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Abstract

Pentacene is one of the most popular and well-studied organic semiconductor materials. Pentacene
also has become the model for studying the physical properties of molecular organic semiconductor
materials. To study the intrinsic electronic properties and to explore the physical limits of pentacene, focusing on the fabrication of devices, such as organic field-effect transistor (OFET), based
on pentacene single-crystal seems to be the best approach.
Pentacene is known to slowly oxidize in the presence of air and light. The oxidation product, 6,13pentacenequinone (PQ), is concentrated on the pentacene single-crystal surface. The presence of
PQ layer will decrease the electrical properties of pentacene based FET by increasing the charge
injection resistance in pentacene/electrode and pentacene/dielectric interfaces. Recently, it has
been found that the PQ layer can be removed selectively by using SEM-monitored in-situ surface
heat treatment.
Here, we have performed in-situ heat treatment with SEM monitoring to remove the PQ layer from
the pentacene single-crystal surface. This method has several weaknesses. However, this method is
applicable to study the PQ layer removal qualitatively. We also have been able to obtain lower limit
intrinsic mobility (Θμ) values of pentacene single-crystal from the I-V curves of simple spacecharge-limited current device. Nevertheless, we found that the Θμ values that we have got are much
smaller than the values that have been reported in literatures.
Keyword: Pentacene single-crystal, 6,13-pentacenequinone, in-situ heat treatment, hole mobility.
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Chapter 1

Introduction

Since the invention of the transistor on 23rd December 1947 by Walter Brattain and John Bardeen
(members of William Shockley group) [1], silicon is the material of choice for the fabrication of
high-performance semiconductor devices. The last decades, however, the field of organic electronics has emerged and gained considerable interest. The first complete organic field-effect transistor
(polythiophene field-effect transistor) –the fundamental component in electronic devices– is reported in literature in 1987 [2, 3].
In organic electronics, the inorganic components in the device are replaced by organic semiconductor material. The use of these organic materials to build electronics seems most attractive in the
fabrication of low-cost applications, especially when cheap printing techniques can be used on a
large area and/or on flexible substrates. Displays based on organic LEDs (light emitting diode) [4,
5] and organic RFIDs (radio-frequency identification device) [6, 7] have already made their way into
the commercial market. Also much research is performed the last years on low-price organic solar
cells [8] and e-paper [9, 10].
Not only useful in practical applications, organic semiconductor materials also gained considerable
interest in research, to unfold the relation between their electronic and crystal structure with their
intrinsic properties, mainly their transport properties. There is also much room for theoretical development in this field [11]. Organic single-crystals are used as tools for the exploration of charge
transport phenomena in organic materials because of their high purity and similarity to the singlecrystal structures of inorganic electronics [12]. Nevertheless, the single-crystal systems are more
complex than was imagined by the researchers, as mentioned by Jurchescu et al. [13].
Among the organic semiconducting materials, pentacene is one of the most popular and wellstudied material. Pentacene also has become the model for studying the physical properties of molecular organic semiconductor materials [11, 14, 15]. The use of pentacene single-crystals in fundamental research field increased remarkably in the last decade, especially to study their intrinsic electronic properties [13].
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To study the intrinsic electronic properties and to explore the physical limits of pentacene, focusing
on the fabrication of devices, such as organic field-effect transistor (OFET), based on pentacene
seems to be the best approach [16-20].
In pentacene thin-film transistors, the electrical properties of pentacene thin-films are influenced by
many parameters, such as bulk purity and structural defects. Defects in pentacene thin-films can be
classified into intrinsic and extrinsic defects. Intrinsic properties of pentacene thin-films can be seen
as the nature of the pentacene thin-films itself, apart from external factors. The presence of external
factor, extrinsic defects, will cause the pentacene thin-film devices to exhibit different behavior
from its nature (intrinsic properties). This behavior can be seen as the extrinsic properties of pentacene thin-films. That is why the thin-film transistors are not suitable for the study of intrinsic electronic properties of pentacene, because their characteristics are often strongly affected by imperfection in the film structure and by the low purity of the pentacene itself. Thus, as mentioned before,
to explore the intrinsic electronic properties of pentacene, FETs based on single-crystal of pentacene are more suitable.

1.1

Aim of research

The long-term goal of this research is to understand about the fundamental properties of pentacene
by fabrication and characterization of pentacene single-crystal field-effect transistor devices.
Pentacene is known to slowly oxidize in the presence of air and light. The oxidation product, 6,13pentacenequinone, is concentrated on the pentacene single-crystal surface. Recently, it has been
found that the oxidized material can be selectively removed by a surface treatment. This procedure
enables an in-situ cleaning of the pentacene crystal surface before fabricating the field-effect devices.
However, the influence of this treatment on the electrical properties of fabricated devices is still
unclear.
In this research, we hypothesize that the presence of 6,13-pentacenequinone layer on pentacene
single-crystal surface will decrease the electrical properties of pentacene based FET by increasing
the resistance for charge injection from the electrode through the pentacene and pentacene/dielectric interface, as in a FET the conducting channel will be formed there. Thus, by removing the 6,13-pentacenequinone layer, increasing of electrical properties (in this case hole mobility)
will be expected.
Therefore, to clarify the relation between 6,13-pentacenequinone presence on pentacene singlecrystal surface with pentacene intrinsic electronic properties, we have two aims in this research.
First, a systematic study will be performed to remove the 6,13-pentacenequinone and second, the
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influence of the removal on the electrical transport properties (in this case hole mobility) of pentacene single-crystal devices will be studied. The latter aim will be studied through simple spacecharge-limited current devices fabricated with and without performing surface treatment.

1.2

Outline

Theoretical backgrounds are explained in Chapter 2. The theoretical backgrounds consist of a brief
introduction to organic semiconductor, pentacene system, and the space-charge-limited current.
Details about the experiments (equipments and procedures) are explained in Chapter 3, followed by
the result of these experiments and the discussion in Chapter 4. Conclusion and suggestions are
presented in Chapter 5.

Chapter 2
2.1

Theoretical Backgrounds

Organic semiconductors

Organic semiconductors are generally divided into two major classes, low molecular weight (small)
molecules and polymers made from a small foundational group of conjugated monomer units,
shown in Figure 2.1.
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Figure 2.1. Some of the more common repeating functional units in conjugated organic materials. Most organic semiconductors and conductors are made from fused or linked elements like these, which are
rich in sp2-hybridized carbon atoms and delocalized π-electrons.

The common structural feature in organic semiconductors is the presence of a conjugated backbone of alternating single and double bonds. From molecular physics, it has been known that the
so-called double bond between two carbon atoms can be formed due to a sp2-hybridisation: three
degenerate orbitals are constructed out of one s and two p orbitals. They are co-planar and oriented
at 120° relative to one another. Chemical bonds formed by these orbitals are called as σ bonds (single bonds); they are localized between the bonding C atoms. The fourth orbital, pz, remains unchanged and is directed perpendicular to the plane of the sp2 orbitals, and thus to the plane of C
atoms.
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Figurre 2.2. Left paanel shows imaages of σ and π bonds in ethene, as an exxample for thee simplest conjjugated
π-electron system. Rightt panel shows the energy levvels of a π-connjugated moleccule. The lowesst elecng π-orbital an
nd the anti-bo
onding π∗-orbiital. Bonding orbitals
o
tronic exciitation is between the bondin
and anti-bo
onding orbitalls are also kno
own as highestt occupied mollecular orbitalss (HOMO) an
nd lowest unoccuupied moleculaar orbitals (LU
UMO), respectiively. Reproduuced from [21]..
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o carriers from
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metallicc electrodes iss the methodd that was useed in this worrk to generatee charge carriiers.
An im
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ween the two
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m thin-films. Whereas sm
mall moleculees are usuallyy deposited ffrom gas phaase by
sublim
mation or evaaporation, co
onjugated pollymers can only
o be proceessed from so
olution e.g. byy spin-
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coating or printing techniques. Additionally, a number of low molecular materials can be grown as
single-crystals (e.g. pentacene) allowing intrinsic electronic properties to be studied on such model
systems.

2.1.1

Basic properties of organic semiconductors

The nature of bonding in organic semiconductors is fundamentally different from their inorganic
counterparts. Organic molecular crystals are van der Waals bonded solids. The van der Waals bonding is considered to be weaker compared to covalent bonding. Therefore, the organic molecular
crystals have weaker intermolecular bonding compared to covalently bonded semiconductors like
GaAs or Si. As a result, the mechanical and thermodynamic properties of organic molecular crystals, such as hardness and melting point, will be inferior to the inorganic counterparts (the organic
molecular crystals possess reduced hardness and lower melting point). More importantly, organic
molecular crystals have a much weaker delocalization of electronic wave functions among neighboring molecules. This has direct implications for charge carrier transport and optical properties.
The situation in polymers is somewhat different since the morphology of polymer chains can lead
to improved mechanical properties. However, the electronic interaction between adjacent chains is
usually also quite weak in this class of materials.
The conjugation systems in organic semiconductors held an important role in the charge carrier
transport process. The simplest conjugation system can be seen in polyethyne (also known as polyacetylene). The discovery of I2-doped polyacetylene (see Figure 2.3), which is far more conductive
than the pure state polyacetylene, by Shirakawa and co-workers [23] is the major breakthrough in
organic electronic field. This led to a large increase of research in organic semiconductors field.

[CH ]n +

3x
I 2 ⎯⎯
→[(CH ) nx + x( I 3− )]
2

Figure 2.3. Polyacetylene is transformed into a metallic conductor by doping. Electron acceptors, in this case
iodine, oxidize the polymer. The electrons are taken away from the filled lower band of polyacetylene and used to form the iodide ions, leaving holes, which result in a p-type material.

2.1.2

Charge transport in organic semiconductor

Polyacetylene will be used as a model to explain charge transport in this section. In a polyconjugated system, the π-orbitals are assumed to overlap, and form a valance and a conduction band as
predicted by band theory. If all of the bond lengths were equal, e.g. delocalization led to each bond
having equal partial double bond character, then the bands would overlap and the polymer would
behave like a quasi-one-dimensional metal, having a good conductivity. However, a linear chain of
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equispaced atoms in a metal, such as a chain of sodium atoms, is found to be an energetically unstable system and will undergo lattice distortion by alternative compressions and extensions of the
chain. This leads to alternating atom pairs with long and short interatomic distances found along
the chain. This variation in spacing is called as Peierls distortion. Chemically, the Peierls distortion
can be interpreted as an alternating of single (σ) and double (σ and π) bonds along the chain. The
double bonds obviously are the short interatomic distance. The Peierls distortion makes the energy
gap opens at the Fermi level, which will form valance band and conduction band. This break in the
continuity of energy band is caused by the use of elastic energy during lattice distortion, which is
compensated by lowering the electronic energy and formation of a band gap. A simple illustration
of this explanation can be seen in Figure 2.4.
Peierls distortion
(Physics)
Bond alternation
(Chemistry)

o

o

o

a

o

o

o

2a

metallic equidistant system

valence
band

semiconducting alternating system

conduction
band
Eg

(half filled)

valence
band
Figure 2.4. Schematic diagram illustrating the Peierls distortion that leads to the formation of energy gap and
production of semiconductor rather than a conductor. Adapted from [24].

At the zero Kelvin, the energy level of electrons with the highest energy will be at the Fermi level,
which lies in the band gap. There are no electron transport at zero Kelvin in semiconductors because no molecular state present at the band gap. At temperature above zero Kelvin, the number of
thermally excited electrons that transferred from valance band to conduction band increases. Both
of the electrons in conduction band (n-type) and the holes in valance band (p-type) give contribution to the transport of charge in the ideal material. At room temperature, only small number of
electrons that thermally excited into the conduction band, given a free electron concentration of n.
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These kinds of materials show an intrinsic electrical conductivity that lies between insulators and
conductors: a semiconductor material.
Electrical conductivity is a function of the number of charge carrier species “i” (ni), the charge of
each carrier (εi), and carrier mobilities (μi), described by Equation 2.1. Carrier mobility is a property
that indicates how easy the charge accelerated through the lattice by an applied electric field.

σ = ∑ μi niε i

Equation 2.1

In principle, the organic conjugated materials exhibit both n-type and p-type conductivity. However,
most organic semiconductors only exhibit hole conductivity (p-type conductivity) because electron
conductivity is suppressed by the electron traps. Charge traps happen at defects such as impurities
in grain boundaries or at the interface between the electrodes.

2.1.3

Charge carrier in organic semiconductor

Conventional inorganic semiconductors have several important differences with their organic counterparts. The most notably difference is the charge carrier species. In conventional inorganic semiconductor, charges are fully delocalized and do not significantly distort their surroundings lattice.
While in organic semiconductors, electrons and holes are only delocalized in a part of conjugation
length (see Figure 2.5). Disorder determines the effective conjugation length in polymeric semiconductors [25].

neutral soliton
Figure 2.5. Trans-polyacetyleneconjugation system. The charge delocalization is shown inside the bracket. In
this case, the neutral soliton acts as the charge species. Left and right region of polyacetylene are two
degenerated ground state.

In polyacetylene, the trans structure of polyacetylene has a twofold degenerate ground state in
which they are a mirror image and the single and double bonds can be interchanged without changing the energy (see Figure 2.5). The right sequence may form and eventually meet the left sequence,
producing a free radical (neutral soliton). This neutral soliton breaks the pattern of bond alternation, it separates the generate ground state structures. The electron has unpaired spin (free radical)
and is located in a non-bonding state in the energy gap, midway between the two bands. The presence of this neutral soliton gives the trans-polyacetylene a semiconductor characteristics and the
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neutral soliton itself acts as the charge carrier species. Further processes (e.g. doping) will increase
the conductivity of trans-polyacetylene. Different solitons will be formed, depends on the doping
agent. An acceptor or p-doping agent, such as I2 or HClO4, removes an electron and creates a positive soliton or a neutral one if the removed electron is not the free radical. Similarly, a negative soliton can be formed by introducing a donor or n-doping agent that adds an electron to the mid-gap
energy level (see Figure 2.6 for the structural details of solitons). The soliton defects only supported
in a structure that possesses degenerated ground state [26].

neutral soliton

positive soliton

negative soliton

Figure 2.6. Different type of solitons: neutral soliton, positive soliton, and negative soliton. In chemical term,
neutral soliton is a free radical, positive soliton is a carbocation, while negative soliton is a carbanion.

Another charge carriers in organic semiconductors are polaron and bipolaron. To explain this,
poly(p-phenylene) will be used as the model.
As mentioned before, soliton defects only supported in a structure that possesses degenerated
ground state. Thus, soliton defect cannot be supported in poly(p-phenylene) as there is no degenerated ground state. Instead, the two nearly equivalent structures are the benzenoid and quininoid
forms, which have different energy level (see Figure 2.7).

benzenoid
sequence

quininoid
sequence

benzenoid
sequence

Figure 2.7. Poly(p-phenylene) chain. The benzenoid regions have a lower energy than quininoid region,
which must be limited by the benzenoid structures.

In the band theory model, it is assumed that conduction appears because the mean free path of
charge carrier extends over a large number of lattice sites, and the residence time on any site is small
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compared to the time it would take for a carrier to become localized. However, if a carrier is
trapped, it tends to polarize the local environment, which relaxes into a new equilibrium state. This
deformed section of the lattice (the polarized local environment) and the charge carrier will form a
species called polaron. Unlike the soliton, polaron is unable to move without overcoming an energy
barrier. Thus, it will move in hopping motion.
In the poly(p-phenylene), the solitons are trapped by the changes in polymer structure because of
the differences in energy. Thus, polaron is created, which is an isolated charge carrier. A pair of polarons is called as bipolaron. In poly(p-phenylene) and most of the other polyconjugated conducting
polymers, the conduction occurs via polaron or bipolaron. Illustration of polaron and bipolaron
can be seen in Figure 2.8. The formation of bipolaron bands in p-type polymer is also shown in
Figure 2.8.
In molecular organic crystal, polaron acts as the charge carrier. In an organic molecular solid, the
charge carrier transport is depending on the degree of order. It can fall between two extreme cases:
band or hopping transport. Band transport is typically observed in highly purified molecular crystals
at not too high temperatures. However, since electronic delocalization is weak, the bandwidth is
only small as compared to inorganic semiconductors. Therefore, room temperature mobilities in
molecular crystals only reach values in the range of 1 to 10 cm2 V-1 s-1 [27]. As a characteristic feature of band transport, the temperature dependence follows a power law behavior.

μ ∝ T − n , with n = 1.....3

Equation 2.2

In other extreme case of an amorphous organic solid, hopping transport prevails, which leads to
much lower mobility values (at best around 10-3 cm2 V-1 s-1). Instead of a power law, the temperature dependence then shows an activated behavior and the mobility (μ) also depends on the applied
electric field (F).

μ ( F , T ) ∝ exp(−ΔE / kT ) ⋅ exp( β F / kT )

Equation 2.3

As an example, band transport acts as charge carrier transport in pentacene single-crystals. The
mobility increases with decreasing temperature with n = 2.38 [28].
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Figure 2.8. Illustration of polaron and bipolaron structure in poly(p-phenylene) and the proposed band structure for the oxidized polymer (p-type).

2.2

Pentacene

Pentacene, a polycyclic aromatic hydrocarbon compound, is a planar molecule made of five linearly
fused benzene rings. The Lewis structure of pentacene is shown in Figure 2.9. Interest in pentacene
has grown dramatically in recent years due to the fact that its crystals and thin films behaving as a ptype organic semiconductor, which can be employed to fabricate organic electronic devices, such as
organic field-effect transistor (OFET) [17, 18, 29-36].
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Figure 2.9. The Lewis structure of pentacene.

Pentacene and some of its derivatives were synthesized for the first time by William Hobson Mills
and Mildred Mills in early 1912 [37]. They used pyromellitic anhydride and benezene as the starting
materials. The reaction carried out in the presence of AlCl3 as catalyst. The product from this reaction is an isomeric mixture of dibenzoyl-benzene-dicarboxylic acid. Upon heat treatment in concentrated sulfuric acid, dibenzoyl-benzene-dicarboxylic acid underwent an intermolecular condensation
reaction by losing two water molecules, formed a dinaphtanthradiquinone. The intermolecular condensation reaction is shown in Figure 2.10. After dinaphtanthradiquinone formed, pentacene
(β,β,β′,β′-dinaphtanthracene) could be obtained simply from the reduction of the diquinone
groups. Another synthesis methods, which is more efficient, were suggested later on by Allen and
Gates in 1943 [38].
PhOC

COOH

HOOC

COPh

PhOC

COOH

HOOC

O

O

O

O

COPh

Figure 2.10. Intermolecular condensation reaction of two dibenzoyl-benzene-dicarboxylic acid molecules,
which lead to formation of dinaphtanthradiquinone.

Modern synthesis methods have been invented in order to overcome the low solubility of pentacene in common organic solvents, which limits its deposition onto semiconductor surfaces. One of
those methods was suggested by Yamada et al. in 2005 [39]. They converted the α-diketone precursor into pentacene through photolysis. In order to produce only pentacene, the photolysis process
must be carried out in certain condition, with the absence of oxygen. If oxygen exists, pentacene
will transform further into 6,13-pentacenequinone (PQ). The photolysis reaction of α-diketone can
be seen in Figure 2.11.
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Figurre 2.11. Photollysis of of α-ddiketone (1). Th
he absence of oxygen will leead to the penttacene (2) form
mation.
The presen
nce of oxygen will lead to th
he formation off 6,13-pentaceenequinone (4).

Regarrding pentaceene crystal staate, Campbelll and co-worrkers reportedd the first cryystal and mollecular
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Figure 2.13. Pentacene single-crystal image. The a and b axis indicated by red and green arrow respectively.
This image was reproduced from [42].

Pentacene possesses 22 pz orbitals, each contributing one electron. Its frontier orbitals HOMO and
LUMO show a strong contribution from the carbon 2pz orbitals, as shown in Figure 2.14. The 2pz
orbitals are the orbital that form the π-bonding and also hold an important role in electron delocalization of polyconjugated organic material (the Peierls distortion, see Section 2.1.2). Thus, the 2pz
orbitals will have a strong contribution to the alternation between delocalization state and bondalternation state (the Peierls distortion) in pentacene, which will influence the molecular conductivity of pentacene. The strong contribution of 2pz orbitals in pentacene’s HOMO and LUMO is the
molecular reason of pentacene’s semiconductivity.

Figure 2.14. Single particle wavefunctions of isolated pentacene molecule. Violet colors and black dots
represent positive sign while white colors and white dots represent negative sign. HOMO shows by
(a) and (b), LUMO shows by (c) and (d). Reproduced from [43].
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2.2.11

Crystall growth of pentacen
ne

Pentaacene molecuular crystals are formed byy weak van der Waals inteeraction betw
ween the moleecules.
The molecular
m
paacking that fo
ormed will determine thee properties of
o pentacene crystals, including
the ellectrical prop
perties.
The pentacene
p
sin
ngle-crystals were
w grown by
b physical vapor
v
transpo
ort method in
n a horizontaal glass
tube under argon stream. Ultrrapure argon (without hyd
drogen) is used in order tto prevent th
he foron of 6,13-ddihydropentaccene as an im
mpurity in the
t crystals. 6,13-dihydro
opentacene can
c be
matio
formeed via hydroggenation of the
t middle ring acene, in position C-66 and C-13, w
which are thee most
reactiive positions [32].
The starting
s
materrial is purifiedd pentacene. The pentaceene starting material
m
was p
purified by vaacuum
sublim
mation undeer a temperrature gradieent. The aim of purifi
fication is to
o eliminate 6,13pentaacenequinonee from the staarting materiaal [32].
The purified
p
pentaacene is placeed in a glass or
o quartz tube, heated by resistive
r
heatter coils aroun
nd the
tube to
t its sublimaation temperature, and caarried down a temperaturee gradient by a stream of argon.
The pentacene
p
ressublimes in th
he cooler zon
ne of the furn
nace to form crystals. Heaavy impuritiees with
a vap
por pressure lower than that of the pure
p
organicc compound remain at th
he position of
o the
sourcce material (ddownstream). Light impurrities with a vapor
v
pressuure higher thaan that of thee pure
organ
nic compoundd condense at
a a lower tem
mperature, i.e. at a differen
nt position fro
om where thee crystals grrow (see Figuure 2.15). Duuring crystal growth,
g
a proportionally laarge fraction of the impurrities is
depossited on the surface,
s
whicch then again
n can sublimee and crystalliize further along the crysttallization tube.
t
The sin
ngle-crystals are
a collected from glass or quartz sleevves. The illusstration of ph
hysical
vaporr transport seet-up is show
wn in Figure 2.15.
2

Figurre 2.15. Physiccal vapor transport diagram
m. Pentacene siingle-crystals were
w
made byy this techniquue with
argon as th
he inert gas. Im
mage was taken
n from [18].

In thiis work, the whole
w
crystall growth process was don
ne by Solid State Chemisttry of the Maaterials
Scien
nce Centre at the University of Gronin
ngen since thee pentacene single-crystal
s
s that were used
u
in
this reesearch was supplied
s
by th
hem.
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2.2.2

Pentacene single-crystal

As mentioned earlier in this report, the pentacene single-crystal system is commonly selected in
order to study the intrinsic properties of pentacene. By using the single-crystal system, grain boundaries are eliminated. Besides, in order to explore the intrinsic properties of organic materials and
the physical limitations on the performance of organic FET, devices based on single-crystals of organic semiconductors are needed, similar to the single-crystal structures of inorganic electronics.
However, other factors also play an equally important role in electrical characterization. The surface
of the pentacene single-crystal holds an important role in the fabrication of pentacene single-crystal
field-effect transistor, mainly in the contact between pentacene and electrodes since surface impurities can increase the resistance for charge injection from the electrode through the impurities into
the pentacene. It also influences the pentacene/dielectric interface, as in a FET conducting channel
will be form in there. Thus, the cleanliness of the pentacene surface will influence the performance
of the single-crystal field-effect transistor.
One of the aims of this work has a correlation with the presence of impurities on pentacene surface, the oxidation product of pentacene, 6,13-pentacenequinone. The presence of PQ in the crystals is caused either by oxidation after the crystal has been grown or is caused by co-deposition of
PQ from impure pentacene source when the crystal growth was conducted. The formation of PQ
via photo-oxidation of pentacene has been explained in the previous section (see Figure 2.11).

2.2.3

Pentacenequinone on pentacene single-crystal surface

The main impurity in commercial pentacene powder and carefully grown pentacene single-crystals
is 6,13-pentacequinone (PQ), as mentioned in several publications [13, 32, 44-48]. The PQ impurities were concentrated in the surface of the pentacene single-crystal due to the inhomogeneous distribution of PQ during the pentacene single-crystal growth [44, 48].
Another mechanism to explain the presence of PQ on the pentacene surface is the oxidation of
pentacene molecular layers that are exposed to light and oxygen from air after the crystals are
grown. Pentacene molecules are oxidized, forming a PQ layer. Bulk PQ crystallizes in 1.779 nm
thick layers [44], consisting of two alternating PQ monolayers. PQ monolayers (0.89 nm) are thinner than pentacene monolayers (1.41 nm) [44]. From these step height data, crystal model of pentacene and PQ was made as shown in Figure 2.16. The crystal model shows the presence of possible
steps height that will be formed by combining the pentacene and PQ layers.
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Figure 2.16. Model of pentacene and pentacenequinone packing system, viewed perpendicular from c crystal
direction [44, 49].

The AFM study of pentacene single-crystal surface by Peter de Veen [50] indicates that the PQ molecules form a typical molecular flat terraces with various height. The height of the terraces depends
on the molecular layers. Step height statistic of pentacene single-crystal surface from the AFM
(Figure 2.17) shows that the PQ monolayer on the surface of pentacene has a height of 0.9 nm,
while the PQ double-layers in the pentacene surface has a height of 1.8 nm. It also shows pentacene
step at the surface of pentacene single-crystal (1.4 nm), which match with the work of Jurchescu
and co-workers [44].
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Figurre 2.17. Statistiical AFM step height data of pentacene sin
ngle-crystal suurface. Green, b
blue, and greyy colors
correspondds to 6,13-pentacenequino
one (PQ) mo
onolayers, peentacene bilayyers (P), and
d 6,13pentaceneqquinone (PQ) bilayers, respeectively [49].

2.3

Space--charge-liimited current

Chargge transport in
i organic co
onductors is often
o
limited by the emerggence of spacce charges. To
T evaluate the conducttion in the sp
pace-charge-llimited current (SCLC) reegime, two llimiting geom
metries
can be
b used. The Mott-Gurneey theory desscribes the current-voltagge characterisstics for sand
dwichtype contact
c
geom
metries [51]. In
I this theoryy, the electricc field and th
he space charrge are confin
ned to
the ch
hannel. The Mott-Gurneey law for saandwich-type structure givves an expreession as sho
own in
Equaation 2.4.

9Θμε 0ε r ⎛ V 2 ⎞
J=
⎜ 3⎟
8
⎝L ⎠

Equation
n 2.4

In Eqquation 2.4, J is the curren
nt density forr the applied voltage V, Θ is the trapp
ping factor, L is the
distan
nce between electrodes, εr is the relatiive dielectric constant of the materialss, ε0 is the vaacuum
permiittivity constaant, and μ is the
t charge caarrier mobilityy.
In Mo
ott-Gurney th
heory, severaal consideratio
ons were takeen: (1) the cuurrent flow is a one-dimen
nsional
unipo
olar flow (chaarge carriers are
a injected from
fr
the conttact placed att position x = 0 and colleccted at
the co
ontact at x = L); (2) the contacts are Ohmic; (3) the mobility of free charrge carriers iss inde-
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pendent of the magnitude of the applied electric field; (4) the injecting contact is an infinite source
of charge carriers; (5) the traps are homogeneously distributed in space and all correspond to one
discrete energy level; and (6) the diffusion of charge carriers inside the crystal is neglected [22].
Another theory was developed by Geurst [52]. Geurst analyzed SCLCs in thin semiconductor layers
for a gap-type geometry theoretically. In this theory, the thickness of the film is negligible with respect to the separation between the contacts. For this geometry, longitudinal component of the
electric field is responsible for the charge transport and the transversal component, perpendicular
to the conduction channel, is determined by the magnitude of the space charge. The Geurst gaptype structure reveals a relation as seen in Equation 2.5, I is the current for the applied voltage V, L
is the distance between electrodes, εr is the relative dielectric constant of the materials, ε0 is the vacuum permittivity constant, and μ is the charge carrier mobility.

I=

2 με 0ε r ⎛ V 2 ⎞
⎜
⎟
π ⎝ L2 ⎠

Equation 2.5

In his report, Zuleeg and Knoll [52] introduce the width of the electrodes W into the Equation 2.4
and 2.5. It improves the approximation of Geurst’s infinite contact length. By introducing W, Equation 2.5 becomes Equation 2.6.

2 με 0ε rW ⎛ V 2 ⎞
I=
⎜ 2⎟
π
⎝L ⎠

Equation 2.6

An illustration of Mott-Gurney sandwich-type structure and Geurst gap-type structure is shown in
Figure 2.18. The gap-type structure is the electrode geometry that was used in this work.

A

L

Pentacene
crystal

L
W

B

Gold
electrode

L
C

h

Figure 2.18. Electrode geometries: (A) sandwich-type structure, side view; (B) gap-type structure, top view;
and (C) gap-type structure, side view.
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Theoretical I-V characteristic for a material with a single trap level in a double-log scale is shown in
Figure 2.19. It shows the crossover from the Ohmic region ( I Ω ∼ V ) to the SCLC with the pres2
ence of shallow trapping region ( I SCLC ∼ V ), and, with a further voltage increase, to trap-free (TF)

region and SCLC without trapping region ( I SCLC ,TF ∼ V 2 ).

(4)

(3)

log I
(2)
(1)

VTF
log V
Figure 2.19. Schematic of current vs voltage characteristic for a material with a single trap level: (1) Ohmic
region supported by thermal generation, (2) SCLC region with the presence of shallow trapping, (3)
trap-filled limit, (4) SCLC region with the absence of trapping. Adapted from [22].
d
From the threshold voltage of the TF regime, VTF, the density of deep traps, N t , can be estimated

[22]:

N td =

εε rVTF
eL2

Equation 2.7

An assumption-free estimate of the trap density can be made only if a well-defined crossover between SCLC and TF regimes is observed. For this reason, the method can be applied only to sufficiently pure crystals.
d
The estimate of N t is based on the assumption that the deep traps are uniformly distributed

throughout the entire crystal bulk. However, it is likely that the trap density is greater near the metal/organic interface because of the surface damage during the contact preparation. A small amount
of traps located close to the surface can have a large effect on current flow: the charges trapped
near the surface strongly affect the electric field in the bulk of the crystal, which determines the cur-
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d
rent flow in the TF regime. For this reason, the value of N t may be considered as an upper limit

of the actual density of traps in the bulk [53].
In the TF regime, the mobility can be estimated from the Mott-Gurney law for trap-free regime
[22]:

J TF

9 με 0ε r ⎛ V 2 ⎞
=
⎜
⎟
8 ⎝ L3 ⎠

Equation 2.8

Even when the TF limit is not experimentally accessible, the same formula can be used to extract a
lower limit, μmin for the intrinsic mobility, at least in materials in which one type of carriers (holes or
electrons) is responsible for charge transport [53]. We can say that the μmin is equal to Θμ.
In 2003, Mattheus and co-workers reported the current-voltage characteristic of single crystalline
pentacene (see Figure 2.20). From their analysis, they found out that the hole mobility and trap
density for their pentacene single-crystal are 0.2 cm2 V-1 s-1 and 2 × 1013 cm-3, respectively [33]. Several researchers also have reported the SCLC measurements on single-crystal systems, such as tetracene [53] and rubrene [54] single-crystal systems.

Figure 2.20. Current-voltage characteristic of pentacene single-crystal: (▲) gap 50 μm; (●) gap 75 μm. Reproduced from [33].

Chapter 3

Experimental

3.1

Equipments

3.1.1

Nanomanipulator system

SEM images were taken by JEOL 6490 scanning electron microscope (SEM). The SEM system is
part of a nanomanipulator system consists of Keithley 4200 source measure unit and the Zyvex
s100 Nanoprober. The Nanomanipulator system is designed to conduct electrical characterization
(Keithley 4200 source measure unit) and mechanical manipulation (Zyvex s100 Nanoprober) in
nano-scale. The ultimate pressure in SEM vacuum chamber is 0.1 mPa (1 × 10-6 mbar).
Carbon fibers were used as the tip of the nanomanipulator probes. The carbon fibers were coated
by gold to make sure that the electrical current flow from one probe to another flawlessly. Figure
3.1 shows the image of the gold-coated carbon tips.

Figure 3.1. SEM image of gold-coated carbon fibers that were used as the probes.

3.1.2

Heater set-up

To do the in-situ heating treatment, a special heating system was made. The heating system was using a free-standing set-up with Heraeus HA 421 as the heater. The free-standing set-up was used to
make sure the heat from the heater only went to the sample.
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3.1.3

Pulsed laser deposition system

The Pulsed laser deposition system consisted of a vacuum chamber with optical window, a target of
the deposition material, a sample holder with heater, and lens system to direct the pulsed laser radiation from a LPX2000 KrF excimer laser (248 nm 25 ns) to the target. Stencils were used as shadow mask to deposit Au-contacts in order to fabricate the space-charge-limited current devices.

3.2

Pentacene single-crystal surface characterization

3.2.1

Sample preparation

To make the sample, pentacene single-crystal was glued carefully on a silicon substrate by silver
paste to secure the crystal in place.

3.2.2

SEM characterization

SEM was used to observe and investigate the surface of pentacene single-crystals. As mentioned
earlier, investigation of PQ impurities on the pentacene single-crystals surface is one of the aims in
this research. Since pentacene surface layer is our only concern, low acceleration voltages, 0.3 and
0.5 kV, were used in this research to observe only the surface layers instead of the deeper layers in
the pentacene single-crystal.

3.2.3

In-situ heat treatment

The pentacene single-crystal surface can be cleaned from PQ impurities through heating process
since the sublimation behavior of pentacene and PQ are different (see Figure 3.2). However, the
difference is very small, so the heating process must be carried out with extreme cautious. Figure
3.2 shows the sublimation rate of pentacene and PQ bulk powder in vacuum. The small difference
in sublimation behavior and the fact that this behavior is for bulk powder are assumed applicable in
our system.
Gerard van Bemmel has done the cleaning process and reported the result in his thesis [49]. He
cleaned the pentacene single-crystal surface and observed the sublimation of PQ simultaneously
through the in-situ heat treatment using a small heater. The observation was done by using SEM
system. The in-situ heat treatment in this work was done according to van Bemmel’s work.
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Figure 3.2. Sublimation rate of pentacene and PQ in vacuum as a function of temperature (thermal desorption). Inset shows a typical thermal desorption spectrum for PQ. Adapted from [55].

3.3

Electrical characterization of pentacene single-crystal device

The other aim of this work is to extract charge carrier mobility value of pentacene using the spacecharge-limited current (SCLC) method. The SCLC devices that we designed have a gap-type structure. The relation between electrical current (I) with voltage (V) in the gap-type structure is described by Equation 2.5 and 2.6.
As mentioned before, gold was used as the electrodes. The planar Au-contacts were deposited on
pentacene single-crystal surface by using PLD technique. The SCLC device can be seen in Figure
3.3. The pentacene single-crystal that was used in the SCLC device still contains PQ layer on its
surface (untreated).

Figure 3.3. SEM image of the SCLC device. The Au-electrodes were arranged in gap-type geometry. The PQ
also can be observed in the surface of pentacene.
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The I-V measurements were done by using Keithley 4200 source measure unit. Probes were placed
in the electrodes, as shown in Figure 3.4. The two-point measurement was used with the voltage
sweeping from 0 to 200 V.

Figure 3.4. Probes landed at the Au-contacts. The shadows below the probes indicate the probes have made
contact with the electrodes.

Chapter 4

Results and Discussion

4.1

Pentacene single crystal surface

4.1.1

SEM characterization

Figure 4.1 shows the scanning electron microscope image of pentacene single-crystal surface. As
seen on the image, thin layer of PQ is observable on the surface of pentacene single-crystal. The
PQ layers are only observable by SEM in low acceleration voltages (0.3 kV and 0.5 kV) as mentioned before in the experimental section. The light grey patches in the crystal surface show the PQ
terrace steps. In his work, van Bemmel has checked the area with light-grey patches by AFM [49].
He proved that the light grey patches are PQ layers.

Figure 4.1. SEM image of pentacene single-crystal surface at low acceleration voltage (0.3 kV). The light grey
irregular shaped patches are the 6,13-pentacenequinone layers.
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4.1.2

In-situ heat treatment

The heat treatment was conducted inside the electron microscope vacuum chamber by using a heater with custom configuration, as explained before in Section 3.1.2. The investigation of selective
sublimation of PQ is conducted by taking a sequence of SEM images during the heating process.
Three temperatures have been investigated (82°, 91°, and 100°C), in order to get a good temperature point to observe the selective sublimation of PQ layer. In this process, the investigation of sublimation temperature is very important since we knew that pentacene and PQ have a small difference in sublimation point. Through the investigation, we found that 82°C is the best temperature to
observe the sublimation of PQ. This result is supported by the previous work of van Bemmel [49].
During the investigation, it also has been found that by increasing temperature to 91° and 100°C
not only the PQ layer that will sublime, the pentacene layer will also sublime. Figure 4.2 shows a
sequence of pentacene sublimation. The sublimation of pentacene is obviously unwanted.

Figure 4.2. SEM images of overheated pentacene single-crystal. Times increased from left to right.

Figure 4.3 shows the best heat treatment result for one of our samples. For this sample, the approximate time that was needed to achieve a complete sublimation of PQ surface layer was 80 minutes.
There are several issues regarding the observation of in-situ heat treatment by SEM system that
worth to be mentioned:
(1)

The details of pentacene surface when the heater was on and off is different. Figure 4.3(A)
and (G) show the pentacene single-crystal condition before the heat treatment was started.
The difference is only in the heater condition: in Figure 4.3(A) heater was on, while in Figure 4.3(G) heater was off. If we compare the two images carefully, we will find several regions that were light grey in Figure 4.3(G) turned darker in Figure 4.3(A) and vice versa, the
regions that were darker in Figure 4.3(G) turned lighter in Figure 4.3(A). Although, the reason behind this phenomenon is still unclear, there is a high chance that it was caused by the
heat conduction from the heater to the crystal since the SEM images were back to normal
when the heater was turned off. The heat conduction in the crystal surface interferes the
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scanning process in SEM system. This phenomenon was also observed in other pentacene
single-crystal samples,

A

B

C

D

E

F

G

H

Figure 4.3. SEM images of pentacene single-crystal sample before (G) and after (H) heat-treatment (heater
was off when these images were taken). Image A to F show a sequence of sublimation process that
happened inside the vacuum chamber. The sublimation of PQ started from the edge of the crystal
and ended at the center.

(2)

By using SEM system, we cannot capture images too often since if we do it carbon layer
will be formed quickly on the pentacene surface. Thus, it will make more difficult to observe the sublimation of PQ,

(3)

It is difficult to measure exact amount of PQ molecules that were sublimed from SEM images in order to do quantitative analysis. Although Gerard van Bemmel proposed a mapping technique to calculate the exact amount of PQ molecules [49], it seems that technique
has a weakness: it needs an image with high contrast. In the SEM images, the contrast value between the light grey (PQ) and dark grey (pentacene) is too low. Even after the image
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processing, the contrast is not high enough to enable a good mapping of pentacene and
PQ layer. Therefore, this technique is not good enough to extract accurate data from SEM
images with vague PQ patches on the pentacene single-crystal surface.
Despite its weaknesses, the in-situ heat treatment with SEM monitoring can be used to clean pentacene single-crystal surface to get a good pentacene/electrode and pentacene/dielectric interfaces in
FET devices. However, it is only applicable for qualitative analysis.

4.2

Electrical characterization of pentacene single-crystal device

The SCLC measurements were conducted inside the electron microscope vacuum chamber, which
provided a vacuum of 0.1 mPa (1 × 10-6 mbar), dark, and room temperature conditions. The measurements were done by varying the distance between electrodes (L). The L values were ranged
from 10 to 65 μm, while the width of the electrodes (W) was 100 μm.
Curve fitting was used to determine whether the measurement results have Ohmic and SCLC reb
gimes or not. The curve fitting was done by fitting the measurement data with y = ax function.

Not all of our data exhibit the I-V characteristic as shown in Figure 2.19, only 8 of 75 that show
Ohmic-SCLC crossover in the I-V curve. The other measurement results have no Ohmic and
SCLC regime since their current-voltage relation at low voltages shows no Ohmic current and full
of noise, while at higher voltages shows no square law dependence of the current with the applied
voltage (SCLC regime). One of the data that shows Ohmic-SCLC crossover in its I-V curve is
shown in Figure 4.5.
During the measurement, we observed that at some point, when the voltages were high enough
(above 120 V), the pentacene surface will blow-up, forming holes as seen in Figure 4.4.

Figure 4.4. Holes were formed on pentacene surface because of the use of high voltage.
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When this phenomenon occurs, the charge transport between electrodes will be disturbed. Thus,
the measurement results will be inaccurate and will show a lot of noise. The measurement results
also show no Ohmic and SCLC regime when we plot the I-V curve of those data. This blow-up
phenomenon only happened when the measurements were conducted in two electrodes with short
distance.
Figure 4.5 shows the I-V curve of pentacene single-crystal measured in a-b plane (in double-log
scale). At low voltages, the current is Ohmic. At higher voltages, the square law dependence of the
current with the applied voltage is observed, corresponding to the SCLC regime. Small deviation
from the linear and quadratic regimes can be attributed to the non-linear contribution of Schottky
barriers formed at the gold/pentacene interface [56]. We did not observe trap-free limit in all of our
measurement results.
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Figure 4.5. Current I vs applied voltage V (in double-log scale) for pentacene single-crystal at room temperature, in vacuum and dark. Ohmic regime is shown by black line while the SCLC regime is shown by
red line.

Equation 2.6 was used to calculate the charge carrier mobility. The relative dielectric constant of
pentacene is assumed to be 3 [57]. Since the trap-free regime was not experimentally accessible in
all of our measurement results, we are only able to calculate Θμ. The Θμ values are shown in Table
4.1. From 8 measurement data, only 5 data were used to calculate the Θμ. The other 3 data were
obtained from different SCLC device. Thus, we cannot compare them with our other 5 data.
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Table 4.1. The lower limit intrinsic mobility (Θμ) values with their corresponding distance between electrodes (L).

No

L (μm)

Θμ (cm2 V-1 s-1)

1

10

2.356

2

25

1.985 × 10-6

3

30

1.206 × 10-6

4

35

2.973 × 10-6

5

37.5

3.362 × 10-4

As shown in Table 4.1, the Θμ values that we obtained from the calculation are relatively small,
except for number 1. Result number 1 shows the highest Θμ value because gold layer was also deposited in between two electrodes. Thus, it will enhance the current flow between two electrodes,
which is unwanted. The electrodes condition for each measurement is shown in Figure 4.6. By plotting data in Table 4.1, we can see that there is no particular trend in these data (see Figure 4.7).

1

2

4

3

5

Figure 4.6. Electrodes condition during the I-V measurement. Each number corresponds with the result
number in Table 4.1.
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Figure 4.7. The relation between lower limit intrinsic mobility with the electrode separation. No particular
trend observed in this curve.

Regarding the trap-filling limit regime, Mattheus has reported the relation between vacuum condition during the I-V measurement with the observation of trap-filling limit regime [57]. She measured the I-V characteristic in two different conditions: in air and in a high vacuum pressure condition (2 × 10-7 mbar). The trap-filling limit was not reached in the measurements in air, while it was
reached in high vacuum pressure condition. However, the reproducibility of the measurements was
rather low. After two measurements, she had to wait for at least 12 hours before the trap-filling
regime could be observed again. If we compare the vacuum pressure condition that we used in our
measurements (1 × 10-6 mbar) with the one that Mattheus used, the vacuum pressure condition that
we used is a bit lower than the vacuum pressure condition that Mattheus used (2 × 10-7 mbar). Although the difference is rather small, it is worth to try increasing the vacuum pressure that we use
in order to observe the trap-filling limit regime.
Several publications have reported the hole mobility for pentacene single-crystal, most notably [18,
33, 34, 56]. In those report, the values of hole mobility are ranging from 0.2 to 2.2 cm2 V-1 s-1.
These values are far higher than what we obtained. Apart from the fact that the pentacene singlecrystal that we used to fabricate the SCLC device still contains PQ layer on its surface, the reasons
lie on the electrode/probe interfaces and the material that we used to make the probe.
The electrode/probe interface and the probe material in [33, 56] are different compared to what we
used. Jurchescu and co-workers were using silver epoxy as the electrodes [56], while Mattheus and
co-workers were using 10 nm titanium and 40 nm gold as the electrodes [33]. Both Jurchescu et al.
and Mattheus et al. were using platinum wires that were connected to the electrodes with silver
epoxy to do the I-V measurement [33, 56]. We used gold-coated carbon fiber to measure the I-V
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measurement and to do the measurement we only put the carbon tips to the electrodes without
gluing them with something, e.g. silver epoxy. There is a possibility that we only had minimum contact between the probes and electrodes and as a result the electric current from the probe to the
gold electrode was quite small. Thus, the charge carrier injection from gold electrode to the pentacene will also be small, which lead to the low charge carrier mobility.

4.3

Discussion

The in-situ heat treatment aim is to remove the PQ layer from pentacene single-crystal surface
through sublimation. Here, we used SEM to monitor the sublimation of PQ layer. However, there
are some issues regarding the SEM monitoring method, as mentioned before. From this research,
we know that SEM only can be used to monitor the sublimation for qualitative analysis purpose. In
order to do quantitative analysis, we need to obtain data from SEM images, which is quite impractical and not good enough in term of accuracy. Therefore, in order to get more information regarding the sublimation process of PQ (quantitative analysis), we need more reliable monitoring system.
Here, we also fabricate pentacene single-crystal based SCLC device to study the intrinsic electronic
properties of pentacene through the I-V measurement. However, from 75 measurements we only
found 8 measurements that exhibit Ohmic and SCLC regime in the I-V curve. The Θμ values that
we got from calculation were also relatively low compared to the literature, except for the data
number 1 since there was a gold layer deposited in between the two electrodes (which is unwanted).
The reason for small Θμ values that we got and the measurement error (in our case is high noise)
are because of the minimum contact between carbon tips (probes) and electrodes, and the carbon
tips itself. Although the carbon fibers were coated by gold, it seems the coating does not help much
for the electrical conduction from the source measure unit to the electrodes. Jurchescu et al. and
Mattheus et al. were using platinum wires to connect the electrode with the source measure unit,
which are much better electrical conductor than carbon fibers. They also were using silver epoxy to
connect the platinum wires to the electrodes. Thus, the contact between wires and electrodes was
maximum. From Mattheus report [57], we also conclude that the vacuum pressure also needs to be
increased in order to observe the trap-filling limit regime.

Chapter 5
5.1

Conclusion and Suggestions

Conclusion

The in-situ heat treatment is can be used to remove the PQ layer from pentacene single-crystal surface. However, the current monitoring system by SEM is only useful to do the qualitative analysis
of PQ sublimation and it also has several drawbacks. A temperature of 82°C is the best point to
remove the PQ layer from pentacene single-crystal surface.
The lower limit intrinsic mobility (Θμ) values are successfully extracted from the I-V measurement.
We are only able to obtain Θμ values since the trap-filling limit regime was not observed in our
measurements. The Θμ values from our measurement are relatively low compared to the literature.
There are several issues that can be addressed as the reason behind the low value of Θμ that we
have got, apart from the fact that the pentacene single-crystal that was used to fabricate the SCLC
device is still contains PQ. The reasons are related with the material that was used to connect the
electrodes with the source measure unit (probes material) and the contact between the probes with
the electrodes.

5.2

Suggestions

It is highly recommended to replace the current in-situ heat treatment monitoring system (the SEM
system) with another system that will enable accurate and precise monitoring of PQ layer on the
pentacene single-crystal surface. Thus, a quantitative analysis of PQ sublimation can be done with
the help of this new monitoring system. AFM system can be used to replace the SEM system as the
monitoring system.
As for the I-V measurement, it is recommended to replace the carbon fiber as the tip of the nanoprobe. Although the carbon fibers were coated by gold, it seems the coating did not help much for
the electrical conduction from source measure unit to the electrodes. Thus, a better electrical conductor must be used to replace the carbon fibers, e.g. platinum. We also need to maximize the contact between probes and electrodes, e.g. by gluing them with silver epoxy. Vacuum pressure also
needs to be increased in order to observe trap-filling limit regime. More importantly, the investiga-
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tion regarding the influence of PQ impurities removal on pentacene single-crystal electrical properties is needed to be conducted.
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