted on FTO or Au substrates show essen-

tially the same PL spectrum and intensity as the film con-
verted on glass.

This clearly demonstrates that the doping of PPV films
converted on ITO significantly reduces the PL efficiency. The
quenching is more than one order of magnitude at the ITO/
PPV interface, but even at the top of a 600 nm thick film PL
efficiency is significantly reduced. Although the doping pro-
file is not exactly known and the spatial distribution and
concentration of dopants created during the elimination reac-
tion may probably depend on the film thickness and conver-
sion conditions, it has to be expected that in PPV films with
a thickness of 100 to 200 nm, typically used for single-layer
and heterolayer LEDs, one has significant PL quenching
effects, which reduce the overall EL efficiency.

Consequently, it is not favourable to use PPV converted
on ITO as emission layer in single-layer or heterolayer
devices. This is manifested from the data in Table 3, where
we compare the performance of devices having PPV as emit-
ter in a single-layer device, a double-layer device with star-
burst oxadiazole as electron transport layer and a double-layer
device with 8-hydroxyquinoline-aluminium (Alg,) as elec-
tron transport material. The data in the table show that at the
same operating voltage for the Alg, devices we measure
brightness and efficiency five times higher as compared to
the oxadiazole device. In the case of Alq, the EL emission
spectra show that the emission originates essentially from
Alg; and not from PPV. Regarding the electron injection
(LUMO energy) and transport (electron mobility) proper-
ties, the data for Alg; and oxadiazoles are compatable
[24.25]. Thus, the lower efficiency and brightness in PPV/
oxadiazole devices reflect the important effect of PL quench-
ing in PPV converted on ITO substrates.

3. Conclusions

Our investigations show that LEDs from precursor PPV
are subjected to doping processes caused by the substrate
used for device fabrication. The resulting device character-
istics strongly depend on the doping concentration in PPV.
An ionized acceptor concentration of more than 10'® cm ™3
in ITO devices is sufficient for the formation of a Schottky
contact at the PPV/cathode interface, which determines the
device characteristics. The doping by InCl;, formed by the
reaction of ITO with the precursor leaving group HCI, leads
to a significant PL quenching, which reduces EL quantum
efficiency also in heterolayer devices with PPV as emission
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layer. Hence, for efficient LEDs we propose to use precursor
PPV with less aggressive leaving groups or additional highly
fluorescent polymers on PPV.

With FTO as anode a reduction of the doping concentration
to some 10'% cm ™ already leads to field-dependent — non-
Schottky type — device characteristics. Since there is no
measurable PL quenching with FTO, we regard this chemi-
cally more inert material as a promising candidate for a trans-
parent conducting anode for polymer LEDs based on
precursor PPV. Further investigations are in progress in order
to get a sufficient device characterization using this material.
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