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Introduction 

Chapter 1 
 
 
Introduction 
 

In the past decades, pentacene was intensively studied and 
identified as one of the most promising organic semiconductors for future 
device applications. However, various challenges concerning device 
reliability and electronic performance have to be met to reach the 
satisfactory levels for real applications. So far, there is wide agreement that 
achieving high quality pentacene crystalline thin films with large single 
crystalline grains and less grain boundaries is the most essential and 
effective way to improve the quality of devices such as pentacene thin film-
based field effect transistors. In this chapter, I shall review past studies of 
the initial growth of pentacene thin films prepared by thermal sublimation 
and of the various polymorphs observed for this deposition method. I shall 
also illustrate how the growth is influenced by the specific substrate 
surface, what defects arise in the pentacene layer and how they influence 
charge carrier mobility. Next, I shall discuss some recent studies of 
pentacene thin films grown by supersonic molecular beam deposition as 
well as the latest achievements on pentacene transistors based on these 
films. Finally, I shall describe the purpose of the research presented in this 
thesis and give a brief introduction to the various chapters. 
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Introduction                                                                       

1.1 Organic semicondutors in general 
 

Organic semiconductors were first discovered in the 1950’s and 
they include polymers, such as polyacetylene, polypyrrole and polyaniline, 
and oligomers, such as pentacene, rubrene and antracene. All have a 
conjugated π orbital structure, which is formed by the covalently bonded 
carbon atoms via alternating single and double bonds. In the conjugated π 
orbital structure, due to sp2 carbon hybridization, the pz orbital, which is 
occupied by an unpaired electron, can bond with another pz orbital from a 
neighbouring carbon atom to form the bonding and anti-bonding levels, 
which are also called highest occupied molecular orbital (HOMO) and 
lowest unoccupied molecular orbital (LUMO), respectively. Electrons from 
Pz orbitals have a high probability to delocalize along the overlapping π-π 
orbitals. Charge carrier transport in organic semiconductors with either 
amorphous or polycrystalline structure is believed to be based on the 
thermally activated carrier hopping mechanism [ 1 , 2 ] and measured 
mobility values are normally lower than 1 cm2/Vs. However, in the single 
crystal organic semiconductors, the band like carrier transport is the 
dominating mechanism to explain the higher carrier mobility (normally >> 
1 cm2/Vs) and the mobility decreases with increasing the temperature [2, 
3]. Currently, the advantages of organic semiconductor materials have been 
widely recognized: 1) the film preparation is easier and cheaper than for 
inorganic semiconductors; 2) the films have excellent mechanical 
flexibility and  are light weight. For real industrial application, organic 
semiconductor materials are expected to be used in a number of products, 
such as large-area flat panel displays, radio frequency identification tags 
and smart cards. 
 
 
1.2 Overview of pentacene thin film studies 
 

The first pentacene thin film based field effect transistor was built 
by G. Horowitz et al. in 1992 [4], stimulated intensive studies of pentacene 
thin film growth and relevant electronic devices by scientists in the field of 
physics, chemistry and materials science. Some of the most important 
achievements in the field of pentacene thin film based transistors have been 
the following: in 1997, Y. Y. Lin et al. [5] first reported a high hole 
mobility (~ 1.5 cm2/Vs) measured in pentacene transistors, which were 
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fabricated with thermally sublimated pentacene thin films on the 
octadecyltric-chlorosilane (OTS) pre-treated SiO2 surface. Then, in 2002, 
H. Klauk et al. reported a better performance of pentacene transistors with 
polymer dielectric material as a gate [6]. These devices were not only 
characterized by a high mobility, approaching ~ 3 cm2/Vs, but also by a 
low threshold voltage and a large on/off ratio. Recently, in 2006, S. Lee et 
al. realized an even higher hole mobility of ~ 5 cm2/Vs in pentacene 
transistors by increasing the number of hydroxyl groups in the polymeric 
dielectric gate material [7]. Presently, pentacene is widely considered as a 
research model for the fundamental studies of semiconducting oligomers. 
Enormous efforts have been devoted to understanding the pentacene thin 
film growth mechanism and to developing new methods for the 
controllable production of high quality pentacene crystalline thin film since 
it is the crystalline quality of the film which is regarded as a crucial factor 
for the performance of pentacene based electronic devices. 
 
 

 
 
Figure 1-1: Chemical structure of pentacene 
 
 
1.2.1 The pentacene molecule 
 

Pentacene (C22H14) is an organic molecule with a planar 
configuration formed by five fused benzene rings as shown in figure 1-1. 
Thermally sublimated pentacene molecules can be physically adsorbed on 
chemically inert surfaces, such as SiO2, Al2O3 etc [8, 9] via van der Waals 
force interaction. After adsorption, the pentacene molecules aggregate into 
the solid condensed phase via the surface diffusion. On a chemically inert 
surface, the first layer of adsorbed pentacene molecules normally presents a 
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standing up orientation, testifying to the weak interaction between the 
molecules and the substrate. It was found that also in the following layers, 
that the pentacene molecules still pack in the standing up orientation, 
indicating a relatively weaker interaction among the pentacene molecules 
between different layers than that within the same layer [10, 11]. However, 
the standing up orientation can be changed to lying down if the surface 
changes from chemically inert to reactive, such as a cleaned silicon surface 
with unsaturated dangling bonds [12, 13], or to a metal surface, such as the 
surface of Au [14] or Cu [15], which may lead to the strong electronic 
interaction at the interface. 
 
 
1.2.2 Initial growth of a thermally sublimated pentacene thin 

film 
 

The initial growth of a pentacene thin film, especially the formation 
of the first monolayer, has attracted much interest from researchers based 
on two main reasons: 1) a controllable high quality pentacene monolayer 
can be used as a template for growing the subsequent pentacene layers with 
better quality; 2) the first several pentacene layers grown next to the 
electrode are the channel of charge transport and their crystalline quality 
can significantly affect the carrier mobility [16, 17, 18] measured in the 
pentacene transistors. In the formation of the first pentacene monolayer, 
nucleation, molecular island formation and island coalescence are three 
main steps, which can be identified from the surface morphology evolution. 
Pentacene nucleation and island formation on a SiO2  substrate were 
systematically studied by S. Pratontep et al. [19, 20]. In that work, the 
nucleation density and average molecular island size were both found to be 
dependent on the applied deposition rate and substrate temperature, 
indicating a consistency with the rate equations formalism proposed by J. 
A. Venables et al. [21]. They established a correlated island growth mode  
and described it as a relation between the molecular diffusion length (λD) 
and inter-island distance (λNN). The authors pointed out that a correlation 
growth only occurred if 2λD > λNN, which meant that the molecular 
diffusive areas around the neighbouring molecular islands overlapped. 
Consequently, correlated island growth can lead to a uniform island size 
distribution. In addition, the molecular island structure also showed a 
dependence on the applied deposition rate and substrate temperature. With 
increasing deposition rate or decreasing substrate temperature, the 
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molecular island structure was found to shift from fractal to non-fractal. 
Furthermore, this structure transition was also noticed when changing the 
substrate hydrophilicity [22, 23].  

The pentacene critical nucleus size is one of the important 
parameters in the study of the pentacene initial growth and indicates that 
one molecule less than the number of molecules is necessary to form a 
stable nucleus on the surface. The critical nucleus size of the thermally 
sublimated pentacene on SiO2 at room temperature was first calculated and 
reported by R. Ruiz et al. [24] by using the general scaling function, 
established by J. G. Amar and F. Family [25].  In this work, it was found 
that the critical nucleus size was three pentacene molecules meaning that at 
least four molecules were needed to form a stable nucleus. Later on, M. 
Tejima et al. [26] investigated the pentacene critical nucleus size for growth 
at different temperatures and found that it decreased from 3 molecules, 
when the substrate was held in the temperature range from 304 or 342 K, to 
2 molecules, when the substrate temperature was between 223 or 249 K 
during pentacene nucleation. The temperature induced change in critical 
nucleus size was also studied by D. Choudhary and co-workers in their 
computational simulation of pentacene initial growth [27]. They suggested 
that the increase in number of molecules needed for forming a stable 
nucleus when increasing the substrate temperature was due to the decrease 
of the molecular sticking coefficient. 

During formation of the first monolayer, second layer nucleation 
often appeared when the coverage > 0.5 ML and indicated a trend towards 
island growth mode for the thermally sublimated pentacene monolayer. 
This phenomena has been demonstrated by both experimental work [28] 
and theoretically simulation [ 29 ]. In the work reported by F. J. M. 
Heringdorf etc [30], a simple model for explaining the 3-D island growth 
was presented. It stated that the second nucleation only takes place when 

the formula of   is satisfied. N11
2 <NRcπ 1 is the nucleation density; Rc is 

the critical size of formed molecular island in the pentacene submonolayer 
and strongly dependent on the deposition rate (F), surface diffusion 
constant (Ds), and the diffusion barrier existing at the island edge, namely 
the Ehrlich - Schwoebel barrier [31].  

 
 

1.2.3 Effects of the substrate surface on pentacene growth 
 

 5



Introduction                                                                       

In pentacene thin film growth, the nature of the substrate surface 
plays a very important role in determining the molecular orientation, the 
adsorption probability and the surface diffusivity. In 2001, F. J. M. 
Heringdorf and co-workers first successfully produced very large pentacene 
single crystal grains with an average size of ~ 0.1 mm by thermally 
sublimating the pentacene molecules on a cyclohexene (C6H10) pretreated 
Si surface [30]. This achievement indicated a very promising future for 
producing electronic devices based on films with large single crystalline 
pentacene grains. Recently, S. Pratontep et al. presented a fundamental 
study of pentacene sub-monolayer growth (coverage < 40%) on organic 
and inorganic surfaces where they compare the surface morphology 
obtained on various substrates [22]. In this work, the pentacene nucleation 
density was found to be higher on polymer-covered surfaces than on 
inorganic dielectric surfaces. This suggested a relatively higher surface 
diffusivity on organic substrates, such as PMMA, than on inorganic 
substrate surface, such as SiO2 or Al2O3. The resulting island structure 
switches from fractal to non-fractal when changing the pentacene 
deposition from SiO2 or Al2O3 to PMMA. This behaviour was confirmed by 
a similar work of B. Stadlober et al. [23] and explained by the higher island 
edge diffusion for pentacene molecules on a PMMA surface. Furthermore, 
more significant re-evaporation of the molecules was found to occur on 
SiO2 than on PMMA indicating a lower pentacene adsorption energy. 
However, a contradicting result was presented by A.C. Mayer et al. [32] 
who used synchrotron x-ray scattering to study pentacene growth on SiO2 
and on hexadecyltrichlorosilane (HTS) treated SiO2. They claimed that the 
pentacene desorption is more facile from HTS than from a UV ozone 
treated SiO2 surface and attributed the discrepancy between their results 
and those obtained by S. Pratontep et al. to the different SiO2 surface 
treatment.  

Recently, self-assembled monolayers (SAM) are widely used as 
buffer layer on the dielectric gate material for growing pentacene thin films 
in transistor fabrication. Several authors demonstrated that the SAM could 
directly influence pentacene submonolayer growth resulting in different 
morphologies and crystallinity at the interface, which then affect the charge 
mobility measured in the transistors. In 2002, M. Shtein and coworkers 
reported a study of pentacene growth on octadecyltrichlorosilane (OTS) 
modified SiO2 and on O2 plasma treated SiO2 and of the charge mobility 
measured in devices based on such films [33]. In this work, they found a 
relatively higher hole mobility (~ 1.6 cm2/Vs) for the transistor made of a 
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pentacene thin film grown on the OTS pretreated SiO2 than for that 
fabricated with a pentacene thin film grown on O2 plasma treated SiO2 (~ 
0.5 cm2/Vs). X-ray diffraction studies of these films found a significant 
fraction of flat-lying pentacene molecules in the thin film grown on the 
OTS pretreated SiO2 but this feature was nearly absent in pentacene thin 
films grown on O2 plasma treated SiO2.[33] The authors attributed the 
observed pentacene flat-lying configuration to a better adhesion between 
pentacene molecules and OTS pretreated SiO2 surface and concluded that 
this configuration combined with the obtained higher hole mobility implied 
a possibly enhanced π-π orbital overlap between the molecules. Recently, a 
similar work was reported by H. Yang et al. [34], who proposed a direct 
correlation between the crystalline structure obtained in the pentacene 
submonolayers deposited on SiO2 surfaces, modified by hexamethylene 
disilazane (HMDS) and OTS SAMs, and the mobility measured in the 
corresponding thick film transistors. These authors found that compact 
pentacene islands with crystalline facets were formed on the HMDS 
modified SiO2 surface, whereas fractal pentacene islands were produced on 
OTS modified SiO2 surface. Correspondingly, a higher hole mobility (~ 3.4 
cm2/Vs) was obtained in transistors made of pentacene thin films grown on 
the HMDS modified SiO2 than for those grown on the OTS modified SiO2 

(~ 0.5 cm2/Vs). This large mobility difference was interpreted as resulting 
from the compact molecular islands with crystalline facets formed on the 
HMDS modified SiO2 surface. These islands may behave like single 
crystalline grains with much less internal defects and more straight grain 
boundaries in the completed pentacene monolayer. On the contrary, the 
fractal molecular islands with complex divergent polycrystalline structure 
formed on OTS modified SiO2 surfaces imply a larger concentration of 
internal defects and non-straight grain boundaries in the first completed 
monolayer and hence an inferior charge mobility performance in the 
corresponding pentacene transistors. 

The substrate surface roughness is another important issue in the 
discussion of how the surface affects pentacene thin film growth and charge 
carrier mobility. In the work presented by Heremans and coworkers [35], 
the pentacene grain size was found to be dramatically decreased when 
increasing the substrate surface roughness and attributed to the reduction of 
molecular surface diffusivity and the decrease of the energy barrier for 
nucleation. Meanwhile, these authors also found that the hole mobility 
measured in the transistors made with thermally sublimated pentacene thin 
films could decrease from 0.49 cm2/Vs to 0.04 cm2/Vs by increasing the 
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surface roughness. They explained that the charge carriers moving at the 
interface could be trapped in potential valleys due to the roughness and 
only those trapped in shallow minima could move out and drifted along a 
certain horizontal potential gradient. S. E. Fritz et al. reported a similar 
work studying the effects of dielectric surface roughness on the hole 
mobility in the transistors made of thermally sublimated pentacene thin 
films [36]. They discovered a surface morphology variation of pentacene 
thin film grown on SiO2 surfaces, which had been intentionally engineered 
into different surface roughness. Typical fractal pentacene grains were 
found on the top layer of the thermally sublimated pentacene thin film, 
which was grown on a “smooth” SiO2 surface. On the contrary, very small, 
nodular pentacene islands, without any visible crystal facets, were formed 
on the “rough” SiO2

 surface. By increasing the root mean square surface 
roughness from 0.2 nm to 1.5 nm, the charge carrier mobility in the 
pentacene thin film based transistor decreased from 0.31 cm2/Vs to 0.02 
cm2/Vs.[36] 
 
 
1.2.4 Polymorphs of pentacene thin films 
 

So far, there are two main pentacene polymorphs found in the 
thermally sublimated pentacene thin films on SiO2 as shown in figure 1-2, 
namely a bulk phase with an interplanar spacing, Db, ~ 14.4 Å and a thin 
film phase with Db ~ 15.4 Å. In the bulk phase, the unit cell has a triclinic 
structure containing two pentacene molecules arranged in a herringbone 
configuration [37], whereas the thin film phase shows a similar herringbone 
configuration but with an orthorhombic crystal symmetry [38, 39]. In 1996, 
C. D. Dimitrakopoulos and co-workers reported a study of pentacene thin 
film growth by molecular beam deposition and of the related transistor 
performance [40]. By using X-ray diffraction, these authors discovered that 
the thin film and bulk crystal structures could coexist in the pentacene thin 
films grown on SiO2. Successive studies of thin films grown from 
thermally sublimated pentacene found that the formation of different 
polymorphs is dependent on various factors such as the nature of the 
substrate surface [41, 42], the substrate temperature during growth [43]  and 
the thin film thickness [39, 43, 44]. Recently, A. C. Mayer et al. also found 
that the thin film and bulk phase could simultaneously appear in the early 
pentacene nucleation period but their nucleation and following growth were 
completely un-correlated [45]. Until now, the true mechanism of pentacene  
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Figure 1-2: Top view of ab plane (left), side views along ‘a’ axis  (center) 
and along ‘b’ axis (right) of the pentacene bulk and monolayer structure 
[8].   

 
 

polymorphs formation is still under investigation. With respect to the 
pentacene transistor performance, coexistence of pentacene polymorphs in 
the thin film implies disorder and this kind of structure non-uniformity may 
behave as a charge transport barrier degrading transistor performance. 
 
 
1.2.5 Defects in pentacene thin films 
 

A pentacene polycrystalline thin film is generally defined as of 
better quality when showing large single crystal grains and low 
concentration of grain boundaries, impurities and dislocations. 
Understanding the formation of defects in the pentacene layers is very 
critical for further crystallinity improvement. Since in an OFET the 
pentacene layers closest to the interface function as the charge transport 
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channel, the quality of pentacene layer crystallinity has large implications 
for the pentacene transistor performance. Hence, possible defects close to 
the interface are even more significant than those in the more distant layers. 
In 2004, B. Nickel and co-workers reported a study of the dislocations in 
thermally sublimated pentacene thin films with a thickness ranging from 2 
to 8 monolayers above the interface [46]. A relatively low density (~ 
0.5×1011/cm2) of dislocations was found in pentacene thin films grown on 
an OTS pre-treated SiO2 compared to those obtained in the pentacene thin 
films grown on a cleaned SiO2 or on a hydrogen terminated silicon surface. 
The authors also suggested that a high concentration of defects was a 
general physical phenomenon in the thermal sublimated pentacene thin 
films. Later on, K. Punbtambekar et al. directly observed and imaged the 
line dislocations in the second pentacene monolayer grown on SiO2 by 
using the atomic force microscopy combined with a chemical etching 
process [47]. These authors stated that the line dislocations originated from 
the stress buildup inside the pentacene monolayer and remained confined 
within a region due to the high friction force and low surface potential. 
Additionally, the authors used Kelvin force microscopy to determine the 
small grain boundary potential in the first pentacene monolayer and found 
it to be comparable with the thermal energy at room temperature. Hence 
they interpreted the grain boundary potential as a shallow hole trap instead 
of a major charge transport barrier. Another interface study by A. C. Mayer 
et al. [48] found from synchrotron X-ray reflectivity measurements that a 
very thin water layer remained at the interface between the first pentacene 
monolayer and SiO2 surface. These authors suggested that the water layer 
present at the interface could behave as an interface impurity and be 
responsible for charge trapping.  

In addition to the defects formed during the pentacene thin film 
growth, other imperfections also can be introduced into the films during 
transistor fabrication. In the top contact configuration, a gold electrode is 
evaporated on the top surface of the film. In this process, due to the high 
heat load generated by the gold evaporator, the charge transport channel 
can be damaged by re-evaporating the pentacene molecules or by 
disordering the packing order of the molecules. Furthermore, gold atoms 
could penetrate into the pentacene film as reported by J. H. Cho et. al. [49], 
who also found that a sharp interface between gold and pentacene 
corresponding to a lower contact resistance could be achieved by fast gold 
electrode deposition. On the other hand, the bottom contact configuration, 
which is widely used in real industrial application for making the transistor 
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electrodes, implies preparing the gold electrodes directly on the dielectric 
material before growing the pentacene thin film. Large differences in 
surface morphology and crystallinity were found when comparing 
pentacene thin films grown on the gold surface and on the SiO2 surface: 
pentacene grains formed on the gold surface have a much smaller grain size 
than those grown directly on the SiO2 surface [50]. In addition, small 
pentacene grains, and hence a high density of grain boundaries, are also the 
dominating feature in the region close to the electrode, and the size of 
grains gradually increases as one moves further away from the electrode. 
This non-uniform pentacene morphology commonly observed at the border 
between gold and SiO2 in the pentacene first monolayer growth is 
detrimental to charge injection and charge transport in pentacene 
transistors. To improve on this point,  J. Kymissis et. al. [51] and C. Bock 
et. al [52] grew pentacene thin film on a gold electrode surface modified 
with a thiol-based SAM. Both found that the morphological uniformity of 
the pentacene thin films at the border between SAM modified gold and 
SiO2 was improved, the grains were larger in the region close to the 
electrode and the hole mobility was higher in the corresponding transistors.  

 
 

1.2.6 Supersonic molecular beam deposition of pentacene thin 
films 

 
In 2000, supersonic molecular beam deposition (SuMBD) was 

introduced as a new method for the organic crystalline thin film growth by 
S. Iannotta et al. [53]. The authors demonstrated that one could obtain 
highly ordered oligothiophene thin films based on the optical properties, 
which resembled those of single crystal material. In 2003, L. Casalis et al. 
[54] reported the use of SuMBD to grow pentacene thin film on a single 
crystal Ag (111) surface at relatively low substrate temperature (~ 200 K). 
Low energy He diffraction and X- ray reflectivity revealed a highly ordered 
pentacene crystalline structure with quasi layer-by-layer growth. The 
authors attributed the high order to efficient local annealing caused by the 
energy dissipation when the molecules impinge with high kinetic energy of 
~ 5 eV (corresponds to a velocity of ~ 1850 m/s) on the Ag surface. In the 
same year, S. Iannotta and T. Toccoli [55, 56] presented another study 
where SuMBD was used to grow pentacene thin films on SiO2 at room 
temperature. Relatively larger pentacene grains (> 1-2 µm) were obtained 
when imparting a higher kinetic energy (~ 5.5 eV) to the impinging 
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molecular beam but a very different surface morphology of pentacene thin 
film, showing an inferior crystalline quality was obtained at lower kinetic 
energy. Recently, a study concerning the initial growth of pentacene 
submonolayers on SiO2 surfaces by using SuMBD was reported by A. S. 
Killampalli and coworkers [57], who found that the pentacene adsorption 
probability decreased with increasing the impinging molecular kinetic 
energy and incidence angle. Furthermore, scaling the maximum nucleation 
density with the growth rate by using a power law, they claimed that the 
pentacene critical nucleus size contained four molecules in all samples. One 
year later, the same group presented another study of pentacene initial 
growth using SuMBD on a HMDS modified SiO2 surface [58]. The island 
density on the HMDS modified SiO2 surface was found to be independent 
of the growth rate and much higher than that on the pristine SiO2 surface. 
Based on the increased pentacene adsorption probability, authors concluded 
that molecular surface trapping was more efficient on the HMDS modified 
SiO2 than on pristine SiO2. In chapter 3 of this thesis, I shall present our 
recent studies of pentacene growth on SiO2 [59] where we found that 
molecular kinetic energy, Ek, plays a very important role in pentacene 
submonolayer growth. By increasing Ek to 6.4 eV, smaller islands with less 
fractal structure and a large island density were obtained, which resulted at 
higher coverage in a uniform pentacene monolayer with relatively large 
grain size and less grain boundaries. In the study of pentacene nucleation, 
we discovered a transition of the pentacene critical nucleus size from 3 to 2 
molecules when increasing the impinging molecular kinetic energy beyond 
5 eV and concluded that with SuMBD the pentacene submonolayer grows 
through a diffusion mediated growth mode.   

Recently, an investigation of the hole mobility in transistors, based 
on SuMBD grown pentacene thin film on non-SAM modified SiO2 gate 
dielectric with top gold electrodes, was carried out by T. Toccoli et al. [60]. 
They also discovered a grain size increase with increasing kinetic energy of 
the impinging molecules. For samples grown by the supersonic molecular 
beam with a kinetic energy of 6.5 eV, they demonstrated that single crystal 
like, large size pentacene grains with a very low roughness were obtained 
in the top surface of pentacene thin film. The hole mobility measurements 
of the pentacene transistors based on such films are shown in figure 1-3. 
The highest hole mobility of ~ 1.0 cm2 /V s was achieved in the pentacene 
thin film grown at highest kinetic energy of ~ 6.5 eV and was about five 
times higher than that obtained in pentacene thin films grown at lower 
kinetic energy, for example at ~ 3.5 eV. Furthermore, a linear relationship  
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Figure 1-3: OFET output of supersonic molecular beam grown pentacene 
thin films deposited with kinetic energy of (a) 3.5 eV; (b) 5.5 eV and (c) 
6.5 eV. The highest hole mobility (~ 1.0 cm2 V-1 s-1) is derived for 
pentacene thin film grown at a kinetic energy of ~ 6.5 eV [60]. 
 
 
between the hole mobility and temperature of the device was observed for 
samples grown at molecular kinetic energy of ~ 6.5 eV. This indicated a 
mobility decrease with increasing temperature which the authors attributed 
to a nearly band transport behavior, the typical charge transport feature 
occurring in single crystal pentacene [61].  
 
 
1.3 Purpose of the present research  
 

As outlined above, previous works demonstrated that, by using 
SuMBD, the pentacene thin film crystallinity and the corresponding 
transistor performance can be greatly improved. SuMBD also provides an 
alternative method to thermal sublimation for understanding the pentacene 
thin film growth and particularly, the formation of the first pentacene 
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monolayer on SiOx surface which is very critical for the quality of 
successive pentacene layers and also strongly affects charge transport in the 
transistor channel.  

The aims of the research presented in this thesis were: 1) to 
understand, through surface morphology analysis, the growth mechanism 
of SuMBD grown pentacene submonolayers on SiOx and the significant 
differences between SuMBD and thermal sublimation; 2) to study the 
crystallinity of single pentacene molecular islands and of the first 
completed monolayer grown by supersonic molecular beams with different 
kinetic energy; 3) to elucidate the interaction between the impinging 
pentacene molecules and SiOx surface at different molecular kinetic energy, 
beam incidence angle and substrate temperature; 4) to improve the 
uniformity and crystallinity of the first pentacene monolayer grown on a 
surface patterned with bottom contact electrodes for transistor fabrication 
and to determine the charge mobility in the resulting devices.  
 
 
1.4 Outline of the thesis 
 

In chapter 2, our SuMBD system is introduced, including a 
description of the basic working principle, the structure of the entire setup, 
the general operational process and the characterization of the generated 
supersonic molecular beam. Then, we present the surface characterization 
technique – atomic force microscopy (AFM), which was the main tool for 
analyzing the surface morphology and crystallinity of the pentacene 
submonolayer. In this section, in addition to a detailed explanation of the 
working principle of AFM, I describe some important technical details, 
which are useful for obtaining high quality AFM images. In the final part of 
this chapter I illustrate the contact angle measuring system since it is an 
important tool for investigating the hydrophilicity of the surface before 
pentacene growth. 

In chapter 3, we present a systematic investigation of the 
correlation between the kinetic energy of the incident molecules (Ek = 
thermal energy, 3.3, 5.0, 6.4 and 6.7 eV) and the initial growth of pentacene 
submonolayer on the SiOx surface by using the supersonic molecular beam 
deposition (SuMBD). We found that the molecular kinetic energy plays a 
very important role in determining the critical nucleus size, the formation 
of the molecular island, the crystalline quality of the first completed 
monolayer and even the growth mode of the subsequent layers. With 
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increasing the Ek ≥ 5.0 eV, the morphology in the submonolayer regime 
evolves toward higher island density with smaller island size. The SuMBD 
grown molecular islands show less fractal structure and smoother island 
edges than those resulting from organic molecular beam deposition 
(OMBD). The critical nucleus size was determined in the low coverage 
regime by using the general scaling function and found to show a transition 
from 3 to 2 pentacene molecules when the kinetic energy of the incident 
molecules exceeded 5-6 eV. From the comparison of pentacene islands 
grown by SuMBD with those grown by OMBD, we found that the 
pentacene island shape becomes more anisotropic, and the island size 
becomes more uniform, pointing to correlated island growth. Moreover, for 
OMBD 3D island growth is observed, SuMBD gives rise to the layer-by-
layer growth at least for the first 2 layers. By comparing atomic force 
micrographs of the height and of the net transverse shear force, we found 
that when Ek ≥ 5.0 eV, the first monolayer is composed of large single 
crystalline domains which extend over up to 10 micron. In these growth 
conditions not only the surface diffusivity is high, but energy dissipation 
occurring when the molecules hit the surface seems to lead to the 
reorientation of whole islands during island coalescence, resulting in the 
elimination of grain boundaries. The pentacene initial growth by SuMBD 
was interpreted by the diffusion mediated growth model and the conditions 
for pentacene initial growth were optimized. 

In chapter 4, we report the investigation of the dynamics of 
pentacene submonolayers growth on SiOx by SuMBD when varying the 
kinetic energy, the beam incidence angle and the substrate temperature. 
Particularly, we focused on the influence of the kinetic energy of the 
impinging molecules and of the incidence angle. It is found that for a fixed 
Ek of the incident molecules, the sticking coefficient decreases with 
increasing incidence angle, indicating that a larger parallel component of 
momentum favours molecule-surface scattering leading to desorption. This 
also agrees to the highly efficient molecular energy dissipation on the 
surface, which occurs for normal incidence. At constant incidence angle, 
the sticking coefficient shows a decrease with increasing Ek and this is due 
to the large molecule – surface scattering caused by the excessive energy 
that the impinging molecules still have after their first inelastic collision. 
Concerning surfaces with different polarity, we find that the hydrophobic 
surface is more favourable for pentacene adsorption than the hydrophilic 
surface. For SuMBD at normal incidence onto a cooled substrate (~ 200 K), 
surface phonon assisted molecule-surface scattering which makes the 
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molecules rebound into vacuum, is suppressed, leading to a higher 
molecular sticking coefficient than that at RT. For SuMBD in grazing 
incidence and lower substrate temperature (~ 200 K), the lower number of 
surface phonons prevents an efficient dissipation for molecules with large 
parallel momentum, therefore resulting in a lower sticking coefficient than 
for deposition on a substrate kept at RT. The island density and island size 
for the different growth conditions are strongly modulated by two 
important factors: molecular surface diffusivity and molecule – surface 
scattering. In the study of pentacene nucleation, we demonstrate that the 
critical nucleus size is essentially determined by the normal momentum. A 
critical nucleus size transition from 2 to 3 is found for samples grown at Ek 
= 6.3 eV when incidence angle moves away from the normal incidence. We 
suggest that the large molecule – surface scattering and increased molecular 
surface diffusivity due to the presence of the large parallel energy 
component are the key reasons why the formation of a stable nucleus 
requires more pentacene molecules. 

In chapter 5, we present our results of growing the pentacene 
ultrathin films with nominal thickness of 1 ML and 6 ML by using the 
supersonic molecular beam deposition and of realizing the pentacene thin 
film based transistors with bottom contact Au electrodes. By modifying the 
Au electrode surface with SAM of (perfluoro) alkanethiols in the transistor, 
the quality of pentacene ultrathin films at the border between Au electrode 
and SiO  has been greatly improved. A highly uniform surface morphology 
and better crystallinity, which perfectly resemble those of pentacene films 
deposited on the bare SiO  surface are observed far away from the Au 
electrodes. The morphology transition area typically observed in the bottom 
electrode devices is completely eliminated and a sharp, seamless interface 
between the Au electrode and the pentacene film is established starting 
from the pentacene first monolayer up to several layers. The better 
morphology is reflected in a better transistor performance: drain current 
and hole mobility are three orders of magnitude higher than those obtained 
in the pentacene transistors without SAM modification and also the switch-
on voltage is much lower (~ 0 V) than for the transistors without SAM 
modification (~40 V). For the Au surface modification, we applied two 
different kinds of SAMs: 

x

x

decanethiol and perfluorinated octanethiol, which 
give different Au Fermi level alignment respect to the pentacene HOMO 
level, resulting in an increased and decreased hole injection barrier, 
respectively. However, we found a high similarity of the electronic 
performance in transistors fabricated by both cases and this result stresses 
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that the surface morphology and crystallinity of the SuMBD grown 
pentacene ultrathin films at the border between the electrodes and SiO  
substrate play the key role to determine the performance of the field effect 
transistor.  

x
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