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Elektroabsorption in Organischen Dioden
Zusammenfassung

Das in organischen Halbleiterbauelementen herrschende elektrische Feld ist
ein entscheidender Faktor fiir deren Leistungsfiahigkeit. Es ist die treibende
Kraft fiir Effekte wie die Ladungstragermobilitat oder auch die Grofle des
Injektionsstroms.

Ein von auflen an diese Bauelemente angelegtes elektrisches Feld bewirkt
eine Anderung der Absorption, die mit Hilfe optischer Methoden gemessen
werden kann.

Ziel dieser Arbeit ist es, das elektrische Feld in modernen organischen Hal-
bleiterbauelementen wie Polymerleuchtdioden oder organischen Solarzellen
zu bestimmen. Fiir die Leuchtdioden werden Derivate der konjugierten
Polymere Polyphenylenvinylen (PPV) und Polythiophen verwendet und der
FEinfluss verschiedener Schichten an den Grenzflachen zwischen Polymer und
Elektroden untersucht. Diese zusétzlichen Schichten werden verwendet, um
die Ladungstragerinjektion in das Polymer zu verbessern.

Des Weiteren wird auch das elektrische Feld in Dioden mit einer aktiven
Schicht aus einem 16slichen Cgg Fullerenderivat bestimmt.

Abschlielend werden Solarzellen aus Mischungen dieser Komponenten, Poly-
mer als Elektronendonor und Fulleren als Akzeptor untersucht.

Electroabsorption in Organic Diodes
Abstract

The electric field across the active layer is an important parameter for several
essential processes in organic semiconductor devices. It is the driving force
for effects such as charge carrier mobility and current injection. Electroab-
sorption (EA) is a method to directly and noninvasively probe the electric
field inside the device. By applying an external electric field the absorption
is shifted. These changes can be optically detected.

The aim of this work is to study the electric field present in the active layer
of state of the art organic semiconductor devices. Polymer light emitting
diodes (PLEDs) and bulk heterojunction photovoltaic devices are subject of
this study. For the PLED structures employing a layer of a poly-phenylene
vinylene (PPV) or a polythiophene derivative the influence of various in-
terfacial layers is examined. These interfacial layers were applied between
the electrodes and the polymer layer, both of them promoting charge car-
rier injection. Furthermore, the electric field in diodes made from a soluble
Ceo fullerene derivative was studied. Finally electroabsorption is measured
on bulk heterojunction photovoltaic devices incorporating both groups of
the previously studied materials: the conjugated polymer as donor and the
fullerene as acceptor component.
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Chapter 1

Introduction

1.1 Motivation

When H. Shirakawa, A.G. MacDiarmid and A.J. Heeger discovered electric
conductivity in polyacetylene in 1977, the interest of the scientific world was
drawn to a new group of materials with promising properties [1, 2, 3]. Since
then many of these conducting polymers have been synthesized to be used
in a whole range of different applications.

Much effort has been invested in science and technology of these materials
resulting in already commercially available products and several applications
being on the verge of entering the market.

Reflecting the successful development H. Shirakawa, A.G. MacDiarmid and
A.J. Heeger were awarded the Nobel Prize for Chemistry in 2000.

Especially in polymer light-emitting diodes (PLEDs) and organic photo-
voltaic devices a crucial parameter for efficient operation is the electric field
present in the device’s active layer.

The two important processes, current injection into PLEDs at the organic/electrode
interface [4] and charge carrier mobility in the polymer are field dependent
[5]. Therefore the internal electric field distribution in PLEDs under oper-
ation is a critical parameter from theoretical and applications perspectives
[6, 7, 8]. In organic photovoltaic devices the electric field is the driving force
to extract the created charge carriers and therefore of paramount impor-
tance for the efficiency.

Electromodulation spectroscopy (EM) [5, 9, 10] offers a noninvasive method
to optically probe these internal electric fields inside the devices.

While EM spectra contain contributions originating from various effects of
the applied electric field, the term electroabsorption (EA) relates to the
Stark effect.

Making use of this effect allows to determine the electric field present in
polymer layers or even ready-made devices.



1.2 Electric-Field Modulation Spectroscopy

An externally applied electric field influences the interaction of a molecule
with light even if this field is much smaller than those present inside the
atoms and molecules.

Electric-field modulation spectroscopy measures these changes with respect
to the applied field. The interpretation of its spectral response significantly
adds information to absorption or reflectance spectra [11].

If the observed quantity is the change of absorption features, the term elec-
troabsorption is used for this method.

Initially applied to crystalline inorganic semiconductors, early work was done
on interpreting and predicting electroreflectance (ER) spectra [12, 13]. The
knowledge obtained in the work on inorganic crystals soon was used to apply
the method to newly synthesized organic semiconductors like polyacetylene
[14].

In the group of G. Weiser pioneering work was done interpreting the spectra
obtained from electric-field modulation spectroscopy on conjugated poly-
mers. First, the focus was on single crystalline polydiacetylene [15] showing
the most similarities with inorganic semiconductors, but later EA was used
to study disorder effects in polydiacetylene substituted with side groups [16].
The EA experiments revealed a pronounced anisotropy: Due to the higher
polarizability of the conjugated segments along the polymer’s backbone, ap-
plying the external electric field parallel to the polymer chains resulted in a
higher response than perpendicular to the m-electron system. To achieve the
higher signal, the electrodes were evaporated as interdigitated structures on
top of the polymer.

A different approach was chosen by the group around [.H. Campbell and
D.L. Smith. Instead of measuring in transmission geometry, they built up
a setup to measure metal/polymer/metal sandwich structures in reflection
geometry [17], which is described more closely in section 2.1. This method
enabled them to observe a built-in potential across the polymer layer when
different metals were used as anode and cathode materials [17, 18].

They aimed to find the maximum electric field created by the difference
in the electrodes’ work functions that can be supported by a given organic
material.

Measuring the built-in field was established as a technique to determine ma-
terial properties of semiconducting polymers.

As research activities on polymer light-emitting diodes increased, EA mea-
surements were done on LED structures employing transparent indium tin
oxide (ITO) instead of metal anodes. This step from pure material charac-
terization to determination of device properties was taken by the group
of R.H. Friend. They determined the influence of a layer of poly(3,4-



(a) (b)

nA, -~

1Bu ____A'AE_';'
y e—

1A, :

Figure 1.1: Energy levels affected by the Stark effect; (a) field free case, (b)
split energy levels due to an electric field.

ethylenedioxythiophene) doped with poly(styrenesulfonate) (PEDOT:PSS)
on the internal electric field of PLED devices [19]. Also thickness dependent
studies on the influence of LiF as cathodic interfacial layer on the built-in
potential have been carried out [20], but led to results contradicting a second
publication on this topic by Yoon et al. [21].

The aim of this work is to systematically study the internal electric field
by means of EA in two different conducting polymers and a Cgo-derivative
to find the influence of the different layers used in efficient state of the art
organic LEDs and photovoltaic devices.

1.3 How does Electroabsorption work?

1.3.1 The Stark Effect

Even if there are no permanent dipoles present in the material, it will in-
teract with an applied electric field. Depending on its polarizability dipoles
will be induced.

A dipole moment can only have two stationary positions in a homogeneous
electric field: in direction of the field or opposite. Therefore every energy
level prior to applying the field will be split in two energy levels symmetric
around the field-free level.

The level lower in energy represents the position opposite to the electric field
and the high energy level the position in direction of the field.

The Stark effect describes the splitting of the energy levels in the presence
of an electric field. Fig. 1.1 illustrates two effects resulting from this split-
ting: The more important one is the red shift of the 14, — 1B, transition,
the so-called excitonic Stark shift (AFE), but the applied electric field can
also couple the 14, level to a higher lying state of even parity. This usu-
ally forbidden transition between even parity states becomes allowed in the



presence of an electric field (dot and dash line in Fig. 1.1) [11].
In the following, £ will represent the photon energy, E; the electric field of
the light beam and F' an externally applied electric field.

The excitonic Stark shift is described as follows:
1
AE:ﬁ.F+§-Aﬁ.F2 (1.1)

Equation (1.1) consists of two parts, the first scaling linearly and the second
quadratically with the electric field. While the linear part prevails in the
presence of permanent dipoles (/i being the permanent dipole moment), the
quadratic part describes the interaction of induced dipoles with an external
electric field. Ap'is a second order tensor and represents the polarizability
of the medium.

1.3.2 Dependence on the Electric Field

The interaction of the electron shells of the atoms with the modulated elec-
tric field of an incident light beam leads to a displacement current. The
resulting polarization is proportional to the electric field of the light as long
as the light intensity is sufficiently small.
Equation (1.2) describes the connection between the dipole moment per
unit volume (the polarization P) and the polarizing electric field of the light
beam E}.

P=¢y-x-E (1.2)

g is the dielectric constant of the vacuum, while the susceptibility x repre-
sents the macroscopic polarizability of the medium.

A nonlinearity of the response to the light can be introduced by very high
illumination or by an externally applied electric field, inducing dipoles in
the medium.

An applied electric field (field strength F') causes a nonlinearity described
by a field dependent susceptibility x:

X:X(1)+X(2) .F+X(3)~F2+_.. (1.3)

For molecules with inversion symmetry like conjugated polymers and fullerenes,
all even terms of x vanish. Changing the direction of the electric field
changes only the sign, not the absolute value of the polarization. Therefore
both equations

P,=¢p- X(Z)(+El)2 and —Py=¢q- X(2)(—El)2

have to hold true, which is only possible if P, = x(2 = 0.
x®) remains as the lowest order nonlinear susceptibility [22].



For many molecules a three-level model presented in Fig. 1.1 consisting
of the ground state 14, the first allowed 1B, and a nA, was found to
account for Y spectra [23]. EA is a third-order non linear susceptibility
phenomenon depending on the square of the applied electric field and lin-
early on the photon energy [12]. To make use of this finding, a connection
between the induced x®) and the measured change in the transmitted light
intensity % has to be found.

The connection between the susceptibility x and the dielectric function e
is given by:
e=14+x (1.4)

The Maxwell relation correlates the dielectric function € with the complex
refractive index = n + ik:

e =¢1 +iey = (n+ir)? (1.5)
From equation (1.5) for the real part of the dielectric function (e;)
g1 =n? — K2 (1.6)

is obtained, while the imaginary part (e2) is proportional to the absorption

constant a(FE)
ne

g9 = 2nk = — a(k) (1.7)

w
where c is the speed of light and w the frequency of the incident light [11].
Equation (1.7) describes the relation between the imaginary part of the di-
electric function €5 and the absorption coefficient. Due to equation (1.4),
the imaginary part of the susceptibility (Imy) is directly proportional to
the absorption constant a(E).

Equation (1.8) describes the relation between the change in transmittance
% and the change in the absorption constant (A«(FE)) for reflection geom-
etry (double path transmission), where d is the layer thickness.
1 Al
Aa(E) = —— . —— 1.8
o(B) =~ = (1)
Due to the dependence of x on the applied electric field (equation (1.3)),
the proportionality between the observed change in the transmittance %
and the actual electric field is given by the photon energy (E) dependent
imaginary part of the third-order non linear susceptibility Imy®) (E):

% x Imx®(E). F? (1.9)

If the electric field F' is caused by an externally applied combined DC and AC
bias (V) and the presence of an internal electric field inside the film (Vi)



is assumed, plugging equations (1.10) into equation (1.9) yields equation
(1.11).

V =V + Vyc - sin(wt) with Vo = Voo — Vint (1.10)
Al Imx®(E) - (Vb = Ving) + Vac - sin(wt))? (1.11)
T nt .
Vo

From equation (1.11), equation (1.12) is derived as:

AT 1

- x Imx®(E)- {§VXC- (1—cos(2wt)) +2Vy- Vac -sin(wt) + Vi } (1.12)
Equation (1.12) can be separated into two parts, one dependent on the first
harmonic (lw), the other on the second harmonic (2w) change in transmit-

tance:

%(w) < (Vpc = Vint) - Vac - sin(wt) (1.13)

#(2@ o« Vig - cos(2wt) (1.14)

While the first harmonic (1lw) response is proportional to the product of
the resulting DC field and AC amplitude, the second harmonic (2w) signal
depends on the square of the AC amplitude.

Equation (1.13) presents a way to determine the internal electric field present
in the film: The EA response vanishes, if the term (Vpo — Vipe) is zero
(Equation (1.13)). This is the case, when the applied DC bias is of the same
magnitude, but opposite direction of the internal electric field.

The experimental realization is done by keeping the AC amplitude constant
and changing the applied DC bias until the external DC voltage exactly
cancels the internal electric field.

1.3.3 Spectral Line Shape

The field induced change of the absorption coefficient A«a(FE) can be de-
scribed as the difference between the absorption in the presence of an electric
field o (E) and the unperturbed absorption a/(E):

Aa(E) = o (E) — a(E) (1.15)

In equation (1.1), the Stark effect is described as a red shift of the absorption
in the presence of an electric field compared to the field free case. There-
fore o (E) is proportional to the unperturbed absorption at the shifted
wavelength:

ol (E) = ka(E + AE) (1.16)



Carrying out a Taylor expansion of a(FE + AF) up to the second order yields
for Aa(FE) [24]:

do(E) 1 d*a(E)
AR+ Z e —
dE HERLAT

Aa(E)=(k—1)-a(E) + k- -(AE)? (1.17)

Equation (1.17) shows terms scaling with the first and the second deriva-
tive of the unperturbed absorption coefficient. A first derivative line shape
points out a prevailing effect of field induced dipoles, while finding a second
derivative line shape is correlated with the presence of permanent dipoles
[11].



Chapter 2

Experimental

2.1 The Experimental Apparatus

The homemade electroabsorption setup used for the experiments is operated
in so-called reflection geometry. This means that the probe light beam has
to pass through the film once, is reflected at the back electrode and passes
through the film a second time. Of all the reflections shown in Fig. 2.2, this
is the only one to be influenced by the electric field applied between ITO
and Al. Fig. 2.1 schematically shows the instruments and the path of the
aligned probe light beam.

As light source a 24 V, 250 W tungsten lamp (XENOPHOT HLX 64655)
is used, powered by a very stable power supply (SVX 1530/LAX 1530 from
Miiller GmbH Elektronik-Optik). Before entering the monochromator (Ac-
ton Research SP-150, 150 g/mm grating, with an 800 nm blaze) the light
beam passes through a filter, cutting off wavelengths below 450 nm.

The entrance and exit slits are opened by 0.3 mm, a good compromise deliv-
ering sufficient light intensity with a spectral resolution better than 10 nm.
Via a system of three lenses and a mirror for precision alignment, the probe
beam is focused onto the active area of the sample inside the cryostat, where
it is mounted on a cold finger.

The cryostat (Oxford Instruments Optistat DN-V) can be filled with liquid
nitrogen and is connected to a temperature controller. Via a manually ad-
justable valve, regulating the flow of liquid nitrogen cooling the cold finger
and a heating system, any temperature between 77 K and 500 K can be
adjusted.

Experiments were only carried out at room temperature or 77 K.

The reflection coming from the Al back electrode is collected by a lens and fo-
cused on a Si-detector, delivering a signal proportional to the incoming light
intensity to the lock-in amplifier (Stanford Research Systems SRS 830).

A combined DC and AC voltage produced by the function generator (Stan-
ford Research Systems DS345) is applied across the sample, connecting the
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Figure 2.3: Spectral detector response of the reflection on a glass - ITO - Al
mirror describing the performance of the EA setup.

+ to the ITO and the — to the Al. A reference signal of the same frequency
and phase is delivered to the lock-in amplifier.

From the computer, the monochromator can be set to a certain wavelength,
the parameters for the function generator and the lock-in amplifier can be
adjusted and the response from the lock-in is recorded. The homemade pro-
grams allow operation in two ways: Certain DC and AC values are set and
the program records the response of the lock-in while scanning through a
predefined wavelength range or AC amplitude and wavelength are constant
while the DC offset is changed in steps.

If no voltage is applied and instead a chopper wheel is set up in front of the
monochromator’s exit slit, the signal coming from the detector is propor-
tional to the double path transmission (DPT) at that wavelength. It can be
read out from the lock-in if referenced to the chopping frequency.

For every measured wavelength the EA response is normalized to this signal
to get rid of the spectral response due to the characteristics of the setup.

These characteristics include the intensity distribution of the lamp, the per-
formance of the monochromator and the sensitivity of the detector. The
performance of the EA setup is presented in Fig. 2.3 by showing the spec-
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tral detector response to the reflection at a glass - ITO - Al mirror read out
from the lock-in amplifier.

While the EA spectra are normalized to the DPT detector response, the
DPT spectra are normalized to the reflection at a glass - I'TO - Al mirror.
The transmission spectra are recorded with a chopping frequency of 173 Hz,
the EA with an AC modulation frequency of 2023 Hz.

Also the current - voltage (I-V) characteristics of the samples installed inside
the cryostat can be directly measured by plugging a Keithley 2400 source
meter to the connectors on the cryostat. Knowing the active area allows the
calculate the current density - voltage (J-V) characteristics.

2.2 Device Preparation

2.2.1 Substrate Preparation

The PLED and photovoltaic devices were prepared in sandwich geometry
as schematically shown in Fig. 2.2. Substrates for these devices were 1.5
cm x 1.5 cm large glass sheets covered with ITO (Merck). To ensure secure
connection of the Al cathode without risking the connector tip to punch
through the Al layer and shortcut to the ITO, part of the ITO was removed
by etching.

This was done by exposing the surface to a strong acid (HC cone. : HNO3 cone. :
H>0 =4.6:0.4 :5) for 20 minutes. The part where ITO should remain was
coated with nail varnish to protect it from the acid. The varnish was removed
by rinsing with acetone. For thorough cleaning the substrates subsequently
underwent two cycles of 20 minutes in acetone and one in 2-propanole in an
ultrasonic bath.

After drying, the substrates were covered with PEDOT:PSS or the active
layer, depending on the desired device structure.

2.2.2 Materials
PEDOT:PSS

Poly(3,4-ethylenedioxythiophene) doped with poly(styrenesulfonate) (in the
following abbreviated as PEDOT:PSS or just PEDOT) was spin coated onto
the ITO twice to act as an interfacial hole contact and electron blocking layer
in the finished device.

In all the samples prepared for this study, PEDOT:PSS from the same batch
(purchased from Bayer AG) was used. The chemical structure is given in
Fig. 2.4.

For the spin coating process a program was used, where the sample holder is
accelerated with a ramp time of 4 s to 1500 rpm and kept at that rotational
speed for 40 s. Subsequently the samples undergo 20 s of rotation with 2000
rpm.

11
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Figure 2.4: Chemical structure of poly(3,4-ethylenedioxythiophene) and
poly(styrenesulfonate), PEDOT:PSS

Figure  2.5: Chemical  structure of  poly[2-methoxy-5-(3",7-
dimethyloctyloxy)-1-4-phenylene vinylene], MDMO-PPV

This standard program is used for all spin casting operations unless explicitly
noted.
The coated devices were dried under vacuum over night.

MDMO-PPV

Active layers made from MDMO-PPV, short for poly[2-methoxy-5-(3’,7-
dimethyloctyloxy)-1-4-phenylene vinylene] (Fig. 2.5) were spin cast from a
0.5% by weight solution in chlorobenzene. MDMO-PPV is weighed in inside
an Ar glove box (MB 204 from Mbraun) and stirred at 50 °C at least for
one day prior to spin casting onto the substrates from warm solution.

12



Figure 2.6: Chemical structure of regioregular poly(3-hexylthiophene-2,5-
diyl), P3HT

Regioregular P3HT

Thin films (=~ 80 nm) of regioregular P3HT (poly(3-hexylthiophene-2,5-
diyl)) were prepared in the same way as those from MDMO-PPV by spin
coating from a warm 2% by weight solution in chlorobenzene.

Thicker films employed in the studied ITO - P3HT - Al structures were
prepared from a solution in chloroform using doctor blade technique. These
were the only devices not prepared by spin coating.

PCBM

To apply PCBM (1-(3-methoxycarbonyl)propyl-1-phenyl [6,6]C 61) (Fig.
2.7) layers onto PEDOT coated ITO on glass substrates, the 3% by weight
PCBM solution in chlorobenzene was spun inside the glove box using a mod-
ified spin cast programme with slower rotation speed in order to achieve
increased layer thicknesses. The rotation frequency was decreased by 500
rpm to 1000 rpm for the first 40 s after the ramp time and 1500 rpm for the
last 20 s.

13



Figure 2.7: Chemical structure of (1-(3-methoxycarbonyl)propyl-1-phenyl
[6,6]C 61), PCBM

MDMO-PPV/PCBM Blends
MDMO-PPV/PCBM (1:4) blends were prepared with two different solvents:

chlorobenzene and toluene.

Besides the difference in the solvent, the preparation was done equally. 1 ml
of the solvent was added to 3.5 mg MDMO-PPV and 14 mg PCBM, then
the mixture was stirred for two days at approximately 50 °C.

The films were prepared by spin casting.

P3HT/PCBM Blends

The devices studied without postproduction treatment were prepared from
blends of the P3HT /PCBM ratio 1:2 (0.5% P3HT and 1% PCBM) in chlo-
roform.

The films that underwent postproduction treatment prior to the EA studies
were made from a P3HT/PCBM 2:3 (1.2% P3HT, 1.8% PCBM) solution in
chloroform.

The parameters for the postproduction treatment [25], a combined heat and
voltage treatment were: 2.7 V, 140 °C for 240 s.

2.2.3 Evaporation of the Top Electrodes

The top electrodes were applied by thermal deposition through a shadow
mask at a pressure of approximately 107> mbar. Tungsten boats were used
as source.

Depending on the desired structure the electrode was prepared by one-layer
(Al) or two-layer (LiF - Al) deposition.

At least 100 nm thick Al films were deposited to ensure good reflection and
some protection of the film against moisture and oxygen.

LiF was applied by evaporating 0.6 nm of the salt directly onto the organic
film, afterwards covered by the Al. Thin interfacial layers of LiF are known

14



to improve electron injection from the Al into the active layer. About the
reason for this no consensus has been reached to-date. Some of the proposed
mechanisms are listed in reference [26].

2.2.4 Installation

The devices were installed into the cryostat as shown schematically in Fig.
2.2. A small drop of silver paste was put on top of the Al contacts where
the connector tips were applied.

Because this installation process was done on air the samples were exposed
to oxygen for about 1 minute. After the sample was mounted and contacted,
the cryostat was evacuated to pressures better than 10~% mbar. The devices
employing P3HT /PCBM active layers were the only exception. To mount
them on the sample holder, the cryostat was transferred into the glove box.

15



Chapter 3

Results and Discussion

In this chapter the results of the EA, J-V characteristic and double path
transmission measurements are presented.

The outline of the chapter is chosen to follow the systematic study on the
interaction of materials used in state of the art organic semiconductor de-
vices with externally applied electric fields.

The studies on the conducting polymers MDMO-PPV and regioregular PSHT
cover the first part. Here the main task is to determine the influence of tem-
perature effects and of interfacial layers like PEDOT:PSS or LiF on the
internal electric field present between the electrodes ITO and Al

Next, diodes using a layer of pristine PCBM are examined. Experiments
are only done with devices of the structure ITO - PEDOT - PCBM -LiF
- Al to learn about the EA features and the internal electric field of this
electron acceptor material.

After the donor and acceptor materials have been studies separately, the
third part deals with bulk heterojunction solar cell devices made from poly-
mer/PCBM blends.

For the combination MDMO-PPV /PCBM, films were prepared from differ-
ent solvents. The EA experiments aim to reveal differences between films
spin cast from toluene or chlorobenzene and therefore the influence of the
film morphology.

Photovoltaic (PV) devices from P3HT/PCBM blends are investigated to
find the influence of the postproduction treatment [25] on the internal elec-
tric field and EA spectra.
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Figure 3.1: Double path transmission (DPT) spectrum of an ITO - MDMO-
PPV - Al device and its first derivative, measured at room temperature.

3.1 MDMO-PPYV Devices

3.1.1 Spectra of MDMO-PPV

Fig. 3.1 and Fig. 3.2 show the double path transmission (DPT) spectra of
an approximately 100 nm thick spin cast MDMO-PPV film on ITO coated
glass substrates. An opaque layer of Al acts as reflecting back electrode.
When cooling down from room temperature to 77 K, a slight red shift of
the spectrum is observed (Fig. 3.2). For both spectra, the first derivative is
calculated and included in the figures.

The electroabsorption spectrum obtained at the fundamental frequency
of the AC modulation (1w EA) exhibits the same line shape as the first
derivative of the double path transmission spectrum. This is shown for room
temperature in Fig. 3.3, for low temperature in Fig. 3.4 and indicates the
observation of excitonic Stark shift (see section 1.3.3). As long as the sample
is reverse-biased, the peak at 580 nm predicted by the first derivative of the
double path transmission spectrum remains the only one in the spectrum. If
the modulation of the applied voltage is around 0.5 V in forward direction, an
additional peak at 630 nm is observed in the results of the room temperature
experiment.

Introducing an interfacial layer of PEDOT:PSS at the anode and LiF at
the cathode the EA spectrum at room temperature changes for all applied
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Figure 3.2: Double path transmission (DPT) spectrum and its first deriva-
tive of an ITO - MDMO-PPV - Al device measured at 77 K.

DC offsets (Fig. 3.5), while the low temperature spectrum stays unaffected
(Fig. 3.6).

The only impact of going from negative to positive DC offsets at 77 K is,
that the peak height is reduced.

On the other hand in the room temperature experiment (Fig. 3.5) a new
peak is observed to arise adjacent to the initial one at 580 nm. Shifting the
DC offset from -2 V to 0 V, the first peak at 580 nm is lowered but still
present. This supports the presence of an electric field inside the device.
The second peak around 630 nm is increased.

While in the room temperature 1w EA spectrum of the ITO - MDMO-PPV
- Al structure the peak at 630 nm only shows up if a positive DC offset is
applied, for the ITO -PEDOT - MDMO-PPV - LiF - Al device two peaks
are present in the spectrum even when reverse-biased.
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Figure 3.3: First harmonic (1w) EA spectrum of an ITO - MDMO-PPV - Al
device, compared with the first derivative of the double path transmission
(DPT) spectrum measured at room temperature; -2 V offset, 0.5 V ampli-
tude (circles); -1 V offset, 1 V amplitude (triangles); 0.5 V offset, 0.5 V
amplitude (diamonds).
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Figure 3.7: Internal electric field measurement and J-V curve measured at
room temperature of an ITO - MDMO-PPYV - Al device probed at 590 nm;
1 V amplitude (circles) and 500 mV amplitude (diamonds).

3.1.2 ITO - MDMO-PPYV - Al Devices

The internal electric field present in the device is measured as described
in section 1.3.2: The AC component of the externally applied field is kept
constant, while the DC offset is changed in steps.

As can be seen from Fig. 3.7, the response to the applied electric field shows
two minima located at 0.9 V and 1.6 V. Just as predicted in equation (1.13)
the EA response using an AC amplitude of 1 V (circles) is roughly twice as
high as at 500 mV (diamonds). The falling branches can be fitted linearly
and the resulting straight lines both intersect the zero line at approximately
1.1 V.

Cooling down the sample with liquid nitrogen and repeating the experiment
leads to a much clearer result. Even the rising branch can be determined and
fitted linearly. As Fig. 3.8 shows, the point of intersection of the fitted curves
with the zero line is located at 1.6 V, where the EA response equals zero
and the phase of the lock-in signal changes by 180 degrees, indicating the
change of the direction of the electric field responsible for the ES response.
Applying 1.6 V, the internal electric field is nulled and therefore no Stark
effect can be measured.
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Figure 3.9: Internal electric field measurement and J-V curve at room tem-
perature of an ITO - MDMO-PPYV - LiF - Al device probed at 590 nm; 1 V
amplitude (circles) and 500 mV (diamonds).

3.1.3 ITO - MDMO-PPYV - LiF - Al Devices

Devices of the structure ITO - MDMO-PPV - LiF - Al with an active layer
thickness of approximately 100 nm do not show any diode characteristic,
which can be seen from the J-V curve in Fig. 3.9. The same figure also
shows, that the lw EA signal of an ITO - MDMO-PPYV - LiF - Al device at
room temperature does not reach the zero level before increasing again. The
curve measured with the higher amplitude is shifted to higher EA responses
- even at the turning point. This behavior is similar to that of the ITO -
MDMO-PPV - Al structure presented in Fig. 3.7.

Contrary to the ITO - MDMO-PPV - Al structure a few points of the
rising branch obey a linear fit but the obtained straight lines clearly do not
intersect the zero line at the same point.

After cooling down the device with liquid nitrogen, the internal electric field
is determined to be 2 V (Fig. 3.10).

The Stark effect is zero at that voltage, no net electric field remains in the
device.
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Figure 3.10: Internal electric field measurement and the phase of the 1w EA
signal at 77 K of an ITO - MDMO-PPV - LiF - Al device probed at 590
nm; 1 V amplitude.
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3.1.4 ITO - PEDOT - MDMO-PPYV - Al Devices

Introducing an interfacial layer of PEDOT:PSS into the device structure im-
proves the J-V characteristic towards better rectification, as can be seen in
Fig. 3.11. The reason is, that the PEDOT:PSS is so highly doped (compare
Fig. 2.4) that it acts as electron blocking layer.

To determine the internal electric field, the 1w EA response to the applied
DC offset is observed. Even at room temperature the dependence is found
to be linear over the whole measured range from -1 V to 2 V.

The declining branch from -1 V to 0.2 V can be fitted by a single formula,
but for the rising branch two different slopes are observed. From 0.3 V where
no Stark effect is observed to 1.1 V the EA response increases linearly with
the applied voltage. From 1.2 V on the slope becomes steeper.

The AC amplitude for the measurement is 1 V peak-to-peak and the turn-on
voltage roughly 1.5 V. The change in the fit formula therefore coincides with
the threshold of current injection into the device. The meeting point of the
two fits of the left and the right branch up to 1.1 V is 0.3 V. This voltage
cancels the field inside the active layer.
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Figure 3.11: Internal electric field measurement and J-V curve at room
temperature of an ITO - PEDOT - MDMO-PPYV - Al device probed at 590
nm; 1 V amplitude.
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Figure 3.12: Internal electric field measurement and the phase of the 1w EA
signal at 77 K of an ITO - PEDOT - MDMO-PPV - Al device probed at
590 nm; 2 V amplitude (diamonds) and 500 mV amplitude (circles).

Repeating the same experiment at 77 K and with two different AC am-
plitudes, 500 mV and 2 V, the picture again looks very different. The voltage
required to null the internal electric field is 1.7 V (Fig. 3.12).

3.1.5 ITO - PEDOT - MDMO-PPYV - LiF - Al Devices

Also for the ITO - PEDOT - MDMO-PPV - LiF - Al structure a big dis-
crepancy is observed between the internal electric field at room temperature
and at 77 K.

Fig. 3.13 shows the data obtained from the determination of the internal
electric field at room temperature. The linear fits of the two branches of the
lw EA signal intersect the zero line at 0.25 V. To cancel the internal electric
field and therefore the 1w EA signal in an ITO - PEDOT - MDMO-PPV
- LiF - Al structure at room temperature 0.25 V are necessary, at 77 K it
takes 2 V (Fig. 3.14).
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Figure 3.13: Internal electric field measurement and J-V curve at room
temperature of an I'TO - PEDOT - MDMO-PPV - LiF - Al device probed
at 590 nm; 1 V amplitude.

3.1.6 Summary of the Results

Fig. 3.15 and Fig. 3.16 show the same plots as have been presented above.
The figures summarize the graphs from which the values for the internal
electric fields were obtained at room temperature and 77 K.

Table 3.1: Overview over the internal electric fields found in MDMO-PPV
devices at room temperature and 77 K

Temperature PPV PEDOT PPV PPV LiF PEDOT PPV LiF

Room Temperature 1.1 V 0.3V 1V 0.2V
77 K 16V 1.7V 20V 20V
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3.2 P3HT Devices

This section focuses on devices employing an active layer of regioregular
P3HT. The strategy is the same as for the study of MDMO-PPV devices
shown above: ITO acts as anode and Al as cathode while the influence of
interfacial layers such as PEDOT:PSS and LiF is investigated.

Fig. 3.17 shows the double path transmission spectrum and its first deriva-
tive of a 0.5 pm thick P3HT film sandwiched between ITO and Al
Compared to MDMO-PPV, the P3HT absorbs at larger wavelengths, also
shifting the region where electroabsorption is expected from 590 nm to
around 650 nm.

In Fig. 3.18 the first harmonic (lw) EA spectrum of an ITO - P3HT (400
nm) - Al device is compared with the first derivative of the double path
transmission spectrum of the same sample. Below 700 nm the curves coin-
cide equivalently well like those measured for MDMO-PPV (Fig. 3.3) and
described in section 1.3.3. A slight discrepancy of the two peaks of about
10 nm can be observed. Around 710 nm a second peak arises in the 1w EA
spectrum, which is neither predicted by the first derivative of the double
path transmission spectrum nor appears in the second harmonic (2w) EA
spectrum (Fig. 3.18). Just as in the case of devices employing MDMO-PPV
as an active layer, this additional peak shows up adjacent to the main EA
peak (Fig. 3.5). In thinner devices, this peak cannot be observed (compare
Fig. 3.27).

In section 1.3.2, equation (1.14) describes the second harmonic EA signal
scaling with the square of the AC amplitude but being independent of the
applied DC offset and the internal electric field. Fig. 3.19 experimentally
backs this prediction. From 2 V to 4 V, the maximum signal at 640 nm
increases by a factor of four and from 2 V to 6 V by a factor of nine.

3.2.1 ITO - P3HT - Al Devices

ITO - P3HT - Al devices with an active layer of PSHT obtained from spin-
casting of a 2% by weight solution of P3HT in chlorobenzene (as described
in section 2.2.2) do not show any diode behavior. Due to the small layer
thickness most of the current directly flows over shortcuts between I'TO and
the Al top electrode. Using a thin layer of LiF below the Al top contact
allows to apply an electric field across the active layer.

Another way to avoid this problem is to prepare thicker active layers by using
the doctor blade technique. For details check the section device preparation
on page 13.

Devices of four different thicknesses, 200 nm, 400 nm, 500 nm and 1.3 pgm
were prepared for this inquiry.
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Figure 3.17: Double path transmission (DPT) spectrum and its first deriva-
tive of an ITO - P3HT (= 0.5 um) - Al device measured at 77 K.
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Figure 3.20: Internal electric field measurement and J-V curve measured
at room temperature of an ITO - P3HT (200 nm) - Al device probed at
640 nm. Comparison of the results at ambient conditions (2 V amplitude,
circles) with those obtained after two days under vacuum (2 V amplitude,
diamonds).

200 nm thick P3HT Layer

The internal electric field of the structure ITO - P3HT (200 nm) - Al is
measured at room temperature without evacuating the cryostat and found
to be 0.2 V (Fig. 3.20). Below 1 V the falling and the rising branch can be
fitted sensibly by a straight line. After two days under vacuum the internal
electric field of the same device has risen to 0.5 V and the measured points
do not obey a linear fit. The results are compared in Fig. 3.20.
A possible interpretation of this change in the internal electric field can be
a reduction of the dopant concentration inside the active layer. Oxygen is
known to improve the conductivity of P3HT films, an effect that can be
revoked by keeping the films under vacuum.
The observation of reversible oxygen doping of P3HT is described in refer-
ence [27].

Upon cooling down the sample with liquid nitrogen, the internal electric
field shifts to an even higher value: As can be seen in Fig. 3.21, the internal
electric field is found to be =~ 1.1 V.
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Figure 3.21: Internal electric field measurement and the phase of the 1w EA
signal measured at 77 K of an ITO - P3HT (200 nm) - Al device probed at
640 nm; 2 V amplitude.
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Figure 3.22: Internal electric field measurement at room temperature of an
ITO - P3HT (400 nm) - Al device probed at 640 nm after 60 min (2 V
amplitude, circles) and 150 min (2 V amplitude, diamonds) under vacuum,
respectively.

400 nm thick P3HT Layer

After the installation into the cryostat a 400 nm thick P3HT device is kept
under vacuum for about an hour, then the internal electric field is determined
for the first time, after 2.5 hours for the second time. The results are shown
in Fig. 3.22. Both times, the meeting point of the falling and the rising
branch are located at the same applied voltage, but the EA signal at that
point is not zero. This shows that the internal electric field does not change
significantly on that timescale and can be determined to be 0.45 V. This
value also resembles the internal electric field found for the depleted 200 nm
thick P3HT device (Fig. 3.20) and just as in that case only a few points
around the minimum at 0.45 V follow the linear fit.

500 nm thick P3HT Layer

Further evidence for effectively influencing the doping level in P3HT by re-
ducing the pressure is found from the examination of an ITO - P3HT (500
nm) - Al structure with CELIV, electroabsorption and recording J-V curves.
Immediately after installing the sample into the cryostat CELIV measure-
ments were carried out and the J-V curve was recorded. The results of the
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Figure 3.23: Comparison of the results of the internal electric field mea-
surement and the J-V curve measured at room temperature of an ITO -
P3HT (500 nm) - Al device probed at 640 nm: after 90 min (2.5 V ampli-
tude, diamonds) under vacuum and an additional night under vacuum (2.5
V amplitude, circles). The dotted line represents the J-V curve at the initial
doped state at ambient conditions.
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CELIV can be directly related to the charge carrier concentration inside the
active layer.

After evacuation for approximately 1.5 hours, the measurements were re-
peated. Applying 2 V, the observed current was about an order of magni-
tude smaller than before and the CELIV shows a much lower charge carrier
concentration. In fact, the active layer can be considered as depleted. This
is backed by the observation, that additional time under vacuum over night
does neither alter the J-V curve nor the results obtained from the internal
electric field measurement.

In Fig. 3.23 the internal electric field measurement and the corresponding
J-V curve after 1.5 hours under vacuum and after an additional night under
vacuum are presented. Additionally it shows the J-V curve of the device in
the initial doped state displaying a current that is one order of magnitude
larger but still has the same onset. Neither the internal electric field nor
the slopes of the linear fits change significantly. The additional time under
vacuum over night does not seem to alter the condition of the sample and
supports the appraisal, that the polymer layer is fully depleted. Consequen-
tially no free charge carriers are present inside the active layer, which could
screen the electric field.

In the state where no further depletion of the active layer could be achieved
by evacuation, the internal electric field in an ITO - P3HT (500 nm) - Al
device is determined to be 0.8 V.

No low temperature experiments could be carried out using films thicker
than 200 nm, because the thicker samples neither showed any conductivity
nor could any Stark effect be observed at 77 K. Whatever the reason for this
behavior is, the effect is reversible, because after defrosting the sample the
J-V curve is the same as before.

1300 nm thick P3HT Layer

A 1.3 pm thick P3HT film with Al top contact was installed into the cryo-
stat and evacuated until the pressure has reached approximately 10~* mbar.
Then the valve was closed to keep the vacuum at that level. The carrier
concentration inside the active layer was determined using CELIV, which
proofed the P3HT to be doped. Successively the internal electric field (com-
pare section 1.3.2) was measured, first with 5 V amplitude, subsequently
with 2.5 V. Because with increasing thickness the electric field strength
across the active layer decreases and the EA signal scales with the square
of the electric field these high amplitudes are necessary to get a reasonable
EA response. CELIV measurements prove that the undoping process in this
very thick device is much slower than it was in the 500 nm thick PSHT film.
From Fig. 3.24 the internal electric field can be determined to be between
1.1 and 1.2 V.
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Figure 3.24: Internal electric field measurement and J-V curve measured at
room temperature of a doped ITO - P3HT (1.3 um) - Al device probed at
640 nm. 2.5 V (filled circles) and 5 V (open diamonds) amplitude.

42



/7
1.5+ £
© 1w EA Signal, 1V Ampl.
Lo
/<>/
I~ O
S5 107 T P
= ®o &
- ~, &
@ <>~o /()/
% 0609
0.5 \<
/ ~
7 S o
7 \\
/ ~
7 \\\
0.0 . Z, . —
0.5 1.0 15 2.0 25

applied bias / V

Figure 3.25: Internal electric field measurement at room temperature of an
ITO - P3HT - LiF - Al device probed at 640 nm; 1 V amplitude.

3.2.2 ITO - P3HT - LiF - Al Devices

As mentioned above, devices with an active layer spin-coated from a 2%
solution of P3HT in chlorobenzene directly onto ITO do not show rectifying
behavior.

Implementing a 0.6 nm thick layer of LiF between the polymer and the Al
top electrode allows to observe the Stark effect, when a certain bias is ap-
plied to the sample.

In the experiment to determine the internal electric field of an ITO - P3HT
- LiF - Al device at room temperature (the results are shown in Fig. 3.25)
the 1w EA signal does not drop to zero at the minimum located at 1.6 V.
Cooling down the sample to 77 K and repeating the experiment, the 1w EA
response is found to change linearly with the applied DC offset. The linear
fits of the rising and the falling branch intersect the zero line at 1.7 V, where
the EA response is measured to be almost zero. Also the characteristic of
the phase of the lock-in signal shows perfect behavior. The phase remains
constant when approaching the internal electric field from both sides and
exactly at 1.7 V changes by 180 degrees. In Fig. 3.26 the results are dis-
played.

The current measured between the electrodes shows ohmic behavior even at
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Figure 3.26: Internal electric field measurement and the phase of the 1w EA
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Figure 3.27: 1w EA spectrum compared to the first derivative of the double
path transmission (DPT) spectrum of an ITO - PEDOT - P3HT - Al device
at room temperature; -1 V offset, 2 V amplitude.

77 K, but is reduced by an order of magnitude compared to room tempera-
ture. This fact is indicating some shortcuts between the electrodes carrying
the current.

3.2.3 ITO - PEDOT - P3HT - Al Devices

Comparing the EA spectra of a thin ITO - PEDOT - P3HT (80 nm) - Al
device displayed in Fig. 3.27 and Fig. 3.28 with the EA spectra of the ITO
- P3HT (200 nm) - Al structure shown in Fig. 3.18 and Fig. 3.19 shows,
that besides the dominating peak at 640 nm a second one around 580 nm
becomes visible. This small peak at 580 nm can be seen because only about
80 nm of P3HT are used, therefore the device absorbs less light which allows
to resolve the region below 600 nm and to observe the feature predicted by
the first derivative of the double path transmission spectrum. On the other
hand, the broad peak around 710 nm known from the 1w EA spectrum of
the 200 nm thick P3HT film (Fig. 3.18) does not show up in the thin device
as can be seen in Fig. 3.27.

Just as it has been the case for the devices employing MDMO-PPV pre-
sented in section 3.1, by adding a layer of PEDOT:PSS between the ITO
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Figure 3.30: Internal electric field measurement and the phase of the 1w EA
signal measured at 77 K of an ITO - PEDOT - P3HT - Al device probed at
640 nm; 1 V amplitude.
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Figure 3.31: Internal electric field measurement and J-V curve at room
temperature of an ITO - PEDOT - P3HT - LiF - Al device probed at 640
nm; 2 V amplitude.

on glass substrate and the polymer, the current rectifying property of the
device is increased.

The J-V curve in Fig. 3.29 shows such an improved diode characteristic.
The EA response obtained from the device (Fig. 3.29) scales linearly with
the applied DC bias, although the falling branch cannot be fitted by a single
straight line. At approximately 0.2 V the slope changes. This point coin-
cides with the threshold, when the DC offset plus the AC amplitude (1 V
peak-to-peak) reaches into the injection part of the diode.

The dependence of the 1w EA signal on the applied DC offset at 77 K in Fig.
3.30 does not seem to obey a linear fit formula at all, but the EA response
drops to zero at 1.45 V.

3.2.4 ITO - PEDOT - P3HT - LiF - Al Devices

Introducing a layer of LiF does not increase the internal electric field at
room temperature. The extrapolated branches in Fig. 3.31 exactly intersect
the zero line at 1.3 V.

At 77 K, the internal electric field of the ITO - PEDOT - P3HT - LiF
- Al structure is found to be slightly higher than without the LiF layer.
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Table 3.2: Overview over the values obtained for the internal electric field
found in P3HT devices of various thicknesses at room temperature and 77
K.

200 nm P3HT 400 nm P3HT 500 nm P3HT 1300 nm P3HT

Room Temp. 05V 04V 0.8V 1.1V
77T K 1.1V - - -

Table 3.3: Overview over the values obtained for the internal electric field
of 80 nm thick P3HT devices at room temperature and 77 K.

PEDOT P3HT P3HT LiF PEDOT P3HT LiF

Room Temp. 14V 1.6V 1.3V
77 K 145V 1.7V 1.5V

The points in Fig. 3.32 were determined in two experiments on the same
sample, one going from 0.6 V to 1.5 V and the other from 1.5 V to 3 V.
Therefore the course of the phase does not run smoothly over the whole
range, but it is clearly shown that the phase changes significantly around
1.5 V, representing the internal electric field.

3.2.5 Summary of the Results

In this section the results presented above are summarized to show a con-
densed overview over the obtained findings.
Fig. 3.33 and Table 3.2 comprise the results of the experiments on the ITO -
P3HT - Al devices of various thicknesses. The graphs used for the determi-
nation of the internal electric field at room temperature are pooled in Fig.
3.33.

Fig. 3.34, Fig. 3.35 and Table 3.3 give an overview over the results of the
internal electric field measurements done on the PSHT devices employing
interfacial layers of PEDOT:PSS and LiF.

o1



vV - (wu 00¢T) LHEJ - OLI (P)
IV - (wu 008) LHE - OLI () 1V - (wu 00%) LHE - OLI (4) 1V - (Wwu 00z2) LHE - OLI () "SOSSoUsPIY} SNOLIBA JO SOITAID
IV - LHEd - OLI Jo 2anjeroduwo) WOOI Je SHUOTOINSROW P[OY OLIJOS[0 [RUISIUI WOI) pourelqo sjord o) Jo jnoker :¢g'¢ oIngrq

A | seiq paijdde A [ selq paijdde
0¢C Sl 0l S0 ’ S0 - Al €-
0 = - - 00 00 00
o [dwy A G°Z ‘leubl o |
g " e ‘|dwy A G ‘eus S [eubiS y3©L o |pue &
e N e w . rco
- ES 260
& AN e 5 8 .
g & 103 3, 70 2
< < N <y =
= o - lan ©
3 53 90 7
> >
o o
m_ — . 3611 ;i 80
> Ausuap juslind ——— r¢co = Jpado E: Rususp a.lno pu
; Jpedop, Ajisuap juaun oL
0¢
A/ selq paijdde A/ selq pajjdde
4 L 0 - € 4 3 0 - A
081- : — - : 00 00 : : : 3 i . t : 00
N, o SUONIPUOD Jusique
N/ 2 o g e Wcm_
| leuBiISY3® | O|pue o i 5 o ISVI9gL of
| . 5 o3 m . o O |@nnoeAlspun shep omy
3 ®  Qe|nmm oo 60y allf © 4o PueEWBISYIA Olgq
80Z)- 7 omm 29 / 0o z
% AV\\QW = mvl. m .Ada.. mo ¢ m
N v ar od. o <pof (o] ’ & -
o s o N /sz °o = o 0] & =)
Q © ) . o, ‘o 0L . g 0o / Qo 0L
8 oo-f %o0o© o,n.w. > o Q ooo
- 0 - S 3901 o7 Q
Ve g \
% leubisya jo eseyd 0 pue o > [Gl wnnoeA Japun shep omy ' (e) [
14 &P AQV Jaye Ajisuap jusund Y
0 O O O 0 QrpP w ' \

o
«©
(=

52



v

- LHEd - LOAAd - OLI (@) TV - AV - LHEd - OLI (4) TV - LHEd - LOdAd - OLI (®) "LHEJ Jo 1ode] oaroe ue Surdojduwo
S9O1ADD o) JO aanjeioduio) WOOI je SIUSWDINSBROW POy OLIDS[O [RUISUI WO poureiqo sjord oy} Jo jnose :Jg'¢ 9Insig

A [ seiq pajdde

GC 0¢ Gl 0l G0
— : 00
IV\ i
BER S
A AEN 0
pod AP
& ~
' o
<> O~ tol
duy A L ‘leuBig va oL O
<
&7 LGl
- Aﬂ (Q)

,.0L | ¥V

A [ seiq pajdde

*4 0¢ Sl (% S0 00
0 ! - L . * 00
o F
m L
w “Q
=3 r¢o0
S}
p N\,
2 | Q. 2
& F Q z
= 15} -0
= a °
w —_— Nv L ©w
> eubis va®L o s
o a
3 €90
DA Ajsuap juaLnd ——
g (9)
80
A/ seiq pajdde
€ 4 3 0 b-
00 ! 00
g <G
5 & - | .
m.. wQ O, ¢o
g & %o 5
(VN i
2aS0F b > Vo3
2 i :
T | BUBIS VIO @ CR 90 <
> e % -
3 60 80
0br j o
Ayisusp jualind () ¢toy

93



TV - AVT - LHEd - 1Oddd - OLI () TV - AVT - THEd - OLI (9) IV - LHEd - LOdAd - OLI (®) "LHEJ Jo 1ode|
oAT)oR UR Surdojduwo Soo1Adp 9} JO 3 L/ 1R SJTUOUWRINSLIW P[OY JLI}09[0 [RUISIUL WO} paure)qo sjo[d oy} Jo noAe :Ge ¢ 9Ins1g

A | seiq pajjdde

gz gl o'l S0
081~ v i 00
oN

SozL-f o,

: o FG'0
i 0 e

g / Q.
8 1oy eubisv3oL o7 .

809k e

o Q
/ leubis v3 Jo eseud @ o ot
,0 (@) -
O A A A & - s A

A [ seiq pajjdde

o€ 4 0Z gt S0
Bl-F>vvvyvvsss, 0. PEON 00
¢
L leubis v3 Jo aseyd o’
-1 I
® ozi-r o’ ;.om
@ 7
- o A
Q 7 ~
® (¢] -
o
< o :
® 09| Jed -Z0
]
7/
jo) *
/7
Q0
p4
0 €0
A | seiq pajjdde
g z L 0 -
0 K -0°0
*
°
oo.v
> T | | e B>
% g 09 00 S0®
T3 * i
= - . -
= * |L‘|' °
- R BUBIS VIOL & 8, B
80zl [ e [O1
*
.
O |eublg v3 o eseyd o (e)
00
08l 0Q0 gl

54



0.7 0.3

0.6 \ ° 402

0.5 ) S j — — |First Derivative DPT 0.1

T/ arb. units
°
7

dt/dr /1072

0.4 \ 40.0
® Dolble Path Transmission \ I\

0.3 . . . . / .
500 550 600 650 700 750 800

wavelength / nm

Figure 3.36: Double path transmission (DPT) spectrum of an ITO - PEDOT
- PCBM - LiF - Al structure and its first derivative at 77 K.

3.3 PCBM Devices

Diodes with an active layer of PCBM were prepared by spin-coating a 3%
by weight solution of PCBM in chlorobenzene onto a PEDOT:PSS covered
ITO on glass substrate. A thin layer of LiF and a reflecting Al electrode
were evaporated on top. Details concerning the device preparation are found
in the section 2.2 on page 13.

Fig. 3.36 shows the double path transmission spectrum and its first deriva-
tive of the ITO - PEDOT - PCBM - LiF - Al device at 77 K. The sample
absorbs poorly in the visible range and has a brownish color.

In Fig. 3.37 the J-V curves of the device at low temperature and room
temperature are compared. Fig. 3.38 displays the same data plotted in
logarithmic scale.

The diodes with an active layer made of PCBM show a big difference in the
J-V characteristic compared to the devices employing a layer of a conductive
polymer. By cooling down the polymer to 77 K, the amount of current that
is transported is reduced dramatically and the device loses its rectifying be-
havior.

This is not the case for PCBM diodes. Upon cooling down, the onset of
the current injection is shifted to higher voltages and the line shape of the
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Figure 3.37: Comparison of the J-V characteristics of the ITO - PEDOT -
PCBM - LiF - Al devices at room temperature (solid curve) and at 77 K
(dotted curve).

J-V curve changes, but the device is still a diode: At 2 V the charge density
does not even reach one percent of the amount observed at room tempera-
ture but from approximately 7 V on, the current at low temperature exceeds
the current at room temperature.

The injection part of the J-V characteristic at room temperature shows lin-
ear behavior (Fig. 3.37). This represents ohmic transport and therefore a
constant concentration of mobile charge carriers over the entire thickness of
the film. Cooling down the sample with liquid nitrogen significantly changes
the nature of current conduction to space charge limited transport indicated
by the exponential onset of the J-V characteristic in Fig. 3.37.

By comparing the 2w EA spectrum with the first derivative of the double
path transmission spectrum another difference between the devices made
with polymer and with PCBM becomes obvious.

The EA spectra of MDMO-PPV (Fig. 3.4) and P3HT (Fig. 3.19) nicely
confirm the line shape predicted by the first derivative of the double path
transmission spectra whereas the agreement of the two curves in the case of
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PCBM is only poor.

The validity of the mathematical treatment presented in section 1.3.3 is
based on the assumption that the ground state and the first excited state of
the studied material are of different parity, which is necessary to observe an
allowed transition between these two energy levels. This case is shown in Fig.
1.1 and is valid for the luminescent polymers. In the case of fullerenes, the
ground state and the first excited state are of the same parity [28]. Therefore
an EA spectrum following the line shape of the first derivative of the unper-
turbed double path transmission spectrum is neither expected nor observed.

The first derivative of the DPT (Fig. 3.36) exhibits a broad spectral feature
around 520 nm with a distinct shoulder at 650 nm, but in the second har-
monic EA spectrum (Fig. 3.39) only one well resolved EA peak at 540 nm
is observed. This most pronounced lw EA response is used to determine
the internal electric field present in the PCBM layer. Probing at 550 nm
and observing the change of the EA signal with the applied DC offset leads
to the results shown in Fig. 3.40. The linear fit of the lw EA response
intersects the zero line between 1 and 1.1 V. This result is found for the
experiment at 77 K as well as at room temperature because both curves
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Figure 3.40: Plots comparing the internal electric field measurements of an
ITO - PEDOT - PCBM - LiF - Al device at room temperature and 77 K;
probed at 550 nm; 2 V amplitude.

almost coincide in reverse direction although they show a pronounced dif-
ference in forward direction. At room temperature, the EA signal drops to
zero once the current injection regime is entered. The disappearance of the
lw EA response above the turn-on voltage has been observed before in room
temperature experiments on PLEDs and was ascribed to the screening of
the internal electric field due to current injection [29].

At 77 K the course of the 1w EA response with positive applied bias is not
straight forward. The signal does not even reach zero, when the current
density reaches values comparable to those at room temperature below 1.5
V. It even increases between 1.3 V and 2.3 V and slowly decreases again
afterwards.

99



0.8 l i 1.0
\ ...... 0000 ....'
/ °® dos
\ ( .
/ [
0.6- \ @
' / \@ ® Double Path Transmission
/ -— 106
2 ] :
5 ! ° ‘\ =
_é 0.4 - / \ 404 :
~ ([ ] \ S
e / o
/ () N < — — First Derivative DPT 7 0-2
v S -
024 _ @ i ™.
)o SL oo 400
500 550 600 650 700 750 800

wavelength / nm

Figure 3.41: Double path transmission (DPT) spectrum of an ITO - PEDOT
- MDMO-PPV/PCBM (1:4 in chlorobenzene) - LiF - Al device at room

temperature and its first derivative.

3.4 MDMO-PPV/PCBM Blends
3.4.1 MDMO-PPV/PCBM Blends from Chlorobenzene

The weight ratio between polymer and acceptor molecule in the active layer
of the MDMO-PPV /PCBM solar cells is 1:4. For details on the production
process see page 14.

The double path transmission spectrum of an I'TO - PEDOT - MDMO-
PPV/PCBM (1:4 in chlorobenzene) - LiF - Al device shown in Fig. 3.41
looks very similar to that of the diodes employing only PCBM (Fig. 3.36),
but the blend shows a sharper rise of the transmission around 550 nm due
to the higher absorption of MDMO-PPV in that wavelength region. This
leads to a more distinct and well resolved peak in the first derivative around
560 nm. As Fig. 3.42 and Fig. 3.43 show, the first harmonic EA spectra
obtained at room temperature and 77 K are in good agreement with the
first derivative of the double path transmission spectrum.

Probing the sample at the wavelength of the maximum lw EA response
allows to determine the internal electric field. In reverse direction the 1w
EA signal scales linearly with the applied DC bias (Fig. 3.44), but once the
DC offset plus the AC amplitude overshoot the turn-on voltage, the 1w EA
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Figure 3.42: First harmonic (lw) EA spectrum of an ITO - PEDOT -
MDMO-PPV/PCBM (1:4 in chlorobenzene) - LiF - Al device measured
at room temperature compared with the first derivative of the double path
transmission (DPT) spectrum. -2 V offset, 1 V amplitude.
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62



12— 5
| \J’ 10 EA Sigrial 1V Ampl.
1.0 ®
b\ 44 C\IT-\
Q £
0.8 1 Q <
M current density 13 3
o N ~
= 064 ~_ N
D\: eo\o\ 42 g
% 04 ¢ 0000 9
c
- -& g 41 2
024 ~ = Vﬂ‘n. =
L AZ‘VQ V0000000000, 3
Sl RRRRRE
0.0 1 i - 1 0
2 1 2

applied bias / V
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Figure 3.45: Internal electric field measurement and the J-V curve of an ITO
- PEDOT - MDMO-PPV/PCBM (1:4 in chlorobenzene) - LiF - Al device
at 77 K probed at 570 nm; The AC amplitude varies from 200 mV to 500
mV.

response remains almost independent of a further increase of the applied
bias.

For all measured AC amplitudes the linear fits of the results obtained with
reverse bias intersect the zero line at approximately 1.1 V.

Cooling down the sample to 77 K freezes out the injection current. The
device loses its diode characteristic and also the increase of the 1w EA sig-
nal with increasing forward bias can be observed. The points measured in
reverse direction can be fitted linearly resulting in a point of intersection
of the fit curves with the zero line at approximately 0.5 V. As can be seen
in Fig. 3.45 the points measured in forward direction significantly deviate
from these straight lines. At 2.2 V the EA response is almost equal to zero
before rising again.
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Figure 3.46: Double path transmission (DPT) spectrum of an ITO - PEDOT
- MDMO-PPV/PCBM (1:4 in toluene) - LiF - Al device at room temperature
and its first derivative.

3.4.2 MDMO-PPV/PCBM Blends from Toluene

The sample preparation is exactly the same as for the devices employing
chlorobenzene, besides using toluene as the solvent.

Macroscopically, the spin-coated films from toluene are not as smooth as
those cast from chlorobenzene, therefore the light reflected from the Al
counter electrode is more diffuse. Less light can be collected by the lenses
and focussed on the detector, resulting in a smaller signal than expected
(Fig. 3.46).

Detailed studies on the surfaces using atomic force microscopy (AFM) showed
a difference in the roughness of MDMO-PPV/PCBM films from toluene and
chlorobenzene. Detailed results are found in reference [30].

Just as the MDMO-PPV/PCBM films cast from a solution in chloroben-
zene, the films made from toluene show a peak around 570 nm in the first
derivative of the double path transmission spectrum. Additionally the trans-
mission increases again at wavelengths longer than 700 nm (Fig. 3.46) re-
sulting in a broad feature in the first derivative, that cannot be seen in the
case of chlorobenzene (Fig. 3.41).

Even the first harmonic (1w) EA spectrum (Fig. 3.47) of the toluene cast
films is richer than that of the chlorobenzene cast films (Fig. 3.42), contain-
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Figure 3.47: 1w EA spectrum of an ITO - PEDOT - MDMO-PPV/PCBM
(1:4 in toluene) - LiF - Al device measured at room temperature compared
with the first derivative of the double path transmission (DPT) spectrum;
-2 V offset, 2 V amplitude.

ing besides the peak at 570 nm which both spectra have in common one at
610 nm and a broad one peaking around 840 nm.

The largest 1w EA response is observed at 560 nm, but the signal to noise
ratio makes it still almost impossible to determine the internal electric field.
As shown in Fig. 3.48, the 1w EA response in reverse direction can be fitted
linearly, but the lines obtained for 1 V respectively 2 V AC amplitude do
not intersect the zero line at the same voltage.

Going down with the temperature to 77 K lowers the noise level. At 77
K the agreement between the lw EA spectrum and the first derivative of
the double path transmission spectrum is better than at room temperature
(Fig. 3.50).

The attempt to determine the internal electric field using the 1w EA signal
at 580 nm shown in Fig. 3.51 allows to find a minimum for the EA response
at approximately 0.4 V. Fitting the 1w EA at different AC amplitudes does
not lead to the same point of intersection with the zero line. This is ob-
served in the data collected at room temperature (Fig. 3.48) as well as at
77 K (Fig. 3.51). The lw EA spectrum shows two other peaks, at which
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Figure 3.48: Internal electric field measurement and the J-V curve of an ITO
- PEDOT - MDMO-PPV/PCBM (1:4 in toluene) - LiF - Al device at room
temperature probed at 560 nm; 2 V amplitude (circles) and 1 V amplitude
(diamonds).
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Figure 3.49: Double path transmission (DTP) spectrum of an ITO - PEDOT
- MDMO-PPV/PCBM (1:4 in toluene) - LiF - Al device measured at 77 K
and its first derivative.

the voltage dependence of the EA signal can be measured.

In Fig. 3.52 and Fig. 3.53, the results of these experiments are presented.
Though relatively noisy, the results show good consistency and show a sig-
nificant change of the phase of the lock-in signal. In Fig. 3.52, the linear
fits of the EA signals in reverse direction both intersect the zero line at ap-
proximately the same value: 0.5 V.

Probing at 840 nm even allows to observe the characteristic V-shape of the
lw EA signal. The minimum is at approximately 0.5 V.

Due to the increased film roughness being a morphology effect, the reflection
on the Al electrode is diffuse in the case of MDMO-PPV/PCBM films spun
from toluene. Therefore EA studies done in reflection geometry (double
path transmission, see section 2.1) cannot provide low noise level results.
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Figure 3.51: Internal electric field measurement of an ITO - PEDOT -
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Figure 3.52: Internal electric field measurement of an ITO - PEDOT -
MDMO-PPV/PCBM (1:4 in toluene) - LiF - Al device at 77 K probed
at 610 nm; 2 V amplitude (circles) and 1 V amplitude (diamonds).

71



— 160
O—0—
N /
Q
\ A J
l) —o— Phase|2VAmpl. 7 97\
0.2+ Q —0— Phase, 1V Ampl. o
1120
Q
\O\ / 3
Y Q /8 >
= } S 180 3
» T~ o o =
g e e 48
(]
o O ) /<> 0©° g
- o Q,o’ 440
1 0 10|EA Signal, 2V Ampl.”~ O~
o 10|EA Signal, 1V Ampl. > “— OO0 <]
o O~ ol %Q\O
0.0 I/MTQ—@ | , AL S , 0
2 -1 0 1 2

applied bias / V

Figure 3.53: Internal electric field measurement of an ITO - PEDOT -
MDMO-PPV/PCBM (1:4 in toluene) - LiF - Al device at 77 K probed
at 840 nm; 2 V amplitude (circles) and 1 V amplitude (diamonds).
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3.5 P3HT/PCBM Blends

3.5.1 Untreated Devices Employing P3HT /PCBM Blends as
Active Layer

The active layers are spin cast onto PEDOT:PSS coated ITO on glass sub-
strates and are made of PSHT /PCBM blends (1:2) in chloroform. For details
on the production process see section 2.2 on page 14.

The samples from which the results of this section are obtained do not un-
dergo any special treatment prior to the installation into the cryostat inside
the glove box. Just as the MDMO-PPV/PCBM blends before, the dou-
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Figure 3.54: Double path transmission spectrum of an untreated ITO -
PEDOT - P3HT/PCBM (=~ 100 nm, 1:2 in chloroform) - LiF - Al device at
room temperature and its first derivative.

ble path transmission spectrum of the untreated P3HT /PCBM (Fig. 3.54)
closely resembles the spectrum of pure PCBM (Fig. 3.36). From the first
derivative a broad EA peak around 550 nm is expected. The 1w EA spec-
trum shown in Fig. 3.55 shows only poor agreement with the first derivative
of the double path transmission spectrum. Only one distinct peak around
540 nm is observed, the rest of spectrum remains featureless.

Going from DC offsets of -2 V to -1 V and then 0 V, the EA response de-
creases. At 1 V and 2 V in forward direction, no EA signal can be observed
at all. The large injection current screens the applied electric field.

At wavelengths below 550 nm the absorption of the sample is very high and
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Figure 3.55: 1w EA spectra measured with DC offsets varying from -2 V
to 2 V, 1 V amplitude of an untreated ITO - PEDOT - P3HT/PCBM (=~
100 nm, 1:2 in chloroform) - LiF - Al device at room temperature compared
with the first derivative of the double path transmission (DPT) spectrum.

at the same time the light intensity delivered by the lamp is weak (compare
Fig. 2.3). At 2 V offset basically no EA response is measured, therefore for
the normalization AR/R two very small signals are divided, pretending a
signal between 500 nm and 550 nm.

The internal electric field at room temperature is determined using the 1w
EA signal at 550 nm (Fig. 3.56). In reverse direction the measured points
can be fitted with a straight line. Extrapolating these lines, the point of
intersection with the zero line is 2.1 V. But exactly where the DC offset
plus the AC amplitude overshoots the threshold voltage of beginning charge
injection, the EA response decreases and reaches zero at 1 V, the turn-on
voltage.

In Fig. 3.56 this point of abruptly changing slopes is located between 0.4 V
and 0.6 V for 1 V peak-to-peak AC amplitude (circles) and between 0.6 V
and 0.8 V for 0.5 V AC amplitude (diamonds).

Fig. 3.57 shows the lw EA spectrum at 77 K of the untreated ITO -
PEDOT - P3HT/PCBM (1:2) - LiF - Al device. The dependence of the EA
spectra on the applied DC bias at 77 K is very similar to the behavior at
room temperature (Fig. 3.55). Though the J-V curve at 77 K is symmetric
around zero and the current density is low, if forward bias is applied, the
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Figure 3.56: Internal electric field measurement and J-V curve of an un-
treated ITO - PEDOT - P3HT/PCBM (&~ 100 nm, 1:2 in chloroform) -
LiF - Al device at room temperature probed at 550 nm; 1 V and 500 mV
amplitude.

EA is smaller than in reverse direction. The reason for this is, that over 1
V have to be applied to overcome the internal electric field. Unlike in the
experiment at room temperature, at applied forward bias the EA response
at 550 nm is small, but remains visible.

The determination of the internal electric field at 77 K shows a different
result than at room temperature. In Fig. 3.58 the EA response to a varia-
tion of the DC offset can be fitted linearly. The fits of the falling and the
rising branch intersect the zero line at 1.4 V.
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Figure 3.57: 1w EA spectra measured with DC offsets varying from -2 V to
2V, 1 V amplitude of an untreated ITO - PEDOT - P3HT/PCBM (=~ 100
nm, 1:2 in chloroform) - LiF - Al device at 77 K compared with the first
derivative of the double path transmission (DPT) spectrum.

3.5.2 P3HT/PCBM Blends after Postproduction Treatment

Samples of the structure ITO - PEDOT -P3HT /PCBM (2:3) - LiF - Al were
prepared by spin-casting the active layer from a solution in chloroform. Af-
ter evaporating the reflecting back electrode, the devices underwent the so-
called postproduction treatment, a combined heat and electric refining step
of the active layer. General information about the postproduction treatment
were published by Franz Padinger et al. and can be found in reference [25].
For details on the actual treatment conditions of these samples see section
2.2 on page 14.

As the double path transmission spectrum in Fig. 3.59 shows, the post-
production treatment has an indisputable impact on the absorption of the
P3HT /PCBM film. Now the absorption reaches to longer wavelengths. Even
with the naked eye the change of the color from a brownish yellow to deep
purple can be observed.

The first derivative of the double path transmission spectrum shows peaks
at 570 nm and 630 nm, in the untreated films there was only a broad feature
peaking around 550 nm (Fig. 3.54). In the lw EA spectrum (Fig. 3.60)
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Figure 3.58: Internal electric field measurement of an untreated ITO - PE-
DOT - P3HT/PCBM (= 100 nm, 1:2 in chloroform) - LiF - Al device at 77
K probed at 570 nm (1 V and 2 V amplitude) and 600 nm (1 V amplitude).

at applied reverse bias the line shape up to 650 nm coincides with the first
derivative of the double path transmission spectrum: the peaks at 570 nm
and 630 nm are present in both spectra.

From 650 nm on another broad peak is present in the lw EA spectrum
reaching its maximum at 700 nm which is not expected from the transmis-
sion spectrum.

Fig. 3.60 also shows that the spectral EA response of the treated devices is
heavily influenced by the applied DC offset. In reverse direction, reducing
the offset from -2 V to -1 V diminishes the EA at the first two peaks at
570 nm and 630 nm but leaves the third at 700 nm unaffected. Modulating
around 0 V, the formerly dominating peaks at 570 nm and 630 nm have
almost vanished, while the response at 700 nm is increased. When the de-
vice is biased with 0.8 V, the voltage at which Fig. 3.61 shows the highest
response to the bias, the whole spectrum changes:

Around 610 nm, a new peak arises between the two peaks of the first deriva-
tive of the double path transmission spectrum and the peak around 700 nm
increases dramatically. Fig. 3.61 shows the attempt to determine the inter-
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Figure 3.59: Double path transmission (DPT) spectrum of a treated ITO -
PEDOT - P3HT/PCBM (= 150 nm, 2:3 in chloroform) - LiF - Al device at

room temperature and its first derivative.

nal electric field of an ITO - PEDOT - P3HT/PCBM (2:3 in chloroform) -
LiF - Al device at room temperature. The EA response does not follow a
straight line and once DC offset plus AC amplitude exceed the turn-on volt-
age the signal increases, peaks at the turn-on voltage of 0.8 V and decreases
again obscuring the EA and making it impossible to determine the internal
electric field.

In Fig. 3.61 it is clearly seen, that by decreasing the AC amplitude the onset
of the obscuring peak is shifted more closely to the turn-on voltage.

The 1w EA spectrum at 77 K is shown in Fig. 3.62. The results obtained
with negative applied voltages show the same behavior as at room temper-
ature: Peaks at 580 nm, 640 nm and 700 nm are observed. In forward
direction the third peak at 700 nm dominates the spectrum.

At 77 K no obscuring peak disturbs the attempt to determine the internal
electric field (Fig. 3.63). Though the 1w EA signal does not follow a straight
line, the signal vanishes at 1 V to increase again with higher DC offsets.
The internal electric field that has to be overcome to cancel the Stark effect
is equal to 1 V.
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Figure 3.60: 1w EA spectra measured with DC offsets varying from -2 V
to 0.8 V of a treated ITO - PEDOT - P3HT/PCBM (~ 150 nm, 2:3 in
chloroform) - LiF - Al device at room temperature compared with the first
derivative of the double path transmission (DPT) spectrum; 1 V amplitude.
The EA spectrum at 0.8 V DC is divided by 5.
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Figure 3.61: Internal electric field measurement and the J-V curve of a
treated ITO - PEDOT - P3HT/PCBM (= 150 nm, 2:3 in chloroform) - LiF
- Al device at room temperature probed at 610 nm and 620 nm.
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Figure 3.63: Internal electric field measurement of a treated I'TO - PEDOT
- P3BHT/PCBM (&~ 150 nm, 2:3 in chloroform) - LiF - Al device at 77 K
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Chapter 4

Conclusion

As long as perturbing effects like major charge carrier injection are ruled
out, the results presented in chapter 3 generally show good agreement with
the mathematical treatment introduced in chapter 1: If operated below the
turn-on voltage or at 77 K, the EA spectra presented above coincide with
the corresponding first derivatives of the DPT spectra. Following the argu-
mentation in reference [11], the energy gap between the ground state and
the first excited state exhibits the dominant 1B, Stark shift [23] resulting
in the first derivative line shape.

Only for the devices employing a layer of pristine PCBM (Fig. 3.39), the
agreement has to be considered as poor. But also this fact does not contra-
dict the findings in section 1.3.2, because unlike in the luminescent polymers
in fullerenes the ground state and the first excited state are of the same par-
ity [28] making this transition not allowed.

In injection regime also deviations from the first derivative line shape have
been observed, most prominent for devices with an active layer made of
post-treated PSHT/PCBM (Fig. 3.60). Effects due to the current flow su-
perimposing the EA response have been frequently reported in the literature
and were identified as: electric field screening [29], absorption bleaching [31]
excited state absorption of trapped charge [29].

Also the linearity between 1w EA signal and DC offset, which is directly
based on the dependence of the EA on the square of the electric field (see
equation (1.12) in section 1.3.2) holds in reverse direction or at 77 K.

The devices employing pristine P3HT and P3HT /PCBM blends are the ex-
ception: The linearity hardly holds at all, indicating a connection with the
material properties of PSHT.

The non linear behavior of the J-V curves indicates space charge limited

current [32] transport in the devices resulting in a highly inhomogeneous
electric field across the active layer. This violates the condition of a spa-
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tially homogeneous electric field being a fundamental assumption for the
theoretical approach leading to equation ((1.12) in section 1.3.2).

While in many papers on EA [17, 18, 19, 20, 26], the authors aim to find
the device’s built-in potential, defined as the difference in the work functions
of anode and cathode, this was not the goal of this work. The experiments
presented above should characterize state of the art PLEDs and bulk het-
erojunction solar cell devices and identify the effects of interfacial layers on
the internal electric field present in the materials used for these devices.
Following the idea of I. Parker [33], who described PLEDs below the turn-on
voltage as a metal/insulator/metal combination (MIM picture), the internal
electric field should be equal to the difference in the work functions of the
contact materials as long as their Fermi levels are located within the HOMO
and the LUMO levels of the conjugated polymer sandwiched between the
contacts.

To my understanding, one has to be careful to apply this picture to the
results presented above.

ITO does not possess a well defined work function, though in literature a
value of around 4.7 eV is widely used. It is known, that the work function
of ITO is sensitive to the fabrication process [34] as well as to preparation
conditions [35].

Taking ~ 4.7 eV for the ITO work function, ~ 5.0 eV for PEDOT:PSS and
4.3 eV for Al, the model can neither explain the experimentally determined
values nor the difference in the internal electric field between MDMO-PPV
and P3HT.

1. Parker explicitly based his model on depleted films, which therefore can-
not account for space charge in the contact region, that was reported to
be present and to influence EA measurements in sandwich device geometry
[11]. Any charge accumulation would influence the internal electric field.
Nonlinearities in the EA response have already been attributed to charge
accumulation at interfaces in the literature [36]. Furthermore Parker’s model
does not explain the observed differences of room temperature and 77 K ex-
periments.

The direction of the internal electric field is the same in all devices pre-
sented above: A certain external forward bias has to be applied in order to
cancel the internal field. Fig. 4.1 presents a possible origin of this internal
field due to accumulation of positive charges on the interface between active
layer and cathode and negative charges on the anodic side. Injecting elec-
trons via the Al and holes via the ITO causes recombination and therefore
the electric field vanishes.

The influence of interfacial layers on the internal field would then be related
to a modification of the injection barrier and therefore to the charge carrier
injection properties. Lowering the temperature has a significant impact on
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Figure 4.1: Charging up the contact region of the active layer leads to an
internal electric field needing an external forward bias to cancel it.

the mobility. At 77 K the charge carriers in the conducting polymers are
almost immobile. This will hamper their movement through the layer and
prevent recombination and would be a possible explanation for the fact, that
the internal electric field is always higher at low temperature than at room
temperature.

EA studies on polymer/fullerene bulk heterojunction photovoltaic de-
vices have been reported by Heller et al. [18]. They observed a reduction
of the internal electric field measured at room temperature in devices with
Cso doped MEH-PPV active layers compared to the pristine polymer [18].
The conclusion of that paper is, that the Cgg doping of the polymer layer
introduces an electron acceptor level into the band gap of the polymer below
the work function of the cathode. This additional states will lead to charge
transfer between the contact and the Cgp resulting in chemical potential
pinning.

In this work the results of EA studies on bulk heterojunction solar cells are
presented in section 3.4 and 3.5. At room temperature approximately 1 V
was found to be sufficient to cancel the internal electric field in MDMO-
PPV /PCBM devices spin cast from a solution in chlorobenzene (Fig. 3.44)
and P3HT /PCBM devices (Fig. 3.56 and Fig. 3.61). This bias equals the
internal field found for ITO - PEDOT - PCBM - LiF - Al devices.

These findings confirm the experimental results in [18], but not necessarily
the interpretation presented in that paper, because experiments at 77 K re-
sulted in different values for the internal electric field (Fig. 3.45, Fig. 3.58
and Fig. 3.62).
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