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ABSTRACT

In this work we study the internal electric field (Vint) present in devices based on an intrinsically semiconduct-
ing polymer. Intermediate layers between the indium-tin-oxide and Al electrodes and the photoactive layer are
able to influence and alter this electric field. The two commonly used intermediate layers, namely poly(3,4-
ethylenedioxythiophene) doped with poly(styrenesulfonate) (PEDOT:PSS) and LiF, are subject of this study.
Their influence is studied with Electroabsorption (EA) spectroscopy as well as transient photocurrent measure-
ments under applied bias. While PEDOT:PSS has no significant influence on Vint, introducing LiF increases
Vint close to the bandgap of the studied semiconducting polymer. However, using PEDOT:PSS directly influ-
ences the spectral EA response. The interface between PEDOT:PSS and the conjugated polymer is studied by
impedance spectroscopy. We interpret the results in terms of the presence of charges at the interface.
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1. INTRODUCTION

In recent years organic semiconducting materials have attracted steadily increasing attention both in academic
and industrial research. Their optical and electronic properties make them attractive materials for a wide
range of applications. Moreover, polymeric semiconductors offer advantageous low-cost processing properties
allowing printing, coating and processing on large areas. Today, conjugated polymers, such as derivatives of
poly(phenylene vinylene) (PPV), are widely used in both polymer light emitting diodes (PLEDs)1, 2 and in
photovoltaic devices.3, 4 In this study an intrinsic semiconducting PPV derivative is used as a model system to
study the influence of commonly used intermediate layers on the internal electric field (Vint) that exists inside the
organic semiconductor devices. The intermediate layers between the photoactive material and the electrodes are
known to improve the device performance for both, photovoltaic and polymer light emitting diode structures.5, 6

In between the indium tin oxide (ITO) electrode and the active layer, poly(3,4-ethylenedioxythiophene) doped
with poly(styrenesulfonate) (PEDOT:PSS) is used to improve hole injection (for PLEDs).7 Introducing a small
amount of LiF, equivalent to a sub-nm thin film between the active layer and the Al electrode, light emission5

and also the open circuit voltage of photovoltaic devices are enhanced.6

Electroabsorption (EA) spectroscopy offers a direct way to probe the electric field inside the active layer and
therefore to determine Vint. The used semiconducting polymer has a very low concentration of free charge
carriers which hinders the Fermi level alignment of the various layers.8, 9 Devices based on that material are
usually described in the framework of the metal-insulator-metal (MIM) picture.10 This situation is schematically
depicted in Fig. 1. Accordingly, Vint is the voltage necessary to establish flat-band conditions. When the same
device setups are considered as photovoltaic cells, the voltage necessary to establish flat-band conditions also
represents the maximum possible photovoltage that can be delivered by the device.
In order to compare this maximum photovoltaic voltage to the optically measured Vint, transient photocurrent
measurements under external bias are performed.
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Figure 1. Schematic band diagram of MDMO-PPV based diodes under flat-band conditions (left) and short circuit
conditions (right).

2. EXPERIMENTAL

2.1. Device Preparation

The devices were prepared in sandwich geometry starting from glass slides covered with ITO (purchased from
Merck) as substrates. Depending on the device structure, after a cleaning procedure the substrates were eventu-
ally covered with a 70 nm thick layer of PEDOT:PSS (BAYTRON-PH). The active layers of poly[2-methoxy-5-
(3’,7’-dimethyloctyloxy)-1-4-phenylene vinylene] (MDMO-PPV, used as purchased from COVION GmbH) were
spin coated from a solution in chlorobenzene and the Al or LiF/Al top electrodes were deposited via thermal
evaporation.
Current density versus voltage (J − V ) measurements were performed with a Keithley 236 source measure unit
in the dark.

2.2. Electroabsorption Spectroscopy

Performing EA spectroscopy in reflection-absorption geometry11 offers a non-destructive way to measure Vint in-
side sandwich type organic diodes.12–15 The method of EA measures the changes in absorption due to an applied
electric field. In centrosymmetric systems, like the MDMO-PPV used for the present study, the induced changes
scale with the square of the applied electric field (DC Kerr effect).16 Considering a sinusoidally modulated ap-
plied voltage of frequency f (in our case around 2 kHz), the following proportionality is found for the normalized
change in transmission of the first harmonic EA response:

|∆T |
T

(hν) ∝ (VDC − Vint) · VAC · sin(2πft). (1)

In order to determine Vint, the AC amplitude (VAC) and the probe light wavelength are kept constant, while the
DC offset (VDC) is changed in steps. A |∆T | going to zero indicates that the internal electric field is canceled by
the externally applied field. In our devices, |∆T | vanishes at positive VDC (ITO wired +). Effects related to the
presence of charge carriers inside the active layer, including changing the absorption and electroluminescence,
can obscure the signal originating from EA.14, 17 The EA experiments were done at room temperature and on
devices cooled to 100 K.
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Figure 2.

First harmonic EA spectra at various applied DC offsets for a typical ITO - MDMO-PPV - Al device at room
temperature.

2.3. Transient Photocurrent Measurement

Due to the low charge separation efficiency in pure MDMO-PPV, we found that the photovoltage is not saturated
under AM 1.5 conditions in our devices. Intense continuous wave laser illumination at 514 nm causes fast
degradation. Pulsed laser excitation using the 532 nm line of a Nd:YAG laser was employed, because a high
amount of photons are delivered over a short period of time, hence avoiding deterioration of the sample. As
was shown with filters of various optical densities, 3 ns pulses (0.3 mJ) saturate the photovoltage created in the
device sufficiently long for the measurements. The laser pulse induced transient photocurrents were recorded
on devices biased by a certain external voltage offset. The photogenerated charge carriers are extracted by the
overall DC bias present across the semiconducting layer. Therefore, when the electric field present in the device
is compensated externally, i.e. flat-band conditions are established, the created charge carriers cannot leave the
device and recombine inside the MDMO-PPV. The transients were recorded by a Tektronix oscilloscope, the
offset voltage applied by an Agilent function generator.

2.4. Impedance Spectroscopy

Impedance spectroscopy and a fitting procedure underlying two different equivalent circuits were performed in
order to study the interface between PEDOT:PSS and MDMO-PPV. The simplest equivalent circuit to describe
the impedance behavior of a diode is a capacitance and a resistance in parallel (referred to as RpCp model).
If additional effects, such as an accumulation of charge carriers, come into play, this model can be expanded
meaningfully. This is usually done by adding in series a second capacitance and resistor in parallel to the initial
RpCp.18, 19 These two equivalent circuits are schematically depicted as insets of Fig. 7 and Fig. 8. The complex
impedance was determined using an HP 4284A LCR impedance meter.

3. RESULTS

3.1. Electroabsorption Spectroscopy

Figure 2 shows EA spectra taken at various DC offsets characteristic for an ITO - MDMO-PPV based device
without PEDOT:PSS. The first harmonic EA spectra follow the first derivative of the absorption coefficient and
are therefore well describable according to the established models20 as due to the Stark effect. The dependence
on the applied DC bias follows Eq.(1). Vint in these devices is equivalent to the externally applied DC bias
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