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Abstract
The transport in organic semiconductors is investigated on the nanometer scale. Field effect transistor with device-active layers in the
monolayer (ML) range are characterized in-situ right after the controlled deposition of pentacene. By using a bottom contact geometry,
the thickness of the channel is varied in several steps and the thin
film transistors (TFTs) are characterized after each additional deposition. The mobility is found to saturate at a channel thickness of
3-4 ML. This allows for the operation of 2 ML TFT, where the effect
of dopant molecules deposited on top of the channel is studied. Fluorinated tetracyanoquinodimethane (F4 TCNQ) is found to increase
the charge carrier concentration by a charge transfer process with
pentacene without degradation of the mobility. For a separation of
contact effects from bulk effects, TFTs with channel length between
20 µm and 200 µm have been processed in parallel. The contact resistance Rc and the contact free mobility µcf have been extracted and
analyzed by the transmission line method (TLM).
In temperature dependent studies, an approximately linear log(µ)
vs. 1/T relation describes the experimental results. The fit is slightly
better for the undoped TFT compared to the doped TFT. This is consistent with the accepted theoretical models based on a disordered
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Gaussian density of states (DOS). In fact, the experimental determination of the DOS in doped TFTs shows an additional broad peak
at 0.14 eV above the HOMO edge caused by the dopant molecules.
A second pronounced effect of doping is the reduction of the
Rc by a factor 20 between the gold electrode and pentacene. The
gate field dependent decrease of Rc in undoped TFTs is related to
a lowering of the Schottky barrier at the interface. In doped TFTs,
the opposite effect is observed. This demonstrates the influence of
the dopant molecules on the interface barrier. The injection process determining Rc is found to change from a thermionic emission
mechanism to a tunneling regime.
For the investigation of the injection properties at the interface,
a new manufacturing method to produce metallic nanojunction is
presented. In combination with a self-assembly process leading to
pentacene rod-like islands connecting the two electrodes right through
their growth, the transport in the 10-nm scale is investigated. At this
scale length, the current-voltage (I-V) characteristics of pentacene is
changing from rectifying Schottky-like behavior to fully linear behavior upon F4 TCNQ doping. Variable temperature investigations show
that the conduction in the doped pentacene nanojunction is thermally activated, with an activation energy very close to the energy
position of the dopant induced peak in the DOS and to the thermal
activation energy of Rc .
keywords:
organic semiconductor, pentacene, field effect, monolayer, mobility,
density of states (DOS), transport mechanism, nanoscale transport,
nanojuncton, electromigration, nanorods, injection, contact resistance,
metal-organic interface, Schottky barrier, doping, thermally assisted
tunneling, gate filed modulation, in-situ doping, charge transfer.

4

Contents

Abstract

3

1 Introduction and motivation

9

2 Outline

15

3 Fabrication and characterization of nanojunctions
3.1 Manufacturing process . . . . . . . . . . . . . . . . .
3.2 Batch process . . . . . . . . . . . . . . . . . . . . . .
3.3 In-situ control of the nanojunction formation . . . .
3.4 Concerns on electrical stability . . . . . . . . . . . .
3.5 Concerns on chemical stability . . . . . . . . . . . .

.
.
.
.
.

19
20
22
25
32
37

4 Self-assembly and growth of pentacene thin film
41
4.1 Principle of self-assembly . . . . . . . . . . . . . . . . 41
4.2 Pentacene: model for ordered organic semiconductors
45

5

CONTENTS
4.3
4.4

Physical vapor deposition of pentacene .
Structural Characterization . . . . . . .
4.4.1 Methods: AFM, SEM and XRD
4.4.2 Pentacene on oxide surface . . .
4.4.3 Pentacene on metal surfaces . . .

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

5 Electrical transport through self-assembled pentacene
nanorods
5.1 Contacting pentacene nanorods by a metallic nanojunction . . . . . . . . . . . . . . . . . . . . . . . . . .
5.2 Current-voltage measurements of undoped and doped
nanorods . . . . . . . . . . . . . . . . . . . . . . . . .
5.3 Temperature dependence of the conductivity . . . . .
5.3.1 Experimetal setup . . . . . . . . . . . . . . . .
5.3.2 Results on doped pentacene . . . . . . . . . . .
5.3.3 Undoped pentacene nanorods . . . . . . . . . .
5.4 Possible transport mechanism . . . . . . . . . . . . . .
6 In-situ doping of a few monolayer pentacene thin film
6.1 Thin film transistor: introduction and working principle
6.1.1 Design . . . . . . . . . . . . . . . . . . . . . . .
6.1.2 Working principle . . . . . . . . . . . . . . . .
6.1.3 Extrapolation of TFT mobility and charge carrier density from measurements . . . . . . . . .
6.1.4 Correction for contact resistance: transmission
line method (TLM) . . . . . . . . . . . . . . .
6.1.5 Considerations on the models, peculiarities of
organic semiconductors . . . . . . . . . . . . .
6.2 In-situ control of TFT formation . . . . . . . . . . . .
6.2.1 Sample preparation . . . . . . . . . . . . . . .
6.2.2 Measurements setup . . . . . . . . . . . . . . .
6.2.3 TFT formation . . . . . . . . . . . . . . . . . .

6

46
49
49
50
55
63
64
64
70
70
70
72
76
83
84
84
85
86
89
90
93
93
94
94

CONTENTS
6.3
6.4

6.5

Determination of the mobility and the threshold gate
voltage . . . . . . . . . . . . . . . . . . . . . . . . . . .
Effect of guest dopant molecules . . . . . . . . . . . .
6.4.1 Control of threshold gate voltage by in-situ doping . . . . . . . . . . . . . . . . . . . . . . . . .
6.4.2 F4 TCNQ doping : effect on the carrier concentration . . . . . . . . . . . . . . . . . . . . . . .
Influence of air exposure on the threshold gate voltage

95
104
104
109
113

7 Coevaporation of F4 TCNQ and pentacene
117
7.1 Reduction of the contact resistance . . . . . . . . . . . 117
7.2 Comparison between the mobility of undoped and doped
TFT . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
8 Thermally activated transport in pentacene
125
8.1 Temperature dependence of the mobility . . . . . . . . 126
8.2 Temperature-induced shift of the gate voltage threshold134
8.3 Contact resistance . . . . . . . . . . . . . . . . . . . . 136
8.4 Charge carrier density dependence of the contact free
mobility at various temperatures . . . . . . . . . . . . 138
8.5 Density of states in undoped and F4 TCNQ doped pentacene . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
9 Conclusions and Outlook

149

Bibliography

152

Acknowledgments

152

Pubblication

165

Acknowledgments

168

7

8

Chapter

1

Introduction and
motivation
Looking at the changes of our society in the recent history, two major
driving forces to the development can be recognized: communication
and computation. Society evolved from localized small communities to a network of interlinked individuals, where an efficient and
extended information exchange is taking place. For a fast, reliable
and long-range information transport, we do not anymore rely on
Pheidippides, homing pigeon, or smoke signals. Since the beginning
of the last century, two very efficient information carriers have been
exploited: electromagnetic waves and electrons. This enables communication between any two locations on the planet earth in less
than the time needed for the human being to react on an external
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stimulus, typically 100 ms. On the other hand, the large quantity of
information generated everyday and available on archive has to be
processed to make it useful: this is where computation plays a major
role. The invention of integrated circuits has largely facilitated this
task, another development that has promoted the electron as the major actor. The arena is obtained from highly artificial materials, like
ultra-purified silicon engineered with dopants concerted even more
exotic materials like GaN. The physics in these condensed matters
is favorable to the manipulation of electrons, the exploitation of the
extent and the quantum properties of its wave-like nature. Nowadays
the use of electromagnetic waves for communication and electronic
computation is the basis of the information era that we live in.
Recently, very practical limitations started to be pointed out.
Conventional semiconductors lack on flexibility, can not be processed
in large areas and depend on increasing (and less and less sustainable)
investments costs [1]. Organic electronics offers a large potential for
improvement to compete with inorganic counterpart. Indeed, many
industrial and academic institutions are working on the implementation of this new class of semiconductors into applications. A few
examples have already reached the market, like organic light emitting diodes (OLED) and radio frequency identifier (RFID), others
will follow.
Besides the engineering development, more fundamental studies
are interested in the basic electronic behavior in organic semiconductors. It is realized that the aspects concerning the motion and the
nature of charges are very different from inorganic materials. For
example, the mobility of crystalline organic semiconductors is much
lower compared to single crystal inorganic semiconductors. In the
best organic semiconductors like small weight polyacenes, the mobility reaches the 1 cm2 /(Vs) range, which is almost comparable to
amorphous silicon. However, highly desirable solution-processible or-
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ganic semiconductors still exhibit mobilities many orders of magnitude below this values. In order to improve the device performance,
knowledge on the relation between the microscopic structural morphology and the mobility is required.
From a physical point of view, the major differences come from
the rather weak Van der Waals intermolecular forces that bind together the molecules in crystalline π conjugated organic solid and
the chains in polymer compounds. The bandwidth arising from the
splitting of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) when going from an
isolated molecule to interacting molecules is therefore narrow. Furthermore, it is even more deceased by electron-phonon coupling [2],
i.e. it is strongly influenced by thermal fluctuations [3]. As a consequence, the transfer integral describing the electronic coupling between molecules is much weaker than between atoms in inorganic
crystals. In other words, the electronic wave function is confined
on a molecular scale and the mobility relies more on an hopping of
charges between localized states rather than on an extended band
mechanism. Recent theoretical descriptions model the transport in
disordered organic semiconductors as a thermal assisted tunneling
between localized molecular states [4]. Here, a central concept common to all the proposed models is the density of states (DOS) which
directly influences the hopping mobility. The DOS arises from the
further splitting of electronic transport orbitals caused by disorder.
To a good approximation, the energy distribution of a pristine organic semiconductor DOS exhibits a Gaussian profile as confirmed
by comparison between theoretical prediction and measurements of
temperature, charge carrier density and field dependence of the mobility. In doped organic semiconductors, the DOS can be more complicated exhibiting additional peaks [5]. Consequently, the model
should also consider the dopant induced states that may contribute
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to the charge transport. Therefore, comparisons between the experimental determined DOS and the transport properties are required
and would allow to validate the theoretical predictions
The above considerations relate only to bulk devices. To which
extent these models describe the electronic transport when the size
or the dimensionality or the organic semiconductor is decreased only
starts to be explored. In inorganic semiconductor, the lower limit of
the relevant length scale where a bulk description of the electronic
properties needs to be changed is set by the de Broglie wave length.
Typically, in high mobility inorganic semiconductors this is in the
100 nm range. Since the electron wave function in organic semiconductors is much smaller, it is expected that the transport properties
do not deviate from a classical bulk description down to the molecular dimensions. This implies that devices based on organic semiconductors can operate at small sizes compared to inorganic devices
without changes of the physics that describe the working principles.
For example, field effect transistor with a channel thickness in the
few monolayers range have been demonstrated [6, 7]. These material
systems offer significant advantages for device miniaturization. To
manufacture device in this size range a bottom up approach where
the components interconnect by a self-assembly process is required
[8, 9, 10]. Possible application of small size organic devices is their
use as sensors [11], provided that a large number of devices can be
connected in parallel. The greatly enhanced sensitivity is given by the
small number of entities necessary to change the physical properties
on the nanometer scale. For example, surface charge transfer could
provide carriers that are then detected by an increase of the conductance. The modulation of the conductance can also take place at the
interface between the organic material and the electrode, which usually becomes the bottleneck for transport as the size is reduced. In
sensors research the modulation is passively exploited to detect the
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analyte, whereas in other research field it is engineered to enhance
the injection of charges. In inorganic semiconductors, the mechanism leading to the reduction of the contact resistance for example
by doping are well known [12]. In organic material, the same effect
is observed, but the mechanism appear to be different. The injection process is described as an hopping process from the broad DOS
of the first molecular layer to the much narrower DOS of the next
layers [13]. However, the effect of doping at the interface and the
consequent reduction of the contact resistance is not well understood
yet.
The extreme case of miniaturization in organic semiconductor is
reached in molecular electronics, where a single molecule is the basic
constituent of a circuit [14]. Here, the physical description has to be
adapted [15]: the flow of charges depends exact on the location of
the molecular levels, which can be in principle addressed and manipulated. Since the energy level of a molecule can be chemically tailored, a variety of functionalities are available. Moreover, chemistry
can produce these basic elements by a single synthesis in a quantity
that is larger that the total number of inorganic transistors that have
ever been produced. The major challenge remains to incorporate the
molecules into a circuit, where the simplest one is composed by two
electrodes that directly connect a single molecule. A number of approaches have been exploited for research [16, 17, 18, 19, 20, 21], a
new one is presented in the first part of this work.
It is therefore important and very interesting to investigate the
electronic behavior of organic semiconductors, doping processes and
injection through metal-organic interface with reduced size and dimension of the active material, either by using ultra thin films in
the monolayers range or by decreasing the size of the channel toward reaching molecular dimensions. This is the starting point of
this thesis.
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2

Outline
This dissertation is organized as follow:
In Chap. 3 a top-down manufacturing process aimed at obtaining
stable metallic junction with the electrode separation comparable to
the length of a molecule is presented. This was the original goal of
the work and is a fundamental requirement in order to investigate the
transport properties through a single molecule. It will be shown that
the necessary stability, both physically and chemically, to perform
single molecule experiments is not met. Nevertheless, the obtained
nanojunction with gap in the 10 nm range are useful to study the
transport properties of organic semiconductors at this length scale
and to characterize injection properties.
Chap. 4 describes the self-assembly of pentacene on different surfaces. Pentacene is chosen as a model for organic semiconductor ma-
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terials because it possesses the most favourable electronic properties
among organic semiconductors. Moreover, it does not chemically react with the metallic surfaces but only physically adsorbs. On SiO2 ,
the layer-by-layer growth is characterized, whereas on polycrystalline
gold, a self-assembly process leading to rod-like pentacene islands
(nanorods) is found. This Chapter sets the basis for the investigations of the electric transport properties of few monolayer (ML) thin
film transistor (TFT) and of the self assembled pentacene nanorods.
In Chap. 5 a new bottom-up approach based on the self-assembly
of pentacene nanorods grown across metallic nanojunctions is shown.
Electrical transport through undoped and doped nanorods, in air and
in vacuum at variable temperature is investigated on the nanometer
scale. Possible transport mechanisms are then discussed with the
focus on the effect of doping on the injection properties across the
metal-organic interface.
In order to compare the transport properties of the nanorods,
few ML pentacene in a TFT geometry are investigated in Chap. 6.
Pentacene channels with a thickness of 1.7-7 ML are characterized insitu. The doping effect is studied by evaporation of dopant molecules
in a sub-ML coverage on top of the channel. The surface sensitivity
of the ultrathin channel is also exploited to investigate the effects of
air exposure.
Chap. 7 present the crucial effect of F4 TCNQ doping on the
charge injection across metal-pentacene interfaces. This is achieved
by using TFTs with different channel lengths, where the contact resistance (Rc ) is obtained by the application of the transmission line
method (TLM). The gate field influence on Rc is discussed.
Temperature dependent transport studies in undoped and
F4 TCNQ doped TFTs are shown in Chap. 8. The Rc and µ dependence on the temperature T is discussed along with the relation
between contact free mobility µcf , carrier concentration p and T . Fi-
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nally, the dopant induced modification of the density of states (DOS)
is extracted from the data. The influence of the modified DOS on the
transport and injection properties, as well as the comparison between
the transport in nanoscale junction and in TFT setup are presented.
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Chapter

3

Fabrication and
characterization of
nanojunctions
In this chapter, a new manufacturing process for obtaining two metallic electrodes with a separation that can be adjusted from tens of nm
to few nm is presented. The method makes beneficial use of the angle
deposition technique while taking a pre-fabricated step as the shadow
mask: a metallic layer is deposited from a negative angle direction
with respect to the vertical sidewall of a sharp step.
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3.1

Manufacturing process

Fig. 3.1 shows the processing steps used to produce the nanojunctions.
p+Si
metal

resist
SiO2

(a)
(e)
(b)

α
gap size ∆

(c)

(d)

(f)

step

contacting
pad
100 um

Figure 3.1: (a)-(d) Processing for the preparation of the sharp
insulating step. (e) angle evaporation of the metal electrodes.
(f) SEM of a device showing the two contacting pads and the
thin wire crossing the step. At the center, the location of the
gap (red square).

The manufacturing starts by defining the location of the step.
A p-type (110) Si 4” wafer is patterned by photolithography. For
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this purpose, a window is opened in a positive resist (Fig. 3.1(a)),
where the resist is used as a mask for the removal of the oxide by
buffered oxide etchant (Fig. 3.1(b)). Next, the resist is removed and
the unetched oxide is used as a mask for the anisotropic etching of
the Si substrate obtained with a water solution of tetramethylammonium hydroxide (Fig. 3.1(c)). The time necessary to reach the desired
depth was calibrated before each run on a test piece. The etching rate
varies between 5 nm/sec and 10 nm/sec. The depth of trench etched
in the substrate was reduced as possible, although for depths below
∼100 nm, a step edge with only modest quality is obtained. The reason is the waviness of the resist, the resulting waviness on the oxide
mask and the missalinement with respect to the crystallographic orientation of the substrate. The anisotropic etching process therefore
requires a minimum etch depth for to smooth out these irregularities
and to obtain a single (111) vertical plane along the patterned line.
After accomplishing the etching process, the remaining oxide is removed. In order to insulate the semiconducting substrate from the
surface, 50 nm of high quality SiO2 are regrown onto the surface by a
dry thermal oxidation (Fig. 3.1(d)). It was verified by scanning electron microscopy (SEM)that the step edge remains sharp also after
the oxide regrowth. Next, contacting pads, 40 µm from each side of
the step, are patterned. In this case a double layer process is used. It
makes use of a second resist layer on top of a (not photosensitive) first
one. By adjusting the exposure and the developing time, an undercut
in the resist profile is obtained. The double layer process is used to
facilitated the lift-off after the metal deposition and for obtaining a
metal layer with a gentle decreasing thickness toward the boarders
by continuously rotating the sample during metalization. Finally,
because the substrate serves as a gate electrode and for monitoring
of the leakage current, the backside was covered by a Ti/Cr metal
layer. The wafer is then sawed in 21×7 or 7×7 mm2 pieces and fur-
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ther processed by the manufacturing of the metallic nanojunction.
For this purpose, a 1.5 µm-wide Au or Pd wire is deposited at ambient temperature through an opening in a second double layer resist.
This metallic wire is oriented perpendicular to the step edge direction
and electrically contacts the pre-patterned pads. The evaporation is
performed from an angle α with respect to the surface normal direction (Fig. 3.1(e)). Depositing the metal at a perpendicular direction
leads to an increased number of defective devices. Using a larger
deposition angle, the minimal gap size increased. Good results are
obtained by using an angle of 10◦ − 30◦ . The wire is produced by
thermal evaporation (resistive heating) of the metal at a background
pressure of 2·10−6 mbar and at a deposition rate of 1-2 Å/sec, which
is continuously monitored by using a quartz microbalance. The deposition rate is calibrated by profilometer measurements (alpha-step,
Tencor) and by tapping mode atomic force microscope.

3.2

Batch process

A batch process involving a sample that can be moved behind a
shutter has been developed (Fig. 3.2). This enables the variation of
the electrode thickness along one axis of the two dimensional array
of identical prepared devices. Devices obtained in this way possess
a gap spacing that depends on their position in the 2D array along
the direction of motion of the shutter. The sample is mounted on a
moving holder that can be tilted before the evaporation by a fixed
angle, which define the evaporation angle α described in Fig. 3.1(e).
For a statistical analysis on the obtained gap size, two methods
are adopted. The first one is based on measurements from SEM images of the gap size of open, nominal identically devices. The second
one is based on the electrical characterization of the devices produced by the movable shutter technique. The gap size of one device
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is estimated from SEM images by the average of 10 measurements
of the electrode distances along the gap region. Typically, such measurements gives a scatter for the gap of one device of ±5 nm. By
measuring the gap of 20 devices obtained from 3 different runs aimed
at the same deposited thickness, it is found that the mean gap size
is 19±5, 21±8 and 8±5 nm. It is concluded that the deposition process can be controlled with a precision of ±7 nm for a total thickness
of ∼100 nm. By looking at the devices produced on the same run,
the variation of the gap size between devices is ±6 nm. This is not
surprising, since close inspection of the SEM image reveals that the
deposited Au layer forms a polycrystalline film consisting of 30-50
nm-size crystal grains. However, due to the 3-dimensional geometry
of the gap, a precise measurements of the gap size is difficult.
For this reason, the second method based on electrical measurements is also presented. Table 3.2 shows a statistical analysis based
on one chip where different metal thicknesses hstep are deposited
(deposition angle 21◦ ) with the movable shutter technique over rows
of devices (63 devices measured in total) with the same step height
hstep =120 nm.
The results show that up to a metal thickness of 87 nm all the
devices were open. The gap in these devices is in the range of tens
of nm. By increasing the deposited thickness, the percentage of open
devices decreases. In these rows, the open devices have a gap in
the 10 nm range. By further increasing the metal thickness, the gap
size and the yield of open devices decreases. At a target gap size
of 3 nm, 50% of the devices were short. Finally, for metal thickness
above 161 nm all the devices were short. As already mentioned in
the analysis based on SEM images, the graininess of the film growth
leads to individual grains that in many cases bridge the gap before
the average Au thickness reaches the step height. This observation
also indicates the important role of the Au atom diffusion during the
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Table 3.1: Statistical analysis based on the electrical characterization of 63 devices with the same step height hstep =120 nm
and with different deposited thicknes hav .

deposited thickness (nm)
≤87
102
117
131
146
161

target gap size
(nm)
(hstep − hav )
≥33
18
3
-11
-26
-41
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open devices (%)

100
71
50
12
37
0

3.3. IN-SITU CONTROL OF THE NANOJUNCTION
FORMATION
deposition in the nm scale at ambient temperature [22]. In other
cases, the grains provide a local shadow effect delaying the shorting
of the junction. This is probably the case for the open devices with
electrode thickness above 120 nm. From these data, the scatter of
the gap size is considered to be ±15 nm, which is higher than the
estimation based on th SEM images. One reason is that the analysis
based electrical characterization also includes devices with defects,
like unusual big grains and damages caused by the measurements
process.
Nevertheless, nanojunction devices with a gap size of ∼10 nm
are successfully used in Chap. 5 for the electrical characterization of
the transport of organic semiconductors on the nanometer scale by
exploiting the self-assembling process presented in the Sec. 4.4.3.

3.3

In-situ control of the nanojunction
formation

Aiming at the original goal of contacting individual small molecules it is necessary to fabricate 1 nm-scale nanojunction devices. For
this purpose, the transient of the nanojunction formation from electrically open to short-circuited devices during the deposition of the
electrodes is explored. It is likely that the first contact between the
electrodes relates to one or several fast growing grains near the step
edge. At a certain critical gap size, an open junctions becomes unstable, exhibits resistance fluctuations and finally closes by the diffusion
of metal atoms. This transient process is monitored by measuring
the conductance of one specific device in-situ during the deposition
of the narrow metallic wire at the last step of the device fabrication
process. A very different behavior is observed between the use of
gold and palladium as electrode material. First the situation for Au
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is discussed.
Fig. 3.4 shows the relation between the junction conductance G
and the deposition time for a device having hstep of 100 nm when the
evaporation rate is fixed at ∼1.3 Å/s. The abscissa gives the amount
of deposited metal with reference to the deposition time (bottom)
and average metal thickness hav (top) which is calibrated within
10%. The ordinate shows G scaled by the conductance quantum
G0 = 2e2 /h. G was monitored by measuring the device current while
applying a fixed bias V =10 mV during the deposition. It is found
that when hav exceeds ∼5 nm , G begins to increase substantially.
Further on, the ratio G/G0 increases to values higher than 1 when
hav is close to ∼20 nm. For hav values above ∼20 nm, the Au wire between the contact pads and the step edge forms a continuous film as
recognized by both SEM investigation and transport measurements.
The final hav is a factor of 5 smaller than hstep . This observation is
ascribed to the diffusion of the deposited Au atoms along the vertical
sidewall of the step. This process is greatly enhanced by the control bias applied between the two electrodes, confirming the surface
diffusion and electromigration behaviour of metal adatoms [23, 24].
The increase of G between 5 and 20 nm is likely due to the formation of a gold nanojunction ensemble consisting of nm-scale gold
islands along the step sidewall. In fact, the presence of such gold islands was confirmed by SEM and also by the low temperature transport experiments presented in Sec. 3.4.
A different behaviour is observed when Pd is used as electrode
material. The result is shown in Fig. 3.5. In this case the increase
of G is not observed below hav of ∼88 nm. The diffusion of the Pd
atoms appears to be substantially weaker than that of Au atoms.
This is in agreement with reference [25]. When hav is increased from
∼89 nm to ∼92 nm, G increases exponentially, in correspondence to
the increasing tunneling probability with the gap narrowing in this
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hav range. When hav is between 92 and 93.5 nm, G exhibits a plateau
(G = G0 ) indicating the formation of a metallic point contact that
is likely to occur at a single metallic grain boundary at the step
edge [26]. Further evaporation above 94 nm leads to a short-circuited
device with resistance in the 100 Ω range.
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evaporated metal atom flux
α
shutter

individual device
Si substrate (chip)

Figure 3.2: Drawing of the moving shutter technique. The
chip with the devices is placed on a movable stage below a shutter. In this way, the device can be slowly exposed to the evaporated metal atoms creating a gradient in the deposited thickness along the direction of the motion. For performing the angle
evaporation, the stage can be placed in a tilted position in the
evaporation chamber.
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[112]

a

[110]

[111]

500 nm

bB

100 nm

Figure 3.3: (a) SEM micrograph of a gold device typically obtained by the batch process. The step edge is aligned along the
[112] direction while the metal is aligned perpendicular to the
step. The width of the electrodes is 1.5 µm and the step height
hstep is ∼100 nm. (b) Detail of the junction showing a gap size
of ∼10 nm. The smooth vertical sidewall of the substrate step
originates from the slowly etched (111) plane of the substrate.
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Figure 3.4: The variation of the conductance G of the Au
nanojunction device measured in-situ in function of Au deposition time. G has been measured by applying a fixed bias of
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increase of G with increasing Au layer thickness which is more
than a factor 10 lower than the step height. This observation indicates an enhancement of the migration of the Au atoms along
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3.4

Concerns on electrical stability

To study the stability of the palladium point contact produced during
simultaneous in-situ control, the evaporation is stopped when the
junction conductance is detected to be equal to G0 and the variation
of G with time is monitored. Fig. 3.6 shows the result. It is found
that G remains close to G0 for an initial 30 s, then decreases in time.
The decrease of G occurs in a stepwise way similar to the conductance
variation observed in a mechanically controllable break junction. In
both cases, the discrete rearrangement of atoms in the junction causes
finite conductance changes. However it should be noted that here the
measured currents is in the tunneling regime (G ≪ G0 ) while break
junction experiments refer to a situation where there is an initial
metallic contact between the electrodes.
To estimate the final junction gap size from the observed conductance in Fig. 3.6, the exponential relation between G and ∆
observed in Fig. 3.5 for hav between 89 and 92 nm is considered.
The right ordinate shows the result: here it is assumed that ∆ is
zero for hav equal to h0 = 92 nm, and G is fitted by G0 e−β∆ with
∆ = (h0 − hav ). The fit provides a phenomenological tunneling parameter β = 0.49 ±0.14 Å−1 . Using β, the observed drop of G from
G0 to (10−4 − 10−6 )×G0 in Fig. 3.6 is ascribed to the increase of ∆
up to 1-3 nm, which is compatible to the molecular length scale. It
should be noted that the noise level in these measurements is below
1 pA at V=0.1 V as it can be seen from the base line of Fig. 3.5. All
the data points above 5 × 10−7 are not influenced by noise or significant experimental errors and reflect therefore real changes in the
junction.
Although the point contact (G = G0 ) observed in the Pd nanojunction device can be ascribed to an atomic scale contact at a metallic grain around the step edge, several metallic grains along the 1.5
µm-wide step of the device can be simultaneously responsible for the
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conductance in the tunneling regime (G ≪ G0 ). In fact, when the
nanojunction is realized at an edge of a single metallic grain, the
0
∆
tunneling conductance varies with ∆ as e−β p
by tunneling of elec0
trons through vacuum, where β , given by 2 2meφM /~2 (m is the
electron mass, e the electron charge, ~ the Planck constant and the
metal’s work function φM = 2 − 5 eV) takes a value of 1.5 − 2.3 Å−1 .
The factor of 3-5 discrepancy of the observed β from β 0 is too large
to be ascribed to the uncertainty of the actual φM in the device.
Therefore the observed smaller slope of G in Fig. 3.5 is likely due to
the narrowing of the gap and the concomitant increase of the number
of the grains along the step. However, the evaluated final gap size
of 1-3 nm in Fig. 3.6 still provides an adequate estimate since the
experimentally fitted value of β as determined above is used in the
procedure. By assuming a single Pd grain contact, the obtained gap
size can be evaluate to be ∼0.5 nm (β 0 = 2.3 Å−1 with φM = 5.1 eV)
which constitutes the lower limit of the estimate.
From this analysis, a single grain tunneling junction devices can
likely be produced by narrowing the width of the electrodes by e.g.
electron beam lithography. This will also be helpful in the case of
nanojunctions with lerger gap, where the location of the nm-sized
organic conductor like the nanorods presented in Chap. 5 may not
be identical to the place where the gap is minimal.
The electrical stability of the nanojunction devices is also a major
concern for the transfer and connection to external circuits. A lot of
care must be take in order to limit drastic changes in the device.
A very necessary precaution, is to wear an anti-static wrist strap
and connected all the instrumental cables to ground through a high
resistance before and while connecting the devices. The reason is
that because of the small but insulating gap involved, any potential
fluctuations between the two electrodes produce a huge electric field,
which cause atomic electromigration or, in the extreme case, even an
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explosion of the junction area with damages that can be seen by eye.
Even if all the cares are taken, the nanojunctions with gaps in
the 1 nm range are extreme difficult to handle. An example is given
in Fig. 3.7. The devices used for these experiments are prepared by
evaporating gold with a positive angle (∼20◦ ) respect to the sidewall
of the prepaterned step. In this way, a very thin film of gold (<10 nm)
on the vertical sidewall connected by two thicker electrodes on the
horizontal surfaces is obtained. Because of the dewetting of gold deposited on oxide, the film forms gold islands separated by gaps in the
1 nm range. The islands formation is confirmed by SEM investigations and is very similar to the gold structure that can be seen on
the SiO2 surface close to the electrode in Fig. 3.3(b). The chip with
the device is then carefully electrically connected and cooled down
to 4.2 K by slow immersion in a helium bath. The current-voltage
characteristics reveal periodic steps separated by ∼100 meV. These
are attributed to the Coulomb blockade phenomena due to electron
tunneling between ∼10 nm-size gold islands [27]. The results shows
also that the device change between two consecutive measurements,
caused probably by some atomic rearrangement. This is remarkable,
since at liquid helium temperature diffusion is strongly suppressed
and electromigration, influenced by joule heating, is not expected to
be relevant for the current intensities (≤100 pA) measured here.
The presented example involves many ∼1 nm gaps between the
gold islands, but the same conclusion on the high mobility of the
gold atom can be made also for the nanojunctions devices. Although
the stability is improved by using Pd, the physical limitations like
diffusion and electromigration are of concern for every manufacturing method aimed at obtaining stable metallic nanogap for studying
small, or even single, molecules.
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Figure 3.6: Temporal stability of the conductance G of the
in-situ fabricated Pd nanojunction device after terminating the
Pd evaporation when G reaches the conductance quantum G0 .
A fixed bias of 10 mV is applied throughout the fabrication of
the device and after termination of the evaporation. The gap
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Fig. 3.5.
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3.5

Concerns on chemical stability

In a attempt to characterize the conduction through molecules, a
large number of gold islands separated by gaps in the 1 nm range are
exposed to a thiols solution. The devices are produced by depositing the metal but this time with a positive angle respect to prepatterned step. As result, an ensemble of gold islands on the vertical
sidewall connected by the two electrodes is expected. The conductance of the devices increases with the thickness of the film, showing
that separated islands merge together. The devices are then immersed in ethanol solutions of thiol-terminated molecules such as 1,4benzenedimethanethiol (DMBT) and octanethiols (C8SH) for 20 h.
The results are shown in Fig. 3.8. As a reference, a batch of devices
are immersed in pure ethanol (EtOH). The conductance is often enhanced by a factor of 10-50 for a thickness smaller that 6 nm. Although it was difficult to obtain reliable data due to the instability of
the device, it is evident that the conductance of the devices increases
for both kind of thiol molecules. Transport experiments and theoretical consideration show that alkanethiols are orders of magnitude
less conductive than conjugated thiols molecules. This suggests that
the similar enhancement of the conductivity observed here is mainly
related to the interaction of the thiol binding group with the gold
atoms. In STM experiments on self-assembled monolayer of thiols
on gold surfaces, it is observed that thiols modify the god surface by
creating etch pits [28]. It is therefore plausible, that the thiols groups
locally modify the shape of the gold islands. Since the conduction is
governed by tunneling between islands, a statistical change in the gap
dimensions will be detected as an enhancement of the conductance
driven by those gaps that become smaller. This instability against
thiols solution can be also supported by considering that the gold islands are less stable than the reconstructed flat surface used in STM
experiments, which are obtained by thermal treatement and should
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be more closer to the equilibrium.
In conclusion, the shape of gold islands produced by a thermal
evaporation on a substrate is found to change upon adsorption of molecules from a thiol solutions. This scenario is different from the case
where thermodynamically stable gold colloids are produced and used
as metal electrodes [29, 30]. In the case of evaporated electrodes, the
stability of the gold grains is a major concern for experiments where
prepared 1 nm gaps are used for the self-assembly of thiol molecules. For this reason, in the next Chapters, the focus will be moved
to pentacene molecules, which are much less agressive and can be
self-assembled also over gaps exceeding the 1 nm range.
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Chapter

4

Self-assembly and growth
of pentacene thin film
In this chapter the technique and the setup used to deposit small
organic molecules like pentacene is presented. Depending on the
surface and on the parameters used for the self-assembly, different
morphologies are obtained.

4.1

Principle of self-assembly

Self-assembly is a phenomenon in which simple components spontaneously form complex and ordered aggregates. This feature is ubiquitously found in biological systems. For example, membranous bound-
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ary structures like cell membrane define all life that we know today.
Those structures, generate by a self-assembly process of amphiphile
molecules solved in a liquid medium, seems to be very tightly bound
to the origin of life [31]. In addition to the formation of micelles by
adequate water soluble molecules, self-assembly can also take place
in other environments and is not limited to molecules. As a general
feature, it must involve components that interact with each other
and with the environment. The environment must allow for motion
of the constituent and can be a liquid phase or an interface. The
interaction between the constituent are determined by the chemical
structure of the molecules but can also be guide by “programmable
instruction”obtained by specifically designed features, for example
by chemically incorporate selective interactive groups at the particle
surface or directly in the molecules [32]. The interaction between
the components has to be balanced between repulsive and attractive
forces and must be “weak”, i.e. its energy must be comparable to
the thermal energy. The covalent chemical bond that holds together
the atoms in the molecules is much too strong for this purpose: the
noncovalent interactions are the basis for any (room temperature)
self-assembling process. This provides reversibility and adjustability
to the aggregate structures enabling to reach a ordered (meta)stable
equilibrium [33]. The obtained supramolecular structures has become
a major filed of research in the last quarter of the century motivated
by the hope of finding novel properties in functional supramolecular
materials [8].
The self-assembly of molecules at a solid surface is generally studied in multifunctional UHV systems in the context of self-assembling
on metallic single crystal [34]. The relevant interactions are in a
first approximation between the molecules itself and between the
molecules and the surface, i.e. the electronic interactions between
molecular orbitals and metallic surface states [35]. Photoelectron

42

4.1. PRINCIPLE OF SELF-ASSEMBLY
spectroscopic techniques in the energy range of ultraviolet light (2050 eV) are useful to investigate the binding energy of the outermost
molecular levels. The electrostatic interaction between the molecule
and the surface can be detected by a modification on the electronic
states and by the creation of an interface dipole barrier [36]. The
interactions between the molecules and the surface can be investigated by varying the metal [37, 35] or in within the same metal by
using different crystal orientations [38]. Another degree of freedom
is given by the interaction between neighbor molecules that can be
tuned by changing the coverage, by chemical tailoring of side groups
[39] or by using intermixed monolayers [40]. This enable to obtain
a broad range of supramolecular, two dimensional and highly ordered structures like herringbone pattern or one dimensional lines
[41]. These studies usually deal with sub-monolyer coverage in a
thermodynamic regime where the growth occurs close to equilibrium
conditions and the system have the necessary time to reach a minimum energy configuration. Therefore the electronic as well as the
conformational state of an isolated molecule upon adsorption can be
compared to (demanding) computational calculations [Ref rr], where
different mathematical models, from ab initio calculations to density
functional theories, can verify their validity [42].
For thicker layers and at higher evaporation rates, the growth is
determined by a competition between kinetics and thermodynamics
[43]. The kinetics term is given by the ratio between the thermal
activated diffusion of the molecules on the surface and the deposition flux. In the kinetics regime (e.g. in case of high deposition rate
and low substrate temperature), the formed structures are far away
from the thermodynamical equilibrium and can results therefore in
polymorphisms, which is a very common feature in organics crystals.
These results can hardly be compared to simulations or to theoretical
calculation because the complexity of the weak intermolecular inter-
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action and the many degrees of freedom of the systems are to large
for the present computational power to be appropriately described.
The growth of organic molecules on polycrystalline metals is
much less investigated because of the complications given by the presence of different crystal orientation and grain boundaries. Moreover,
SPM techniques are also more difficult to apply in the case of rough
surfaces. However, in a first approximation, polycrystalline metals
can be described as a ensemble of grains with a distribution of different crystal orientations around an average one forming a textured
surface. Knowledge from the literature on single metal crystal can
be used, however the influence on the growth of the different facet
orientations, the average crystalline size, the ground boundaries and
step edge density can hardly be neglected. This is more relevant to
practical application and is the main concern of this chapter, where
all the metal surfaces and electrodes are obtained by physical vapor
deposition of the metal on non-lattice-matched substrate at ambient
temperature and are therefore polycrystalline.
In Sec. 4.4.2 and 4.4.3 different morphologies obtained by depositing pentacene molecules on polycrystalline metal substrates and
on oxide substrates are presented. In a context relevant to electronics at the nanometer scale, self-assembly processes offer a chance to
bridge technological the gap between molecular electronics and bulk
plastic electronics []. In this field, also called supramolecular electronics, teh self-assembled structures are considered as ideal building
blocks because of the favorable combination between small dimensions and a perfect (ordered) crystalline structures [44]. Moreover,
a bottom-up approach is accessible if the components are able to
self-assemble between larger structures. This process is exploited in
Chap. 5, where the obtained supramolecular nanocrystals connect
two prepatterned electrode allowing for characterization of the electrical transport properties.
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4.2

Pentacene: model for ordered organic semiconductors

Pentacene molecules are the material of choice used in this dissertation because of the excellent charge carrier mobility and because of its
ability to form large well-ordered crystalline structure [45]. Its ability to conduct charges is determined by two factors. First, pentacene
exhibits a conjugated π-electron system, formed by the pz -orbitals of
sp2 -hybridized C-Atoms, which extends over the whole molecule. In
a single pentacene molecule, the weakness of the π-bonding results in
a lower electronic excitation (π-π* transitions). The occupied π level
is also commonly called highest occupied molecular orbital (HOMO),
while the unoccupied π* level is referred as lowest unoccupied molecular orbital (LUMO). As in inorganic solid materials, the electron
levels responsible for the electrical conduction are the ones which are
closest to the Fermi energy, which lies between the HOMO and the
LUMO and characterize therefore the electronic states responsible for
the conduction and for the optical properties. The HOMO-LUMO
gap in pentacene is found to be 2.7 eV [46]. A difference from inorganic crystals is the weak van der Waals forces between the molecules, which results only in a partials mixing of the orbitals between
adjacent molecules and in a reduced transfer integral. This integral is directly related to the effective width of the energy band for
charge carrier transport, i.e. the bandwidth. In comparison to inorganic crystals, the reduced bandwidth tend to localize the charges.
In this context, the concept of valence and conduction band are replaced by the HOMOs and LUMOs of the organic crystals, which
are mainly located at the molecules sites but weakly interacting with
each other. Only at low temperature and in case of well ordered purified organic crystals the transport may be described in term of band
transport. Increasing the amount of disorder, either by impurities
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or by grain boundaries, further decrease the bandwidth transforming
the band transport to an hopping process. Another way to increase
the disorder is by increasing the temperature, which both affect the
intramolecular and intermolecular vibrations. Thus, the electrical
transport in organic semiconductor greatly depend on the purity of
the starting materials but also on the manufacturing process, which
lead to imperfections that dominate the intrinsic transport. This is
particular important in the case of polycrystalline thin film described
in this dissertation.
Besides the excellent mobility, pentacene (as well as other small
molecular weight molecules) has also the advantage to be easily vacuum sublimated to a thickness that can be controlled at the monolayer level as presented in the next sections.

4.3

Physical vapor deposition of pentacene

Fig. 4.1(a) shows an overview of the setup used for the sublimation
of pentacene. It consists of ① a vacuum chamber provided with ②
an evaporation stage and ③ a quartz crystal microbalance (QCMB)
(Fig. 4.1(b)) The chamber is pumped by a ⑤ turbo pump down to
a base pressure of 2×10−8 mbar. The sample is mounted in a ④
linear translation feedthrough that permits to expose or hide the
sample from the flow of the sublimated molecules. Additionally, the
translation feedthrough can be rotated allowing for the deposition
the molecules with an arbitrary angle respect to the surface normal
(Fig. 4.1(c)). For in-situ electrical characterization, the devices on a
chip are mounted on the ⑧ chip holder placed at the end of the linear
feedthrough . The devices are connected to the external measurements setup via a ⑥ 7-plugs wire feedthough. This allows a contin-
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Figure 4.1: Setup used for the evaporation of the organic molecules and for the in-situ measurements of the produced devices.
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uous characterization of the devices when the sample is exposed to
the molecular flux or placed in the shadowed region. Additionally, an
electrical heater is integrated close to the chip and allows for deposition at different substrate temperature. A second ⑦ wire feedthrough
allows sample heating and temperature controlling by a thermocouple
element. In the evaporation stage there are two sources for evaporating or coevaporating two different kind molecules. The sources
are made by two metallic chamins brought in thermic contact with
two separate electric bottom heaters. Alternatively, a ceramic pot
inserted in a metallic coil has also been used instead of the metallic
chamin. The chamins are heated by the current driven through the
heater which define the temperature of the evaporators (200-300◦ C
,Ref). By tuning the heating current, the evaporation rate could be
set from 0.01 to 1 ML/min. The evaporation rate and the deposited
thickness are monitored by the QCMB that is provided by a water
cooling system ensuring a minimal thermic load and consequently
a more stable frequency signal. The signal is calibrated by tapping
mode atomic force microscope. To further improve the precision,
the measured signal is averaged over 100 s. Because for depositing
the molecules the sample has be to introduced between the source
and the QCMB, the effective rate and deposited thickness is calculated as the average between the values obtained before and after
the deposition. Before starting an evaporation, the rate is allowed
for stabilization for ∼1 h, minimizing therefore the rate fluctuations.
The temperature of the sample (25◦ C for all presented experiments)
is measured by the thermocouple element and did not change while
the evaporation process.
Prior to the deposition of the molecules on SiO2 surfaces, the
sample are cleaned by a 30 s oxygen plasma in a Oxford PlasmaLab
100 RIE etching system with 10 ccm O2 , 100 mbar chamber pressure
and 100 W radio frequency power. For the deposition on the metal
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samples, the freshly deposited metal surfaces are used without additional cleaning. For electrical characterization, the devices are glued
by silver paint on a ceramic chip carrier and wire-bonded. All the
samples are transfered to the molecules evaporation chamber within
15 min, minimizing the air exposure time.

4.4

Structural Characterization

4.4.1

Methods: AFM, SEM and XRD

Tapping mode atomic force measurements (tm-AFM) is a useful tool
for the calibration of the deposition thickness of pentacene on SiO2
because of the precise measurement of the layer thickness. The instrument used is a Nanoscope DI 3100 scanning station with commercial
tips. The height resolution of tm-AFM allows the identification of
the growth mode, distinguishing between layer-by-layer growth and
multilayer island growth. Larger scans allow the statistical analysis of the height distribution and the extent of the surface coverage.
These data are used both for the calibration of the QCMB and for
evaluation of the electrically characterized devices.
A major drawback of tm-AFM it is the difficulty of investigations
on polycrystalline metals because of the roughness comparable to the
height of the pentacene layers. For this purpose, a scanning electron
microscope (SEM, Supra 55 VP) is used for a quality control of the
deposited thin film. Because of the contrast difference in the SEM
images, pentacene aggregates are easily recognized both on oxide
and on metals. This allows an identification of grain boundaries
and measurements of the the island shape and size. It is also very
useful in the investigation of the coverage of the edge of the metallic
electrodes, which is particularly important for the electrical contact
of the electrode to the conduction channel of thin film transistor.

49

SELF-ASSEMBLY AND GROWTH OF PENTACENE
THIN FILM
Moreover, the contrast enable to discern between single, double or
muliple molecular layers on oxide. In combination with tm-AFM
measurements of the thickness of one layer, it is possible to conclude
on the 3-dimensional multilayer shape based on SEM images.
An important question related to the transport properties of pentacene is the determination of the molecular crystal structure with
respect to the transport direction. For this purpose, samples obtained by depositing pentacene on oxide and on gold surfaces have
been analyzed with x-ray diffractometry (XRD). The measurements
have been carried out at the Swiss Light Source MS-X04SA beamline [47], which provides high spectral flux density 5-40 keV x-rays.
The energy of the beam was set to 11.8 keV (λ=1.051 Å), which is
just below the L3 adsorption edge of gold. A crystal-analyzer system,
consisting of 5 detectors is used for high resolution data acquirement.
The detector and the sample can be independently rotated allowing
for θ-2θ scans. After careful alignment of the sample, the θ angle
could be varied between 0.3◦ and 20◦ , where an angle resolution between 0.01◦ -0.08◦ was used. From the peaks in the θ-2θ scans that
satisfy the diffraction condition the distance between planes in the
molecular crystal (parallel to the sample surface) is calculated following the Bragg’s law
nλ = 2dsin(θ)
(4.1)
where n is the diffraction peak order, λ the x-ray wave length, d the
crystal lattice perpendicular to the surface and θ the angle between
the incident radiation and the sample.

4.4.2

Pentacene on oxide surface

Because of the crucial influence on electrical properties, the growth
of pentacene deposited on smooth oxide surfaces has been vastly investigated [48, 49]. Is is recognized that pentacene can be grown in a
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layer-by-layer fashion with extended two dimensional grains, which in
fact decrease the number of grain boundaries. The grain boundaries
have a larger number of traps compared to the ordered crystalline
domains and have therefore an important influence on to the charge
transport [50]. The growth mode and the size of the resulting grains
can be controlled by the deposition rate, the substrate temperature
[51] and by chemical modifications of the oxide surface [52]. This is
of particular importance for the investigation of few ML thin film,
where an complete layer is only obtained by a well controlled growth.
Fig. 4.2(a) shows a SEM micrograph of a device obtained by depositing 1.1 ML of pentacene at a rate of 0.03 ML/min. The channel
is homogeneously covered by a first complete layer, with an additional uncomplete second layer in form of dendrimers. The layer-bylayer growth is evidenced in Fig. 4.2(b), where 3.6 ML are deposited
through a shadow mask. The top of the picture shows the low coverage area with the SiO2 appearing in a bright color. The coverage
increases toward the bottom part of the picture, where a first, a second and a third layer is visible as layers with increasing dark color.
The grain boundaries in the first monolayer are not recognizable either by SEM nor by AFM. The grain size estimated by the nucleation
density interferred from the upper part of Fig. 4.2(b) should not be
larger that 1 µm, but it can not be excluded that a number of the
grains merge together forming larger single crystals.
Fig. 4.3(a) shows an AFM measurements of the sample presented
in Fig. 4.2(a). The height of a single layer is found to be approximatively 1.5 nm (Fig. 4.3(b)), which corresponds very well to the length
of a pentacene molecules (15 Å).
These results are also confirmed by XRD measurements on a
sample with ∼6 ML presented in Fig. 4.4. Because of small thickness
of the investigated samples, the peaks are broad. However, three
main peaks associated to the pentacene layer can re recognized. The
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Figure 4.2: (a) SEM micrograph of a TFT device produced
by depositing 1.1 ML. The channel is homogeneously covered
by a complete layer, followed by a second uncomplete one. A
gold electrode used for the electrical characterization of the film
properties is visible on the left part of the picture. (b) SEM of a
second sample produced by depositing 3.6 ML through a shadow
mask. The coverage increase from the upper part toward the
bottom part of the picture. The transition between uncovered
area and exposed area appears as increasing dark colored layer.

52

4.4. STRUCTURAL CHARACTERIZATION

(a)

5 nm
2

(b)

nm

1

0

-1

-2
0

1

µm

2

3

Figure 4.3: (a) 3 µm×µm AFM scan of the sample presented
in Fig. 4.2(a). (b) line scan showing that the surface is almost
completely covered by a 1.5 nm layer. The dendrimer growing
an top of it is also 1.5 nm height, confirming the layer-by-layer
growth mode.
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Figure 4.4: (a) XRD spectrum of 6 ML pentacene deposited on
SiO2 (50 nm)/Si surface. The peaks corresponding to the pentacene crystal lattice are evidenced. (b) Crystal structure of the
thin film phase. Reprinted from [49]
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position at 1.85◦ , 3.85◦ and 5.80◦ corresponds to a lattice constant
of the (00l) planes of the pentacene crystals of 15.3 Å for the 1th ,
2th and 3th order diffraction peaks, respectively. This is in excellent
agreement with crystallographic studies on the pentacene thin film
phase [53, 54, 55].
From these results, it is concluded that the produced samples
consist of polycrystalline thin film composed by pentacene molecules
standing in the upright position. The molecules pack together resulting in ordered monolayer domain that grow in layer-by-layer fashion.
These growth conditions are exploited for the production of the few
ML thin film transistor presented in Chap. 6.
It is important to note, that the growth is different if the sample
are not quickly transferred to the deposition chamber after the last
oxygen plasma cleaning process. Otherwise, extended air exposure
of the SiO2 surface leads to multilayer islands and the production
of uniform samples with few ML pentacene coverage is not possible.
The contaminations from the environment change the surface composition and consequently the surface energy ,which probably change
the diffusion/flux ratio and therefore the growth mode.

4.4.3

Pentacene on metal surfaces

The growth of ultrathin layers of pentacene on metal substrate differs
from the growth on oxide surfaces. On a metal surface, the electronic
surface states of the metal extend into the vacuum as evanescent
waves, which strongly interact with the molecular orbitals. On gold
single crystal, the pentacene exhibit a flat-lying phase [56], where the
molecules are oriented with their long axis parallel to the substrate
and growth in a layer-by-layer cofacial structure, provided that a
balance between intermolecular interaction and molecularsurface interaction is achieved. In case of polycrystalline surfaces, this balance
can change depending on the details of the surface as shown in this
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section. The metal surfaces studied in this dissertation are polycrystalline gold and palladium surfaces used as electrodes for the TFTs
(Chap. 6) and the gold electrode of the nanojunctions (Chap. 3).
The electrodes used in the TFTs are made by depositing on oxidized p-Si substrates 10 nm Ti adhesion layer followed by 200 nm of
Au or Pd. For all these surfaces, the deposited pentacene form multilayers round-shaped islands as depicted in the left side of Fig. 4.5(a),
(b) and on Fig. 4.6(a)
The growth of pentacene on metal is important first of all for
the characterization of the contact resistance of few monolayer TFT.
In such few monolayer film, the morphology of the organic layer at
the transition between the metal electrode and the oxide surface is
crucial for a good electrical contact between the electrode and the
pentacene channel. Fig. 4.5(a) shows an example of a bad contact,
which leads to a pronounced contact resistance that strongly limits
the performances. The device is obtained by depositing 1.8 ML at a
perpendicular direction to the surface. It is recognized from the SEM
image that the region close to the interface grow in a peculiar way,
with a strong tendency of dewetting. As a consequence, only a small
portion of the electrode is connected by pentacene to the channel.
Although the electrodes patterning process is developped for obtaining a gently decreasing thickness by using a double layer resist and by
rotating the sample during metallization, a local shadow mask effect
can decrease the amount as well as the rate of deposited molecules
close to the electrode. This problem is minimize by depositing the
first half of the pentacene at an angle of ±30◦ , exposing equally the
left and the right contact regions. The process is terminated by the
remaining part of pentacene deposited at a perpendicular direction.
Increasing the channel thickness to 6-7 ML further increase the extent of the contact between the channel and the electrode as shown
in Fig. 4.5(b). The device performance is enhanced, even if the chan-
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(a)

(b)

500 nm

500 nm

Figure 4.5: (a) SEM of a electrode (left) with a bad contact to
the pentacene channel (right). Only a small island connect the
electrode to the channel. (b) SEM of a good contact, showing
that a much larger contact area between the pentacene island
on the electrode edge and the pentacene layer on the SiO2 . The
sample is obtained by partially depositing the pentacene with
an angle of ±30◦ with respect to the perpendicular direction.
In this particular sample, an higher amount of pentacene is deposited.

57

SELF-ASSEMBLY AND GROWTH OF PENTACENE
THIN FILM
nel coverage appear less regular probably because of slightly different
evaporation condition or surface contamination. The consideration
on the extent of the contact area responsible for the injection is important for the investigation of the the contact resistance. Compared
to thicker devices or to top-contacted TFT, in few ML TFTs only
the region close to the interface, i.e. only the channel width and
the pentacene coverage along the edge of the electrode, is important,
while the two dimensional geometrical extent of the metal pad is not.
The reason is that at these small coverages, the pentacene on the
electrode forms disconnected islands and can not contribute to the
injection of carriers in the channel.
A completely different growth mode is unexpectedly found by
investigation of pentacene deposited on single gold layer that is used
as the electrodes for the nanojunctions. Only in this case, pentacene self-assemble as several 100 nm-long rods with a diameter of
∼20 nm (Fig. 4.6(b)). This growth mode (at a fixed growth rate of
0.06-0.08, ML/min) strongly depends on the polycrystalline texture
of the surface. This is clearly demonstrated in Fig. 4.6(c), where
the metal surface on the left side of the picture is prepatterned
by Ti(10 nm)/Pd(200 nm). The whole surface is then covered by
90 nm Au, followed by pentacene deposition up to a nominal thickness of 4.2 ML. On the Au/Ti/Pd/SiO2 surface, pentacene grows in
3-dimensional islands as illustrated above. However, on the Au/SiO2
surface, the molecules self-assemble in the form of nanorods.
It is worth to point out that the Au surfaces both sides, with
and without prepatternd Pd/Ti layer, are prepared in identical conditions with the pentacene deposited in the same run. Moreover, a
gold thickness of 90 nm ensure a complete coverage of the underlying surface and a floating effect or diffusion of the underlying metal
while gold deposition is not found in the literature. The self-assembly
of pentacene on a metal substrate critically depends on the elec-
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(a)

Pd / Ti / SiO2

(b)

Au / SiO2

200 nm
(c)

200 nm
Au / SiO2

Au / Pd / Ti / SiO2

500 nm
Figure 4.6: SEM micrographs of pentacene deposited on different metal surfaces covering a SiO2 substrate. (a) 1.4 ML deposited on Pd(200 nm)/Ti(10 nm). (b) 4.1 ML on Au(90 nm).
(c) 4.2 ML deposited on Au(90 nm). The Au layer extend over
the all sample, but on the left side, the surface is prepatterned
by a Pd(200 nm)/Ti(10 nm), while on the right side Au is directly evaporated on SiO2 .
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tronic structure of the metal [35]. Possibly, diffusion and and selfassembly also depend on the crystallographic orientation and on the
step edge density. XRD of gold deposited directly on SiO2 reveals a
preferred (111) orientation, with additional other crystal facets, grain
boundaries and step edges as visible in the SEM pictures. By tmAFM measurements, the average roughness Ra for the Au/SiO2 and
Au/Pd/Ti/SiO2 surfaces is found to be 1.5±0.5 nm and 3.5±0.5 nm,
respectively. It is therefore plausible that the density of other crystal orientations and/or type of defects on the metal surface differ.
The growth of the pentacene nanorods is apparently controlled by a
delicate balance between the diffusion of the molecules on the textured metal surface and π-π interactions between the molecules. The
different diffusion of pentacene on the two surfaces is also suggested
by a close inspection of the SEM picture. The gold grains are better visible on the Au/Pd/Ti/SiO2 surface, indicating that 1-2 ML of
pentacene completely cover the Au/SiO2 surface. Unfortunately, it
was not possible to determine the crystal structure of the nanorods by
XRD. The ∼100 nm gold layer, necessary for the particular growth of
the nanorods, increases the reflectivity of the surface at small angles
by several orders of magnitude. The intensity of the reflected x-rays
mask the scattered signal from the pentacene crystal and no peaks
corresponding to the pentacene layer could be identified. This makes
a determination of the pentacene orientation (parallel or perpendicular to the surface) impossible. However, it is safely concluded that
a small differences in the average atomic crystalline structure of a
polycrystalline metallic surface directly influences the molecular selfassembling of nanoscale object by a delicate energetic balance. This
provide thous an interesting method to control a surface-mediated
self-assembly process by physically tailoring the substrate.
It was found out later, that the growth of pentacene nanorods
was already observed [57, 58]. However the use of such self-assembling
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was not recognized. In the next Chapter, this self-assembling process
is exploited to grow nanorods across the nanojunction devices and
to characterize the charge transport in organic semiconductor at the
nanometer scale.
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Chapter

5

Electrical transport
through self-assembled
pentacene nanorods
In this Chapter, the self-assembly properties of pentacene are exploited to obtain nanorods that bridge the gap of a metallic nanojunctions, allowing for the investigation of the electrical transport
properties. The characterization is performed in-situ, in air and in
a cryostat with temperature ranging between 298 K and 100 K. Depending on the doping of pentacene, either by air contamination or
coevaporation with a dopant molecules, different transport mechanisms are observed.
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5.1

Contacting pentacene nanorods by
a metallic nanojunction

As presented in Sec. 4.4.3, pentacene deposited at a rate of
∼0.1 ML/min on a single layer gold surface self-assembles in a form of
20-nm wide, several 100-nm long nanorods. When the deposition is
performed on a metallic nanojunction, the nanorods can grow across
the gap connecting the two electrodes. The deposition angle was set
between 0◦ and +30◦ in order to facilitated the bridging of the gap.
An example of the nanorods devices obtained by undoped pentacene
is presented in Fig. 5.1(b), where it is recognized that nanorods in
the junction area are sometimes wider than what is obtained on the
planar surface. Nevertheless, the 3-µm wide electrodes are connected
by ∼7 nanorods for a total width of ∼800 nm. Fig. 5.1(a) shows a
schematic drawn of the nanojunction. Devices based on pentacene
doped by F4 TCNQ (the molecular structure and the energy levels are
presented in Sec. 6.4) have also been obtained by coevaporation of the
two molecules in a 3 % ratio. It was found that the doped pentacene
also forms islands but self-assemble in a flatter and less regular shape
as depiced in Fig. 5.1(c). The different shape can be explained by the
relatively high doping ratio and its influence on the crystal structure.
However, the aspect ratio and the nanorods-electrode contact area
are similar (within a factor 2) and can not explain the very different
electrical transport properties presented below.

5.2

Current-voltage measurements of
undoped and doped nanorods

The electrical characterization is performed by the measurements of
current-voltage characteristics (I − V ) of the devices using a
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(a)
(c)
A
V

(b)

upper electrode

200 nm
(d)

500 nm

200 nm

lower electrode

Figure 5.1: (a) Drawn of the nanojunction devices used for
measuring the transport properties of pentacene nanorods. (b)
SEM micrograph of a nanorods device. The pentacene molecules (nominal thickness ∼6 ML) self-assemble in form of nanorods
that grown over the gap of the nanojunction connecting the two
electrodes. Upper electrode is referred to the gold electrode
above the step, while lower electrode is at the bottom of the
sidewall of the step. (c) SEM of a F4 TCNQ doped pentacene
device showing the different shape of the self-assembled islands.
However, both undoped and doped nanorods have similar contact area to the metal electrodes. (d) SEM of a thick undoped
pentacene nanojunction obtained by depositing ∼20 ML at a
rate of 0.7 ML/min.
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Ketihley 236 as a voltage drive source meter for controlling Vsd
and measuring Isd with sub-pA precision. In order to keep this current resolution and to limit the parasitic capacitance, the instrument,
which is provided with triaxial cables, is connected to the sample by
using appropriate cables, feedthrough and connectors. In the part of
the setup where the use of triaxial cables was not possible (e.g. inside the evaporation chamber and in the cryostat), single separated
wire with a thin insulation provide a satisfactory current resolution
since the external noise is shielded by the metallic chamber. High
voltage feedthrough are found to shows significant lower current leak
compare to compact multi-pin feedthrough and are therefore preferred. The leakage current through the substrate is measured using
a Ketihley 2400. The data are acquired at a rate of ∼1 measurement/sec by a laptop provided with a Labview program that controls
both instruments. Three different measurement setup configurations
are used: the in-situ characterization setup (Fig. 4.1), a commercial
probe station for the measurements in air and a cryostat for the temperature dependent characterization. For all three setup, the same
measurements units are used. The bias applied between the upper
and the lower electrode was swept at 0.05-0.2 V/s between ±2 V for
the undoped devices and between ±1 V for the doped ones.
Fig. 5.2(c) and (d) show the I − V of an undoped and a 3%
F4 TCNQ doped pentacene nanojunction devices measured in vacuum and in air, respectively. The device obtained from pure pentacene measured in vacuum shows an insulating behavior with current
below 5 pA for bias voltage up to 2 V. Since the current measurded
on an empty device (before the deposition of the pentacene) is even
smaller, the hysteresis and the current intensity recorded is related
to the udoped nanorods and is not an experimental artefact. The
organic semiconductor is in this condition depleted of carriers. This
observation is supported by the investigations on thin film transis-
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Figure 5.2: (a) I − V of undoped and doped pentacene
nanorods measured in vacuum. Comparison between the current measured in an empty device (before the pentacene evaporation) and the undoped pentacene nanojunction shows that
the hysteresis and the current intensity recorded is related to
the nanorods and is not an experimental artifact. Undoped
nanorods show a highly insulating (Schottky) behavior, whereas
in doped pentacene the conduction increased by a factor 105 . (b)
I − V of undoped and doped pentacene nanorods measured in
air. Undoped pentacene exhibits a rectifying behavior, while a
fully linear ohmic I − V is recorded for doped pentacene. Upon
exposure to the air, the conduction of the undoped pentacene
(at V =±2 V) increases by a factor 5-25, while the conduction of
the doped pentacene decreases by a factor 20.
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tor (TFT) based on the same material and at similar conditions.
The transfer characteristics of undoped pentacene TFT presented in
Sec. 6.4 indicates a normally-off transistor (Isd = 0 at Vg =0), i.e.
Vg,th < 0.
Upon doping, the current in the nanojunction increases to 150 nA
at 2 V. The effect is related to charge carriers that are introduced by
the doping process. Again, this can be compared to the positive
values of Vg,th of the doped TFT presented in Sec. 6.4 and to the
related charge carrier density p0 =4.8×1018 1/cm3 that can estimated
for a 3% doped pentacene. This increase is assigned to the dopinginduced increase of the charge carriers density generated by a charge
transfer mechanism between the pentacene matrix and the dopant
[59]. This interaction is investigated in detail in Chap. 6 and Chap. 8.
In vacuum, the symmetric I − V of the doped nanojunction shows a
transition from a linear regime below 0.2 V to a power law at higher
bias voltages (I ∝ V α with α = 1.7 − 1.8 at V =±1 V).
This could be interpreted either as an indication for the trap filling regime before the onset of a space charge limited current (SCLC)
[60, 61] or as a Poole-Frenkel (PF) effect [62]. SCLC are usually only
possibly in the most rigorously purified single crystal, which is not
the case here. However,the small channel length may be favorable to
SCLC in spite of PF. Following Gregg et al. [63], the discrimination
can be made by comparing the charge carrier concentration p induced
by both mechanism. For this purpose, the I − V are first fitted by
the PF model
J = eF µ0 pb,0 exp((−Ea,0 + ηF 1/2 )/kT )

(5.1)

where J is the current density (I/(W d) with the width W =600 nm
and the thickness d=10 nm ), F is the electric field (V /L with L=10 nm),
µ0 the mobility, pb,0 the charge carrier density at zero filed (estimated
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above), Ea,0 the activation energy and η describes the dependence
of µ and p on F 1/2 . By setting σ0 = eµ0 pb,0 /(W d)=7 × 10−8 S
found by extrapolating the conductance at zero bias, the fit provides
Ea /kT =11 meV and η=2.77 × 10−5 eVcm/V1/2 .
Since
SCLC
requires
the
bulk
charge
density
pb,F = pb,0 exp(ηF 1/2 /(kT )) to be insignificant compared to the injected carriers density pinj,F = F ǫǫ0 /(eL), the ratio
ξ=

pb,F
pinj,F

(5.2)

needs to be much smaller than 1 for SCLC. After analysis of the
data, it is found ξ >1 for all the applied bias for the nanojunction
measured in vacuum, which would indicate a PF current. For doped
pentacene exposed to the air, the lack of knowledge on pb,0 and µ0
makes this analysis impossible. Moreover, ξ is quite sensitive to the
incertitude in the actual device geometry. It is therefore concluded,
that the I − V are not pure SCLC nor PF but an interplay between
both mechanisms probably exists. The important observation is that
both type of descriptions are related to a bulk effect, i.e. the contact resistance in the doped pentacene nanojunction seems at least
comparable to the bulk part. This issue will further be discussed in
Sec. 5.4.
For the undoped nanojunctions measured in air, a finite conduction is recorded, probably because of charge carriers induced by an
effect of moisture, oxygen and light [64, 65]. From the TFT characteristics presented in Sec. 6.5, a charge carrier concentration of
∼3×1017 cm−3 is calculated, which is lower compared to the F4 TCNQ
doped pentacene (Sec. 6.4.2). The measured I − V are strongly nonlinear and asymmetric. By a 3% F4 TCNQ doping, the conduction
is enhanced by a factor 103 -105 and shows an Ohmic behavior. This
implies that the dopant molecules has a fundamental influence to the

69

ELECTRICAL TRANSPORT THROUGH
SELF-ASSEMBLED PENTACENE NANORODS
transport properties on the nanometer scale.
To gain insight on the transport mechanism, temperature dependent measurements are presented in the next Section.

5.3
5.3.1

Temperature dependence of the conductivity
Experimetal setup

For the temperature dependent studies, all the sample have to be
transferred from the evaporation chamber to the low temperature
measurements setup, exposing therefore the samples to the air for
about 5 min. The setup consists of a close cycle He-cryostat (Janis
xxx) with a base pressure below 1×10−6 mbar. The same measurements units as for the in-situ characterization is used.

5.3.2

Results on doped pentacene

Fig. 5.3(a) shows the I −V of a doped nanojunction measured at temperatures ranging from 298 K to 101 K. The curve are linear, showing
an Ohmic conduction for all investigated temperatures. If a simple
thermal activated transport I(T )/V = G(T ) = G0 exp(−Ea /(kB T ))
is assumed, the activation energy Ea can be calculated from the slope
of the Arrhenius plot log(G(T )) vs. 1/T . The results presented in
Fig. 5.3(b) show that this model fits very well the transport in the
doped nanorods device with an activation energy Ea =128±4 meV.
By comparing the conductance before and after the thermal cycle, a
10% lower conductace after the cycle is recorded, which indicates an
acceptable low degradation.
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Figure 5.3: (a) I-V characteristics of a doped pentacene nanojunctions measured at temperature between 298 K and 101 K.
A striking linear behaviour is observed at all temperatures. (b)
Arrhenius plot of the conductance showing a thermal activation
energy of 128±4 meV.
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5.3.3

Undoped pentacene nanorods

The transport mechanism in undoped pentacene nanorods device is
very different from the doped ones. The asymmetry, already presented in Sec. 5.2, further extends to the temperature dependence.
Fig. 5.4(a) shows the I − V measured at temperatures between 298 K
and 200 K. The raw data has a quite large scatter (cf. the I − V
of undpoed nanorods in air in Fig. 5.2), therefore an averaging proceed over three consecutive scans is applied. In Fig. 5.4(b) the current measured at different bias is plotted versus the inverse of the
temperature. An Arrhenius model describing the transport requires
that the points, representing the current measured at the same bias,
should be aligned, where the slope of the line represents the activation
energy. This is clearly not the case, and the transport mechanism appears to be more complicated. The slope of the curve in Fig. 5.4(b)
is attributed to some activation energies (that depend on temperature and on bias). The transport is almost temperature independent
for negative bias, while for positive bias the activation factor reaches
∼300 meV for intermediate temperature. The increase of the conductivity in some T-range could be ascribed to the electrical instability
of the nanorods, probably given by some charges in the contact region caused by the applied bias. However, the observation of different
transport between positive and negative voltages is evident and is not
influenced by changes in the contact region.
Although the experimental I − V curves could be reasonably fitted by a Fowler-Nordheim model (field assisted injection through a
triangular shape energy barrier) for negative bias and by a RichardsonSchottky model [66](thermionic emission over an image potential lowered energy barrier) for positive bias, it is difficult to unambiguously
determine a transport mechanism. Moreover, the measured temperature dependence is not well described by these models. It was shown
that the obtained fitted parameter differs by order of magnitude from
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Figure 5.4: (a) I-V characteristics of a pentacene nanorods
device measured at temperature between 298 K and 200 K. The
I-V curves are nonlinear and asymmetric. (b) The conductance
does not follow a simple thermal activated behavior. Rather,
the transport appears to be almost not temperature dependent
for negative bias (red symbols). A more complicated transport
is found for positive bias (blue symbols), where the activation
energy reaches ∼300 meV for intermediate temperature.
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theoretical ones [67], which cast a serious doubt on the application
of such models in the case of metal-organic semiconductor interfaces.
Therefore, the obtained results will only be qualitatively described.
It is noted by close inspection of the SEM image (Fig. 5.1(b)),
that most of the nanorods have larger contact area to the upper
electrode compared to the bottom one, probably as a consequence of
the electrode geometry and the growth mode of the nanorods. The
hypothesis that the different contact explain the asymmetric I − V
characteristics is discussed in Sec. 5.4.
To support this hypothesis, thick pentacene devices are produced
by depositing ∼20 ML (deposition rate ∼0.7 ML/min) of pentacene
on a similar metallic nanojunction. The thick devices show that the
gold surface and the gap region are almost completely covered with
pentacene (Fig. 5.1(d)). Thus, the pentacene has similar contact on
both sides. As expected, the measured I −V are much more symmetric as depicted in Fig. 5.5(a). The temperature dependent transport
can be fitted at high bias by an Arrhenius model. In contrast to the
doped nanorods devices, the conductance G depends here on both the
temperature and on the bias. The results are presented in Fig. 5.5(b).
For bias exceeding 1 V, an activation energy of 270-410 meV is found,
which is slightly larger for positive compared to negative bias. In
this regime the activation energy decrease with increasing bias. This
observation indicates a barrier lowering by the applied field. The
effect is experimentally similar to the Schottky barrier lowering in
inorganic semiconductor, but the exact injection mechanism between
a metal electrode and an organic semiconductor is different [68]. At
bias below 1 V, the Arrhenius model is less accurate, either because
of experimental errors or because of a different injection mechanism.
A discussion on the different injection processes observed is presented
in the next section.

74

5.3. TEMPERATURE DEPENDENCE OF THE
CONDUCTIVITY

−9

(a)
−10

10

10

T = 298 K
T = 286 K
T = 274 K
T = 266 K

(b)

−10

10

V= −2.0 V
V= 2.0 V
V= −1.0 V
V= 1.0 V
V= −0.2 V
V= 0.2 V

I (A)

I (A)

272 meV
−11

10

359 meV
−11

10

−12

−12

10

10
−2

0
bias (V)

2

343 meV
408 meV

376 meV
361 meV

3.4 3.6 3.8 4
1000/T (K−1)

4.2

Figure 5.5: (a) I-V characteristics of a thick (∼20 ML) pentacene nanojunctions measured at temperature between 298 K
and 266 K. The I-V curves are nonlinear but almost symmetric. (b) The current at different bias voltages shows a thermal
activation energy of 300-400 meV.
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5.4

Possible transport mechanism

In this section, a possible mechanism for the transport observed in
undoped and doped pentacene nanorods devices is discussed.
The first general consideration is on the size of the devices. As
the channel length L is reduced, the interfaces become predominant
for the transport properties. This is because the total resistance
Rtot is the sum of the contact resistance Rc and the resistance of
the bulk part Rb , which depends on L. Reducing L increase the ratio
Rc /Rtot . It is known from literatures, that short channel effects start
to play an important role in organic TFT with sub-µm channel length
[69]. Since the here presented devices has L in the 10 nm range, it
is not surprising that the interface is the bottleneck for the charge
transport. The second indication is based on the measured I − V .
Usually, asymmetric I − V characteristics are obtained by using as
electrodes two metals with different work function. This is accomplished by a sandwich structure with two different metals, as it is
the case in an organic light emitting diode or in photovoltaic devices.
Asymmetric I − V are also observed by a combination of a clean electrode and a contaminated one. In both cases, the work function of
the actual metal surface influences the energy level alignment of the
metal-organic interface creating a build-in potential. In the here presented devices, however, the two gold contacts have a similar amount
of contaminations coming from the brief exposure to the air prior and
after the pentacene deposition. Consequently, the electrodes should
exhibit the same work function. Nevertheless, the asymmetry has
to arise from contact properties, since the bulk do not discriminate
between the flow in opposite directions. There is the possibility of
bipolar current caused by positive and negative bias, i.e. of transport
of holes and electrons, which in general have different mobilities and
causes therefore different current intensity. Even if the transport in
the 10 nm range could be different, the TFT transfer characteristics
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presented in Chap. 6 suggest that holes are the main charge carriers
in gold-pentacene-gold devices. Moreover, the results on the thick
nanorods devices also imply that in case of similar contact on both
sides, the asymmetry disappears. It is therefore concluded, that the
transport in nanojunction device based on pentacene is determined
by Rc , i.e. it is limited by the charge injection from metal to pentacene at the contact. In other words, studying the transport in
nanojunction gives information about the injection properties of the
metal-organic interface. The injection is governed by the HOMO
alignment, interface dipoles and charge carrier concentration [68] or,
more in general, by the shape of the energy band near the interface,
by the barrier height and by the related depletion width. In a rough
approximation, the depletion width W at a metal-organic interface
is determine by
p
W = (2ǫǫ0 φ)/(pe)
(5.3)

were φ is the band misalignment, ǫ the dielectric constant of pentacene, p the charge carrier concentration and e the electron charge.
As p is increased, W decrease and charges can more easily tunnel
through the thinner barrier. As an estimation, the depletion width
W in the case of undoped pentacene exposed to the air, estimated
from p0 = 3 × 1017 and φ=0.4 eV, is 15 nm. It should be noted,
that this relation follow from the Poisson equation applied to a planar bulk junction. For a one-dimensional geometry, a deviation from
this behavior has been both predicted [70] for carbon nanotubes. If
this has to be applied in a 10 nm organic semiconductor is still unclear. The band missalignement [71] measured in UHV conditions is
found to be 0.47 eV [46]. Since the sample measured in these work
have been exposed to the ambient air, the contaminants probably reduce the electronic interaction between the metal and the pentacene
molecules. The activation energy of 0.4 eV measured for the thick
nanojunction is therefore in good agreement with the spectroscopy
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experiments.
In the specific case of the thin nanorods devices, the nanorodslower electrode contact, which has the smaller contact area, is more
exposed to the environment. As a consequence, the concentration
of the ionized dopants on the nanorods-lower contact is higher compared to the nanorods-upper contact. In the experiments, the voltage
bias was always applied to the upper electrode (drain), while keeping
the lower one at ground (source). Thus, the width of the depletion
layer is considerably smaller on the source side compared to drain
side. A possible band diagram is presented in Fig. 5.6. By applying a negative bias voltage, the charge carriers (holes) have to be
injected from the source where the width of the depletion layer is
smaller, allowing a direct tunneling through the barrier. This tunneling process is inherently temperature insensitive, consistent to the
experimental data. In contrast, by applying a positive bias voltage,
holes have to be injected from the drain where the width of the depletion layer is too large for a direct tunneling. Therefore the charges
have to overcome a barrier by a thermally activated process characterized by an activation energy. This is also the case for the contacts
in the thick devices, where both electrodes have a large contact area
to the pentacene and the interfaces are therefore less exposed to the
air. Consequently, the smaller charge carriers concentration and a
higher depletion width determine an almost symmetric I − V and an
Arrhenius-like activation energy.
This picture follows directly from the theory on inorganic semiconductors. For metal-organic semiconductor interfaces, the situation is more complicated because of the localized nature of the charge
carriers. In fact, the injection process involves a combination between a thermionic emission process and a tunneling process, where
the crucial first injection event is thermally assisted tunneling into
a distribution of localized states [68, 13]. The energy barrier that a
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injection
over the barrier

tunneling
through the barrier
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contact

lower
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Vsd
doping

Figure 5.6: Possible energetic levels of pentacene nanorods
connetcted between 2 electrodes. On the left side (lower electrode in fig. 5.1(b)) the nanorods-electrode contact is smaller
and therefore more exposed to environment doping. The carrier
concentration at this side is higher, which shrink the depletion
width enabling direct tunneling through the barrier. This process is not temperature dependent. On the right side (upper
electrode in fig. 5.1), the depletion width is bigger and the carrier must be thermally injected over the barrier.
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charge has to overcome or pass depends on many details, like the energy level alignment between the metal Fermi level and the first layer
of molecules (charge neutrality level [72], the metal induced broadening of the density of the gap states in the first layer of molecules [73]
and the dopant induced dipolar disorder [74]. In low mobility disordered organic semiconductors, also the back diffusion of the injected
carriers driven by the image charge potential has to be considered.
This could also play a role in the interface region, where the mobility
can be reduced by the impurities. However, even if a detailed description is complicated, the general observation that doping reduce
the injection barrier holds also for the injection in the nanojunction
presented here.
As state above, the transport in nanojunction probes the injection properties of the metal-organic interface. It is not obvious if this
is true also for doped pentacene.
The I − V of F4 TCNQ doped pentacene measured in vacuum
(Fig. 5.2(a)) show an indication of SCLC or PF related phenomena,
which is a bulk effect. After exposing the device to air, the conductance decreases and a fully linear I − V is measured, which is also
an indication of bulk transport. On the other hand, by scaling the
measured Rc (Chap. 7) to the nanojunction geometry, it is found
that even if Rc is substantially reduce by doping, it is comparable to
the resistance of the channel, i.e. the nanojunction remains injection
limited. However, it should be noted, that a precise comparison of
Rc between TFT and nanojunction devices is not straightfords, as
the arrangement of the pentacene molecules may be not comparable
and the higher field in a small length scale could modify the barrier.
The question remains even if the transport at variable temperatures is considered. The I − V remains linear (within the measurement accuracy) to the lowest measured T . A linear I − V is a sign
either of bulk transport or a tunneling process. By assuming a tun-
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nel process, the thermal activation energy has then corresponds to
the T-dependence of the barrier width. The problem is that a linear
I − V based on a tunnel process requires G = I/V ∼ exp(−W ),
where W is the barrier width, and the experimental observation of
G ∼ exp(−1/T ) implies W ∼ 1/T . This is not consistent with a
Schottky-like barrier determined from W ∼ p−1/2 by thermally activated carriers p ∼ exp(−1/T ). By assuming the thermal generation
of p, then one has to conclude that W = −log(p). Curiously, this behavior was observed in doped carbon nanotubes and was attributed
to 1-dimensional nature of the system [70]. However, it is hard to
believe that this would also applied in the present situation. A more
plausible explanation can be found in a thermally assisted tunneling
mechanism [75, 76]. The linear I −V could be a consequence of multiple tunneling processes, while the thermal activation part come from
the energy difference between the mean energy level of the carrier
and the transport level. However, it is not clear why by increasing
filed the activation energy stays constant.
In conclusion, it is difficult to clarify if the transport in doped
pentacene nanojunctions in limited by the contact or by the channel. Available literature data on similar structure with comparable
channel length are very limited, and non of them comments on linear
I − V of organic semiconductors. In any case, the important finding
is that the transport in a 10-nm length scale shows a linear, high
current density I − V upon doping with F4 TCNQ. These properties
are well suited for a good injection of charges carriers into the organic
semiconductor and may be important for future applications.
For a field and temperature dependent quantitative measurement
of the contact resistance in this material system, organic thin film
transistors with undoped and doped pentacene are investigated in
the next chapters.
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Chapter

6

In-situ doping of a few
monolayer pentacene thin
film
In-situ characterizations of thin film transistor (TFT) are presented
in this chapter. Experiments with ultrathin active channel represents a new method for the investigation of doping phenomena in
a few monolayer (ML) organic semiconductors, in a similar way to
what has been recently discussed for inorganic semiconductors [77].
In combination with the transmission line method, this approach permits to study the effect of dopant molecules on the mobility and the
injection efficiency at the nanometer scale.
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6.1
6.1.1

Thin film transistor: introduction
and working principle
Design

The electrical transport properties of organic semiconductor have often been characterized using the investigated molecules as the active
materials in the channel of a filed effect transistor (FET). Such transistors consists of two contacts, source and drain, separated by a defined distance (called the channel length L) and connected together
by the semiconductive channel. A third electrode, the gate electrode,
is separated from the channel by an insulating layer and allows the
modulation of the channel conductivity. Typically, a SiO2 or a SiN
insulating layer is used, but recently high dielectric nanocomposite
[78] or self-assembled monolayers [79] have been explored.
Bottom gated devices with very thin channel thickness (from few
monolayer to ∼ 100 nm) are called thin film transistor (TFT). The
contact are usually made of metals, but in general can also be obtained from well-conductive polymer as it is the case for the so called
all-plastic (flexible) electronics. There exists two different configurations. Bottom-contact TFTs are produced by first pattering the
two metal contact on a thin insulating layer and by then depositing
the semiconductive organic material in a last step of the fabrication
process. The other possible configuration is the top-contact geometry, where the two metal contact are produced in the last fabrication
step, usually by a shadow mask evaporation which permits to pattern
the contact without damaging the semiconducting layer. The advantage of the bottom-contact FET is that the properties of the channel
like e.g. the thickness or the composition can be easily changed on
the same device and the resulting characteristics can be continuously
monitored. This is particularly helpful for studying the early stages
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of the channel formation (see Sec. 6.2) and the doping of the resulting TFT (Sec. 6.4). The disadvantage is in general a poorer contact
between the metal pad and the semiconductor because of the different growth of the film on the metal and on the oxide (as already
presented in Sec. 4.4). This issue is discussed in Sec. 4.4.3 and in
Chap. 7.

pentacene

channel
length
channel
thickness

A

drain

Vsd

source

Vg

dielectric (SiO2)

p+Si

Figure 6.1: Schematic drawn of a bottom contact TFT. In
these thesis, pentacene is used as organic semiconductor

6.1.2

Working principle

The advantage of using a FET for studying the transport properties
of a semiconductor is that the conductivity of the channel, given by
both the carrier density and the charge mobility, can be indepen-

85

IN-SITU DOPING OF A FEW MONOLAYER
PENTACENE THIN FILM
dently measured. The reason is that the gate bias voltage Vg linearly
influence the charge carrier density in the channel, whereas the mobility is in a first assumption independent from the applied field and
from the charge carrier density. To illustrate the working principle,
the energetic band diagramm of a p-type TFT is displayed in Fig. 6.2
with a metallic gate electrode. A cut in the perpendicular direction
p-p′ (Fig. 6.2(a)) show the allignement of the gate Fermi level EF ,
the wide bandgap insulating oxide, the position of the high occupies
molecular orbital (HOMO) and of the low unoccupies molecular orbital (LUMO). For a p-type semiconductor, the states responsible for
the conduction (conduction states) lie close above the HOMO level.
If no bias is applied to the gate (Fig. 6.2(a) and (b)), the Fermi level
EF lie somewhere between the HOMO and the LUMO of the organic
semiconductor. In this situation the conductivity of the channel is
very poor as the HOMO levels are not aligned to EF as sketched in
the horizontal cut h-h′ presented in Fig. 6.2(b). By applying a negative bias between the gate and the two contact, an electric field is
created in the channel. This shifts all the levels of the semiconductor
toward positive values (Fig. 6.2(c). For large enough Vg conduction
states (holes) start to be aligned with EF (Fig. 6.2(d)) enabling the
charge carriers to flow between source and drain. This voltage is the
turn on voltage Von . Around and below Von there is the subthreshold
regime, where charges are partially free to move. Only above the gate
threshold voltage Vg,th , the number of induced charges contributing
to the current increase proportionally with Vg .

6.1.3

Extrapolation of TFT mobility and charge
carrier density from measurements

Because of charge neutrality, the charge carrier concentration p generated by Vg (above the gate threshold voltage Vg,th ) can be expressed
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Figure 6.2: Working principle of a TFT. For simplicity band
bending at the oxide-pentacene interface at Vg =0 is neglected.
In the experiments a p+ -Si substrate is used as the gate electrode.
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as
Cox
(Vg − Vg,th )
(6.1)
et
where Cox is the capacitance of the oxide per unit area, t the channel
thickness and e the fundamental electric charge. A positive Vg,th
indicate therefore the (zero gate) charge carrier density
p(Vg ) =

Cox
Vg,th
(6.2)
eT
The conductivity of the channel (channel length L, width W and
thickness t) can be probed by applying a bias Vsd between source of
the drain and by measuring the resulting current Isd . The conductivity at small Vsd (linear regime) is expressed as
p0 =

Isd
W
=
Cox µT F T (Vg − Vg,th )
(6.3)
Vsd
L
where µT F T is the mobility of the charge carriers. Therefore,
measuring Isd by varying Vg but at fixed Vsd enables to extrapolate
µT F T from the slope of the transconductance Isd vs. Vg :
G=

µT F T =

L
1 ∂Isd
W Cox Vsd ∂Vg

(6.4)

The above considerations are based on the assumption that the
bulk resistance is much higher than the resistance of the metalorganic contact, so that Vsd mainly drops in the channel and not
at the interfaces. In case of high µT F T , large p or small L, the assumption fails. Only a portion of Vsd is really applied to the channel,
the rest being applied to the interface. The potential drop at the interface Vc can be expressed as the contact resistance Rc = Vc /Isd . In
case of a linear relation between Isd and Vc , the contact is designated
as Ohmic. This can be verified by checking if Isd depends linearly on
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Vsd for small Vsd , i.e. before starting the saturation regime. The effect of a large (ohmic and non-ohmic) Rc are noticed as non constant
slope of the transfer characteristics, with in extreme case a saturation
of Isd . For practical application, high Rc ’s are undesiderable because
of the decrease of Isd , of the on/off ratio and the performance. It is
therefore important to characterize the potential drop in the contact
region.

6.1.4

Correction for contact resistance: transmission line method (TLM)
contact pads

resist opening

L = 20, 50, 75, 200 µm

pentacene

W = 110 µm

Figure 6.3: Schematic drawn of the devices used for the TLM:
4 devices with L=20-200 µm are obtained by depositing pentacene in the resist opening between the metal pads.

Several methods have been implemented for the measurements
of Rc : 4-probes technique [80], kelvin probe [81] and transmission
line method (TLM) [82]. In this dissertation, the TLM is used. It
consists of measuring the total resistance Rtot of four TFTs with
various channel length’s L and fixed width W (Fig. 6.3). Here Rtot
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is expressed as the sum of Rc and Rb , which depends on L and the
sheet conductivity σ. By using the relation
Vsd
L
L
= Rc + Rb = Rc +
= Rc +
Isd
Wσ
W Cox µcf (Vg − Vg,th,i )
(6.5)
Rc is evaluated by extrapolating to L =0 the relation between Rtot
and L:
Rc = Rtot (L = 0)
(6.6)
Rtot =

while the contact free mobility µcf is calculate by

−1
∂Rtot
1
∂
µcf =
·
W Cox ∂Vg
∂L

(6.7)

An important assumption here is that the mobility is considered
field independent, which should be considered for channel length dependent studies on the mobility at high Vsd . The Vg,th,i is the intrinsic gate threshold voltage, which differs from the Vg,th extrapolated
from the transfer characteristics. It has been pointed out, that Vg,th is
a fitting parameter without a real physical meaning [83]. Thus, the
transfer characteristics of a TFT can be described at various temperatures without the need of Vg,th . However, Vg,th does reflect in
a rough approximation the charge carrier density, following Eq. 6.2.
Therefore, even if only indirectly, it is a useful fitting parameter. The
difference between Vg,th,i and Vg,th is further discussed in Sec. 6.3.

6.1.5

Considerations on the models, peculiarities of organic semiconductors

Although the above described model will be exploited in some measurements in this thesis to estimate µT F T and Vg,th , it is important
to point out some limitations.
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First of all, the onset of the conduction, i.e the region Vg > Vg,th
also referred as subthreshold region is not considered. It is known
from the literature and from experiments, that the onset is often not
sharp and it is related to the effect of traps [84]. At higher negative
Vg , these effects are less important as the traps get increasingly filled
by charges. In some cases, it is not obvious where this transition
region ends, and therefore the fit of the transfer characteristics is
not unique. In this thesis, the fit is always performed from the Vg
value corresponding to the highest slope. Second, the mobility is
assumed to be field and charge carrier density independent in the
model. The dependence on the charge carrier density is presented in
Sec. 8.4. It will be shown, that at least for a doped pentacene TFT,
the assumption of constant µ is not justified. By adopting the fitting
procedure described above, the evaluated mobility is approximately
equal to the mobility at high charge carrier density. It is noted that
the mobility can also be extrapolated from the saturation regime.
However, e.g. in the in-situ monitoring of the TFT formation, a
large Vsd would possibly influence the pentacene growth.
The last observation is on the applicability of the TLM. The
method could be used with success for all doped TFTs, at all temperature and channel thickness conditions. There are some slight
deviations from the foreseen linear dependence of Rtot at the higher
L (Fig. 7.2), but these do not influence the extrapolated Rc or µcf
too much. However, for TFTs based on undoped pentacene, especially at low temperatures, the linear relation between Rtot and L
is not fulfilled. Therefore the TLM can not be straightly applied in
these cases. In general it is observed, that if the contact resistance
is significant, Rtot decreases with increasing L from 20µm to 75 µm.
This behavior could be a consequence of contacts that differ in their
resistance from device to device. This is plausible in the microscopic
picture by considering that a small difference in the number or shape
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of the pentacene islands that cover the electrode edge can be responsible for a large change in Rc . On the the hand, the Rtot vs.
L relation seems quite systematic, which would not be expected in
these case. This behavior is not currently understood and the experimental data are simply not considered. It is noted that in the TLM,
a field independent mobility is assumed.
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6.2
6.2.1

In-situ control of TFT formation
Sample preparation

Using the above described bottom-contact TFT, the properties of
the devices at increasing channel thickness can be measured. The
advantage is that sample to sample variations that depend on many
experimental parameters are reduced. The samples are produced by
patterning metal pads (gold or palladium) on a silicon wafer covered
by 50 - 150 nm of SiO2 grown by thermal dry oxidation. The separation between the metal pads, i.e. the channel length L, are between
20µm and 200 µm. The active part of the device is defined by opening a 50-110 µm wide window through a double layer resist over the
contacting pads and over the channel. This approach ensures a low
leakage current and a precise definition of the TFT geometry. The
surface is cleaned by oxygen plasma for 30 s. After cleaning, up to
4 devices on one chip are wire-bonded and loaded to the deposition
chamber. The transfer takes approximatively 15 min, therefore exposing the devices to ambient air. Longer exposure time is found
to have a detrimental effect on the transport properties and leads
in the extreme case to a unmesurable small currents. Probably this
is caused by the covering of the metal and the oxide by contaminants. The so minimized exposure to the air may also affect the
performances, however since the extrapolated mobility is comparable
to the values found in the literature, this effect is considered to be
small. The chamber is pumped down for 12-24 h to a base pressure of
∼10−8 mbar. The evaporation is performed as described in Sec. 4.3.
Briefly, the pentacene is deposited at a rate of 0.3-0.6 ML/min up to
a thickness of 6-7 ML. The devices are characterized in-situ at intermediate coverages. For some experiments aiming at the investigation
of dopant molecules, a thin channel thickness of 1-3 ML is exposed
to a subsequent evaporation of the dopant molecules from a second
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crucible. While reaching a stable evaporation rate of the dopant, the
sample is hidden from direct exposure to the source. Therefore, a
shorter stabilization time for the dopant (∼10 min) compared to the
stabilization time for the pentacene evaporator (∼1 h) is necessary to
avoid significant contaminations.

6.2.2

Measurements setup

The measurements are performed in-situ in the same vacuum chamber used for the deposition of pentacene. This chamber is equipped
with a home made chip carrier holder fixed on a linear feedthrough.
The electrical access to the samples is provided by a 7-pins electrical
feedthrough connected by flexible cables to the chip carrier holder
(Fig. 4.1). This enables to move the device in and out of the molecular beam without modification of the electrical connections. Moreover, the linear feedthrough can also be rotated along its longitudinal
axis, which allows to deposit the molecules at any arbitrary angle.
The electrical measurements are made using the same instruments
used for the characterization of the nanorods device (Sec. 5.2). In
addition, the gate voltage Vg is supplied by a Keithley 2400 which
permits a maximal gate bias of ±20 V and the measurement of the
gate leakage current Ig . For all the presented results, only devices
with Ig <10 pA have been considered.

6.2.3

TFT formation

By exploiting the deposition setup in combination with the in-situ
characterization, the formation of the TFT can be monitored. For
this purpose, a device with L=40 µm, W =50 µm is exposed to the
evaporation of pentacene molecules while applying Vsd =-1 V, Vg =5 V and measuring Isd . The results presented in Fig. 6.4 show that
Isd remains in the pA range up to a channel thickness t of 1.1 ML.
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At this stage, the evaporated pentacene forms separated monolayer
islands. By increasing the coverage, the current suddenly increase
to few nA, indicating the formation of a percolating network of conductive pentacene islands. Further increase of t up to 6 ML shows a
second slower increase of Isd to the 100 nA range. The change in the
overall increase of Isd at ∼2 ML seems to suggest a maximal mobility already achieved at 2 ML [6, 7]. The steps visible in the current
intensity are caused by the TFT investigations that have been performed at intermediate channel thickness, which slightly modify the
characteristics.
An example of the measured output characteristics (Isd vs. Vsd )
of a device with t = 1.6 ML (W =200 µm, L=40 µm, oxide thickness
tox =50 nm) is shown in Fig. 6.5(a). The current Isd increases with
negative gate voltages Vg , indicating a p-type behavior. Fig. 6.5(b)
shows the transfer characteristics of the same device (Isd vs. Vg ).
From this second plot, the influence of the contact resistance Rc is
identified as a decrease of the slope at higher currents. This is not
obvious in the output characteristics, since Isd around Vg =0 is very
linear, which is commonly taken as an indication of a good contact.
The mobility µT F T equal to 0.02 cm/(Vs) is extracted by a linear fit
of the curve at the maximal slope, while the gate threshold voltage
Vg,th is the intercept of the linear fit with the abscissa.

6.3

Determination of the mobility and
the threshold gate voltage

The investigation of the channel thickness necessary to reach a saturated value of the mobility is important to provide information on
the extent of the accumulation layer. This has a precise physical
meaning, as it shows how the motion of charges can be confined in
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Figure 6.4: Isd current measured at Vsd =-1 V and Vg =-5V
while evaporating pentacene over a TFT. At a critical channel
thickness of 1-2 ML the current suddenly increases and saturates
at 4-6 ML.
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Figure 6.5: (a) Output characteristics of a pentacene TFT
with a channel thickness of 1.6 ML measured in-situ: Isd is plotted in function of Vsd (b) Transfer characteristics of the same
device: Isd is plotted in function of Vg . The effect of the contact
resistance is noted by a decrease of the slope at high currents.
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organic semiconductors, which is important towards miniaturization
and towards an understanding of the transport process.
Using the in-situ measurements capability, the channel thickness
t can be increased in several steps and the devices characterized after
each additional deposition. The evaporation rate is 0.04 ML/min and
the first 1.1 ML are deposited at an angle of +30◦ and -30◦ to the
normal surface direction respectively, in order to well cover the side
of the metallic pad. Additionally, devices with channel lengths from
20 µm to 200 µm are processed in parallel and characterized with the
transmission line method (TLM, Sec. 6.1.3). This is important in
order to extract mobility data free of parasitic resistance effects. For
each device at various t, Isd is measured by setting Vsd =-0.1 V and
by scanning Vg between ±20 V at a rate of 0.2-1 V/s. The mobility
µT F T and Vg,th are determined from the transfer characteristics as
presented above.
Fig. 6.6 shows Rtot = Vsd /Isd of pentacene TFTs with channel
width W =110 µm at different t and at Vg = -20 V. It is noted that
Rtot increases proportionally to L below 80 µm. Therefore, using the
data in this L range, the contact free mobility µcf is calculated from
Eq. 6.7. The influence of the channel thickness on the extracted µcf
is presented in Fig. 6.7. In comparison, the mobilities µT F T from
the transfer characteristics of the TFTs with the different channel
lengths L are also plotted.
The results show that the contact free mobility µcf saturates at
t =∼3-4 ML. The measured µT F T depends on L: higher values of
µT F T are recorded for devices with long channel length L. Because
the devices are processed in parallel, this excludes strong device-todevice variation and suggests an important contribution of the contacts on the measured mobility. In fact, the contact free mobility
µcf is ∼40 % higher than µT F T for the longest channel and a up to a
factor 4 for the shortest one. This implies that µT F T is strongly in-
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Figure 6.6: Total resistance Rtot measured for undoped pentacene TFTs with various channel length L and channel thickness.
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Figure 6.7: Contact free mobility µcf of pentacene TFTs at
various channel thickness. In comparison, the mobility µT F T extracted from the slopes of the transfer characteristics of TFTs
with different L is systematically lower. The difference is assigned to the contact resistance that is neglected in the extraction of µT F T . Error bars indicate the difference between the up
and down scan of Vg in the measured data
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fluenced by the contact resistance and is underestimated with respect
to the real µcf governing the charge transport in the thin film.
The measured µcf value are in agreement with the values found
in the literature for polycrystalline pentacene, which range from 0.5
to 0.8 cm2 /(Vs) (measured with TLM, [69]). For single crystal pentacene measured with a 4-point method and an air-gap field-effect
technique, the mobility reach 20 cm2 /(Vs) [80].
By comparing the transfer characteristics of TFTs with different
channel lengths L, it is noted that not only µT F T , but also Vg,th
depends on both t and L. Fig. 6.8(a) shows the conductivity scaled
by L/W of the same set of measurements used for the extraction
of the mobility data. The black lines denotate the linear fit. It is
recognizable, that Vg,th increases with increasing t and decreasing
L. The maximal shift between TFT with the same coverage t is as
large as 4.7 V, while by comparing the shortest and the longest L,
the maximal shift is 7.2 V. The dependence of t can be understood as
an increase of p caused by the contribution of the grain boundaries
which density per square area increasing with t. The dependence on
L is more puzzling. In the saturation regime (i.e. in case of Vsd ≫
Vg ) it is attributed to a drain lowering of the Schottky barrier [85],
where the source-drain field depends on L for fixed Vsd and on Vg .
This can not be the case in the linear regime, where the source-drain
field is much lower that the gate field. A plausible explanation is
that Vg,th suffers from Rc since it is extrapolated from the transfer
characteristics that are clearly influenced by the contact properties.
Fig. 6.8(b) shows the conductivity, scaled by 1/W obtained by the
slope of the relation Rtot vs. L at Vg from 0 to -10 V (Eq. 6.5). The
intrinsic Vg,th,i , identified by the intercept of the linear fit with the
abscissa, is about 10 V and varies only by 2.4 V for different channel
thickness. This value is close to Vg,th for the longest L (Fig. 6.8(a)),
confirming the importance of the contact resistance on the precise
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determination of the characteristics of short channel TFTs.
The good quality of the obtained device presented above allows
the use of TFT with ∼2 ML channel thickness. These devices are an
interesting new tool to study the interaction effects of dopant molecules directly deposited on top of the channel in a sub-ML coverage.
The same devices are also well suited for the investigation of the effect of pentacene TFT exposed to the air. These are the topics of the
next two sections.

102

6.3. DETERMINATION OF THE MOBILITY AND
THE THRESHOLD GATE VOLTAGE

−8

−8

x 10

sd

σ = L/W × I /V

sd

(S)

6 L=18.5 µm
5
4
3
2
1
0
−1
−20

x 10

6.8 ML
4.8 ML
3.6 ML
2.8 ML
2.2 ML

8
(S)

7

6.8 ML
4.8 ML
3.6 ML
2.8 ML
2.2 ML
6.8 ML
4.8 ML
3.6 ML
2.8 ML
2.2 ML

−1

L=192 µm

8

9

σ = 1/W × ( ∂(Vsd/Isd)/∂L )

9

7
6
5
4
3
2
1
0

−10
Vg (V)

0

−1
−20

−10
Vg (V)

0
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6.4
6.4.1

Effect of guest dopant molecules
Control of threshold gate voltage by insitu doping

TFT devices with a pentacene thickness of 1-3 ML are used to investigate the effect of an evaporation of very low dose of a second
dopant molecule on top of the existing pentacene channel. The investigated organic molecules are tetrafluoro-tetracyanoquinodimethane
(F4 TCNQ, Fluka), manganese(III)-tetraphenylporphyrin chloride
(MnTPPCl) (Aldrich) and Fullerene (C60 ,Aldrich) used as received.
Since a very low dopant coverage already modifies the transfer characteristics of the TFTs, a low evaporation rate of 0.02 ML/min is
necessary. This should also minimize the damages to the existing
pentacene layer, which could lead to a decrease of the mobility because of structural defects induced by the deposition. All measurements are performed in-situ and in the dark.
Figure 6.9(a) shows the transfer characteristics of a pentacene
TFT with L = 40 µm, W = 50 µm and channel thickness of ∼2 ML
exposed to a subsequent evaporation of dopant molecules. The transfer characteristics is measured by applying a fixed drain-source bias
(Vsd =-1, V for the MnTPPCl and Vsd =-0.1, V for F4 TCNQ). The
effect of the dopant molecules is characterized in terms of the shift
of the Vg,th and of the change of the mobility µT F T extracted from
the transfer characteristics (Sec. 6.1.3). It is recognized, that the
MnTPPCl molecules induce a decrease of Vg,th and of the mobility
µT F T . This is assigned to a n-type doping. It should be noted, that
the effect is already noticeable at 0.2 mol% of , which represents a
molecular surface density at the of 4.7×1011 . An opposite behavior
is observed for the F4 TCNQ molecule (Fig. 6.9(b)). The deposition
shifts Vg,th towards positive values, which indicates an increase of the
charge carrier density p0 (Eq. 6.2). This observation is discussed in

104

6.4. EFFECT OF GUEST DOPANT MOLECULES

16

12
10
8

3.5

6
4

3
2.5
2
1.5
1

2

0.5

0

0

−2
−10

−5
V (V)

undoped
0.7 mol%
1.3 mol%
1.8 mol%

4

−I

−I

source−drain

(nA)

14

4.5

(nA)

undoped
0.2 mol%
2.4 mol%
2.6 mol%
2.8 mol%
3.1 mol%
3.6 mol%
4.7 mol%
8.0 mol%
13.6 mol%

source−drain

18

−0.5

0

g

−10

0
V (V)

10

g

Figure 6.9: Comparison of the effect of guest dopant molecules on the transconductance. (a) Doped with MnTTPCl. (b)
Doped with F4TCNQ.

105

IN-SITU DOPING OF A FEW MONOLAYER
PENTACENE THIN FILM
the next section. The mobility µT F T also appear to increase, but this
result has to be carefully reflected. In fact, the detailed investigations
presented in Chap. 7 suggest that this effect is related to a decrease
of the contact resistance. The last observation is on the influence of
the adsorbed C60 , which have been evaporated on top of the pentacene channel without modification of the electrical properties being
observed.
Fig. 6.10 summarizes the shift of Vg,th for the investigated molecules. The minute variation of Vg,th for the three undoped devices is a
consequence of run-to-run variations and possible contaminations of
the device during the stabilization time necessary to equilibrate the
heated dopant crucible in order to reach a stable evaporation rate.
As stated above, the addition of F4 TCNQ molecules promotes a
charge transfer (CT) process between the pentacene and the dopant
molecules. This is tentatively explained by considering the ionization
energy (IE = difference between the vacuum level and the HOMO)
and the electron affinity (EA = difference between the vacuum level
and the LUMO) of the two molecules. A summary of the electronic
levels of the investigated molecles in prsentef in Fig. 6.11. From UPSIPES experiments [36], the HOMO level of pentacene is observed at
-5.0 eV and the LUMO of the highly electronegative F4 TCNQ is observed at -5.2 eV. A transfer of an electron between the HOMO level
of pentacene to the LUMO of F4 TCNQ (-5.2 eV) seems therefore energetically favorable. This process would create a hole in the HOMO
of the pentacene and lead to an increase of p. This is consistent with
the transfer characteristics being experimentally measured as shifted
to more positive gate values.
The situation for the MnTPPCl is more difficult to interpret,
since the fact that the HOMO at -8 eV and the LUMO at -2 eV does
not indicate a possible transfer of charges. A similar consideration
on the electronic level can be made for C60 , where the HOMO is
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located at -6.5 eV and the LUMO at -4.6 eV [86]. Indeed, no indication of electronic interactions is observed between C60 and pentacene.
The shift of Vg,th in the case of MnTPPCl can be explained by the
existence of energy levels in the bandgap, given for example by impurites or by a partial thermal decomposition due to the evaporation
process. The difference between MnTPPCl and C60 , besides lower
thermal stability of MnTPPCl, is the existence of an electric dipole
and a magnetic moment given by the unpaired spin of the partially
oxidized Mn atom. An exciting explanation of the shift of Vg,th and
the decrease of µT F T upon addition of MnTPPCl to pentacene could
therefore be related to the electronic interaction of those dipoles with
the charges in the conducting layer. More experiments would be
necessary in order to gain insight in this possible phenomena. However, because of the improved transport properties of F4 TCNQ doped
pentacene, the further investigations in the dissertation concern this
latter doping process.

6.4.2

F4 TCNQ doping : effect on the carrier
concentration

The addition of F4 TCNQ dopant molecules on top of a few ML TFT
is now studied in detail: starting with TFTs devices with L=20 µm
and 50 µm and W =110 µm, the dopant molecules are added in several subsequent steps. The evaporation and the characterization are
performed similar to the case described for the devices presented in
Sec. 6.4 except that a Vsd =-0.1 V is applied for the measurement of
Isd .
Fig. 6.12(a) shows the change of the transfer characteristics after
the addition of the surface dopant, performed in several steps. The
first observation, already noticed in Fig. 6.9(b), is that the current
strongly increases and Vg,th moves toward positive voltages. The
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second observation is the decrease of the on/off ratio, i.e of the ratio
between the maximal current at the Vg =-20 and the minimal current
at positive Vg . The undoped device shows an on/off ratio of 4×104 ,
while it decrease to 15 for the devices doped with 11.3 mol%. The
decrease of the on/off ratio is ascribed to a strong increase of the
charge carrier density, which can not be electrostatically controlled
by the gate voltage. This observation is in agreement with [59], but
clearly limits the maximum amount of doping for obtaining a device
with good dynamic range.
To quantify the number of doping induced charge carriers, the
change in the gate threshold voltage Vg,th is evaluated for a device
with L=20 µm and L=50 µm. In Fig. 6.13 the shift ∆Vg,th relative
to the Vg,th of the undoped devices is plotted as a function of the
amount of additional dopant.
The dopant ratio c is expressed in mol% relative to the total
amount of deposited pentacene (1.7 ML). The induced charge carriers concentration per unit area p is estimated from p = Cox ∆Vth /e,
where Cox is the oxide capacitance (2.4 × 10−8 F/cm2 given by the
150 nm SiO2 used as gate dielectric). Below ∼1 mol%, p increase
linearly with c. The activation ratio η indicating the charges induced by a dopant molecules can therefore be calculated from relation between p and c. Is is found that for L=20 µm, η is equal to
1, while it decreases to 0.5 for L=50 µm. This dependence from L
is not well understood, but is probably related to the Vg,th dependence on L caused by the the extrapolation of Vg,th from the transfer characteristics without correcting for the contact resistance (see
Sec 6.1.4). Nevertherless, this provides an estimation of the number
of charges produced by the charge transfer process between pentacene
and F4 TCNQ. Since a longe channel TFT is less sensitive to the contact resistance, η is estimated to be in the range of 0.1, which would
imply that in average 1 over 10 F4 TCNQ molecule provides a hole to
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the conductive pentacene channel. It is worth to note that the deviation form the linear relatioship appear at ∼1 mol%. Assuming that
the deviation occurs when the influence area of the dopant molecules
start to overlapp, it can be concluded that the radius of influence
of a dopant moleculeat is equal to the average distance between the
dopant at ∼1 mol%, which corresponds to ∼5 nm. This is a rough approximation that assume also that the dopants are well distributed
on top of a perfect pentacene layer, but provides an estimation of
the extention of the coulomb potential of the ionized dopant in a
2-dimensional geometry.

6.5

Influence of air exposure on the
threshold gate voltage

In Sec. 5.2 it was shown that the conductance of pentacene nanojunctions increases upon air exposure. In order to quantify this
unintentional effect, TFTs with 2 ML pentacene channel (L=40 µm,
W =50 µm for the TFT measured in vacuum, W =500 µm for the TFT
measured in air) measured in-situ in the dark and in air with light.
For these experiments, the characterization is performed by scanning
Vsd between +1 V and -5 V at each Vg . It is confirmed for both TFTs
that the Isd is linear at small Vsd , which permits to calculate the
conductance by the slope ∂Isd /∂Vsd . The conductance normalized
by the device geometry is plotted in Fig. 6.14. The gate threshold
Vg,th moves from -4 V for the TFT measured in vacuum to +4.3 V
for the TFT measured in air. This indicate an increase of the charge
carrier concentration p0 to 3.3 × 1017 c/cm3 (Eq. 6.2) and a change
of the TFT from a normally-off (Isd =0 for Vg =0) to a normally-on
(Isd 6=0 for Vg =0). The decrease of the slope upon air exposure is
related to a decrease of the mobility µ. The measurements in air are
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performed after ∼15 min of exposure to the air. With much longer
exposure time, µ decreases further and finally the current become so
small that it is not possible to measure the TFT properties anymore.
It is concluded, that exposure to the air and light increases p but
decreases µ. A proper encapsulation would be required in order to
stably operate the TFT in air.
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7

Coevaporation of F4TCNQ
and pentacene
As recognized in Sec. 6.3, the contact resistance Rc of few ML TFT
plays an increasing role, especially as the size of the devices is reduced below the 10 µm range. Towards the miniaturization of organic electronic devices and the improvement of their performances,
it is therefore important to decrease Rc . In this section, the doping
schema for the reduction of Rc is investigated.

7.1

Reduction of the contact resistance

Following the procedure presented in Sec. 6.2.1, doped pentacene
TFTs are in-situ prepared and characterized. In order to keep the
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Figure 7.1: Transfer characteristics for a (0.7±0.02) %
F4 TCNQ doped pentacene TFT with L=18 µm at various channel thicknesses.
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on/off ratio reasonably high, a low doping ratio of (0.7±0.02) % is
used. This is achieved by evaporating a mixture of F4 TCNQ and
pentacene. The doping concentration c is estimated from the relation
betwee ∆Vg,th and c presented in the previous Chapter (Fig. 6.13) by
comparing devices with the same L. From the transfer characteristics
(Fig. 7.1) it is found that the on/of ratio is 250 for the TFT with
L=18 µm and the thickest channel coverage, but increases to 5×103
at the thinnest coverage. The TFT with larger L have on/off ratios
in between these values. Using these data, the same analysis based
on the transmission line method (TLM) presented in Sec. 6.1.3 is
carried out. The results are presented in Fig. 7.2.
Comparing with the undoped TFT (Fig. 6.6), it is found that
the linear relation between Rtot and L is improved up to the longest
channel devices. This is consistent to the model by Horowitz, where
the mobility in polycrystalline organic TFT is limited by the grain
boundaries, of which influence can be reduced by doping [87]. Fig. 7.3
shows the extrapolated Rc for both an undoped and the doped TFTs.
Rc includes the contribution of both source and drain contact. The
error bars indicate the difference of Rc due to the hysteresis of Isd
between up and down sweeps of Vg . The hysteresis is not a consequence of the setup capacitance: an example of small hysteresis can
be seen in Fig. 6.5. For clarity, the up sweep has been omitted so far.
For both undoped and doped TFTs, Rc decreases with increasing
channel thickness T . The decrease is attributed to the increased uniformity of the pentacene coverage at the edge of electrode contacts.
This is concluded from SEM observations of the devices at different
channel thickness prepared using the same conditions. For the undoped TFTs, Rc reaches a minimum value of 7 MΩ at the thickest
T =6.4 ML with Vg =-20 V. The Rc is 8 times higher compared to the
reported values [82, 88]. This is ascribed to the small deposited pentacene thickness: in fact only the electrode edge is completely covered
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by pentacene while the surface of the electrode does not contribute to
the injection of the current in the channel, decreasing therefore the
effective area. Moreover, the contact resistance may also depends on
the thickness of the organic semiconductor above the metal surface.
For the doped TFTs, Rc is ∼0.35 MOhm, which is a factor 20 smaller
than that of undoped TFTs. The Rc of the undoped TFT is about
80 % of the total resistance for a channel legth of 20 µm. For the
doped TFT, the Rc /Rtot decrease to 30 %. This indicates that the
resistance of the channel is strongly reduced because of the additional
charge carriers induced by the doping process, but the the resistance
of the contact region is even more influenced. The observation underlines the importance of Rc on the organic TFT performance.
For the undoped TFTs and at fixed T , Rc decreases when a more
negative Vg is applied. This indicates that the gate electric field is
essential for the efficient injection of charges to the TFT channel.
This can be compared to the Schottky barrier transistor in carbon
nanotube [89]. The barrier height is determined by the band alignment and the gate induced carrier concentration [90]. This enhances
the thermionic emission over the barrier [91]. At the same time,
the higher carrier concentration decreases the depletion width and
enhances the (thermal assisted) tunneling through the barrier [92].
Both processes lead to an enhancement of the carrier injection by Vg .
The situation is reversed for the doped TFT. First, the influence
of Vg is less pronounced. This is ascribed to the fact that the potential
profile is here mostly determined by the ionized dopants [93]. Second,
a detailed inspection of the data indicates a slight increase of Rc for
Vg below -10 V. It is noted that the increase of negative Vg leads to
the downward shift of the density-of-state (DOS) of pentacene channel relative to the Fermi energy of the electrode while increasing the
DOS filling by holes. Therefore, the decrease of Rc can be ascribed to
the decrease of DOS with Vg e.g. by saturating the states created by
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the ionized dopants [5]. This reduces the thermal assisted tunneling
through the barrier by decreasing the available final states [13]. On
the other hand, the increase of the hole concentration in the channel
can partially screen the impurity potential that counteracts the barrier lowering effect. Consequently the width of the interface barrier
is increased. However, the screening property of the holes limited by
the hopping-like conduction in organic semiconductors has not been
clarified yet.

7.2

Comparison between the mobility
of undoped and doped TFT

The same data analyzed above also provides evidence that the mobility is hardly affected by the ionized dopants. Fig 7.4 shows a comparison between the contact free mobility µcf measured using the TLM
(Eq. 6.7) for the undoped a doped TFTs. Although µcf of the doped
TFT is slightly higher for a thickness smaller than 3 ML, it reaches a
similar saturation value of (0.35±0.05) cm2 /(Vs) for increasing coverage. The small difference in the early stage of the channel formation
is explained by the importance of the grain boundaries at this stage.
It was pointed out by Horowitz et. al [50], that back-to-back Schottky
barriers form at the intergrain regions. The barrier width depends on
the amount of defect states at the grain boundaries. It is therefore
plausible, that additional charges originating from the doping process
decreases these barriers and therefore enhances the measured mobility. However, from the data presented here it can be concluded that
this does not lead to a drastic change in the channel mobility at high
gate voltage.
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Figure 7.4: Contact free mobility for undoped and F4 TCNQ
doped pentacene. The mobility is similar in both cases and is
saturated at 3-4 ML. This shows the minimal influence of the
dopant molecules on the hopping/scattering of the charges.
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Thermally activated
transport in pentacene
In this section, the results of temperature dependent characterizations of the TFTs are presented. For these measurements, the devices
have to be transferred to the same cryostat which has also been used
for the characterization of the nanojunction devices (Sec.5.3). The
exposure time to ambient air is kept to the minimal, typically ∼5 min.
All the TFTs presented in this chapter have a channel length between
20 µm and 200 µm, a channel width W of 110 µm, a gate oxide thickness of 150 nm and a channel thickness of 6-7 ML. In case of doped
TFTs, the TLM can be applied over the whole range of investigated
temperatures. This allows to extrapolate the contact resistance Rc
and the contact free mobility µcf . These data are compared to the
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mobility extracted from the transfer characteristics µT F T of undpoed
and doped TFTs. In the last part of the chapter, the dopant induced
modification on the density of states (DOS) in presented.

8.1

Temperature dependence of the mobility

Fig. 8.1 and Fig. 8.2 show some examples of the acquired transfer
characteristics at different temperatures. It is noted that because of
the short exposure to the air, the characteristics are slightly different
from these which have been acquired in-situ. Most evident is the
shift of the transfer characteristics of the doped TFT towards negative voltages, which is assigned to a partial de-doping. However, the
conclusions presented in this chapter are based on the difference between undoped and doped TFT and are therefore not fundamentally
affected.
From these data, the TLM is applied and the extracted contact
free mobility µcf at gate voltage Vg between -10 V and -18 V is presented in Fig. 8.3. An almost linear relation between log(µcf ) and
1/T is found with a corresponding Ea of approximatively 95 meV for
Vg =-10 V, and slightly lower for more negative Vg . By carefully looking at the data, it is found that Ea is higher at lower T and no sign of
temperature independent mobility is found. This reflects the hopping
character of the charge transport in these polycrystalline 6-7 ML thin
film.
For comparison, an Arrhenius plot of the mobility µT F T calculated from the fit of the linear part of the transfer characteristics
presented above is presented in Fig. 8.4. As stated in Chap. 7, the
doping process drastically decreases the contact resistance Rc . The
calculated mobility should be therefore less affected by Rc and L.
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295 K to 136 K.
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Figure 8.2: Transfer characteristics of a F4 TCNQ doped pentacene TFT (left L=20 µm, right L=200 µm) at temperatures
from 296 K to 131 K.
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Figure 8.3: Contact free mobility µcf of doped TFT at various
gate voltages. The mobility decreases with decreasing Vg and
approximatively follows a log(µcf ) vs. 1/T relation. An activation energy of ∼95 meV is found for Vg = −10 V and slightly
decreases with more negative Vg .
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Consequently, Ea is less sensitive to injection processes and it is found
to varies between 102 and 78 meV for small, respectively large L, with
even a further decreases at higher T and large L. The similarity between µcf and µT F T for TFTs with low Rc , both with respect to the
T -dependence and to the extracted Ea indicates that the mobility of
doped TFTs can also be calculated from the transfer characteristics
without major contact artifacts.
For the undoped TFTs, it was not possible to apply the TLM at
low temperature (see Sec. 6.1.5). Therefore, only the µT F T extracted
from the transfer characteristics is presented. Fig. 8.5 shows an Arrhenius plot of the µT F T for undoped pentacene TFTs. As expected,
the so calculated µT F T is influenced by Rc (Sec. 6.3) and therefore
Ea depends strongly on L.
At small L the effect of Rc is evidenced by the existence of two
temperature ranges with different Ea . In the high temperature range,
µT F T is thermally activated with Ea =215 meV, while in the low temperature range Ea decreases to 93 meV. Since a change from a lower
to an higher Ea with increasing T can not be explained by two different processes acting in series (e.g. contact and channel), µT F T
reflects two ways for charges to be transported. The higher activation energy Ea =215 meV is probably strong affected by contact
effects as thermionic or thermally assisted tunneling through the interface barrier. The value can be compared to the injection process in
undoped nanorods (Sec. 5.3.3) which shows a value between 270 meV
and 360 meV. It should be noted however, that in TFT the gate field
can modify the injection barrier in a different way compared to bias
field in nanojunction devices. Moreover, the charge carrier density is
probably different, which would also change the shape of the band
bending at the interface. The part of the Arrhenius plot associated
with the lower Ea is dominated by two contributions: a tunneling process through the barrier and the thermal activated transport in the
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Figure 8.4: Thermal activation energy of the mobility µT F T
for F4 TCNQ doped pentacene TFTs. An activation energy of
78-102 meV is found for all 4 devices independently from the
channel length L.
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channel (i.e. not influenced by the contact). The tunneling process
can be weakly temperature dependent because of a possible thermally
assisted contribution [94].
With increasing L, there is a progressive change to a single temperature regime. At large L, the contact has much less influence and
µT F T is well described by a single activation energy of 71 meV.
From these data, it is concluded that the doping process has
small influence on Ea . In fact, for large L, the doped and the undoped devices have similar Ea . This is explained by the fact that Ea
is measured from µT F T , which is extracted from a linear fit of the
transfer characteristics either by starting at the maximum Vg or, in
case of high Rc as the maximal slope. Therefore, µT F T reflects the
mobility at high Vg . In Sec. 8.5, the activation energy of the conductivity as a function of Vg is presented. It is found that at high
Vg , there are no differences in Ea between doped and undoped TFT.
(Fig. 8.9). These latter activation energies also includes the activation of the carrier concentration p. In the next section it will be
shown through the analysis of the Vg,th shift, that the temperature
may induce a change in the carrier concentration p only by a factor
2 in the investigated temperature and gate voltage range. Compared
to the two orders of magnitude change of µT F T , the change in p is
unimportant. It is therefore allowed to compare the Ea of the conductivity and of µ with the conclusion that at high Vg , both undoped
and doped TFTs shows very similar thermal activated behavior. In
fact, high Vg shifts the Fermi level well above the energy scale of the
dopants, i.e. in the region where both undoped and doped pentacene
have similar density of states (see Fig. 8.9 and Fig. 8.10). However,
it is expected that the contact free mobility measured at lower Vg is
different between undpoed and doped TFTS.
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Figure 8.5: Thermal activation energy of the mobility µT F T
for undoped pentacene measured between 296 K and 131 K for
various channel length L. For the TFT with L=18.5 µm, the
activation energy change from 93 meV to 215 meV at 230 K. For
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is found.
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8.2

Temperature-induced shift of the
gate voltage threshold

From the transfer characteristics, a temperature and L dependent
gate threshold Vg,th is measured. The results presented in Fig. 8.6
show that the shift ∆Vg,th drawn to scale Vg,th at T=298 K is similar
for undoped and doped TFTs and in a rough approximation is independent on L. It is found that ∆Vg,th is at the maximum 10 V, which
represents a factor 1/2 of the maximal applied Vg . It was pointed out
by Meijer et al. [83], that Vg is merely a fitting parameter. The temperature dependence of Vg is governed by other underlying physical
parameters. However, since Vg,th is related to the carrier concentration p, investigation on the T -dependance of Vg,th is important to
have information on the temperature induced variation of p. These
considerations lead to the conclusion that the charge carrier density
does not strongly depend on T , so that any change of the conductivity or the mobility by orders of magnitude (see previous section) can
not be determined by p.

134

8.2. TEMPERATURE-INDUCED SHIFT OF THE
GATE VOLTAGE THRESHOLD

0

−2

−6

∆V

g,th

(V)

−4

undoped
−8
F TCNQ doped
4

−10

−12
100

150

200
T (K)

250

18 µm
47.5 µm
71.5 µm
190 µm
18.5 µm
48 µm
73 µm
192 µm
300

Figure 8.6: Temperature induced gate threshold voltage shift
for undoped and doped TFTs with various channel length L
drawn to scale Vg,th at 298 K.
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8.3

Contact resistance

The temperature dependence of the contact resistance Rc , extracted
by the TLM from doped TFTs at Vg = −20 V is is plotted in Fig. 8.7.
Between room temperature and 190 K, Rc increases according
to the relation Rc = Rc,RT × exp(Ea , c/(kT )). The activation energy Ea,c for this process is 0.16 eV. Below 190 K, the behavior deviates and the changes are less pronounced. The high temperature
regime is assigned to a thermally assisted tunneling of charge between
the metal electrode and the doped organic [75, 95]. The thermal
component of the tunneling process is here given by the probability
∼exp(∆E/kT) that a charge hops between two sites having an energy difference ∆E. By increasing T , there are more charges that
can hop between more sites and therefore the process is thermally
assisted. The possibility of a thermionic emission process originating
from the thermal activated injection is excluded by the information
obtained from the doped pentacene nanojunction (Sec. 5.3.2). There,
a linear IV is found from room temperature down to T =120 K which
shows that no substantial energy barrier is formed at the interface.
At T below 190 K, there is a transition to a temperature independent Rc . In this T-range, a tunneling process could be the reason of
the constant Rc . The same transition was observed in the contact
resistance of carbon nanotubes []. It is therefore plausible that at
this gate voltage (Vg =-20 V) the barrier width at the interface between metal and doped pentacene is thin enough allowing a direct
tunneling of charges. Vg seems also responsible for the missing tunneling regime in the doped nanojunction, where no deviation from
an Arrhenius-like behavior is observed.
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Figure 8.7: Temperature dependance of the contact resistance
RC at Vg =-20 V for a doped TFT. RC is calculated from transistors with channel length from 20 µm to 200 µm as presented
in Chap. 7.
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8.4

Charge carrier density dependence
of the contact free mobility at various temperatures

In Sec. 6.1.2 the working principle of a TFT was presented. The basic model assumes a mobility µ that does not depend on the carrier
concentration. It is shown here, that this is not true in doped few
ML TFT. Again, using the TLM, it is possible to extract the contact
free mobility µcf for Vg between -20 V and 0 V and at various temperatures. The gate induced charge carrier density p is calculated
by p = Vg Cox /(et), where Cox is the gate capacitance, t the channel thickness and e the electronic charge. The result is presented in
Fig. 8.8.
It is found that the mobility µcf increases with increasing p. This
observation is consistent with a filling of the trap states by increasing
p. At high Vg and corresponding increased p, part of the charges
need a smaller activation energy in order to move, i.e. the mobility
increases. At room temperature, the increase is about 1 order of
magnitude over the applied Vg range. By lowering the temperature,
the µcf dependence on p is increased, reflecting the fact that the
thermal energy can contribute less to the hopping of the charges.
The model proposed by Vissenberg and Matters [96, 97], based on a
variable range hopping mechanism, shows
µ∼p

T0
−1
T

(8.1)

i.e. a linear dependence of µ from p in a double log scale. Here T0
describes the effective temperatures of the traps or alternatively the
width of the exponential distribution describing the density of states
(DOS). Although the stronger dependence of µ on p at lower temperature is correctly described by the model, the µ dependence at fixed
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Figure 8.8: The contact free mobility of F4 TCNQ doped pentacene in function of the charge carrier density at temperatures
between 296 K and 131 K.
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T is experimentally found to be larger compared to the prediction.
The deviation from the model is tentatively assigned to the shape of
the DOS. In the model, an exponential DOS is assumed. In the next
section, it will be shown that the DOS of the doped samples showed
here exhibit an additional broad peak as a consequence of the doping
process.
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8.5

Density of states in undoped and
F4 TCNQ doped pentacene

A fundamental aspect governing the charge transport in semiconductors is the density of states (DOS). In 3-dimensional inorganic
semiconductor materials, the DOS responsible for holes conduction
is well described by a parabolic relation N (E) ∼ (E − Ev )3/2 , where
Ev is the upper energy of the valence band. Above Ev (and below the conduction band Ec ) no states exists, i.e. there is a band
gap. In organic crystalline small weight semiconductors, the disorder associated with the imperfect crystal structure given by the weak
forces between molecules leads to a DOS that is usually modeled by
a Gaussian or an exponential distribution. The consequence is an
extension of the DOS into the gap region, commonly denominated as
band tail. The introduction of guest molecules, either unintentionally by contaminations or intentionally by doping, further modifies
the DOS shape. Theoretical models describing the transport properties are based on the knowledge of a statistical function describing
the energy distribution of charges. In order to apply the model to
a physical situation and to compare with transport measurements,
the determination of the DOS with respect of both shape and total
density is required [98].
In this Section, the transport in TFT at variable temperature
is exploited to extract the DOS [99, 5]. This is done by measuring Isd at a small Vsd =-0.1 V, fixed Vg and at various temperatures.
The thermal activation energy Ea is then calculated according to
Isd ∼ exp(−Ea /kT ). Assuming that the density of free carriers is
much smaller than the density of trapped carriers N [100], the measured Isd is given by the number of charges that are available in the
energy range for thermal activation. In a rough approximation, Ea
corresponds therefore to the energy difference between the Fermi level
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EF and region close to the edge of the HOMO level. For practical
purpose, the measurements are performed by scanning Vg at different temperatures and by extracting Ea from the measured Isd (Vg , T ).
Fig. 8.9 shows a plot of the dependence of the extrapolated Ea on
Vg .
The DOS is defined as the number of states ∂N per energy interval ∂E. ∂N is given by ∂Vg Cox /e, where Cox is the gate capacitance
per unit area (2.4×10−8 F/cm2 ) and e the electronic charge. Therefore, the number of states N (E) is
N (E) =

∂N
Cox
=
∂E
e



∂Ea
∂Vg

−1

(8.2)

Calculating N (E) implies to differentiate the Ea values in Fig. 8.9
with respect to Vg . The rather intriguing decrease of Ea at a certain
Vg is not understood. However, in order to avoid negative slopes in
the derivative, the calculation is performed by a piecewise linear fit
of 7-13 points and all the results are plotted. This is a compromise
between taking a small number of points and correspondly scattering
derivative, and taking too many points where the changes in Ea are
smeared out. The results are presented in Fig. 8.10, where N (E) is
scaled by the channel thickness to give a volume density.
The DOS of the undoped pentacene can be divided in two regions.
Below 0.15 eV the data are well fitted by a Gaussian distribution by
setting the total of states density equal to the density of pentacene
molecules (3.2×1021 c/cm3 ). The second region is fitted by an exponential part describing the tail above 0.15 eV. The exponential part


−E
Nt
exp
(8.3)
N (E) =
kT0
kT0
relates N (E) to the trap density Nt and to an effective temperature T0 . From the fit it is found N0 =3.6×1019 and T0 =1330 K.
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Vg for undoped and F4 TCNQ dopend TFT pentacene.
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The T0 value is in very good agreement (within 5 %) with the value
reported by Lang et al. [99], which confirm the robustness of the
applied method.
The results on the trap density Nt are a factor 3 different from
those reported by Lang et.al. The difference is ascribed to the exposure of the samples to the air. This is especially important in the
devices presented here, where the 6-7 ML thin channel is very sensitive to the air, even if the exposure time was minimized to 5 min.
The Gaussian distribution describing E below 0.15 eV is centered at
-0.5 eV with a half width half maximum σ of 0.11 eV. These parameters have to be taken carefully, since the fit is performed only over
a small region of the distribution. However, the result is an useful
starting point for the fitting of the doped TFT.
Clearly, the DOS of the doped pentacene is different from the
undoped case, showing higher DOS with an additional broad peak.
It is worth to note, that the peak does not arise from the fluctuation
of Ea in the -5 V < Vg < 0 V region of Fig. 8.9. Rather, the increased
N (E) is a consequence of the almost constant Ea values between -5
and -10 V (Eq. 8.2). The peak in the DOS of doped pentacene is
reasonably well fitted by an additional Gaussian centered at 0.14 eV
with σ of 0.012 eV. This peak is assigned to the F4 TCNQ dopants
producing additional trap levels located above the HOMO of pentacene upon inclusion in the matrix. In Sec. 6.4 the molecular orbitals
of pentacene and F4 TCNQ were presented. The difference between
the HOMO of pentacene ad the LUMO of the dopant is about 0.2 eV
[36]. This is consistent with the observed position of the peak. For
a detailed picture of the doping process, information on dipole formation around the ionized dopant, morphological modification of the
pentacene crystal and contribution from the grain boundaries are
necessary. However, some impact on the effect of the modified DOS
can be drawn.
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By carefully looking at the data presented in Fig. 6.12, the transfer characteristics of a 1.7 ML TFT shows some shoulder in the subthreshold region. Similar observations were made by Mejer et al.
[101]. There, the effect was attributed to the conduction through the
thick channel far away from the interface. In the case of the devices
considered here, the channel thickness is ∼2 ML, therefore this mechanism is rather improbable. The observed shoulders are tentatively
assigned to the transport through the dopant induced DOS. In fact,
N (E) and therefore Isd does not vary monotonically as the Fermi
level is shifted by Vg from the unbiased position toward the middle
gap. Rather, more energy levels become available as the Fermi level
approach the center of the dopant induced DOS. The states involved
in the transport addressed by the Boltzmann distribution can therefore vary in a non-monotonic way, producing a non-monotonic change
in Isd , which is recorded as shoulders in the subthreshold part of the
transfer characteristics. An implication of these scenario, is that the
Fermi position at Vg =0 lies between the HOMO edge and the dopant
induced DOS. This hyphotesis is consistent with the ’normally on’
state of the doped TFT and the decreased on/off ratio, since the
Fermi level can only be moved by Vg in a finite energy window.
An interesting final comparison that has to be made is between
the position of the doped induced peak in the DOS, the thermal activation energy of the I − V in doped nanojunctions (Fig. 5.3) and
of Rc in doped TFTs ((Fig. 8.7). The observation is that, although
measured in very different experiments, all these energies are very
close. The thermal activation energy of the conduction in doped pentacene 10-nm channel measured with the nanojunctions is found to
be 0.123±0.002 eV. The contact resistance Rc measured in a 6-7 ML
TFT geometry shows a thermally activated behavior with an activation energy of 0.16 eV. This suggests that these three phenomena
may be related. It is recognized, that the injection of charges from a
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metal electrode to an organic semiconductor depends on the available
states at in the second layer of molecules close to the interface [Ref].
Since the doping induce additional states, the injection is enhanced.
This is what is also experimentally observed by the reduction of Rc
by doping. In the nanojunction devices, the transport can hardly
be separated between interface injection and channel transport since
the band bending occurs in a significant part of the channel. The
measured activated transport could be therefore based on the same
phenomena acting on Rc . This confirm that measuring the transport
in a 10-nm channel is equivalent to measuring the injection properties of the interface. In these scenario, the transport is no longer a
3-dimensional effect but rather an interface phenomena.
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Conclusions and Outlook
The electrical transport in organic semiconductor exhibits similar
phenomena that are known from the bulk devices, spanning a large
range of length scales, down to the molecular dimension. In contrast
to inorganic semiconductors, this fact offers a possibility to add new
chemical functionalities to devices in the nanometer scale.
In this thesis, few monolayer-thick thin film transistors (TFTs)
have been manufactured and characterised ’in-situ’. These devices
uniquely offer direct access to the quasi two dimensional active material layer. Thus, the manipulation of charge carrier density and
the transistor performance by dopant ad-molecules in controlled submonolayer concentrations have been studied. These experiments represent a new method for the investigation of doping phenomena in
organic semiconductors. The characteristic effect of C60 , MnTPP
and F4 TCNQ deposition at sub-monolayer coverage on top of a 2 ML-
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thick pentacene channel provides clear evidence for electronic interactions with the active material layer which are specific to the chemical
structure of the dopant molecules. MnTPP, that has a large dipole
moment, shows a combination of decreased mobility and charge carrier density, which can be assigned to a n-type doping process. The
addition of C60 , that is non-polar, shows no modifications of the
transport properties of the pentacene channel. The most striking
effect is found when F4 TCNQ is used as a dopant molecule: Here,
the investigations show a p-type charge transfer doping process that
permits both an increase of the charge carrier density and an improvement of the injection efficiency at the metal-pentacene channel interface without degradation of the channel mobility. The doping efficiency is estimated to be in the range of 0.1 charges/dopant molecule.
By using the transmission line method (TLM), the channel mobility
µ of TFTs with 2-7 ML-thickness is measured without the influence
of the contact resistance. µ is found to be 0.35±0.05 cm/(Vs) for
both undoped and F4 TCNQ doped TFTs, which is comparable to
the state-of-the art mobility of polycrystalline organic semiconductors. This behaviour shows that the coulomb potential of the ionized
dopants is screened to a large degree. An approximately linear relation is observed, for both undoped and doped pentacene, between
log(µ) and the inverse temperature 1/T that evidences the importance of hopping between localized states.
The exact physical origin of these striking phenomena related
to the doping induced enhancement of the injection at the metalorganic interface has not been clarified yet. However important insight is obtained by temperature dependent transport in TFT geometry as well as in 10 nm-channel devices: The Schottky-like potential
barrier between a metal electrode and an undoped organic semiconductor is revealed by the current-voltage characteristics measured
in a 10 nm channel device based on the metallic nanojunction spe-

150

cially developed for this study. The contact resistance at the metalorganic interface can be lowered by the gate field in thin film transistor geometry with few monolayer channel. The effect, although
on a nanometer scale, is similar to what is found in conventional inorganic semiconductors and in 1-dimensional conductor like carbon
nanotubes. It is related to a potential barrier with finite thickness
that results from a finite difference ∆E between the metallic work
function and the ionization potential of the pentacene. The Scottky
barrier height of ∼0.4 eV has been determined from the temperature dependent current-voltage characteristics of undoped pentacene
on a 10 nm-channel nanojunction. This value is consistent with the
expected ∆E of 0.47 eV.
However, the injection process can be controlled by doping engineering. The doping process here results in the local modification
of the potential landscape by the individual ionized dopant molecules. The radius of influence of a single dopant is estimated to be
few nanometers, therefore a few % doping ensures a complete change
of the injection barrier at the metal-organic interface. In pentacene
doped with 3% F4 TCNQ, a highly linear, ohmic transport regime in
a 10 nm channel device is achieved with an enhancement of the conductivity by a factor of 103 -105 . In the TFT geometry, the contact
resistance is reduced by a factor of 20 upon 0.7% F4 TCNQ doping.
The effect of the gate field on the contact resistance is in this case
reverted, which confirms that the charge injection process at the interface is strongly modified by the ionized dopants.
At low temperature, the contact resistance in doped TFTs shows
a thermally activated behavior with an activation energy of 0.16 eV.
This value is similar to the activation energy of 0.13 eV measured from
the temperature dependent conductance of a 10 nm-channel doped
pentacene. At sufficiently low temperature, the TFT contact resistance shows a transition to a temperature independent regime, which
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is associated to the tunneling of charges between the electrode and
localized states close to the electrodes.
In addition, from the temperature dependent transport characteristics of TFTs, the dopant induced modification of the density
of states (DOS) is observed as an additional broad peak centered
0.14 eV above the highest occupied molecular orbitals (HOMO). It
is found that the energy position of the F4 TCNQ induced DOS, the
activation energy of the contact resistance of doped TFT and the
activation energy of the conductance of 10 nm-channel device based
on F4 TCN doped pentacene are similar in value. This may suggest
that these three phenomena are related. On the nanometer scale,
the contact resistance is described as an injection of charges from
a metallic electrode through multiple site hopping processes, which
depends on the availability of electronic states. Additional doping
induced states can therefore enhance the injection process. This is
consistent with the observed strong decrease of the contact resistance
in doped pentacene TFTs and with the observed enhancement of the
conductance in a 10-nm channel with doped pentacene.
The key advantage of organic electronics originates from the confinement of the charge carriers wave function at the molecular scale.
This has been directly exploited for the operation of ultrathin active layer devices and by doping engineering. These methods have a
potential impact on future applications based on organic semiconductors and their application within sensors and devices. Future possible
experiments involve the in-situ monitoring of the charge transfer induced by the dopant by Scanning Tunneling Spectroscopy. Advanced
scanning probe experimentation potentially provides molecularly resolved local experiments with individual dopants. Such experiments
provide the basis for direct comparison with numerical simulations of
these well defined device layers and provide the knowledge base for
ultimately miniaturised organic semiconductor devices.
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