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Chapter 4

Poly(3-octylthiophene)-based LEDs;
...from red...

Abstract

The dominant role of the cathodic injection process in poly(3-octylthiophene)
(P30T)-based LEDs is described. The non-uniform field distribution in an
ITO/P30T/Al device structure is a result of significant band bending at the
cathode, associated with Schottky barrier formation. The unique observation of
EL under reverse bias conditions is a result of different carrier injection
processes for both charge carriers at the electrodes, leading however to the
same kind of excited states responsible for EL in P30OT. Changing the
workfunction of the top electrode by only 0.9 eV results in an effective difference
in rectification ratios of 6 orders of magnitude. Maximum internal EL efficiencies
up to 0.16 % for P3OT-LEDs were realised by reduction of the cathodic injection
barrier to almost 0 eV by using a Ca top contact.

In this chapter, LEDs with P3OT are described in terms of the universally applied
band picture. In this picture, a uniform field distribution (hence a completely
depleted polymer film) gives rise to straight bands representing the polymer
HOMO- and LUMO-levels. Deviations from the LED characteristics of PPV-
based devices usually described within the framework of this band picture are
attributed to the high acceptor concentration N, in the films. This naturally leads
to a non-uniform field distribution across the organic film as a consequence of
the presence of a depletion zone at the metal/polymer electrode(s). A
modification of the standard band picture is presented for polymeric LEDs in
which the active layer initially has a high background carrier concentration.

4.1 Fabrication

All devices described in this chapter and most devices in the next two chapters
are based on single-layer structures, consisting of a polymer film sandwiched
between electron- and hole injecting contacts. Glass slides covered with a thin
conducting film of Indium Tin Oxide (ITO) (Balzers AG) are used as the
transparent hole-injecting contact. P30T was prepared via a regioselective
polymerisation procedure (see section 3.5), which provides the possibility to tune
the wavelength of light emission in the visible regime by chemically adjusting the
position of sterically interacting sidegroups on the main-chain backbone [1]. The
desired regioselectivity was confirmed by 'H-NMR spectroscopy. The polymer
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was purified by repeated precipitation prior to use. When the conjugation length
is not intentionally blocked by the introduction of head-to-head instead of head-
to-tail interacting sidegroups, this conjugated polymer emits in the red part of the
visible spectrum. The material is very well soluble in common organic sclvents
like toluene, xylene and chloroform. Here, the active material is spin-coated from
a 3-5%-solution in toluene at rotation speeds of 500-4000 rpm. Prior to spin-
coating the ITO-surfaces are properly cleaned using a self-developed procedure
based on rinsing in de-ionised water and ultrasonic rinsing in polar and non-polar
solvents. The polymer solution is filtered using 0.2 um filters (Spartan 13/30,
Schieicher and Schuell). The obtained film thicknesses are measured with a
Dektak 3130 surface profiler, and vary between 30 and 200 nm.

Homogeneous layers with a surface roughness of less than 5 % of the film
thickness are obtained from the polymer, as was confirmed by optical inspection
and Atomic Force Microscopy (AFM) scans. Since temperature-induced
crystallisation is known to occur in P30T-films within a day after preparation, the
solvents were removed at temperatures not exceeding 50 degrees. With this
procedure no crystallisation effects will occur within the first days after
processing. Top electrodes of 80-150 nm thickness are made by thermal
evaporation of Al through a mask at pressures below 210® Torr and with a
deposition rate not exceeding 1 nm/s. The electrode area of the device varies
from 8 to 24 mm? these electrodes were contacted in a specially designed
sample holder with Au spring contacts.

Electrical characterisation of the devices was performed with a Keithley 236
Source Measure Unit (SMU), operated either in pulsed mode with low duty cycle
{t,, = 100 ms, t,, = 900 ms, to avoid heating effects at higher voltages and
currents) or in continuous mode (to minimise total measurement time). For
polymers which can only be operated at high electric fields the pulsed mode was
always applied, to reduce heat development. Capacitance-Voltage (CV)-
measurements are performed at 1 kHz with a HP4275 semiconductor-analyser.
LV-characteristics and external quantum efficiencies can be obtained during
standard electrical characterisation, as the device is mounted on an integrating
sphere. The light intensity L is measured with a calibrated photodiode in a 90
degree configuration using an SR-400 photon counter in combination with the
SMU.

In this Chapter the fabrication of a batch of P3OT-LEDs of 8 samples with
different polymer film thicknesses and 7 top electrodes on each sample made it
possible to relate the electrical characteristics to the film thickness, and to judge
the reproducibility of the results. As device performance is strongly related to
seemingly unimportant details in the fabrication procedure (clean glassware,
baking temperatures after spincoating, spinning time, time-lag between spin-
coating and evaporation of the top electrode) a quantitative comparison of the
electrical data from sample to sample is generally difficuit. Within one sample,
however, a high degree of reproducibility is obtained, although especially in
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Fig. 4.1 IV-characteristics of the first 4 consecutive measurements on an

ITO/P30T/AI structure. The inset shows the same data on linear scales.

devices with thin active layers (< 60 nm) the chance for short circuits is
substantially increased.

For most of the tested devices the first measurements show an irreproducible
and spiky characteristic. This is shown in Fig. 4.1 where the /V-characteristics
(puised mode of operation) of a typical diode are shown on a log-log scale for 4
subsequent measurements; the inset shows the same data on a double linear
scale. While initially irregular and spiky characteristics are obtained (1 and 2),
after a few measurements the IV becomes regular, and is reproducible for each
subsequent measurement (3 and 4). From this moment on any parallel
conductance resulting from weak local shorts does not play a role any longer, as
can be seen from the log-log plot. The initial low-voltage line is attributed to
shorts (I o« V), while in the fourth measurement the current depends
exponentially on the applied voltage V. All /V-characteristics reproduced in this
thesis are taken after regular, reproducible characteristics have been obtained.
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4.2 Electrical properties of single-layer P30T LEDs

A remarkable difference between PPV-based and thiophene-based LEDs is the
influence of the total film thickness of the active layer on the IV and LV
characteristics. In the case of most PPV-based devices the operation voltage of
the devices (which is defined as the voltage required to reach a particular current
density through the LED) scales with the film thickness. This relation was clearly
demonstrated by Parker [2], who showed that a plot of the current-density J vs.
the electric field E (E = VA, in which d is the film thickness) is independent of the
thickness d. A straightforward conclusion is that the electric field is uniformly
distributed across the polymer film, which is supported by a rigid band structure
without band bending effects at the interfaces.

10
® 35mm :.
8 A 650m A9
O 100nm oS
A A
130 nm
6 4 T 170nm

TTTT 200 nm

[ (mA)
I (mA)

V (V) E (10° V/im)

Fig. 4.2 IV-characteristics  (left) and IE-characteristics (right) for
ITO/P30OT/Al devices, for 6 different thicknesses of the polymer film. The electric
field E in (b) is defined as the voltage divided by the thickness of the film.

This thickness dependence does not apply to P30T-based devices, as is
demonstrated in Fig. 4.2. Here the /V-characteristic (Fig. 4.2 a) and the IE-
characteristic (Fig. 4.2 b) are plotted for single-layer device structures with
thicknesses varying from 35 to 200 nm thickness. These different thicknesses
were obtained by systematic variation of the spin coating rotation speed and the
concentration of the polymer solution.
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The operation voltage of an ITO/P30T/Al structure is independent of the total
thickness of the polymeric semiconductor, for devices with a thickness of 100 nm
or more. This naturally leads to the conclusion that the field-distribution across
the device is not uniform, and that the field strength is higher at one of the
electrodes than the field in the bulk of the polymer film. This picture is justified by
the plot of J vs. E, which shows that not an average electric field V/d but an
absolute voltage V is required to establish a certain current density through the
LED. The deviations from this picture occur at smaller film thicknesses (35 and
65 nm); in very thin devices a much higher average electric field is required to
reach a particular current density. From CV-measurements (end of this section) it
can be concluded that a 100 nm-thick device is depleted over a region of 49 nm
of the ftotal film thickness. This depletion width w depends on the carrier
background concentration N, in the pristine film and the build-in voltage V,, as is
expressed by Eq. 4.5. Since these parameters are independent of the device
thickness, we conclude that for this polymeric material with these particular
electrodes a space charge zone of 49 nm extension needs to be established to
compensate for the Fermi-level offset between the metal and the polymer.
Conclusively, a 35-nm thick device will be fully depleted, as is reflected
experimentally by a higher average electric field at a particular current density for
thin devices. This observation is in strong contrast to all thickness-dependent
studies of polymeric LEDs with a PPV-derivative as the active semiconducting
layer, and indicates that P3OT-LEDs behave intrinsically different from PPV-
based devices. It is important to note here that this observation cannot
necessarily be generalised for devices based on other poly(thiophene)-
derivatives with different carrier background concentrations, and that also PPV-
derivatives with high enough acceptor densities may be partially depleted (form
Schottky contacts) when contacted with a metallic electrode [3-5].

A dominant voltage drop at one of the electrodes of an ITO/P30T/Al structure
results from band-bending at the electrode, which requires a modification of the
rigid-band model introduced by Parker and described in section 2.3. The strong
band bending at anode or cathode in- combination with the non-uniform field
distribution across the LED leads to a description of a metal/P30T-contact in
terms of the standard Schottky theory for metal/semiconductor contacts. The first
description of a metal/poly(3-alkylthiophene) (P3AT)-contact in terms of a
Schottky contact between a metal and a p-type semiconductor was proposed
already in 1987 by Tomozawa et al. [6].

When a very high-workfunction electrode ITO is brought into contact with the p-
type semiconductor P30T, electrons will flow from P30T into the anode in order
to obtain charge equilibrium. This results in a positive space charge zone in the
polymer close to the contact and band bending as indicated in Fig. 4.3. In
practice, however, the ITO/P30T barrier for holes is so small (¢, =/, - x,=5.0 -
4.8 = 0.2 eV) that it can be treated as an Ohmic contact, where holes can pass
the barrier already when locally a low electric field is established. In Fig. 4.3 the
workfunctions of two metal electrodes for an ITO/P30T/Al device are given in
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Fig. 4.3 Schematic representation of band-bending at the anode
(ITO/P30T) and the cathode (P30T/AI).
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Fig. 4.4 Energetic positions of the molecular HOMO
and LUMO levels of P30T in relation to the Fermi-level
positions of the metallic electrodes ITO and Al.
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relation to the representative energy levels for P3OT. The workfunctions for ITO
and Al are average values based on handbook tables and literature reports,
which yield (¢,,;70 = 4.8 eV and (¢,,, =4.3 eV.

The opposite situation occurs at the AI/P30OT electrode, where an electron-
injection barrier ¢,, = ¢, - . = 4.3 - 29 = 1.4 eV is established at charge
equilibrium. This situation is obtained as a consequence of the flow of electrons
from the Al electrode into the semiconducting polymer film, establishing a hole-
depletion zone in P30T at the cathodic interface. A barrier of 0.7 eV for holes
drifting from the polymer layer into the metal contact is established as a direct
resuit of the interfacial band bending.

When a positive voltage is applied across the AI/P30T contact (the positive
voltage is applied to the ITO contact while the Al contact is grounded) two
contributions to the total current are established: a drift current J,, of electrons in
the strong electric field across the depletion zone, and a diffusion current J,, the
other way around. The total current density J at the contact becomes:

J=Jds[exp(qVIinksT)-1], 4.1)
and
Js=A " TPexp(-q o,/ ks T). ) (4.2)

Here J; is the saturation current density, V is the applied voltage, n is the ideality
factor (equal to 1 for an ideal Schottky contact), ¢, is the Schottky barrier height,
and A" is the so-called effective Richardson constant. For an electron in free
space its value is 120 Acm?K?. The expression exp ( - q ¢, / ks T ) (Boltzmann
factor) reflects the fraction of charges in the metal or semiconductor able to
overcome the Schottky barrier by thermionic emission at a specific temperature
T. '

In Fig. 4.5 the current density J is replotted as a function of the applied voltage V
on a semilogarithmic scale. Below the onset of electroluminescence (EL) in the
low voltage regime an exponential behaviour is obtained, as would be expected
in line with Eq. 4.1. Extrapolation to V = 0 yields Js and hence the Schottky
barrier height ¢, via Eq. 4.2: ¢, = 0.69 eV. This value is in close agreement to the
values for similar P3AT-based contacts to Al reported in the literature [6,7]. The
ideality factor n is obtained from the slope of log J vs. V at low voltage: n = 2-7.
This ideality factor is observed to vary quite a lot from sample to sample.
However, it is always > 2 and highly reproducible for several devices on one
sample. The deviations of n from the ideal value 1 are characteristic for Schotty-
contacts with organic semiconductors [6,8], and reflect the discrepancy between
standard thermionic emission/diffusion models and the details of carrier injection
into thiophene-based semiconductors. This may result from a variety of reasons,
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64
such as a more pronounced influence of traps in disordered organic conductors,

and the formation of insulating interface layers upon oxidation of the top contact

and of the top of the film prior to metallisation.
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Semi-logarithmic plot of the forward and reverse JV-characteristics

Fig. 4.5
of an ITO/P30T/Al device. The dotted line is a guide to the eye, emphasising the
exponential dependence of the current on the applied forward bias at low V.

The barrier ¢, is the barrier that holes face when transported across the P30T
LED to the Al electrode. This value is in excellent agreement to the estimate
based on the values of the Al workfunction and the energy gap. From these a
barrier of 0.7 eV was calculated for holes leaving the polymer film and moving

into the Al electrode.
An independent way to establish the existence of a depletion zone at a Schottky

contact is to measure the capacitance of such a contact as a function of the
applied reverse bias voltage. The capacitance C of the depleted zone at a
Schottky contact between a p-type semiconductor and a metal with Schottky

barrier height ¢, depends on the applied voltage V as:
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C=A[(geN,12)" (V- V)™], (4.3)

in which V,, is the intercept voltage of the junction (V,,, = V,, - (ks T/q ) in which
V,; is the build-in potential and (k; T / q ) is the thermal potential ), ¢, is the
dielectric constant of the semiconductor, A is the total cross-sectional area of the
contact and N, is the density of ionised acceptor sites present in the P3OT-film.
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Fig. 4.6 Reverse bias CV characteristics of an ITO/P30T/Al device, the
capacitance plotted as 1/C%. The dotted line crosses the x-axis at V=-0.5 V,
which corresponds to V,,.

A measurement of (1 / C?) as a function of the reverse voltage V is presented in
Fig. 4.6 and a straight line can be fitted to the data at low reverse bias, as would
be expected based on Eq. 4.4:

1/C?*=(2/1qA%e,Ny) (V- V-(kg T/q)). (4.4)
According to this equation the intercept with the V axis is at V,,,= V,,- (ks T/ q)

which yields a build-in voltage of 0.5 V. This value is in reasonable agreement
with the value found by Tomozawa et al. [6] for In/P3HT-contacts [P3HT =
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poly(3-hexyithiophene), which is analogous to P30T except for the length of the
alkyl-substituent at the 3-position; the workfunction of In is equal to that of Al,
bmin =4.3 eV].

The slope of the straight line at low bias (Eq. 4.4) yields the acceptor density N,,
provided that the dielectric constant of the semiconductor is known. The acceptor
density N, for a P30OT/AI contact yields N, = 7.910" cm?, in-line with commonly
reported values for P3AT-contacts [6,9]. The zero-bias width w of the depletion
layer is given by

w=[(2¢/qN,) V"], (4.5)

and yields 49 nm for the P3OT/Al Schottky contacts described. The fact that the
width of the depletion zone is relatively large in relation to the total device
thickness of 100 nm supports the insensitivity of the /V-characteristic to the total
device thickness, which is a result of a non-uniform voltage distribution across
the device.

It is generally observed that the CV-characteristics reported here (and in general
in the literature) show a lower degree of reproducibility than the /V-
characteristics. This is believed to be a consequence of the chemical details of
the metal/polymer contact, where the impurity concentration N, does not only
have an intrinsic but also an extrinsic contribution as a result of contamination
from the electrodes [10]. This results in a non-uniform N, throughout the
depletion zone, hence a curved 1/C? vs. V [5].

Also, it should be mentioned at this point that the nature of the dopants identified
by CV-measurements is not unequivocal. Although a direct relation of the
acceptor concentration N, to the presence of residuals remaining from the
synthesis is quite feasible, there are literature examples of very-well cleaned
oligomer samples (effective chemical and thermal cleaning, in which evaporation
under vacuum is the final step) with still very high dopant concentrations [11].
Since also the presence of oxidants and other chemical contaminations is known
to contribute to the acceptor density N,, more detailed investigations are needed
to identify the nature of the states that play a role in the CV-measurements
described.

The representation of an ITO/P30T/Al device as a Schottky diode has been
justified in the literature by using another powerful method called ‘complex
impedance spectroscopy’, which separates bulk and interfacial contributions to
the electrical behaviour of the device. Following this approach, the device is
represented by an equivalent circuit (Fig. 4.7), in which R; and C; characterise the
resistance and the capacitance of the Schottky junction, while R, and C,
represent the undepleted bulk. The general technique is to apply a sinusoidal
voltage signal v(t) =V, (f)sin (o t) to the device, and to analyse the phase-
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Fig. 4.7 Schematic representation of a polymeric LED by its equivalent
circuit, containing a series resistance and two R-C units corresponding
respectively to the impedance of the undepleted bulk and the depletion zone.

shifted current response i(t) = I (t) sin (® t + ® ). The complex impedance Z(o) is
defined as

Z(w) = v(t) 1 i(t), (4.6)
which for the circuit of Fig. 4.7 can be re-written as
Z(®) = Rygies + [Ri/ (1 +jo R G +[R,/ (1 +jo R, G, ). (4.7)

The complex-impedance plot of such a circuit consists of slightly overlapping
semi-circles, translated from the origin by the series (contact) resistance R,,..;
the idealised plot (so-called ‘Cole-Cole plot') is indicated in Fig. 4.8. In this plot
R..ies is the resistance associated with current transport through the metallic
electrodes, R, represents the resistance of the undepleted part of the bulk and
an eventual insulating interfacial layer, while R; represents the resistance of the
depletion region of this Schottky contact.
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Fig. 4.8 Cole-Cole plot of the complex impedance of the electrical circuit of
Fig. 4.7, in which the two semi-circles are the contributions of the undepleted
bulk and the depletion zone.

Experimental data [3,12-14] confirm that the semi-circle represented by R, and C,
corresponds to the junction of the device; under increasing forward bias the
radius of the semi-circle decreases as a result of the changing width of the
depletion zone. The resistance of the undepleted bulk does not depend on the
applied bias, and the corresponding semi-circle disappears for lower frequencies;
only the junction-contribution remains.

The presence of a P30OT/Al Schottky contact, as has been confirmed by IV and
CV characterisation as well as complex impedance spectroscopy, has only been
reported for P3AT-based devices [15]. In contrast, most PPV-based LEDs show
complete depletion throughout the whole polymer structure, which is
experimentally confirmed by a voltage-independent capacitance [13]. This
intrinsic difference between P30T-based and PPV-based devices is entirely
attributed to the carrier background concentration N, in the semiconductor. The
conclusion that the presence of charged impurities in the film does contribute to
the width of a depletion zone at the contact is not new. The way presented here,
however, directly relates this acceptor density N, responsible for the non-uniform
field distribution to the behaviour of the /V-characteristics (especially the
thickness-dependence). The dopant concentration in P3AT-based devices [9] is
generally a few orders of magnitude higher than in PPV-based devices [3,13,16],
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which is mainly caused by the presence of FeCl, residuals in the film from the
oxidative coupling reaction used for the chemical synthesis of P3OT. FeCl, is
known to be an acceptor dopant for poly(thiophene)s, hence increasing N, in the
film.

4.3 Reverse-bias electroluminescence in ITO/P30T/Al LEDs
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Fig. 4.9 IV and LV-characteristics of an ITO/P30T/Al LED, showing EL at
low forward and high reverse bias fields.

Fig. 4.9 represents the /V- and LV-characteristics of an ITO/P30T/Al structure
under forward as well as reverse biased conditions. Under reverse bias
conditions the positive polarity corresponds to the low-workfunction metallic
electrode (Al). The strong asymmetric character of the curve indicates the
dominant role of the P30T-metal interfaces, since a bulk-controlled current
density would result in a symmetric characteristic. From the logarithmic
representation shown in Fig. 4.5 a rectification ratio between the two current
directions of almost 4 orders of magnitude was obtained. In-line with the previous
statement that P3OT/TO contacts behave as Ohmic contacts compared to
P3OT/Al (Schottky contacts, exhibiting injection-limited current densities) the
high rectification ratio of the ITO/P3OT/Al structure is a direct result of the
rectifying properties of the P30OT/Al Schottky contact.
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The rectification is covered by Eq. 4.1 if the condition Jg << J has been met, i.e.
the current resulting from thermionic emission of charge carriers over a barrier ¢,
is negligible compared to the forward-biased hole current from the semiconductor
into the Al electrode. This condition is always met at experimental conditions
when V>0V.

Above the turn-on voltage of the device the current density J consists of two
contributions:

J=J,+J, (4.8)

in which J, is the hole current flowing from ITO via P30T into the Al contact, and
J. is the electron current injected from Al into P30T (¢, = 1.4 eV). The electron
contribution, however, is small compared to J,, as a result of the high electron
injection barrier and the low electron mobility in P3OT. At voltages required to
inject the first electrons across the barrier ¢,, the hole current J, dominates the
total current density J, as a consequence of the Ohmic character of the opposite
ITO/P30OT electrode and the relatively low barrier for holes at the P30OT/Al
contact. The rectifying properties of an ITO/P30T/Al structure are reflected
directly by the imbalance of the hole-currents under forward and reverse bias
conditions, since the electron contribution plays a negligible role in the overall
current in both modes of operation.

At higher reverse bias voltages across the LED, the band picture of Fig. 4.3 is
modified such that the effect of band bending at the Al/P30T interface present at
V = 0 V becomes negligible. Under high-field conditions the bands are aimost
straight, resulting in a continuous voltage drop across equal parts of the P30T-
film (uniform electric field). Under these experimental conditions a relatively large
hole-current flows through the device, while the injection of electrons is negligible
at the ITO/P30T interface. Only at very high electric fields (E = 1.810° V/m),
electron injection into the polymer film is achieved, as is manifested by the onset
of EL beyond this field. The observation of reverse bias EL in conjugated
polymer LEDs is completely unique to this field of research, and has only been
reported in symmetric PPV-based devices with relatively low turn-on fields.

The injection mechanism of charge carriers from the electrodes into the transport
bands of the polymer is completely different from the dominating mechanism in
the forward mode of operation, as is justified by the different turn-on fields and
the details of band alignment at the metal/polymer interfaces. The detailed plot of
the band model representation of the ITO/P30T interface at high reverse bias
conditions is given in Fig. 4.10, indicating that at those high electric fields the
dominant injection mechanism should be direct tunnelling of charge carriers into
the polymer bands. In strong contrast to PPV-based LEDs with almost symmetric
LV-characteristics (see section 6.1), ITO/P30OT/Al LEDs exhibit an onset of EL at
completely different electric fields, as a consequence of different carrier injection
mechanisms at both electrodes of the device.
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Fig. 4.10 Schematic representation of the energy bands of P30T in a
reverse-biased ITO/P30T/Al-structure, tifted as a result of the high electric fields
across the device. The dotted arrows schematically indicate the tunnelling paths
for carriers to enter the polymer transport bands directly.

Since tunnelling of charge carriers into the polymer films under reverse bias
conditions should be a field driven process, the onset of EL in this mode of
operation is expected to be associated with the experimentally determined
electric field E of 1.810° V/m. Hence the onset voltage of EL under reverse bias
should scale with the film thickness of the active layer, in contrast to the onset of
EL in forward mode (see Fig. 4.2). In Fig. 4.11 this behaviour is illustrated for
P30T-based LEDs with 6 different thicknesses of the active semiconducting film.
Only for the thinnest films deviations from the field-dependence are observed,
showing that a higher average electric field is required to establish a particular
current density through the device. These deviations cannot be attributed to the
fact that the depletion zone extends beyond the film thickness, since at high
reverse voltages the film is depleted anyway. A relatively large error in the film
thickness for a very thin device in combination with an enhanced influence of
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Fig. 4.11 Reverse-bias IV and IE-characteristics of ITO/P30T/Al-devices,
with varying thicknesses of the P3OT-film. The electric field is defined as the
voltage divided by the polymer thickness.

irregular non-uniform interface-profiles along the device cross section are
believed to be primary responsible for these low-thickness deviations.

The quantum efficiency of the recombination process under reverse bias
conditions is usually slightly higher than the forward-mode efficiency of the LED,
although the difference is small and hardly noticable at low currents (see Fig.
4.9). This is likely to be a consequence of the more balanced contributions of
electrons and holes to the total current density in the reverse mode. The
rectification observed for ITO/P30OT/Al indicates that the reverse bias hole
current is significantly reduced compared to the normal mode of operation.
At the onset of electron injection under reverse bias conditions the recombination
zone will extend through the active polymer film and will not be limited to a small
region close to one of the contacts. A secondary effect that enhances the
efficiency under these conditions is that the main recombination zone is spatially
separated from the metallic contact, resulting in reduced exciton quenching at
the cathode.
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Fig. 4.12 EL-spectra of an ITO/P30T/Al-device, at forward (+8 V) and
reverse (-20 V) bias.

The reverse bias EL is of the same excitonic origin as the forward bias
luminescence, proving that the same excited states are responsible for light
emission, independent of the polarity of the contacts. This is illustrated in Fig.
4.12, showing forward and reverse mode EL spectra (the spectra are recorded at
+ 8 and - 20 V for forward and reverse bias operation respectively). The reverse
mode EL spectrum is recorded only slightly above the onset of EL, since at
relatively high electric fields devices are known to degrade rapidly, resulting in
reduced light intensity before finally complete failure of the device. The similarity
of EL in both operation modes proves that the reverse bias EL is not associated
with a breakdown of the device at high fields, which is generally associated with
plasma emission and sparks taking over from the conventional luminescence.
The high-field atomic emission described in section 6.2 of this thesis was not
observed for ITO/P30OT/Al LEDs, since overall fields > 3:10° V/m could not be
achieved before complete breakdown of the device.

4.4 Dominant influence of the cathodic workfunction on rectification ratio
and efficiency

In close analogy to Parkers study of IV and LV characteristics of conjugated
polymer LEDs based on MEH-PPV, a variation of the top metallic electrode was
applied to P30T-based devices. As a result of band-bending at the upper
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Fig. 4.13 Relevant levels of the molecular transport bands
of P30T in relation to the Fermi level positions for ITO and
Au electrodes. The HOMO level position of P30T is located
higher than the Au Fermi level, resulting in an Ohmic contact.

electrode and the relatively high barrier for electron-injection on this side of the
device, the onset-fields for EL and the efficiencies of the devices are expected to
be totally different in our ITO/P30T/Al devices.

The relevant energy levels of an ITO/P30T/Au LED are indicated in Fig. 4.13,
which shows that the workfunctions of both metallic electrodes are close to the
valence band position of P30T, while the barriers for electron injection in forward
(+ on ITO) and reverse (+ on Au) mode of operation are 1.9 and 2.3 eV,
respectively. These barriers are enormous compared to the injection barriers for
holes in both modes of operation, which are 0.2 and 0 eV, respectively.
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Fig. 4.14 IV-characteristics for an ITO/P30T/Au-device. Positive bias
corresponds to a positive polarity at the ITO-electrode. The inset shows the
same data on a semi-log scale, showing the rectifying properties of the device.

Fig. 4.14 shows the IV-characteristics for a 100 nm thick ITO/P30T/Au device
structure in both modes of operation. Comparison of this characteristic to the
corresponding ITO/P30OT/Al (Fig. 4.9) structure shows that the highest current
density at a specific voltage is now obtained in the reverse mode of operation,
which is consistent with the imbalance of the workfunctions of the two electrodes
indicated in Figs. 4.4 and 4.13. The inset of Fig. 4.14 shows the same data on a
semilogarithmic scale, from which we can conclude that ITO/P30OT/Au devices
have a rectification ratio of almost two orders of magnitude. Taking into account
the different preferred modes of operation of the device for a specified set of
electrodes, we conclude that upon changing the workfunction of the top
electrode by only 0.9 eV the difference in rectification ratio is effectively 6 orders
of magnitude. This justifies the statement that in P3OT-based LEDs the
workfunction of the upper metallic electrode dominates the shape of the /V-
characteristic, both in forward and reverse mode of operation.



76 4. Poly(3-octylthiophene)-based LEDs

-5 4

I(mA)

-10

-15 T T T T

V (V)

Fig. 4.15 IV-characteristics of a device similar to that indicated in Fig. 4.14.
The inset shows the IV-characteristics for 3 devices with different thicknesses of
the active layer on a double-logarithmic scale.

Since we have concluded that the shape of the /V-characteristics of P30T-based
devices is determined by the injection barriers at the electrodes, the asymmetry
of the curve in Fig. 4.14 unambiguously shows that the ITO/P30OT contact is not
Ohmic, since the current density has been reduced significantly compared to an
IV in which the Au/P30OT contact dominates. This explains why the /V-
characteristic of an ITO/P30T/Al device is injection limited due to the cathodic
Schottky barrier instead of bulk limited by the P30OT-film itself. Since the height of
the P3OT/AIl Schottky barrier is 0.5 eV higher as the band offset at the ITO/P30T
interface, the magnitude of the hole current is determined by the cathode
contact. In this configuration the ITO/P30T contact can be regarded as ‘nearly
Ohmic’.

The reverse-bias characteristics of ITO/P30T/Au structures with different
thicknesses of the polymer film are analysed in more detail in Fig. 4.15 on a
linear scale, and in the inset on a log-log scale. A fit to almost the complete /V-
characteristic yields a dependence of / o« V# for all 3 different thicknesses, as is
predicted by Eq. 2.22 for space charge limited currents. This experimental
observation confirms the absence of a substantial injection barrier ¢, > k.7 at
the Au/P30T interface for hole injection into the polymer film, i.e. the contact is
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able to sustain the maximum allowed current density in the bulk of the low-
mobility polymer. The Ohmic character of P3OT/Au contacts has also been
predicted based on theoretical analysis of metal/polymer contacts by Brazovskii
et al. [17] . Assuming ¢, = 4, Eq. 2.22 yields a hole-mobility p, of 10° cm?Vs for
P30T, a value which is not too different from the experimental values reported in
the literature for similar materials.

The current densities in Fig. 4.14 entirely exist of holes being transported across
the polymer film. The absence of an electron contribution is justified by the
presence of enormous barrier heights for injection of those carriers at the metallic
contacts compared to those for holes. Direct consequence is that an
ITO/P30OT/Au LED does not show EL, since the low electron density in the
P30OT-film does not result in significant recombination of electrons and holes.

Instead of Al top electrodes also In top contacts were used for the P30T-devices
described here. Although the workfunctions of the two metals are similar, we
generally prefer to use Al. One of the problems associated with In is that it is very
mobile upon deposition, and thus is likely to diffuse into the polymer film,
inducing excessive doping and non-radiative quenching centres. The report of
Gustafsson et al. [8] of changing dopant profiles upon changing the bias across
these devices also leads to suspicion of mobile dopants such as In present in the
film at relatively high electric fields. Esselink et al. [18] have shown that already
under normal deposition conditions In tends to form 30 nm-diameter granules
which are sensitive to clustering. Upon annealing to 160 °C for 80 min. the In-film
is observed to diffuse deeply into the P3OT-film, the diffusion depth being
dependent on the temperature. The same studies performed with Al-deposited
metallic top-layers show that Al does not have the tendency to diffuse into the
polymer film at elevated temperatures, and hence Al forms a much more stable
electrode system compared to In. It is important to note that upon applying high
power to those LEDs (5-10 V at currents exceeding 10 mA) similar temperatures
as those in the annealing experiments can be reached; indeed it was observed
that after operation for a few minutes at high power, ITO/P30T/In devices
became short-circuited, which is believed to be a direct result of In-diffusion
through the polymer film. ITO/P30T/Al devices did remain stable under identical
operational conditions. In an early stage of research, we have permanently
changed to using Al instead of In top electrodes.

The opposite situation is realised by changing the top electrode to a metal with a
workfunction of only 2.9 eV (Ca), which perfectly connects to the molecular
LUMO-level of P30T. This should result in a maximised electron-contribution to
the IV-characteristic of the device, while at the same time the Schottky barrier
that holes face at the P30T/Ca interface is almost as high as the P30T bandgap
(see Fig. 4.16 for the band representation of the device structure). Since
the injection barrier for holes at the Ca/P30T interface in the reverse mode of
operation is very high in this case, the reverse bias current density is negligibly
small. This again justifies the forward-bias picture of holes being the majority
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Fig 4.16 Relevant levels of the molecular transport bands
of P30T in relation to the Fermi-level positions for ITO and
Ca electrodes.

carriers in these device structures, where the role of electrons is only to realise
sufficient recombination to observe EL. The total electron contribution to the
current density is so small that it can safely be neglected.

The results described here confirm the first literature studies of P30T/Ca devices
of Brown et a./ [15] and Greenham et al. [9]. Their results also show that the
rectification ratios for ITO/P30T/Ca and ITO/P30T/In (In has the same
workfunction as Al) are not that different, which is a result of a lower hole
(majority) carrier contribution, not only in the forward but in the reverse mode of
operation as well. The statements in Brown et al. [15] that the turn-on voltage for
ITO/P30T/Ca devices compared to ITO/P30T/In devices is smaller should be
refined in that respect, that it only reflects a higher injection rate for electrons at a
similar voltage. Since at this voltage the hole current density in ITO/P30T/Ca is
smaller than in ITO/P3OT/A|, the turn-on voltage is indeed smaller, which justifies
that already at low operation voltages significant electron-injection has been
established from the Ca-contact.

The internal EL quantum efficiencies for ITO/P30T/Al and ITO/P30T/Ca devices
are 5.010° % and 1.610" %, respectively. The difference between the two
values is directly related to the different electron contribution to the total charge
density in the polymer film. The conclusion of the former section that the top
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metallic electrode in P30T-based EL devices dominates the device /V-
characteristics and EL-efficiencies is justified by these values. The efficiency of
P30T-based devices does not depend on the film thickness (as was also
observed by Greenham et al. [9]); this is to be expected when all recombination
is taking place in the interfacial depletion zone of the top contact, where the
dominant voltage drop across the total device structure occurs. The absolute
value of the voltage drop remains the same when dictated by the energy levels
at the P3OT/AI interface, and is not sensitive to the negligible voltage drop
across the rest of the thickness of the polymer layer.

It is noted here that the external EL efficiency of an ITO/P30T/Ca device is
among the highest efficiencies reported for P30OT-based polymeric LEDs, but
that this value is still small compared to the values obtained with most PPV-
derivatives. This is generally accepted, as the P3AT-films are known to have
rather low PL quantum efficiencies (our measurements yield less than 1 %). The
highly planar configuration of P30T due to head-to-tail coupling of the rings in
the film is believed to contribute significantly to this effect, since classical
concentration quenching effects from non-emissive sites play a role. Xu et al.
[19] have shown that increasing the concentration of non-planar head-to-head
coupling increases the thiophene PL fluorescence yields, since these twisted
structures are much less susceptible to

intermolecular deactivation (excimer-type excited state complexes, exciton
transfer, etc.) [20].

Another factor which reduces EL yield in P3AT-devices compared to PPV-
derivatives is the height of the background carrier concentration, which is known
to be much higher in thiophenes than in PPVs prepared via the precursor-route
(see section 4.2). Greenham et al. [9] confirmed this by showing that the
efficiency of high carrier concentration P3AT-films (N, ~ 10""° cm®) is significantly
lower than in standard P3AT-based devices (N, ~ 107'® cm?®). The difference in
luminescence efficiencies also shows up when comparing the PL quantum
efficiencies of P30T and Si-PPV-films, as is described in more detail in section
6.1.
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