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Abstract

Organic semiconductors are potentially a cost and energy effective al-
ternative to conventional technologies. The understanding of charge
transport in these materials and minimizing electrical losses in or-
ganic devices is essential to improve device output. In this thesis
the transport properties of charge carriers in solution processed or-
ganic semiconductors were investigated via field effect measurements.
Measurements of the temperature and electric field dependent charge
carrier mobilities in organic field effect transistors (OFETSs) is a good
method for studying the transport properties in organic semiconduc-

tors.

In the first part of the thesis, the field effect characteristics of a
methanofullerene [6,6]-phenyl Cg;-butyric acid methyl ester (PCBM)
OFET were modelled with a model from the literature for field effect
theory in organic semiconductors. The results for the material pa-
rameters attained from the fit were compared to material parameters
found in the literature from a study on fullerene diodes, with good
agreement. Some discrepancy was then found between the current-
voltage curves simulated with the material parameters and the exper-
imentally determined data. This effect was attributed to contact re-
sistances between the source and drain contacts and the PCBM layer.
The contact resistances in OFETSs have been observed to follow the
same physics as the field effect mobility in low mobility materials;
both depend on the injection conditions from metal into semiconduc-
tor. Values for the contact resistance were determined experimentally
for various gate voltages at room temperature, and a general expres-
sion for the temperature and electric field dependence of the contact
resistance was proposed. Accounting for the contact resistance led to

a better agreement between the experimental and simulated values.

In the second part, the polymer-fullerene blends used in polymer pho-

tovoltaics were investigated. It is known that tempering is necessary



to enhance the performance of poly(3-hexylthiophene)(P3HT) based
devices. The effect of tempering was investigated through changes
in the field effect mobilities in the pure P3HT films and then in
PCBM:P3HT blends. Tempering was found to result in a profound
increase in the electron mobilities in the blends. The concentration of
PCBM in the blend was then varied, to determine the optimal blend
composition. Electron and hole mobilities were found to be balanced
in the low 10~3cm?/Vs range for the 2:1 PCBM:P3HT blends. Charge
carrier mobilities were consistently lower in the blends, suggesting that

morphology is still an issue for charge transport.



Zusammenfassung

Organische Halbleiter haben das Potential 6konomischer in der Her-
stellung zu sein als herkommliche anorganische Halbleiter. Grundle-
gendes Verstandnis tiber Ladungstransporte im Material und die Min-
imierung elektrischer Verluste am Metall-Halbleiteriibergang sind wi-
chtig fiir die Optimierung der Leistung organischer Bauelemente. In
dieser Arbeit wurden mit Hilfe von Feldeffekt-Messungen die Trans-
porteigenschaften von organischen Halbleitern untersucht. Mobilitats-
messungen an organischen Feldeffekttransistoren (OFET) in Abhéngig-
keit der Temperatur und des elektrischen Feldes ist eine gute Methode

die Transporteigenschaften organischer Halbleiter zu untersuchen.

Im ersten Teil dieser Arbeit wurden die Feldeffekt-Charakteristika
eines Fulleren-OFETs mit einem aus der Literatur bekannten Model
der Feldeffekttheorie fiir organische Halbleiter modelliert. Ein Vergle-
ich der Materialparameter von dem angewandten Model mit gewonnen-
en Materialparametern einer Studie iiber Fulleren-Dioden aus der
Literatur zeigte eine gute tibereinstimmung der Werte. Mit diesen
Materialparametern simulierte Strom-Spannungskurven wiesen Un-
terschiede zu gemessenen Daten auf, die den Kontaktwiderstdnden
zwischen Metallkontakt und Halbleiter zugeschrieben wurden. Es
wurde beobachtet, dass sich der Kontaktwiderstand physikalisch wie
die Feldeffektbeweglichkeit in Materialien mit niedrigen Ladungstrager-
beweglichkeit beschreiben lasst; beide Groflien hangen von den Injek-
tionseigenschaften vom Kontaktmaterial in den Halbleiter ab. Der
Kontaktwiderstand wurde bei Raumtemperatur fiir unterschiedliche
Gate-Spannungen experimentell bestimmt, und eine allgemeine Beschrei-
bung fiir die Abhangigkeit des Kontaktwiderstandes von der Temper-
atur und dem elektrischen Feld wurde vorgeschlagen. Die Beschrei-
bung fiir den Kontaktwiderstand wurde in das Model eingebracht
wodurch die Unterschiede zwischen simulierten und experimentellen

Daten minimiert wurden.



Im zweiten Teil der Arbeit wurden die in der Polymerphotovoltaik
verwandten Polymer-Fulleren-Mischungen untersucht. Es ist bekannt,
dass das Tempern nétig ist, um die Leistung der auf poly(3-hexylthio-
phene)(P3HT) basierenden Bauelemente zu verbessern. Der Effekt
des Temperns wurde sowohl an den reinen P3HT OFETSs als auch
an den PCBM:P3HT Mischungen untersucht. Das Tempern fiihrt zu
einer Erhohung der Elektronenbeweglichkeit in den Mischungen. Die
Konzentration des PCBMs in den Mischungen wurde variiert, um die
optimale Zusammensetzung zu bestimmen. Fiir die 2:1 PCBM:P3HT
Mischungen wurden gleiche Elektronen- und Lochbeweglichkeiten ge-
funden, die im unteren 1073 cm?/Vs Bereich liegen. Ladungstriger-
beweglichkeiten waren in den Mischungen immer niedriger, was da-
rauf hindeutet, dass die Morphologie ein wichtigen Punkt bei dem

Ladungstragertransport darstellt.
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Chapter 1

Organic semiconductors

1.1 Introduction

In recent years, there has been a lot of research done on organic semiconduc-
tors. Small molecule organic semiconductors were already being investigated
over 60 years ago [1], however, the discovery of conducting polymers and the
work done to improve their conductivity [2] offered to revolutionise electronics
as these materials could be processed in solution form. The result is low cost
and low energy device production, as well as the potential for large scale and
flexible applications. Since then, studies have focused on explaining the charge
transport properties within these materials, many device architectures have been
investigated, including organic light emitting diodes (OLEDs), organic field ef-
fect transistors (OFETS), organic solar cells, polymer lasers, polymer batteries
and polymer supercapacitors, and much work has been done towards improving
device efficiencies.

In this thesis the charge transport properties of charge carriers in organic
semiconductors are examined, specifically the transport properties in solution
processable organic semiconducting materials. The thesis begins with the basic
charge transport in an amorphous medium. In materials with such low charge
carrier densities, injection conditions and the dynamics at the interface can be
deciding for device performance. The interface between metal and semiconductor
as well as general contact effects in organic devices are discussed and the spectrum

of injection models is briefly presented. There have been many advances in OLED



1.2 Electrical conduction in carbon based
materials

as well as in OFET technology, and these are reviewed. In addition, it is discussed
how materials can be characterised in the diode or thin film transistor structure
for screening purposes. The charge transport in fullerene OFETSs is investigated,
and the injection processes in these devices is studied. Organic photovoltaics,
perhaps one of the most interesting fields in organic electronics from a social
perspective, is the last topic that is dealt with. Advances in this field as well as

the improvement of the active layer morphology and composition are discussed.

1.2 Electrical conduction in carbon based
materials

Organic semiconductors are carbon based materials. The carbon atoms are joined
by alternating single and double bonds, and the conjugated nature of the system
leads to the semiconducting properties in these materials. In the carbon atom
there are four electrons in the outer shell, which in the ground state are found in
the 1 5%2522p? configuration. In organic semiconductors, there is a hybridization
of the s and p orbitals to form 3 sp? orbitals. These orbitals are positioned 120°
apart, forming a triangle coplanar to the carbon atoms. These orbitals form the
stronger ¢ bonds. The fourth orbital is the p, orbital, which is perpendicular to
the plane of the atoms. The overlap of the p, electrons from the carbon atoms
form a delocalised band, the 7 orbitals, which are responsible for the conductive
nature of the material [1].

The system may be expected to behave as a one dimensional metal, however,
symmetry breaking reduces the energy of the system, resulting in two delocalised
energy bands, the highest occupied molecular orbital (HOMO) and the lowest
occupied molecular orbital (LUMO), separated by an energy gap. The one di-
mensional metal then becomes an insulator with a band gap in the order of one
to a few electron volts. The value of the energy gap depends on the structure
of the material [1; 3], and decreases for an increasing number of repeat units
comprising the molecule [1; 3; 4]. The molecules are bound by strong covalent
forces, the bonds between the molecules, however, are bound by weaker van der

Waals forces. The properties in organic semiconductors are then determined by



1.2 Electrical conduction in carbon based
materials
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Figure 1.1: Example of a simple conjugated carbon chain

the more prominent molecular characteristics rather than those of the whole solid
[1].

There is a large variety of organic semiconducting materials, and the possi-
bilities for new materials is next to endless, as semiconductors can potentially be
designed and synthesised according to the application. Organic semiconductors
can be very roughly broken into two groups. The first group consists of the small
molecule organic semiconductors which are deposited by means of vacuum depo-
sition to form ordered films. Organic semiconductors of this form were already
being investigated in the 1940’s [1].

The discovery of conductive polymers in the late 70’s [2], however, signified a
breakthrough in electronics. A new group of materials was being investigated that
could be processed in solution form. Electronic devices could be manufactured
at low temperatures with minimal cost and energy expenditure. These materials
lend themselves to large scale and flexible applications, for which conventional
semiconductors are too expensive or too brittle. The discovery and continued
work on conducting polymers led to the Nobel Prize in Chemistry in 2000 for
Heeger, MacDiarmad and Shirakawa.

The solution processing of organic semiconductors can lead to higher disorder
in the film and therefore lower mobilities compared to other deposition techniques
such as vacuum depostion [5]. The difference in intra- and intermolecular charge

carrier mobilities in the solution processed films illustrates this point. Charge



1.3 Charge transport in organic semiconductors

carrier mobilities on the individual molecules can be orders of magnitude larger
than charge carrier mobilities through the films [6; 7; 8]. A higher degree of
order in the semiconducting film can be attained through improved processing
conditions and can lead to higher mobilities. For example, field effect mobili-
ties in regioregular polythiophene in the order of 0.1cm?/Vs have been reported
for films in which tempering or self-organisation was used to improve polymer
chain ordering [9; 10; 11]. One major focus point of the research in the area of
organic electronics is the improvement of charge carrier transport through the

semiconducting films for better device performance.

1.3 Charge transport in organic semiconductors

Due to the amorphous structure of organic semiconductors, energy sites within the
materials are strongly localised. In materials governed by positional and energetic
disorder, charge transport occurs via hopping [12; 13] between the localised sites.

Hopping transport in organic materials is commonly described by Miller-

Abrahams formalism [14; 15]. The hopping rate is then given by

Ej—Ei . . .
Vij = Voexp(—27AR;;) { exp(_l-kBT ! gj i g’
) J '

(1.1)
where 7 is the inverse localisation radius of the electronic wave function, AR;; is
the distance between localised sites ¢ and j, and kg is the Boltzmann constant.

The absorption bands of organic semiconductors are typically found to exhibit
a Gaussian shape; charge transport in these materials is usually described with
a Gaussian density of states (DOS) [15]:

o8 = —eon (-1 ) (12)

o2no 20

where N is the number of energy sites per unit volume. The distribution is
centered around zero energy, with a distribution width of o.
The description of hopping transport in a disordered system introduced here

can be simplified by employing the concept of a transport energy [16; 17; 18],
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E;, which reduces the problem of hopping transport in an amorphous medium
to trap controlled band transport [19; 20]. Charge carriers in shallow energy
sites (E; < E;) will hop to sites with lower energy (E; < E) that are close
by. For charge carriers at lower energy sites (F; > E;), the most probable hop
upwards in energy is a hop to a site with £ ~ F;, regardless of the value of Ej.
This means that hopping transport processes within the system revolve around E;
[21]. In organic semiconductors the transport energy plays the role of the mobility
edge, which in inorganic non-crystalline semiconductors, is the energy separating
the delocalised sites from the localised sites in the conduction or valence bands.
Monroe [18] first introduced the concept of the transport energy for hopping
transport in an exponential DOS. This was later shown to apply to hopping
transport in a Gaussian DOS [21].

Charge carriers must be added to organic semiconductors due to the intrinsi-
cally low charge carrier densities in these materials. This can occur by injection,
photocarrier generation, or doping. The characteristically low mobilities and dis-
ordered nature of the materials are issues for charge carrier transport through
the material. Organic semiconductors can typically transport one type of charge
easier than the other. In the case of conjugated polymers, for example, most of
the materials behave as p-type materials and if ambipolar transport is observed,
hole mobilities are usually orders of magnitudes larger than electron mobilities.
This is attributed to traps in the material that impede the electron transport
[22]. Recently, however, time of flight (ToF') measurements on purified regioregu-
lar poly(3-hexylthiophene) films have revealed electron and hole mobilities in the
same order of magnitude [23].

The process of charge carrier injection into organic semiconductors as well as
the physics at the metal-semiconductor interface are still not well understood,

and are discussed in the next section.



Chapter 2

Investigating charge transport in
organic diodes

2.1 Organic light emitting diodes (OLEDs)

A breakthrough in the field of organic light emitting diodes (OLED) was reported
by Tang et al. [24] in 1987, using Alqs as the organic semiconducting layer. The
energy diagram of an organic light emitting diode (OLED) is shown in figure 2.1
a). The contacts are chosen so that the anode is a high work function metal
that will form an ohmic contact with the Highest Occupied Molecular Orbital
(HOMO) for efficient hole injection into the semiconductor, and the electrode
is a low work function metal that will form an ohmic contact with the Lowest
Occupied Molecular Orbital (LUMO) for electron injection. Electroluminescence
was observed in the conjugated polymer poly(paraphenylene vinylene) (PPV) in
1989 [25], and the energy levels in the diagram are taken from the PPV OLED. A
layer of poly-ethylene dioxythiophene:poly-styrene sulphonic acid (PEDOT:PSS)
is used to improve the hole injection conditions [26; 27]. The chemical structure
of PPV is shown in figure 2.1 b). Light, with a wavelength corresponding to the
HOMO-LUMO gap, is emitted from the diode when the charge carriers recombine
within the device.

OLEDs are extremely good candidates for display technologies. OLED dis-
plays are potentially cheap, energy efficient, light-weight and thin; only a driving
voltage is needed across the panel instead of back lighting. The displays have a

large viewing angle and good resolution. OLED displays appeared on the market



2.2 Space charge limited currents (SCLC)

in 1999 when Pioneer introduced a multi-colour small molecule OLED car stereo
display. In 2002, Phillips brought out a polymer LED (polyLED) monochrome
display for an electric razor (courtesey of Phillips Research: Polymer light emit-
ting diodes). Since then OLED displays have made their way into cell phones,
and car components, and larger prototype displays exist. Limiting factors for
the performance of OLED and polyLED displays remain the efficiencies of the
devices and the stability of the organic materials, however considerable progress

has been made on these fronts [28].

2.7eV
2.8eV
Ca
4.8eV \
1o 5.0eV
PEDOT-Pss|_ 228V
\ PPV

(a) (b)

Figure 2.1: a) Energy diagram of an organic light emitting diode. b) Chemical
structure of PPV.

2.2 Space charge limited currents (SCLC)

It is possible to investigate the transport properties of one type of charge carrier
in a diode structure by choosing metals with appropriate work functions for the
contacts. If, for example, two high work function metals are used to form ohmic
contacts with the HOMO level of the semiconductor, a “single carrier” device is
made in which hole transport in the semiconductor can be investigated.

The charge carrier mobilities in organic semiconductors are typically low. In

the case that the injection barriers between the metal and semiconductor are



2.2 Space charge limited currents (SCLC)

small, and charges can be efficiently injected into the device, the device limiting
factor is the ability of the material to transport the charge through the bulk. Us-
ing the concept of the transport energy introduced in section 1.3, charge transport
in such devices can be described using the theory for SCLC [29] in the presence
of multiple trapping and release [30].

The Poisson equation describes the relationship between the electric field and

the local charge density,

L= L o) + e, .1)

where ¢ is the elementary charge, €, is the permittivity of free space, and e, is
the dielectric constant of the material. The total density of carriers is given by
p(z) = pe(x) + pi(x), where p.(x) is the density of carriers in conductive states,
and p;(z) is the density of carriers in trapped states.

The current density is given by

where p(F) is the field dependent mobility.
When the system is in equilibrium, the density of trapped charge carriers is

given by the Gaussian DOS, and the Fermi-Dirac distribution according to

_ [T 9B
n0= || e =

where F = 0 corresponds to the mobility edge.
Equations (2.1) and (2.2) can be combined to give the current-voltage (IV)
relation
dF(z) J q

dr cobrt(F)F () * €O€Tpt($), (2.4)




2.2 Space charge limited currents (SCLC)

To obtain the IV characteristics from (2.4), the differential equation has to be
solved numerically according to the boundary equation F'(0) = 0. The voltage is

given by V = fOL F(z)dx, where L is the thickness of the semiconducting layer.

2.2.1 Determining charge carrier mobilities from SCLC
measurements

It is possible to determine the charge carrier mobility from the SCLC behaviour
discussed in the previous section. In the limiting case that the mobility is assumed
to be not strongly field dependent, and trapping is ignored so that only the free

charge carriers are considered, equation (2.4) is rewritten as [31; 32]

dF(x)
dr

J = qpc€oerfiF () (2.5)

Integrating equation (2.5) from = = 0 to L results in the Mott-Gurney law [29]

9 V2
J = SqPelt€réors- (2.6)

8 L
At lower voltages the IV charactersitics follow the Ohmic behaviour given by
eq. (2.2). At higher voltages, the SCLC behaviour becomes apparent, and the
IV characteristics follow eq. (2.5). The transition is marked by a change in the
slope in the graph of the IV characteristics from slope = 1 to slope = 2, and the
mobility can be determined at this point from the two expressions.
Much work has been done to expand the SCLC model to include the field
dependence of the mobility and trapping effects [32; 33; 34; 35].

2.2.2 The SCLC Model in combination with other
effects

In the literature charge transport in organic diodes is often described with the
SCLC model in combination with other effects, as the SCLC model alone may
not be sufficient to describe charge transport in the device if other processes or
phenomena dominate device behaviour. Some of the common variations to the

SCLC model found in the literature for organic devices are reviewed.



2.2 Space charge limited currents (SCLC)

2.2.2.1 Distribution of traps

Chemical impurities and/or unintentional doping mechanisms along with struc-
tural irregularities can lead to traps for charge carriers in organic semiconductors.
A Gaussian DOS used to account for the initial disorder inherent to the organic
semiconductor superimposed with a second Gaussian DOS to account for the

effect of impurities leads to a DOS with a double Gaussian peak [36]:

N — N, E? N, (E — Ey)*
E)="—"teap (- o 2.
o(B) =" exp( 202) ; %exp( ). e

where NV is the total density of states, /V; is the density of trapped states, o is
the width of the distribution, o; is the width of the distribution of traps, and E}
is the average trap energy. In addition, Ny < N and o; > 0. The impurities are

typically found at deeper energies than the transport sites.

2.2.2.2 Recombination

It is assumed that if the metal contacts are chosen appropriately, there will only
be one type of charge carrier in the device. It is possible, however, that at high
voltages or temperatures, charge carriers of the opposite type will be injected
into the material. This can result in charge carrier recombination in the device,
leading to a lower effective current. In the case of PPV, OLEDs can be fabricated
with a low work function metal as the cathode to inject electrons into the LUMO
level of the polymer, as was disscussed in the previous section. However, even
in the case of lower work function metals (eg, aluminum [37]) the magnitudes of
the electron currents are expected to be very small compared to the hole currents
[35]: one of the limiting factors for PPV based OLEDs is the unbalanced hole
and electron currents in the device, a fact which led to the introduction of hole

blocking layers for more efficient devices [38].

2.2.2.3 Built-in potential

In the metal-insulator-metal picture (MIM) [39], when a semiconductor is brought

into contact with a metal, band bending will occur. In the case of an organic

10



2.3 Example of SCLC currents in polymer diodes

semiconductor, the material is depleted of charges when the device is under equi-
librium conditions, and the band bending will result in a tilting of the HOMO-
LUMO levels between the metal contacts, as shown in figure 2.2. The result is
a built-in potential across the diode [40; 41]. The built-in potential has to be

overcome by the applied voltage before the device will operate.

LUMO \

Er

HOMO
\

Before contact ~ After contact V=V,

Figure 2.2: Left: energy levels of the metal contacts and the semiconductor
before contact. Middle: energy diagram of a diode in equilibrium with band
tilting effects. Right: energy diagram of a diode when a voltage equal to the
built-in field is applied across the device.

2.3 Example of SCLC currents in polymer diodes

The current density-voltage JV characteristics for poly[2-methoxy,5 ethyl(2’hexyloxy)
paraphenylenevinylene] (MEH-PPV) diodes [42] were investigated according to
the SCLC model. The structure of the diode is the same as shown in figure 2.1.
The anode is a sputtered layer of indium tin oxide (ITO), with a layer of PE-
DOT:PSS spun over top. The cathodes were varied between samples: Cu, Au,
Al

Figure 2.3 a) shows the experimental current-voltage (JV) characteristics for
the diodes. The devices are assumed to be hole only devices. Holes are injected
from the ITO:PEDOT anode and are extracted from the device at the cathode. It

11



2.3 Example of SCLC currents in polymer diodes

is unclear why the shape of the IV curves is dependent on the metal used for the
cathode when the device behaviour is analysed solely based on the SCLC model,
as the cathode should have little effect on the behaviour of the hole only device.
In an attempt to explain this, the experimental data from the MEH-PPV diodes

102 ‘ ‘ 102
. Cu . Cu
v Au v Au
1 1
10 - 00 .
0 0
‘é 10 % 10
< Ay
10 101
: L .. Tad
102 Lo R Rl 102
: e
+
103 103 - -
102 1071 100 10! 102 10 100 10!
A% V-V, /V

(a) (b)

Figure 2.3: a) JV characteristics for MEH-PPV diodes with Au, Cu, and Al
electrodes [42]. b) JV characteristics for MEH-PPV diodes with Au, Cu and Al
electrodes once the built-in field has been considered [42].

was then investigated with the SCLC model in combination with the effects of:
a distribution of deep traps, recombination effects due to electron injection, and
the built-in field across the diode. It was found that the IV characteristics of the
diodes could best be explained by a simple SCLC model with a field dependent
mobility and a built-in field [42]. Figure 2.3 b) shows the IV characteristics once
the built-in field has been accounted for. The apparent cathode dependence of
the IV characteristics is no longer present.

Until now it was assumed that the injecting contact forms an ohmic contact
with the semiconductor. In the next section, charge carrier injection models

commonly found in the literature are reviewed.
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Chapter 3

Charge carrier injection in
organic semiconducting devices

The injection from metal into semiconductor is still poorly understood, and a
deeper knowledge of the dynamics at the metal-semiconductor interface is one
of the keys to improving device performance. As organic semiconductors intrin-
sically have no free charge carriers, charge carrier injection is one of the major
steps in charge transport through an organic device. Inefficient injection or ex-
traction of charge will hamper the device performance. In this section the metal-
semiconductor interface is discussed, including the injection barrier and dynamics
between the metal and semiconductor. Then some injection models are reviewed,
as well as experimental work relating to isolating and investigating the charge

carrier injection processes in organic semiconducting devices.

3.1 Injection barrier heights

As a general rule, the currents in organic devices with injection barriers greater
than 0.25 - 0.3eV [1] (this value is considered at zero field, without the effects
of electric field induced barrier lowering) are found to be “injection limited”, ie
the injection process is the current limiting factor in the device, as opposed to
“bulk limited” devices in which factors in the semiconducting bulk limit current
and dominate device characteristics. This means that the only deciding factor
between injection limited and bulk limited transport is the height of the injection
barrier [20].
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3.2 Injection models

Injection barriers can be difficult to estimate based on the work function
of the metal and the energy levels of the semiconductor alone. Actual injection
barrier heights can vary quite strongly from the expected values. In the literature,
the deviation between experimentally determined and expected values for the
injection barrier height are attributed to chemical reactions between the metal
and semiconductor leading to interface dipoles [43; 44|, band bending [45; 46] or
Fermi level pinning [47].

3.2 Injection models

Until the mid 90’s injection models from inorganic semiconductor physics, such
as Richardson-Schottky (RS) thermionic emission [48; 49] and Fowler-Nordheim
(FN) field emission [50], were often employed to describe the injection process
into organic devices. The probability of a charge carrier quantum mechanically
tunnelling through a triangular barrier into a delocalised continuum of energy
states can be calculated from the WKB (Wigner, Kramers, Brillouin) approx-
imation. The FN model describes tunnelling currents at high electric fields or
high injection barrier heights as a function of the electric field across the device
and the tunnelling probability. At high temperatures or low injection barrier
heights, RS thermionic emission predicts the injection of a charge carrier from a
metal contact into a semiconductor if the thermal energy of the carrier is greater
than the Schottky barrier height. Hybrid models such as thermally assisted field
emission or field assisted thermionic emission also exist to describe the transition
region between field emission and thermionic emission.

When applied to organic semiconductors the FN model was successful to some
extent in describing the shape of IV curves of some organic diodes [51; 52]. The
predicted injection currents were found to differ from the experimental values
by several orders of magnitude [53], however, without any physical explanation.
The basis of tunnelling into band structures within the semiconductor is also not
consistent with the knowledge of the amorphous nature of these materials.

In 1965 Simmons [54] demonstrated that the Richardson-Schottky equation
is not sufficient for describing thermionic emission currents into low mobility ma-

terials. The equation was rederived with consideration of the short electronic
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3.2 Injection models

mean free path, and the results yielded a mobility and electric field dependent
thermionic emission injection current. In 1966 Emtage et al. [55] expanded on
these results to include bulk effects. Their findings are illustrated by injection
currents in organic devices experimentally found to be many orders of magnitude
lower than those predicted by the RS model, deviations from the expected tem-
perature dependence [56], and mobility dependent injection currents observed in
organic devices [57].

In the mid 90’s, new injection models began to emerge that took the disor-
dered energetic structure of organic semiconductors into account. The list is long,
but here some of the more common models found in the literature are presented.
In 1995, Abkowitz et al. [58] proposed an injection model in which charge car-
riers undergo a thermally assisted tunnelling from the Fermi level of the metal
contact to localised sites within the organic semiconductor. The results from the
model were found to successfully describe the temperature and injecting contact
dependent current-voltage characteristics in a polytetraphenylbenzidine polymer.

In 1997, Conwell et al. [59] proposed an injection model for charge carrier
tunnelling into polaron levels. The position of the polaron levels are not given
by the HOMO and LUMO levels but depend on the conjugation length of the
polymer, which varies between polymer chains.

In 1998 Arkhipov et al. [60] proposed an analytical model for injection into a
Gaussian DOS. The model is broken into two electric field and temperature depen-
dent steps: charge carriers make an initial hop from the Fermi level of the metal
contact into the tail states of the distribution followed by an diffusive Onsager-like
process. In 1999 a detailed three-part study investigating charge carrier injection
into disordered materials was performed based on this model. A Monte Carlo
simulation was carried out by Wolf et al. [61]. Charge carrier injection from
a metal into a disordered system described with a Gaussian DOS via hopping
was simulated, where the significant simulation parameters were the width of the
Gaussian DOS and the injection barrier height. The results of the simulation were
compared to the analytical model from Arkhipov et al. [62], and to experimen-

tal data from measurements on vacuum deposited 8-hydroxyquinoline aluminum
(Algs) diodes [63].
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3.3 Experimental studies of charge carrier
injection into organic semiconductors

In 1999, Scott and Malliaras [64] used an alternative approach to rederive the
results for the diffusion limited thermionic emission model from Simmons and
Emtage et al. for organic semiconductors.

Here some of the progresses made towards understanding charge carrier injec-
tion into organic devices have been highlighted. Based on electrical measurements
alone it can be challenging to distinguish between the results predicted by indi-
vidual injection models. Only more experimental work in this area can shed more
light on this topic. It is accepted, however, that a successful injection model must
be able to describe the temperature, electric field, mobility, and charge density
dependence observed in injection currents, as well as interface effects such as the

image potential and trapping [65].

3.3 Experimental studies of charge carrier
injection into organic semiconductors

Experimental studies that isolate the injection processes in organic semiconduct-
ing devices and/or deliver information about the metal-semiconductor interface
are extremely helpful in furthering the understanding of injection into organic
semiconductors. Unfortunately the number of these studies is low, as it can be
difficult to separate the injection characteristics from the bulk effects; indeed they

are to a good degree co-dependent.

3.3.1 Investiations of the injection efficiency of a contact

Abkowitz et al. [66; 67] showed that it is possible to determine the injection effi-
ciency of a contact by comparing small signal time of flight (TOF) measurements
with the space charge limited current (SCLC) behaviour of a trap free organic
semiconductor in the diode structure. The premise is that the condition required
to observe TOF transients in a device is the same condition that leads to the
onset of trap free SCLC behaviour. The injection efficiency, injection, can then
be determined by Minjection = Jror/Jrrscre [68], where Jrop is the signal from
the TOF measurement and Jscr ¢ is the signal from the IV measurements made

on the same device and taken at the same voltage.
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3.3 Experimental studies of charge carrier
injection into organic semiconductors

Using this technique in a later study [68] it was demonstrated that injecting
contacts can evolve over time from emission limited to ohmic in polymer devices
with Au contacts, a phenomenon that could not be attributed to diffusion of metal
atoms into the semiconducting layer, but rather, was imputed to both short term
(hours) and long term (months) reconfiguration of the polymer at the interface

with the contact.

3.3.2 Investigations of charge carrier injection via contact
effects in organic field effect transistors

The contact effects in organic field effect transistors (OFETs) have also be used to
investigate charge injection into organic semiconductors. It has been shown that
the contact resistances in OFETs are temperature and field activated [69; 70; 71],
like the field effect mobility, and in fact that the contact resistance varies inversely
with the mobility with comparable activation energies [69; 71]. The injection
characteristics from the source contact into the channel is the commonality. An
injection current described by diffusion limited thermionic emission (DLTE) is
suggested by these findings. According to the DLTE model [54; 55; 64], the
injection current is given by

(3.1)

jinj = 4q*NuFexp CM) ,

kgT

where 1 is a slowly varying function of the electric field, N is the density of states,
F' is the electric field, ¢p is the height of the injection barrier from metal into
semiconductor, and A¢ is the term due to Schottky barrier lowering.

Microscopic studies [65; 69] on OFETs by means of non-contact scanning
probe potentiometry, however, revealed some discrepancies between the DLTE
model and the experimental results when the theory was strictly applied. It was
found that the effective injection barrier height predicted by the model was too
large to explain the experimental data. This indicates that either other injection
mechanisms are at hand, such as tunnelling, or that the disorder in the system
must be considered here, as a disorder term results in a reduced effective barrier
height given by ¢, — A¢ — o2 /kT [60; 69; 72].
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3.3 Experimental studies of charge carrier
injection into organic semiconductors

In the next section, it is shown that the current-voltage characteristics of a
contact limited fullerene OFET can be well described using the DLTE model

when the disorder of the system is accounted for.

3.3.3 Bilayers for efficient charge injection

The efficient injection of electrons into organic semiconductors remains an issue,
as in order to inject electrons into the LUMO level of an organic semiconductor
lower work function metals (Ca, Mg, Al) must be used as contacts. These metals
are instable, however, and oxidise quickly and react with the organic layer [73],
which can lead to unexpectedly high injection barrier heights for charge carrier
injection. It was found that using a bilayer of LiF of MgO between the organic
material and metal contact could improve the electron injection efficiency con-
siderably in some devices [74]. Similar improved device behaviour due to bilayer
effects have been observed for electrodes deposited in the presence of some oxy-
gen, resulting in a thin insulating layer between the contact and semiconductor,
which may serve to prevent a direct reaction between the cathode and the organic
semiconductor [75; 76].

An enhancement in device performance was also observed for bilayers between

the anode and semiconducting layer resulting in improved hole injection [77].
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Chapter 4

Charge transport in organic field
effect transistors (OFETSs)

4.1 Background

The transistor is one of the most important building blocks in the modern-day
world. The advantages of organic semiconductors have already been mentioned,
however in the field of transistor technology, the potential to produce smaller,
cheaper, faster electronics that can be processed at low temperatures and on
flexible substrates is especially significant.

The transistor was invented in 1947 by Shockley, Brattain and Bardeen. It
can operate as a switch or an amplifier, and is a major component in all digital
electronics. The first silicon field effect transistor [78] appeared in 1960. The field
effect was being investigated in organic semiconductors just a decade later, in 1970
[79; 80]. The first actual OFET device was reported in 1987 [81], and since then,
there has been a lot of progress made towards the technological development of
the organic based devices as well as the understanding of the physics behind them.
OFETs are candidates for, among other things, complementary circuits [82], ring
oscillators [83], low-end display driving circuits [84; 85], chemical sensors [86],
and integrated circuits [87; 88]. The first light emitting OFETs have recently
been reported [89]. Many good reviews have be written about the state of the
art of OFET technology [90; 91] and single crystal OFETs [92].

Generally, the charge carrier mobilities in organic semiconducting films are

lower than those in inorganic semiconductors. Single crystal OFETSs, however,
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4.2 FET structures

are quicker, smaller and offer higher mobilities than thin film OFETs. Mobilities
in rubrene single crystal transistors have been reported to be as high as 15.4
cm?/Vs [93]. These are higher than the mobilities found in amorphous silicon
thin film transistors.

In addition to the technological side, OFETSs offer a good method to inves-
tigate the charge transport properties of organic semiconductors by means of
direct investigation of the electric field and temperature dependence of the mo-
bility. This point has been called into question by some researchers [92; 94]
regarding the thin film OFETs. Impurities in the chemical structure or defects
in the semiconducting film [95], contact effects, and general artifacts from pro-
cessing can seriously effect the output characteristics of these devices. Mobility
measurements via single crystal OFETs are thought to give more accurate infor-
mation on charge carrier mobilities and transport characteristics. However, the
point should be made that sometimes the general transport conditions in the film
are the focus of interest. Changes in the charge carrier field effect mobility can
indicate changes in the quality of the film. This is a potential method to screen
processing conditions of films, such as the solvent used, the concentration of the
solution, parameters for tempering, etc. Mobility measurements can be made on
blends of semiconducting materials in the OFET structure, and the mobilities of
both charge carrier types can be determined from the same device. Changes in
the morphology of multi-component organic layers, for example in the films used
for bulk-heterojunction polymer-fullerene solar cells, can be easily detected with
field effect measurements. In many cases, improving the morphology of solution
processed organic semiconducting films remains one of the obstacles for improving

device performance.

4.2 FET structures

An FET is a three (or more) terminal device. A voltage applied to the gate
electrode is used to form a conductive channel in a semiconductor. The channel
is contacted by the source and the drain contacts. There are several variations
of the FET structure, including the metal-oxide/insulator-semiconductor FET
(MOSFET or MISFET), the metal-semiconductor FET (MESFET), the junction
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4.2 FET structures

FET (JFET), and the thin film transistor (TFT). The description of the current-

voltage characteristics vary depending on the structure of the device [5].

4.2.1 Metal-Oxide-Semiconductor FETs (MOSFETS)

It is worth spending a bit of time reviewing the basic principals behind the
MOSFET before discussing the OFET. The TFT structure used for OFETs is a
simplification of the MOSFET structure, although the description of the charge
transport in the OFET is arguably more complex. The most commonly used tran-
sistors today are MOSFETS. The source and drain contacts are n-type (p-type)
and are patterned onto a p-type (n-type) substrate. The gate electrode is isolated
from the rest of the device by a metal oxide insulating layer. The device behaves
essentially as a parallel plate capacitor, where the gate and semiconductor are
the plates. Figure 4.1 shows the structure of a MOSFET.

Figure 4.1: Structure of a MOSFET: the gate electrode is separated from the
source and drain by an insulating layer (white layer). The source and drain are
n-type (p-type) patterned on a p-type (n-type) substrate, and are contacted with
ohmic contacts resulting in a three terminal device.

The gate, gate insulator, and semiconductor in a MOSFET behave like a MOS

diode. Applying a voltage will cause charge carriers to accumulate below the gate
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4.2 FET structures

oxide. The density of charge carriers depends on the sign and magnitude of the
voltage. The energy diagram of an ideal p-type MOS diode in the accumulation
(V < 0), depletion (V' > 0), and inversion (V' > 0) modes is shown in figure
4.2. Applying a negative gate voltage (V) results in the accumulation of holes
at the semiconductor-insulator interface and the device is in accumulation mode,

fig. 4.2 a). The current in a MOSFET, however, is made up of minority charge

V<O /
I L V>0 E, E,
— V>0 7/_

a) accumulation b) depletion c) inversion

Figure 4.2: Energy diagram of a MOS diode in a) accumulation b) depletion and
¢) inversion modes when a voltage, V', is applied. E¢ is the conduction band, Ey
the valence band, and F; the intrinsic Fermi level. The dashed line represents
the Fermi level.

carriers. When a small positive gate voltage (V},) is applied to a p-type (sub-
strate) MOSFET, some electrons are attracted to the semiconductor-insulator
interface and the holes are repelled. The device is in depletion mode, fig. 4.2
b), as the majority charges are depleted in the semiconductor-insulator region.
The low voltage only results in a low density of electrons at the interface and no
conductive channel is formed between the source and drain contacts. The device
is off. Applying a higher positive V,; will induce a transition in the device from

the depletion mode into the inversion mode as shown in fig. 4.2 ¢), turning the
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4.2 FET structures

device on. In the inversion mode, the intrinsic Fermi level will cross the Fermi
level. The electron density is then higher than the hole density and a conductive
n-type channel forms. The gate voltage at which the transition between depletion
and inversion modes occurs is called the threshold voltage.

The gate voltage controls the charge density in the channel. For a current
to flow in the device, however, a drain-source (V) voltage must be applied.
Applying a positive voltage to the drain will result in a channel current (1), as
well as a decrease in the charge density in the region around the drain contact.

The current-voltage characteristics of the MOSFET are calculated according
to the gradual channel, or Shockley approximation, for a field independent mo-
bility. The Shockley approximation is based on the assumption that the variation
in the electric field due to Vg is much smaller than the variation in the field due
to Vis. This assumption is justified as the thickness of the gate insulator is in the
order of nanometers while the channel length is in the order of micrometers [5].

For lower Vg, the I, follows an ohmic behaviour which can be described by

w
I = fﬂFECz‘(V;;s — Vi) Vs, (4.1)

where W is the width of the channel, L is the length of the channel, upp is the
field effect mobility, C; is the capacitance of the insulating layer, and V; is the
threshold voltage.

Eventually, at higher Vj,, the charge density becomes very low in the region
around the drain contact. Increasing the gate voltage still results in higher cur-
rents, as the gate voltage controls the density in the conductive channel, but the
current is no longer dependent on Vy, and saturates. This Vy, is known as the

pinch-off voltage. The saturation current can be described by

w
Igs = EPJFECZ‘(V;;S —Vi)*. (4.2)

An example of FET output is shown in figure 4.3 [5].
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Figure 4.3: The output characteristics of a MOSFET [5].

4.3 OFETs

4.3.1 Structure and current-voltage characteristics of
OFETs

OFETs make use of the TFT structure which is suitable for low conductivity
materials. Two variations of this structure are shown in figure 4.4. Often highly
doped silicon substrates are used as the gate electrode and SiO, is used as the
gate insulator. The source and drain contacts are metals and are deposited either
directly onto the gate insulator for the bottom contact structure, fig. 4.4 a), or
as a final step, onto the semiconductor for the top contact structure, fig. 4.4 b).
Like the MOSFET, the OFET is a two dimensional device, ie the thickness of
the semiconducting layer does not influence the output of the device.

The bottom contact OFET structure is more practical from the point of view
of device processing than the top contact OFET structure, as the contacts can be
deposited or patterned directly onto the substrate, and the semiconducting layer
is applied as the final step. The risk of damaging the sensitive material during
contact deposition is reduced. It was found, however, that this geometry results in
higher electrical losses at the contacts than the top contact OFET configuration
[96; 97]. This has been attributed to the decreased effective injection/extraction
contact area in the bottom contact structure due to the minimised source/drain

and gate electrode overlap [97].
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4.3 OFETs

In contrast to the MOSFET, the OFET operates in accumulation mode and
the current is made up of majority charge carriers. For a p-type OFET, applying
Vgs < 0 will cause an accumulation of holes near the semiconductor-insulator
interface (fig. 4.2 a) ). Applying Vi < 0 will cause a current to flow across
the channel. The device is then in principal turned on for any V,, < 0, but the
actual on/off behaviour is controlled by the low conductivity of the materials, ie
no current is observed at lower V. This means that the concept of the threshold
voltage does not strictly apply to OFETs [98]. In contrast, some organic semicon-
ductors have been observed to always exhibit on behaviour, even when no gate
voltage is applied, something that is attributed to doping effects in the organic
semiconducting layer [99; 100].

Figure 4.5 shows the FET characteristics of a fullerene OFET.

Figure 4.4: a) Bottom contact OFET structure: the source and drain contact are
deposited onto the gate oxide and the semiconductor is applied as the final step.
b) Top contact OFET structure: the source and drain contacts are deposited onto
the semiconducting layer

4.3.2 The field effect mobility

The field effect mobility can be determined from the ohmic region of the IV
characteristics of an OFET according to equation (4.1) [101]

a]ds
av,,
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Figure 4.5: The source-drain current voltage characteristics of a fullerene OFET
for various gate voltages.

According to equation (4.2), it is also possible to determine the mobility from
the saturation region of the IV characteristics. It should be noted again though
that equations (4.1) and (4.2) are derived assuming a field independent mobility.
As charge carrier mobilities in organic semiconductors are known to be field de-
pendent, the assumption of constant mobility may be well approximated for the
lower voltages in the linear regime of the IV characteristics, but will not hold for
the higher fields in the saturation regime [5].

Mobility measurements determined via field effect measurements are found
to be comparable to those determined from TOF measurements, but orders of
magnitude larger than those determined by SCLC measurements. This is due to
the strong field and temperature dependence of the charge carrier mobilities in
organic semiconductors. SCLC measurements are performed at lower fields and

charge carrier densities [102].

4.3.3 The Meyer-Neldel rule in OFETSs

The conductivity in organic semiconductors demonstrates an Arrhenius-like be-

haviour. This behaviour is also seen in the charge carrier mobilities:
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—E,
— e 4.4

where F, is the activation energy, kg is Boltzmann’s constant, and 7' is the sample
temperature. It has been found for many materials that pu, is not a constant, but
depends exponentially on the activation energy [103], a behaviour known as the
Meyer-Neldel (MN) rule

E,
o = [Loo€XP ( ) , (4.5)

where 1., and T, are material constants.

The physical origin of the MN rule remains unclear. Some models predict
MN behaviour due to an exponential distribution of defect states within the
material [104; 105], where T, represents the width of the distribution of traps.
Jackson [106] demonstrated that the MN rule should be observed whenever charge
transport is dominated by multiple trapping and release processes. Generally, the
phenomenon is attributed to disorder within the material.

The general expression for the mobility according to the MN rule is then given
by:

1 1
= Uy —E, |— — ' 4.
UrE = b ea:p( [k‘ A O]) (4.6)

This behaviour has been observed in many organic semiconductors. The MN
rule was observed for the conductivity in fullerenes by several groups, and a
strong correlation between the constant prefactor u,, and T, was found to exist
[107; 108]. A study in 2000 demonstrated that the MN rule could be observed
in the field effect mobility of a variety of different organic semiconductors, and
the MN activation energies between the materials were found to be surprisingly
similar [109].
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4.4 Modelling charge transport in OFET's

4.4 Modelling charge transport in OFETSs

A model was proposed by Vissenberg and Matters [110] which describes the field
effect mobility in amorphous organic semiconductors. The model is based on

variable range hopping in an exponential DOS:

N E
E) = exp | — , 4.7
9(E) ksTpos p( kBTDos) (4.7)

where Thog is the width of the distribution. Although transport in organic semi-
conductors is typically described by hopping transport within a Gaussian DOS,
the Gaussian DOS prevents closed analytical solutions [15]. It was demonstrated
that over the energy regime in which OFETSs operate, the Gaussian DOS with a
width of o can be approximated well by an exponential DOS with an appropriate
value of Tpog [102].

Using percolation theory, an analytical expression for the temperature and

field dependent conductivity was found [110]

(4.8)

_ mN6(Tpos/T)? o
0(5, T) = 0o <(2a)3BcF(1 — T/TDOS)F(l + T/TDOS>> 7

where ¢ is the conductivity, 0 is the carrier occupation, o, is a prefactor for the
conductivity, o~ which is a factor representing the overlap between sites, I' is the
gamma function, and B, is the critical number for the percolation onset, which
is taken as 2.8 for 3d amorphous media [110; 111].

Based on these results, the IV characteristics and field effect mobility of amor-
phous organic semiconductors could be described by integrating equation (4.8)
over the channel length.

The I4s versus V,, characteristics are given by [99; 110]

WV, €060, T [2kgT:
I, = ds€otr0 B1DOS (4.9)
Lq 2T'pos —T €otr

Tpos

(=) ™ (s [2)

2Tpos 4
T
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The constants are: ¢, is the permittivity of free space, €, is the permittivity of
the semiconductor, and ¢ is the elementary charge.
The field effect mobility is given by equations (4.1) and (4.9) [110]

T, T

| T(Toos/T) ) -, (o0 )
HrE = q (2(1/)3BCF(1 — T/TDOS)F(l —|— T/TDOS) 2€oerkBTDOS ( )
4.10

The parameters o, and Tpog have been found to have little effect on the mobility,

as these parameters are sometimes very comparable between lower and higher
mobility materials. Rather, the overlap parameter a appears to be the deciding
factor, as this describes the tunnelling between sites [110].

It can be seen from equations (4.8) and (4.10) that the conductivity and
mobility are predicted to follow an Arrhenius type behaviour, consistent with the
observed behaviour for organic semiconductors.

The model was shown to describe the field effect behaviour in polymer (PPV
and poly(3-hexylthiophene) (P3HT)) and small molecule (pentacene) OFETSs
[99; 110] well. Later in this chapter, the model is applied to the temperature
dependent IV characteristics from a fullerene OFET. First, however, the effects

of the contact resistance on the OFET performance is discussed.

4.5 Contact effects in OFETs

OFETs operate with charge carrier densities typically in the order of 102°-10?2 /cm?,
relatively high compared to those in organic diodes or solar cells. In materials
with such low intrinsic charge carrier densities, the injection conditions as well
as the dynamics at the interface between the metal and semiconductor can be
deciding for device performance as the charges must be injected into the material.
The total device resistance (Ry,) is a sum of the resistances between the
source and drain contacts and the semiconductor (R..,) and the resistance of the

semiconducting film across the channel (R.;), and is given by

Rtot - Rch + Rcon‘ (411)
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4.5 Contact effects in OFETSs

In the case that the OFET is contact limited (R, > R ), the contact re-
sistance has an impact on the device output. The effects of contact resistances
on the performance of silicon thin film transistors (TFTs) is well known [112].
Recently, there has been a lot of focus on the influence of contact resistances on
the performance of OFETs. Contact resistances in OFETSs at room temperature
are often found to be in the kQ to the MQ range [69; 70; 71; 97], and can af-
fect determined mobility values by up to several magnitudes [71; 113], and as
previously mentioned, can be influenced by the geometry of the device [96; 97].

The contact resistance manifests itself as a voltage drop in the drain and
source contact regions. This results in an effective voltage drop across the channel,
resulting in a lower current. There are several methods that can be employed to
determine the magnitude of contact resistances in a device. Some groups have
performed studies where the voltage drop across the channel is directly measured
by means of conducting probe potentiometry [114], non-contact scanning probe
potentiometry [65; 69; 115; 116], or by the four probe method [70; 117].

Another direct method to determine the contact resistance is to vary the chan-
nel length between samples. Ry, can be determined from the linear region of the
I45 versus Vg, characteristics for a constant V. The total device resistance will
increase with increasing channel length, but the contact resistance remains con-
stant between the samples. Plotting the channel length versus device resistance
will yield the channel resistance per unit length as the slope, and the contact
resistance as the ordinate [70; 71; 113].

With consideration of the contact resistance, equation (4.3) becomes [71]

O[(ORyo/OL) ]
Vs

Contact resistances have been observed to be nonlinear. It was already men-
tioned in section 3.3 that the contact resistances in OFETs are electric field and
temperature activated [69; 70; 71], and that studies of the contact resistances

have been used to investigate injection processes in these devices [65; 69; 71].
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4.6 Modelling charge transport in fullerene OFET's

The contact resistances have been observed to vary with the electric field and
charge carrier mobility, in accordance with injection processes described by DLTE
introduced in section 3.3.2. The DLTE model has been found to successfully
describe injection into organic semiconductors in many studies [57; 71]. The
behaviour of the contact resistance is then given by

1 ¢ — Ao

. 4.1

In the case of the microscopic measurements on contact limited OFETSs [65;
69], the effective barrier height predicted by the model is found to be too large to
explain the experimental results. It is shown in the next section that accounting
for the disorder in the semiconductor results in a good agreement between the
predicted injection currents from the DLTE model and experimental data from
a contact limited fullerene OFET.

The following form was assumed for the contact resistance according to (4.5),
(3.1), and (4.13):

R, = oo rn <E { ! ! D exp <(¢Bk;—TA¢)> , (4.14)

where R,, is a constant.

4.6 Modelling charge transport in fullerene OFET's

There has been much more work done on p-type than n-type OFETs. This has
partially to do with the sensitivity of n-type materials to oxygen and the lack of
suitable n-type materials [118], as well as the instability with respect to oxygen
and to organic materials of the low work function metals needed to efficiently
inject electrons.

The buckminster fullerene was discovered by accident in 1985 [119], and Curl,
Kroto and Smalley were awarded the Nobel Prize in chemistry in 1996 for the
significant find. The molecule is made up of 60 carbon atoms (Cgp) and is spherical

in shape. The structure, which is stable in air but chemically active was found
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Figure 4.6: Chemical structure of PCBM.

to demonstrate a number of interesting characteristics (for a good overview, see
[120]), among them, conductivity. Since the discovery of Cgp, many variations of
fullerenes have been investigated.

The chemical structure of methanofullerene [6,6]-phenyl Cg;-butyric acid methyl
ester (PCBM) is shown in figure 4.6. PCBM is a soluble fullerene derivative.
PCBM is an interesting organic semiconductor to investigate for several reasons.
It is relatively stable, demonstrates relatively high electron mobilities,and is eas-
ily processed due to its solubility. The synthesis of PCBM is described in more
detail elsewhere [121].

In this section the field effect characteristics of PCBM OFETs are investigated.
First, the electron mobilities at room temperature are discussed. For devices not
limited by contact effects mobilities are found to be in the order of 10~2cm?/Vs.
Then, the temperature dependent field effect characteristics for a contact limited
PCBM OFET are investigated. The contact resistance is shown to shed some
light on the injection mechanisms in these devices. Once contact resistances have
been considered, the IV characteristics and electron mobilities of PCBM OFETs
can be very well described according to the model for OFET output introduced

in section 4.4.
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4.6.1 Experimental

The field effect transistors were prepared using highly doped p-Si wafers as the
gate electrode. A layer of thermally grown SiOs served as the gate insulator.
The thickness of the SiO, layer was in the order of 100nm. Processing was done
under a defined nitrogen atmosphere. All solutions were prepared with chloroform
and applied to the wafer via spin coating. Measurements were performed under
vacuum and in the dark. Both the top and bottom contact structure OFETs were
investigated. A shadow mask was used to form the source and drain contacts,
and the contacts were deposited in a deposition chamber at a rate of 0.01 to 0.1
nm/s. The metals used for the source and drain contacts are specified in the text.

Two batches of PCBM were used in these investigations. One batch came
from a partner laboratory (the group of J. C. Hummelen at the University of

Groningen) and the other was commercially purchased from Nano-C.

4.6.2 Room temperature field effect mobilities

The electron mobilities in PCBM were determined at room temperature. The
top contact OFET structure was used to minimize the contact effects for more
accurate mobility measurements. The PCBM investigated in this section was
donated from the partner laboratory.

Figure 4.7 shows the I, versus Vj, characteristics for a top contact PCBM
OFET with Mg contacts, where L = 85 pym, W = 2mm, and V3 = 2V. From the
slope, the electron mobility was found to be 2.2x10™2cm? /V's using equation (4.3)
at a gate voltage of 10V. This value is slightly higher than the typical value of
1073cm? /Vs found for OFET measurements on PCBM in the literature [122; 123,
except at higher gate voltages, at which injection conditions are modified resulting
in higher mobility estimations [124].

The injection conditions between Mg and PCBM may be expected to deliver
optimal results, as the LUMO of PCBM lies around 3.7 eV [125] and the work
function of Mg is given to be 3.9 eV in the literature. However, in addition to
this, a study done by Chikamatsu et al. [126] on top contact Cg9 OFETSs using

secondary-ion mass spectroscopy demonstrated that Mg will dope the Cgy layer.
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4.6 Modelling charge transport in fullerene OFET's

It was found that the Mg atoms diffused into the semiconducting layer, behaving
as electron donors and resulting in higher experimentally determined mobilities.

It is also possible, as mentioned in section 3.3.3, that Mg contacts formed in
the presence of oxygen may actually lead to a MgO bilayer between the contact

and semiconductor that improves the injection of electrons into the device [75; 76].

6 8 10 12 14

Figure 4.7: I, versus V,, characteristics for electron transport in a top contact
PCBM (partner laboratory) OFET with Mg source-drain contacts. L = 85 um,
W = 2mm, and V;, = 2V.

Based on these results, Mg is apparently a good candidate for an electron
injecting contact in fullerene based devices. With appropriate contacts, it can
be possible to determine accurate charge carrier mobilities without the need to
correct for contact resistances. In practice, however, using Mg for the source and
drain contacts for a systematic study is problematic due to its instability. De-
positing a second contact over as a protective layer can lead to a slight mismatch
between the contacts, altering the channel length and changing the injection con-
ditions. Developing the Mg contacts further is a topic that warrants further
investigations.

PCBM OFETSs with Au contacts were found to deliver mobilities in the high
1073cm?/Vs range according to equation (4.3), as were Al contacts. Once the

effects of contact resistance had been taken into account, however, for the devices
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Figure 4.8: Channel resistance per unit length versus V,, characteristics of a top
contact PCBM (partner laboratory) OFET with Au source and drain contacts.
The mobility was determined to be 2.6 x 1072cm?/Vs from the slope of the graph.

with Au contacts, the mobilities were found to be 2.6 x 1072cm?/Vs. Figure 4.8
shows the channel resistance per unit length versus V,, characteristics according
to equation (4.12). The mobility was determined from the slope of the graph
according to equation (4.12).

The mobilities from the devices with Al contacts did not increase after the ef-
fects of contact resistances were taken into account [123]. Values remained in the
high 1073cm?/Vs range. This is attributed to the differences in the injection pro-
cesses and interface conditions between the various metals and the semiconductor.
It is known that using a bilayer between the Al contact and semiconductor sig-
nificantly improves electron injection [74; 107] in OLEDs, although the injection
barrier for electrons is expected to be minimal between Al and the LUMO levels
of many organic materials. Reactions between the metal contact and semiconduc-
tor can lead to significantly higher barriers than expected [76]. Charge injection
processes into organic materials are not very well understood, and distinguishing
between the dominant injection processes in a device can be challenging based on
current-voltage measurements alone. As the mobilities are charge carrier density

dependent, less efficient contacts may lead to lower charge carrier densities at a
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given voltage, and hence lower mobilities. This may not necessarily be an effect
that can be corrected for by examining the contact resistance, as only the losses
directly at the metal-semiconductor interface are corrected for. In this regard,
microscopic measurements on charge injection into OFETSs, such as [69] and [65],
where the voltage drop across the metal-semiconductor interface is directly mea-
sured, with spatial resolution, can potentially offer a lot of valuable information
on the injection processes into organic semiconductors.

No evidence of hole mobilities was observed in the PCBM OFETs.

4.6.3 Temperature dependent current-voltage
characteristics

The temperature dependent IV characteristics and electron field effect mobilities
were investigated with the model introduced in section 4.4. The temperature
dependent experimental data were fit according to equation (4.9) and the three
material parameters, o,, !, and Thog, were determined.

The 145 versus Vy, characteristics of a bottom contact PCBM OFET with gold
source and drain contacts are shown in figure 4.9 (open symbols). The PCBM
investigated in the temperature dependent studies was purchased from Nano-C.
The source-drain voltage was kept constant at 10V while the gate voltage was
varied. The channel length of the sample was 80um, and the channel width 3mm.
The measurements were taken in 10K steps between 190-290K.

The measured data were fit for each temperature. The data simulated from the
fit results are shown in figure 4.9 (solid lines) for temperatures 290K, 250K, 220K
and 190K. Only four temperature scans are shown here for clarity. The relative
dielectric constant of the semiconductor, €., was taken to be 3.9 for PCBM [127].

The parameters from the fit are summarised in table 4.1.

For all temperatures, at lower gate voltages, there is a discrepancy between
experimental values and those predicted by the model. The experimental curves
are slightly S shaped in comparison to the theoretical ones, resulting in lower
currents. This is attributed to contact resistances resulting in a voltage drop

across the channel, and resulting in a lower effective Vy,. This is pronounced at

36



4.6 Modelling charge transport in fullerene OFET's

Parameter Value Units
Tpos 572 K
o, 244 x 10° AV 'm™!

o™l 4.18 x 10710 m~!

Table 4.1: Parameters determined by modelling the transfer characteristics of a
PCBM OFET over various temperatures: o, is the prefactor for the conductivity,
a~!is a factor representing the overlap between energy sites, and Thpg signifies
the width of the distribution of the exponential DOS

lower V5 due to the gate voltage dependence of the contact resistance. According

to equation (4.13) the contact resistance varies inversely with the electric field.
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Figure 4.9: Experimental (symbols) and simulated (solid lines) I4; versus V,
characteristics of a bottom contact PCBM (Nano-C) OFET with Au source and
drain contacts for various temperatures.

Interestingly, at lower and at higher temperatures, there was a large discrep-
ancy observed between the predicted and experimentally determined values of I4;.
This may be expected at lower temperatures, as the contact resistance increases

with decreasing temperature. At higher temperatures, however, the contact re-
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sistance should be comparably smaller. This behaviour may be attributed to the
contact resistances as the voltage drop at higher temperatures due to the contact
resistance is more substantial due to the higher currents at higher temperatures,
although it is not entirely clear why the current should saturate at higher temper-
atures. Room temperature measurements before and after the temperature scan
delivered the same IV characteristics, which excludes the possibility of device
degradation during the scan. The effects of the contact resistance are discussed

in more detail later in the section.

4.6.4 Material parameters: comparison with values in
the literature
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Figure 4.10: Comparison of the Gaussian DOS with a distribution width of o =
0.073eV (solid symbols) with an exponential DOS with a distribution width of
Tpos = 572K (open symbols).

A study of PCBM diodes by Mihailetchi et al. [127] yielded that the elec-
tron transport in the methanofullerene could be described based on a correlated
Gaussian disordered system. The width of the Gaussian DOS was found to be
o = 0.073eV and the intersite spacing a = 3.4nm.
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4.6 Modelling charge transport in fullerene OFET's

It was already mentioned in section 4.4 that an exponential DOS with an
appropriate value of Thpg can approximate a Gaussian DOS with a width of o
[102] over the energy range in which an OFET operates. Figure 4.10 shows the
density of states versus energy for the Gaussian DOS with o = 0.073eV (closed
symbols) and the exponential DOS with Tpos = 572K (open symbols).

The energy regime in which the OFET operates was determined from the
activation energies of the field effect mobilities of the PCBM OFET. The field
effect mobilities are discussed in more detail in the next section. The OFET was
found to operate roughly between 0.1eV and 0.2eV. At V,, = 5V, E, = 0.21eV
and at V,, = 20V E, = 0.14eV. From the figure it is apparent that in this energy
range the exponential DOS with Tppos = 572K from the fit of the PCBM OFET
IV characteristics is a good approximation for the Gaussian DOS with the value
of 0 = 0.073eV found in [127].

4.6.5 Temperature dependent field effect mobilities

The electron field effect mobilities were determined according to equation (4.3)
from the experimental Iy versus Vs data at temperatures from 190K to 300K.
The mobility values determined then were fit according to equation (4.10) with
the values for the parameters o,, a~!, and Tpog found in section 4.6.3. The
measured (symbols) and simulated (solid lines) data are shown in figure 4.11.

As observed for the IV characteristics, at lower gate voltages the experimental
values for the field effect mobility were found to be slightly lower than values
predicted by the model. This can be seen in the figure, as the experimental
mobilities at Vs, = 10V are lower than the simulated values. At higher gate
voltages, V,s = 15V, the agreement is much better due to reduced effect of contact
resistances at higher fields. The effect of contact resistances are considered in
more detail in the next section.

The mobility demonstrates an Arrhenius type behaviour, as can be seen in
figure 4.11. It can also be seen that the activation energy of the mobility depends
on the applied gate voltage, which is consistent with the field dependent behaviour

of upg observed in organic semiconductors. Arrhenius plots for prg determined
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at several different gate voltages revealed that the mobility prefactor, u,, varies

with the activation energy according to the Meyer-Neldel rule (equation (4.6)).

4x107 4x107 5x107° 5x107°
TK?

Figure 4.11: Arrhenius plots of the experimentally determined ppg of a bottom
contact PCBM (Nano-C) OFET with Au source and drain contacts (symbols)
and the simulated ppp values (lines) for Vo = 10V and V,, = 15V.

Assuming T, = Tpos, oo Was found to be 3.6 x 1073cm?/Vs. This value
is lower than the room temperature mobility values found in 4.6.2. Although
the discrepancy can be partially attributed to contact resistances in the bottom
contact devices investigated here, the OFETs made with the commercially pur-
chased PCBM showed consistently lower mobilities in various studies (by roughly
a factor of 5, even after corrections for contact effects) than the PCBM acquired

from the partner laboratory although the processing conditions were the same.

4.6.6 Correction due to the effects of contact resistances

4.6.6.1 Modelling the temperature and field dependence of the con-
tact resistance

The effect of the contact resistance in bottom contact PCBM OFET's was investi-

gated to understand the discrepancy, specifically at lower gate voltages, between
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the experimental IV and purg values and those predicted by the model. A con-
tact resistance was calculated according to equation (4.14), with 7, = Tpos and
F =V, /t where t is the thickness of the gate insulator:

Rt 1 1 (o — A9)
= E — T2,
Heon Vs «rp ( ¢ |:kBT k’BTDos]> rp ( kgT

The activation energy, F,, the effective injection barrier, exp ((‘257;;—?@), and
the values of the contact resistance for several gate voltages at room temperature
were determined first and the constant R,, was then calculated afterwards.

It was already mentioned that the contact resistance has been observed to be
activated with the same energy, E,, as the field effect mobility [71]. The value
of the activation energies from V,; = 0 — 30V were determined from field effect
mobility.

The LUMO level of PCBM is given to be around 3.9eV in the literature. The
work function of gold is given to be anywhere between 4.7 and 5.1eV. Once in
contact with the PCBM layer, however, the effective work function is found to
be typically higher due to interface effects. An effective barrier height for charge
injection from Au into PCBM of 0.8 eV was assumed, which agrees with data
from PCBM diodes with gold contacts [128]. There are two points to note here
about the effective barrier for injection. Firstly, the value assumed for ¢p was
found to only affect the magnitude of the constant R,,, and not the shapes of the
Reon (T, V,s) versus Vs curves. Secondly, based on the geometry of the bottom
contact OFET, charges are injected from the source contact perpendicular to the
electric field from the gate voltage [97]. The Schottky barrier lowering term is
dependent on the field directly at the contact. Therefore, it was assumed that for

a constant V;, and varying V,,, the effective barrier for injection remains constant.

s>

The contact resistance was determined following the analysis outlined in sec-
tion 4.5. The channel lengths were varied between several samples and the total
device resistance was determined from the devices at various gate voltages. De-
vice resistance was plotted against channel length for the different gate voltages

(not shown here for brevity). The contact resistances were determined from the
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Figure 4.12: R.,, versus Vg a) shows the experimentally determined (open
symbols) for R, and the simulated (solid line) values for room temperature and
b) shows the simulated values for R,,, for temperatures 290K, 250K, 220K, and
190K in semilogarithmic form for clarity.

y-intercepts of the plots. Values for the contact resistances were found to be in
the order of 40M() at a 14V gate voltage, and in the order of 20M() at a gate
voltage of 20V at room temperature. At lower gate voltages, currents were too
low to make reliable measurements for the I, versus Vj, scans.

R,, = 38082 was then determined based on these results according to equation
(4.14).

Figure 4.12 a) shows a plot of the experimental (open symbols) and simulated
values (solid lines) for R.,, versus the gate voltage at room temperature. It can
be seen that there is good agreement between the few measured points and the
simulated values. The proposed form for the contact resistance is based on the
premise that the dominant injection processes in these devices is described by
the DLTE model described in sections 3.3.2 and 3.3.2. This is strongly suggested
by the inverse dependence of the contact resistance on the electric field and the
charge carrier mobility, indicating that the injection current is also field and
mobility dependent, consistent with a DTLE injection current [65; 69; 71].

For the expression of the contact resistance proposed here the disorder of the
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system is considered, ie the observed Meyer-Neldel behaviour of the field effect
mobility and hence of the contact resistance is accounted for, a phenomenon
which is attributed to charge transport in a disordered system. The additional
exponential term in the expression for the contact resistance due to the MN be-
haviour results experimentally in what would appear to be a smaller effective
barrier for charge carrier injection when the DTLE model is strictly applied with
no consideration of the system disorder. In microscopic studies of contact limited
OFETs, the DLTE injection model was found to predict injection barriers that
were larger than those measured experimentally [65; 69]. In [69] it is also sug-
gested that accounting for the o /kT term due to the Gaussian DOS could reduce
the effective injection barrier height. Figure 4.12 b) shows the simulated values
for Reo, versus Vg, for temperatures 290K, 250K, 220K, and 190K. Figure 4.12

b) is shown in semilogarithmic form for clarity.

4.6.6.2 Correction to the simulated current-voltage data

The contact resistance results in a voltage drop in the areas around the source
and drain contacts. This results in an effective voltage drop across the channel.
The field and temperature contact resistance was incorporated into the model,

and resulted in equation (4.9) becoming

I . Wvds — IdsRcon(‘/gsT)Eoero-o T 2kBCTDOS «
e Lq 2Tpos —T) V™ e

Tpos 4

(Toos)igin(m=L—) e / C; 7
T Tphos €Eo€r 7,(‘/;]8)
(20{)336 ( 2kBTDOS |: €otr } ) 7

where [4, represents the initial values for the source-drain current calculated in
section 4.6.3.

Figure 4.13 shows simulated and experimental Iy versus Vg, characteristics.

Open symbols represent the experimental data, the solid line represents the initial
simulated data, and the dashed line represents the simulated data once the voltage

drop due to contact resistance has been accounted for. Apparent is that there
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is far better agreement between the experimental and simulated data once the
contact resistances have been considered. Currents at lower gate voltages are
better described, and the agreement between experimental and simulated data
for temperatures 190K and 290K is improved. Discrepancies still exist at higher

gate voltages. These are attributed to other effects. The thin semiconducting
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Figure 4.13: Temperature dependent /4, vs Vi, characteristics of a bottom contact
PCBM (Nano-C) OFET with Au source and drain contacts. The symbols show
the experimental data, solid lines show the predicted values without considering
the effects of the contact resistance, and the dashed lines show the predicted
characteristics when the contact resistance has been considered.

films are not that robust against high gate voltages. Eventually the electric field
due to the gate voltage is too high, and leakage currents through the insulator
arise, lowering the channel current. This effect can be minimized by a better gate
insulator and semiconductor-insulator interface. It is known that the quality of
the gate insulator and the condition of the organic layer at the semiconductor-

insulator interface has a strong effect on the performance of OFETs [129].

4.6.6.3 Correction to the simulated field effect mobility data

The calculated drop in Vg, was then incorporated into equation (4.10) for the

case of the field effect mobility. Figure 4.14 shows the field effect mobilities once
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the voltage drop across the channel has been accounted for. Only one voltage is
shown here for clarity. Again, there is better agreement between simulated and

experimental data at lower gate voltages.
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Figure 4.14: Temperature dependent mobilities determined of a bottom contact
PCBM (Nano-C) OFET with Au source and drain contacts at V; = 10V. The
closed symbols show the experimental data with a constant Vj,, and the open
symbols show the experimental data once the voltage drop due to the contact
resistance has been considered. The solid lines show the simulated data.

4.7 Summary

In this chapter, the charge transport in fullerene OFETs was investigated. A the-
oretical model for the field effect behaviour in organic semiconductors, developed
in [110], was investigated in combination with the effects of contact resistances.
Charge transport in the fullerene derivative PCBM was investigated. Room
temperature measurements of the field effect mobility demonstrated high mobil-
ities (2.2 — 2.6 x 107%cm?/Vs). A comparison of the mobility values determined
from devices with different metals used for the source and drain contacts revealed
that Mg resulted in the best electron injection conditions, an effect which was

attributed either to the doping of the fullerene layer by the Mg atoms, or the
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formation of a MgO bilayer between the contact and semiconductor. Mobilities
from PCBM OFETSs with Au source and drain contacts also resulted in mobilities
in the order of 10~2cm?/Vs once the effects of the contact resistances had been
accounted for. The devices with Al source and drain contacts showed slightly
lower mobilities, which could not be corrected upwards once contact effects had
been considered. This is attributed to the domination of other injection processes
in these devices.

The temperature dependent IV characteristics and field effect mobilities of a
contact limited bottom contact PCBM OFET were then investigated in context
of a model for the field effect characteristics of amorphous organic semiconductors
[110]. An initial fit, without consideration of contact effects, led to values for the
three material parameters o,, a~*, and Tpog. The distribution of the exponential
DOS found in this study was found to agree well in the energy range in which the
OFET operates with the distribution of the Gaussian DOS from a study on PCBM
diodes found in the literature [127]. Discrepancies between the experimental
data and values simulated from the model for I;; and ppp at lower Vi, and
temperatures were attributed to contact resistances.

An expression for the contact resistance was proposed. Simulated values for
the contact resistance were calculated based on a DLTE injection current, room
temperature values of the contact resistance, and accounting for the disorder in
the system according to the Meyer-Neldel rule. Incorporating the voltage drop
across the channel due to the contact resistance into the initial model resulted
in a better agreement between the experimental and simulated values for the
channel current and field effect mobility. These results confirm that the model
in [110] is successful in describing the field effect behaviour of a variety of ma-
terials, from small molecules (pentacene), polymers (PPV and P3HT) [99; 110],
to fullerenes, demonstrated here. In addition, through the contact resistance,
information about the injection processes in OFETSs is offered. Based on these
results the injection currents in the PCBM OFETSs can be described by a DTLE
process with an effective injection barrier height lowered by disorder effects in the

organic semiconductor.
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Chapter 5

Organic photovoltaics: improving
blend morphology in
polymer-fullerene solar cells

5.1 Organic photovoltaics

5.1.1 History and development of organic solar cells

As in other areas of electronics, in the field of photovoltaics organic semiconduc-
tors have the potential to become a very cost effective alternative to the currently
used materials. The production of photovoltaics from monocrystalline and poly-
crystalline silicon are very expensive, making the price of conventional silicon
photovoltaics too outrageous for broad use or large scale applications. The cost
for silicon photovoltaics is around $4/W and is estimated to level off within the
next decade at best in the range of $1—1.50/T, which is still far above the target
price for photovoltaics (for a good review of the economic stand point of photo-
voltaics see [130]). Other materials have been investigated in order to avoid the
use of the expensive silicon substrates and lower the cost of solar cell production
[131]. The low cost and low energy input needed to fabricate organic solar cells
is particularly attractive in the energy sector. With lower processing costs, lower
power conversion efficiencies suffice to make the materials economically viable.
The goal of reel to reel processing and printing techniques [132] with no high en-
ergy steps involved makes organic materials a serious candidate for photovoltaic

applications.
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In addition, organic solar cells can potentially be prepared on any type of
substrate, allowing for flexible applications. The colour of the absorber layer and
thin film structure allows for interesting possibilities that can be incorporated
into the design and architecture of buildings, as incident light will pass through
the device. An absorber layer used as window tint could serve as shading as well
as an additional energy source for buildings. Doping, and the synthesis of new
materials with different band gaps can lead to a wide colour variation in the cells.
This is a fact, together with the light weight, that makes organic photovoltaic
materials good candidates for portable electronics [133] or e-textiles [134].

Although organic semiconductors have relatively low charge carrier mobilities,
they have fairly strong absorption coefficients [135], which leads to high absorp-
tion even for the thin absorber layers used. The success of OLEDs has contributed
to the advances in organic photovoltaics, as many materials have already been
screened and investigated.

Efficiencies reported for organic solar cells have been steadily increasing, as
new suitable semiconducting materials are synthesised and investigated and de-
vice architectures improved. The first organic solar cells consisted of single layers
of organic semiconductors sandwiched between contacts, and efficiencies reached
0.7% [136; 137] for vacuum deposited merocyanine dyes in these simple struc-
tures. Solar cells with two semiconducting components to form a heterojunction
bilayer [138] or tandem structures [139] led to even higher efficiencies. For a good
overview, see [135].

Polymer photovoltaics became a focus of research after the discovery of con-
ducting polymers and the continued developments made in this field. The single
polymer layer device architectures yielded very low efficiencies and high recom-
bination effects which led to the motivation to introduce an electron acceptor
into the system [140]. The use of an acceptor material can lead to a long lived
charge separation state so that charge carriers can be collected at the device
contacts before they recombine. A breakthrough came with the discovery of the
ultra-fast charge transfer, which was reversible and metastable, between a con-
jugated polymer and a fullerene [140; 141]. This led to the development of the
polymer-fullerene solar cell. The original bilayer cells [138] consisted of the poly-

mer donor and fullerene acceptor separated by a single interface and had power
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conversion efficiencies of 2%. Combining the polymer and fullerene components
in a bulk-heterojunction structure to maximize contact between the polymer and
fullerene, effectively creating a large number of donor-acceptor interfaces, led to
much higher efficiencies. Power conversion efficiencies of these cells have been
steadily increasing over the last few years [142; 143; 144; 145]. Solar cells made
from the polymer poly(3-hexylthiophene) (P3HT), have exhibited efficiencies of
3.5% [144].

In this chapter the bulk-heterojunction polymer-fullerene solar cells with PSHT
as the donor polymer and PCBM as the electron acceptor are the point of fo-
cus. The basic structure of the bulk heterojunction polymer-fullerene solar cell is
shown in figure 5.1 along with the chemical structures of P3HT (upper left) and
PCBM (lower left). A semitransparent contact sputtered onto a glass substrate
serves as the anode. The blended layer of conjugated polymer-fullerene is applied
to the substrate, typically by spin coating or doctor blading. The electrode is

then applied on the semiconducting layer by means of vacuum deposition.
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Figure 5.1: Left: chemical structures of P3BHT (upper) and PCBM (lower). Right:
structure of a polymer:fullerene bulk heterojunction solar cell.

The charge carrier mobilities in the polymer-fullerene blends are investigated
for various PCBM contents. In addition the effect of tempering on the charge

carrier mobilities is investigated.
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5.2 Principals behind the polymer solar cell

5.1.2 Feasibility of organic solar cells

Organic solar cells must meet certain criteria before they can be introduced onto
the market. Brabec et al. [146] recently examined the feasibility of commercial
organic solar cells. Based on low cost production, the qualifications for market
entry would be an efficiency of 5%, a lifetime of 3-5 years (correspondingly an
operational lifetime of 3000-5000 hours). The introduction of printing techniques
have the potential to considerably lower the cost of production to under 1US$/W
[146]. The efficiencies of these devices has been increasing steadily since the ap-
pearance of the first single layer polymer solar cell, and optimistically device
efficiencies might be expected to continue to increase with the increasing under-
standing of the mechanisms behind these devices. The stability of the materials
remains a question. Organic materials are sensitive to oxygen, water, sunlight,
and temperature. Much research is needed in exploring means to protect and

prolong the endurance of these devices.

5.2 Principals behind the polymer solar cell

The physics of organic semiconductors are much different under illumination than
in the dark. In OLEDs and OFETSs, the charges are injected from a contact, trans-
ported through the bulk, and then extracted at the other contact. The largest
issues for charge transport are losses at the contacts (ie during charge injection
or extraction due to interfaces traps, recombination, large interface barriers) and
losses in the bulk due to chemical defects, unintentional doping, or poor film
morphology, all which can result in traps for charge carriers.

The solar cell under illumination is quite a different case: the optically driven
charge transfer between the polymer and fullerene, and the nature of the gener-
ated exciton within the bulk are specific to the solar cell. The charge carriers are
excited within the bulk due to incident light. The charge transfer that occurs
between the polymer and fullerene results in an electrically neutral and mobile
(Frenkel) exciton with a relatively high binding energy [147]. Internal fields are
too weak to dissociate the exciton; dissociation can occur at an interface between

the donor and acceptor or at traps, where one charge carrier is trapped and the
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5.2 Principals behind the polymer solar cell

other is free [147]. Ideally, the separated carriers are then extracted by an applied
field and selective contacts before they can recombine.

Ideally, the hole and electron mobilities within a polymer solar cell should be
balanced. Differing mobilities result in differing mean free paths of the individ-
ual charge carriers, which can lead to imbalanced distribution of charges within
the semiconducting layer, whereby the slowest charges will determine the device
performance [148]. The build up of one type of charge carrier within the bulk
will lead to an electric field in the device opposing the flow of charge [149].

Generally the current in a solar cell can be described by

q V — IR,
=1, CIR)| -1 ) = 1
<exp [nk:BT(V R )} ) + R p (5.1)

where [, is the dark current, n is the ideality factor of the diode, R, is the series
resistance, R, is the shunt resistance, and I, is the photocurrent.

The efficiency of the device is then given by

_ FFI Vo

2 (5.2)

n

V.. is the open circuit voltage, I,. is the short circuit current, and F'F is the fill
factor of the device, given by F F' = % where Vi pp, Iy pp are the voltage
and current values taken at the maximurﬁ‘bower point of the device, respectively.

It can then be seen that the efficiencies of these devices are directly dependent
on the device parameters, such as the open circuit voltage (V,.), the short circuit
current (I.), and the fill factor [135].

The understanding as well as the isolation of the the electrical losses at the
metal contacts and semiconductor interface [150; 151] due to recombination or
large extraction barriers, or within the bulk of the device [148; 152; 153] result-
ing in charge carrier trapping or recombination are necessary to improve device
efficiencies. Specifically, the current is determined by the wavelength region in
which the semiconductor can absorb light, and by the morphology of the active
layer. Poor morphology results in generally poor transport through the film. The

current is also reduced by the recombination dynamics of charge carriers within
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5.2 Principals behind the polymer solar cell

the bulk. The work functions of the contacts and the energetics of the donor and
acceptor are factors that influence the open circuit voltage of the device.

In the next section we investigate the influence of the contacts and the semi-
conductor energetics on V.. After that, morphology effects on device performance

are then discussed.

5.2.1 The open-circuit voltage

As already discussed in section 2.2.2, in the MIM picture, a built-in field re-
sults when an insulator is sandwiched between two contacts with asymetric work
functions. For a single component organic solar cell, the V,. is then decided by
the difference in the work functions of the two contacts or the Schottky barrier
formation between the metal and doped organic layer [39]. In the case of single
component organic photovoltaic devices, the V;; in a device can then be easily
determined as it is equal to the V,,. when the device is under (sufficiently strong)
illumination [154].

In the case of more complicated donor-acceptor system, the work functions of
the metals have again been observed to influence V,.. The V. has also been shown
to scale linearly with the difference between the metal work functions [155], and
the use of Li:F as a bilayer for electron injection has been observed to increase
the open-circuit voltage [143; 156]. Another study complimented these results by
showing that changes to the work function of the electrode results in changes to
the V. [157].

Other studies, however, have shown that the open-circuit voltage in the cell is
determined by the energetics of the donor-acceptor system, ie V,. is given by the
difference between the HOMO of the donor and the LUMO of the acceptor. It was
observed that the open-circuit voltage depends on the acceptor strength [158]. It
was proposed that for ohmic contacts, the open-circuit voltage is determined by
the energetics of the donor-acceptor system, while for non-ohmic contacts, the
Ve is limited by the difference in the work functions of the contacts [159]. Figure

5.2 demonstrates the two scenarios that can give rise to the open-circuit voltage.
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5.2 Principals behind the polymer solar cell

Voc (ohmic)

Voc (non-ohmic)
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Figure 5.2: For ohmic contacts, the open circuit voltage is given by the difference
in energy between the HOMO of the donor and the LUMO of the acceptor. For
non-ohmic contacts, the V,. is given by the difference in energy between the work
functions of the device contacts.

5.2.2 The effect of morphology in polymer solar cells

The quality of the film morphology of donor-acceptor bulk heterojunction sys-
tem is an extremely important for charge transport through the device. The
morphology of the film depends on the solvent used, the method and conditions
concerning the application of the solution to the substrate, the donor and accep-
tor being used, the concentration and ratio of donor and acceptor in the blend,
and any post treatment, such as tempering, done to the device.

The principle of the bulk heterojunction structure is based on increased con-
tact between the donor and acceptor in the blend. Studies on donor-acceptor sys-
tems on the same molecule [160; 161}, however led to low efficiencies, attributed
to the increased chance for recombination. Optimising the morphology is then
perhaps a question of finding a compromise between reducing the charge car-
rier recombination with some phase separation between the donor and acceptor,
and keeping the phase separation minimal enough to allow for the dissociation of
excitons in the blend.

Studies on MDMO-PPV:PCBM [142] have shown that the solvent used can
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5.3 Experimental

impact device efficiencies. The most efficient devices reported were made with
chlorobenzene as the solvent and a 80% PCBM content by weight. Measure-
ments on PPV:PCBM blends via atomic force microscopy (AFM) and transmis-
sion electron microscopy (TEM) showed that phase separation in these blends
(chlorobenzene) already begins to occur between 50% and 67% PCBM content
by weight [162]. Measurements of the field effect mobilities of electrons and holes
in the blends revealed that the electron and hole mobilities are balanced at the
80% PCBM weight content [163].

The higher hole mobilities in P3HT makes it an attractive for polymer photo-
voltaics. Tempering, or heat treatment, is known to be essential for PSHT based
devices, such as OLEDs [164], OFETs [10], and solar cells [144; 165; 166]. Heat
treating some spin coated organic semiconductor films can lead to a rearrange-
ment or crystallization of the molecules and, in the case of spin coated blends,
can be used to improve the morphology [167; 168]. In the case of P3HT, heat
treatment has been found to lead to oxygen dedoping, improved interchain in-
teractions [169], and to a reduction in the free volume and in the defects at the
interface between contact and semiconductor due to evapouration of the solvent
[164].

Until now, investigations of the effects of tempering have focused on changes
in electric transport and optical properties relating to P3HT. In this chapter the
effect of tempering on PCBM:P3HT blends is investigated and it is found that, in
addition to improved hole mobilities, tempering drastically improves the electron

mobilities within the blends.

5.3 Experimental

The field effect transistors were prepared using highly doped p-Si wafers as the
gate electrode. A layer of thermally grown SiO, served as the gate insulator. All
solutions were prepared with chloroform and applied to the wafer via spin coating.
The source and drain electrodes were evaporated onto the semiconducting layer
to produce top contact OFETs for these studies. Processing was done under
a defined nitrogen atmosphere. Tempering was done at 110°C for 30s, unless

otherwise specified in the text. Measurements were performed in vacuum and in
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5.3 Experimental

the dark. The P3HT investigated here is regioregular P3HT synthesized following
the Rieke procedure [170] and was bought from Rieke Met. Inc. The synthesis
of PCBM is the same as described in [121] and was acquired from the partner

laboratory in Groningen.

5.3.1 Field effect mobilities in P3HT films
5.3.1.1 Tempering in P3HT films

Tempering leads to a slight increase in the field effect mobilities of holes in PSHT
films. Figure 5.3 shows the I, versus Vy, scans for various gate voltages before
and after tempering for a P3HT OFET. The hole mobilities were determined
according to equation (4.3). Before tempering, hole mobilities were found to be
2.3 x 107* and after tempering, hole mobilities were found to be 4.0 x 10~%. In
addition to the increase in mobility, the leakage currents through the gate oxide

were reduced due to tempering in some samples (not shown here).
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Figure 5.3: a) Iy versus Vi, characteristics of a P3HT OFET for gate voltage
values of V;; = 0 — 60V measured before and after tempering. Closed squares
stand for the data before tempering, while open squares stand for data after
tempering. b) Izs vs V,, characteristics for the same device before and after
tempering.
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5.3 Experimental

5.3.1.2 Consideration of contact effects

It was already shown in the previous chapter that contact effects can influence the
IV characteristics from OFETSs. In the case of mobility measurements, contact
resistances can lead to lower mobility measurements when not accounted for.
Gold was used as for the source and drain electrodes in these devices. Although
Au is assumed to form an ohmic contact with the HOMO level of P3HT, there
are reports of non-ohmic injection from Au into P3HT diodes [171], and contact
resistances have been previously reported for P3HT OFETs with Au contacts
[71; 116]. It has also already been shown that the hole mobility estimation from
P3HT OFETs with Au contacts increases by at least one order of magnitude when

the contact resistances are considered according to equation (4.12) [71; 123].
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Figure 5.4: Channel resistance per unit length versus Vj, characteristics for a
tempered PSHT OFET. A mobility of 2.8 x 1072 was determined from the slope
of the graph.

Hole mobilities in tempered P3HT films in the OFET structure with Au

source-drain contacts determined according to (4.3)
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8Ids
v,

= ,UFEWCz‘Vds/L

were found to be 4 x 107, Accounting for the contact resistances, according to

equation (4.12),

O[(0Ruot/OL) "]
Vs

= urWC;

the hole mobilities are then found to be 2.8 x 1073. Figure 5.4 shows the Iy,
versus Vs characteristics, once contact resistances have been considered. Other
metals were then investigated as source-drain contacts in an attempt to lower
losses at the contacts (Cu, Ag), but the determined mobility values remained in
the same order.

There was no observed evidence for electron transport in the PSHT devices.

5.3.2 The effect of tempering in the polymer-fullerene
blends

5.3.2.1 Variation of PCBM content in the blend

The charge carrier mobilities in tempered and not tempered PCBM:P3HT blends
were then investigated. Au was used for the source and drain contacts for all of
the OFETs so that both charge carrier mobility types could be investigated in
the same device with more predictable results. It was already shown in section
4.6.2 that once the effects of contact resistances had been corrected for, mobilities
of 2.6 x 107%cm?/Vs in PCBM OFETs with Au source and drain contacts were
determined.

The electron and hole mobilities in the blends were first investigated from the
1,5 versus V4 scans according to equation (4.3) without correcting for contact

effects. Although the effects of the contact resistances were demonstrated to be
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5.3 Experimental

substantial in previous sections, the trend of the charge carrier mobilities in the
blends for varying PCBM content is of interest here. For the sake of comparison,
electron and hole mobilities at the same PCBM concentration were determined
from the same device. The contact effects were then corrected for in the case of
the optimal blend ratio by following the analysis outlined in section 4.5, where the
device resistances of several OFETs with different channel lengths were measured

to isolate the contact resistance and determine a more accurate mobility value.
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Figure 5.5: Electron and hole mobilities (not corrected for the effects of contact
resistances) for various weight percentages of PCBM in tempered PCBM:P3HT
blends. The concentration of P3HT was kept constant for all solutions, and
electron and hole mobilities were measured from the same device. The mobilities
of pure PCBM and pure, tempered P3HT are included for comparison.

The PCBM content was varied in the blend, and the charge carrier mobilities
were determined. The amount of P3HT was kept constant (1 wt % in chloro-
form) for all blends, except for the case of pure PCBM. The amount of PCBM
was then varied between the PCBM:P3HT blends: 0:1 (0% PCBM), 0.5:1(33%),
0.68:1(40%), 1:1 (50%), 1.5:1 (60%), 2:1 (67%) and 1:0 (100%). Figure 5.5 shows
the change in the electron and hole mobilities in the blends for increasing PCBM
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5.3 Experimental

content, as well as the mobilities in pure P3HT and PCBM films (0% and 100%).
For the sake of comparison, all mobilities at the same PCBM concentration were
determined according to equation (4.3) from the same device.

The hole mobilities remain roughly constant in the 10~%cm?/Vs range, de-
creasing slightly for increasing PCBM content, with the exception of 40% PCBM
content, which is understood to be an experimental artifact.

Apparent here is that the electron mobility increases with increasing PCBM
content. For the 2:1 PCBM:P3HT ratio, the hole and electron mobilities are
roughly balanced. Electron mobility was first visible in blends with weight ratios
of 0.68:1 PCBM:P3HT (40% PCBM), and only in tempered blends. In blends
that were not tempered, the electron mobilities were first apparent for 2:1 blends
(67%). Only the charge carrier mobilities in tempered blends are shown here for
clarity, and the lines between the data points are intended as guides for the eye.
The solid lines show the trend of the hole mobilities, while the dashed line shows
that of the electron mobilities. The effect of tempering on the charge carrier
mobilities is investigated in the next section, and summarized in table 5.3.2.2

along with mobilities corrected for the effect of contact resistances.

5.3.2.2 The effect of tempering on electron transport in blends

The effect of tempering in pure PSHT films was investigated in an earlier section,
and was found to lead to a slight increase in the field effect mobility by roughly
a factor of 2. The effect of tempering was then investigated in pure PCBM films
and on 2:1 PCBM:P3HT films.

In the pure PCBM films, tempering was found to have little effect. Short
tempering at low temperatures (10s at 100°C) led to a reduction in the leakage
currents, which is attributed to a better contact being made between metal and
semiconductor. Longer tempering, however, led to device degradation.

The charge carrier mobilities were found to be balanced in the 2:1 PCBM:P3HT
blends, and so the effect of tempering on the charge carrier mobilities was specif-
ically investigated in these blends. An improvement in the hole mobility was not
detected, although leakage currents were reduced. The hole mobility determined
according to eq. (4.3) was found to be 1x10~%*cm?/Vs for both the not tempered
and tempered cases. The mobility was found to be 8.5x10~%cm?/Vs, slightly
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5.3 Experimental

lower than the hole mobility in pure PSHT, for the tempered blends after the
effect of contact resistances had been considered. Figure 5.6 shows the modified
145 vs Vs characteristics for the hole transport in a tempered 2:1 PCBM:P3HT
blend.
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Figure 5.6: Channel resistance per unit length versus Vs characteristics for hole
transport in a tempered 2:1 PCBM:P3HT OFET. From the slope of the graph a
mobility of 8.5x107*cm?/Vs could be determined.

In the case of electron mobilities in blends, the effect of tempering led to a
strong increase in the electron mobility.

Figure 5.7 shows the I;s versus Vs characteristics for electron transport in a
2:1 PCBM:P3HT OFET before and after tempering for gate voltages between 0V
and 50V. General IV characteristics improved due to tempering, and the mobility
increased by nearly a factor of 10, from 7.0x10°cm?/Vs to 4.0x10~%cm?/Vs.

Figure 5.8 shows the resistance per unit length versus V,, characteristics,
according to eq. (4.12) for the electron mobilities in a tempered 2:1 PCBM:P3HT
blend. From the slope, a mobility of low 1073cm?/Vs was determined. This is
lower than the mobility in pure PCBM, suggesting that the morphology may

limit electron transport.
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Figure 5.7: I versus Vy, for gate voltages of Vs = 0 — 50V for electron trans-
port in a PCBM:P3HT OFET measured before (closed symbols) and after (open

symbols) tempering.
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Vys characteristics, corrected for contact resistances, for
electron transport in a tempered 2:1 PCBM:P3HT blend OFET.
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5.4 Summary

Table 5.3.2.2 summarizes the results for mobilities in not tempered and tempered

films and blends, as well as the mobilities corrected for the effects of contact

resistance.
Material Before tempering After tempering
cm?/Vs cm?/Vs
P3HT (hole) 2.3 x 1071 4.0 x 1074
corrected - 2.8 x 1073
PCBM (electron) 8.4 x 1073 55 x 1074
corrected 2.9 x 1072 -
PCBM/Mg (electron) 1.2 x 1072 -
2:1 PCBM:P3HT (hole) 1.0 x 107* 1.0 x 107*
corrected - 8.5 x 1074
2:1 PCBM:P3HT (electron) 7.0 x 1077 4.0 x 1074
corrected - 1.3 x 1073

Table 5.1: Charge carrier mobilities before and after tempering in films and

blends.

5.4 Summary

It is known that the absorption spectrum of PCBM:P3HT blends made in chloro-
form changes in the wavelength regime attributed to P3HT due to heat treatment,
while the spectra of pure P3HT and pure PCBM remain the same, and that tem-
pering leads to phase separation and hence to the growth of PCBM clusters within
the bulk due to structural modifications resulting in a more planar structure (the
yellow to red phase transition) [165]. A slight increase was observed in the hole
mobility in pure P3HT after tempering, while no change in the electron mobility
in PCBM was detected. For the electron transport in blends, however, tempering
appears to be crucial. In blends with lower PCBM content that were not tem-
pered, no electron mobility is observed, and for blends with higher PCBM content
an almost 10 fold increase in the electron mobility is observed after tempering.
Tempering the blend results in a change in the morphology of the bulk. Before

tempering, electron transport sites are scattered throughout the bulk, isolated
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5.4 Summary

from other sites by the polymer chains. The growth of PCBM clusters after
tempering results in larger transport sites. When the PCBM content is high
enough, these sites form a delocalized electron transport path through the bulk.

The morphology of the blend, although improved by tempering, remains an
obstacle for efficient charge transport. Charge carrier mobilities in the blends
are lower than in pure PCBM and P3HT. Hole mobilities in the blends decrease
slowly for increasing PCBM. In comparison, electron mobilities rise rapidly with
increasing PCBM content. At 2:1 PCBM:P3HT ratios, the mobilities are bal-
anced in the low 107cm?/Vs range. Recently Chirvase et al. [165] reported
that 1:1 PCBM:P3HT blends delivered the best solar cell parameters, and that
at higher PCBM concentrations, PCBM clusters diffuse out of the polymer ma-
trix and damage the semiconductor/metal interface. At this ratio, however, the
electron mobilities are 10 times lower than the hole mobilities. To exclude the
possibility that the tempering times were insufficient, these devices were retem-
pered. This, however, led to a decrease in both electron and hole mobilities.

For polymer-fullerene solar cells, it seems that the damage to the contact as
well as a decrease in the hole mobility in the blend at higher PCBM contents are
more detrimental to the efficiency of the solar cell than the unbalanced charge
carrier mobilities. The mobilities depend on the phase separation achieved in
the blend, which determines the the possible pathways between the donor and
acceptor. In order to further improve solar cell efficiencies, it is necessary to first
optimize the morphology of the blend. The solvent used as well as the tempering
parameters will directly impact the morphology, and therefore also the mobility
of the charge carriers in the bulk. This requires further investigations of the effect
of different solvents and various tempering times and temperatures on the charge

carrier mobilities as well as on the solar cell parameters.
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Chapter 6

Conclusions

In this thesis, the electric transport properties of charge carriers in organic semi-
conductors were investigated. Energetic and positional disorder in the bulk means
that energy sites are localised; and charge carriers are transported via electric field
and temperature assisted hopping. Field effect measurements offer a good and
direct method of investigating the transport properties of charge carriers through
the semiconductor bulk by means of the field and temperature dependent field
effect mobilities.

Fullerene OFET's were investigated here as little work has been done to date on
n-type OFETs. The field effect mobilities in PCBM OFETSs at room temperature
were found to be in the order of 10~2cm?/Vs, which relatively high for an organic
semiconducting film. Good current-voltage characteristics were achieved with Mg
source-drain contacts due to reduced contact resistances.

It was shown the the temperature dependent IV characteristics and field effect
mobilities in PCBM OFETSs could be well described by a previously proposed
model based on hopping in an exponential density of states. The temperature
dependence of the current-voltage characteristics and the field effect mobility
could be modelled, and the results from the fit agreed with results from studies
in the literature on PCBM diodes.

In addition to investigating the charge transport properties in the bulk of the
semiconductor, it was shown that intentionally studying contact limited OFETs
can offer information about the injection process from metal into organic material,

as injection currents depend on the contact resistances between the metal and
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semiconductor. The injection process into organic semiconductors is still largely
not understood, and experimental work to isolate injection currents into organic
devices is valuable. The contact resistances in OFETs demonstrate tempera-
ture and field dependence, and vary inversely with the mobility. This behaviour
suggests injection currents that follow the diffusion limited thermionic emission
model. Contact resistances were determined at room temperature, and in combi-
nation with the activation energy from the field effect mobility, the temperature
dependence of the contact resistance could be modelled. Including the effects of
the contact resistance in the model improved the agreement between the experi-
mental data and data simulated from the model substantially.

In addition to investigating the transport properties of the individual materi-
als, it is also possible to gain information about the quality of the semiconducting
film for semiconductors produced in solution form and then applied to the sub-
strate via spincoating, doctor blading, etc. In the final section of this thesis,
materials commonly used in polymer-fullerene solar cells were investigated. The
hole mobilities in pure P3HT, with consideration of the effects of tempering and
also contact effects were investigated. Tempering led to an increase in the hole
mobilities by roughly a factor of 2. Contact effects, even in devices assumed to
have ohmic contacts, can be detrimental for mobility measurements. In the case
of pure P3HT, contact effects reduce the determined hole mobilities by a factor
of 10. Correcting led to mobilities in the 1073cm?/Vs range. The field effect
mobilities in polymer-fullerene blends were then investigated. Tempering was
found to be crucial for the electron mobilities in the blends. Hole and electron
mobilities were found to be balanced at 10~3cm?/Vs for a 2:1 PCBM:P3HT blend

composition, once the contact resistances had been considered.
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Chapter 7

Appendix A: Experimental Setup

7.1 General

An experimental setup for the measurement of organic field effect transistors was
designed and constructed as a part of this thesis. Measurements were performed
inside of a cryostat, in the dark. All measurements were computer automated:
a LabView program controlled the instruments via a GPIB interface. The cold
finger from the cryostat had a total of 18 connections leading from the bottom,
where the sample holder is located, to the top where the cold finger is attached
to the cryostat. Half of terminals were needed for the temperature controller:
PT-100 sensor (4-point) and heater resistance. The other half were used for the
current-voltage measurements. Three contacts are needed for each OFET, and
the nine contacts allowed for the flexibility of contacting multiple devices on a

single sample from outside the cryostat, without exposing the sample to air.

7.2 Samples

OFETs were prepared on highly doped (p++ for n-type and n++ for p-type
OFETsS) silicon wafers, cut into square samples with dimensions 15 x 15 mm?. A

layer of thermally grown SiO, served as the gate dielectric. The SiOy layer had
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7.3 Sample holder

a thickness of 100-300 nm. The wafers were ordered processed and precut from
the company Microfab.

The source and drain contacts were deposited onto the samples in a vacuum
chamber under high vacuum. A shadow mask was used to structure the source
and drain contacts on the substrate. Two shadow masks were used to pattern
the source-drain contacts and samples were prepared with either 3 rows of 4
OFETs, each with a width of 2mm, or 3 rows with 1 OFET, each with a width
of 4mm. The 12 OFET samples were used for determining contact resistance due
to the higher comparability of devices fabricated under the same conditions. The
samples with the 3 devices delivered higher currents due to the wider channels,
and were used for temperature dependent measurements. Channel lengths in
both cases were in the range of 20 — 200 pm. Figure 7.1 shows the structure of
one of the 12 OFET samples.

N N .
N N .
N N .
N N .

Figure 7.1: A sample with 12 OFETs.

7.3 Sample holder

The sample holder was attached to the end of a cool finger which is inserted into
the cryostat. The sample holder was plated with copper and gold to improve
thermal conductivity. The sample fit into a small indent in the sample holder, as

shown in figure 7.2, and the back of the sample holder served as the gate contact,
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7.4 Current-voltage sweep

and was grounded. This allowed for the best thermal coupling to the sample. A
contact bridge with 2x4 spring contacts allowed for possibility of contacting of 4
transistors on the sample simultaneously. This reduces the amount of air that
the sample is exposed to, as the individual transistors on the sample could be
contacted from outside the cryostat once the sample was already in the cryostat

under vacuum.

Figure 7.2: Diagram of the sample holder for OFET measurements. 12 spring
contacts on a mobile contact bridge allow for the contacting of four OFETSs si-

multaneously.

7.4 Current-voltage sweep

OFETs are three terminal devices. The typical configuration is: the source con-

tact is grounded, and a voltage between the gate and source contacts is applied

68



7.5 Temperature dependent measurements

resulting in an accumulation of charge in the semiconducting layer. A voltage
applied between the source and drain contacts will result in a flow of charge
across the source-drain channel. In this setup, however, due to the better ther-
mal coupling mentioned above, the gate contact was grounded, and voltages were
directly applied between the source and gate contacts and between the drain and
gate contacts. Only the potential difference between the terminals is important
for the measurements. The source, drain and gate voltages were then calculated
accordingly for data analysis. One source-measurement-unit (SMU) was used
to supply the voltage between the source and gate voltage (Keithley 6517), and
another source-measurement unit (SMU) was used to perform the source-drain
current-voltage sweep (Keithley 236).

The setup also allows for the measurement of diodes when a simple current-
voltage sweep is performed. It can be expanded for solar cell measurements if a

light source is incorporated.

7.5 Temperature dependent measurements

A Lakeshore 330 temperature controller was used for the temperature scans. A
PT-100 inside the sample holder was used for temperature measurements. A
heater resistance controlled by the LS 330, and also inside the sample holder, was
used for counter heating. A constant flow of liquid nitrogen was used for cooling

during the temperature scans.
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