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Pentacene ultrathin film growth controlled by pre-deposition of a self assembled 
monolayer for application in a field effect transistor with bottom Au electrodes  
 

Chapter 5 
 
Pentacene ultrathin film growth controlled by pre-deposition 
of a self assembled monolayer for application in a field effect 
transistor with bottom Au electrodes*  
 

In this chapter, we show how supersonic molecular beam deposition can 
be employed to realize high quality pentacene ultrathin films for application in 
field effect transistors with bottom contact Au electrodes. In particular, we 
modified the Au electrode surface in the transistor structure with a self assembled 
monolayer (SAM) of (perfluoro)-alkanethiols to decouple the metal surface from 
pentacene. By covering the Au electrodes with a SAM of decanethiol (DT) or 
1H,1H,2H,2H-perfluoro octanethiol (PFOT), the quality of pentacene ultrathin 
films (nominal thicknesses 1 ML and ~ 6 MLs) grown at the interface between 
Au electrode and SiOx could be dramatically improved and a highly uniform 
surface morphology and crystallinity could be achieved, which were also 
successfully extended to the centre of the transport channel. Our devices did not 
show the morphology transition area which is normally observed in the vicinity 
of a bare Au electrode and which is characterized by isolated 3D grains with high 
concentrations of grain boundaries. Instead, a sharp and seamless interface 
between the Au electrodes and the first pentacene layer was realized. The field 
effect transistors constructed with such pentacene ultrathin films show much 
better electronic and transfer characteristics when the electrodes were modified 
with a SAM before pentacene deposition than when the films were grown on 
bare electrodes. The Au electrodes’ surface modified by DT has a different work 
function than that covered by PFOT. One would therefore expect a different 
energy level alignment at the Au contact in the two cases, leading to an increased 
or decreased hole injection barrier and consequently to high or low contact 
resistance. However, the experimentally obtained electronic characteristics for 
the two types of devices are very similar. This result stresses that the morphology 
and crystallinity of the grown pentacene ultrathin film at the Au/SiOx interface 
play a crucial role in determining the performance of the pentacene based field 
effect transistors.  
 
* This chapter is based on results obtained in collaboration with the Physics of Organic 
Semiconductor group of the Zernike Institute for Advanced Materials at the University of 
Groningen. 
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5.1 Introduction 
 

In the past decades many efforts have been devoted to the 
improvement of electronic properties of pentacene thin film-based field 
effect transistors [1, 2, 3, 4, 5]. Growing a high quality polycrystalline 
pentacene thin film with lowest possible density of grain boundaries and 
large single crystal grains is regarded as one of the key steps to achieve an 
electronic device with high performance. So far, the best characteristics [6] 
have been realized with top contact geometry (produced by shadow mask 
evaporation) on large grain pentacene thin films grown on flat, chemically 
inert intrinsic SiOx, a commonly used dielectric gate material in transistor 
applications. However, on the same intrinsic SiOx surface patterned with 
bottom Au contacts, pentacene thin film growth turns out to be more 
problematic [7] and the performance of the corresponding devices becomes 
much worse than those with top contact electrodes. The degradation of both 
surface morphology and crystallinity of the deposited pentacene thin film at 
the interface between Au and SiOx is observed. The degradation is most 
severe when only one pentacene monolayer is deposited. As first reported 
by C. D. Dimitrakopoulos et al. [8], a morphology transition area is formed, 
which contains small pentacene grains with high concentration of grain 
boundaries and often some parts of the SiOx surface remain uncovered by 
the organic material. This causes a poor connectivity between the pentacene 
layer and the Au electrode and leads to a relatively high contact resistance, 
which hampers efficient charge injection and charge transport.  

In 2001, I. Kymissis et al. [ 9 ] reported a high performance 
pentacene thin film based field effect transistor (FET) with bottom contact 
electrodes by engineering the Au surface with a SAM, namely 1-
hexadecanethiol. They claimed a considerable mobility increase by a factor 
of 7 and 5 extracted from the linear and saturation regime, respectively, 
with respect to similar devices realized without the SAM modification. The 
improved surface morphology and large grain size were evident on the top 
surface of the thermally sublimated thicker pentacene films. However, no 
information on the quality of the first pentacene monolayer buried far 
below the visible top surface was provided in that work. Very recently, a 
similar study but with using another SAM, namely, aromatic anthrancene-
2- thiol (AnT), to modify the bottom contact Au electrode was reported by 
C. Bock et al. [ 10 ]. Also these authors obtained a uniform surface 
morphology of the thermally sublimated pentacene thin film with a 
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thickness of ~ 100 nm extending from the AnT modified Au electrode into 
the transport channel. By decreasing the film thickness down to 8 nm (~ 5 
monolayers), pentacene grains with relatively larger size were found on the 
sample with the AnT modified Au electrodes, however, the deposited 
pentacene did not form a continuous layer between two Au electrodes, 
(source/drain) and showed the typical island growth. Furthermore, many 
bare patches of SiOx surface were noticed in the region close to the edges 
of Au electrodes, indicating a very poor interface connection between the 
pentacene layer and Au electrodes. Apparently, with decreasing the film 
thickness, it becomes harder to control the morphology and crystallinity at 
the border between Au and SiOx. To our knowledge, there are so far no 
studies reporting the electronic characteristics of FETs with Au bottom 
contact electrodes based on thermally sublimated pentacene films thinner 
than 6 monolayers (ML). This is rather surprising since R. Ruiz et al. [11] 
demonstrated with their systematic studies of the thermally sublimated 
pentacene thin film based transistors with the top contact Au electrodes that 
the early growth of pentacene thin films (from 1 to 6 ML) plays a very 
important role determining the transistor performance. These authors found 
that the mobility depends on the thickness of the deposited film and 
saturates when the latter reaches approximately 6ML. 

In this chapter, we present our results concerning the growth of 
pentacene films with nominal thickness of 1 ML and 6 ML by SuMBD for 
the realization of transistors with bottom contact Au electrodes, which were 
unmodified or modified by (perfluoro) alkanethiols SAM. We also report 
on the electronic measurement of the devices fabricated in this fashion. We 
found that the first pentacene monolayer presents a highly uniform surface 
morphology and a better crystallinity, reaching from the edge of the Au 
electrode to the centre of the transport channel in the transistor when the 
electrodes were modified with a SAM before pentacene deposition. A sharp 
and seamless interface between Au electrode and the first completed 
pentacene monolayer was successfully achieved. Better electronic and 
transfer characteristics were found for pentacene transistors with SAM 
modification than for those without the SAM modification. The high 
similarity of the electronic characteristics obtained for pentacene transistors 
where the electrodes were modified with different SAMs implies that the 
morphology and crystallinity of grown pentacene ultrathin films at the 
border between Au and SiOx play the main role in determining the FET 
performance.  
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5.2 Experiments 
 

The FET structure was fabricated by conventional lithography and 
obtained from Philips Research Laboratories in Eindhoven, the Netherlands 
[12]. 250 nm thick thermally grown SiOx was used as the gate insulator. By 
using conventional lithography, gold source and drain contacts were 
patterned with a finger geometry with 5 nm of titanium as adhesion layer. 
The SiOx with FET structures were dipped in a Piranha solution (demi 
water 100ml + ammonia (30 %) 20 ml + H2O2 20 ml) for 60 s at 70 ºC to 
remove all organic impurities from the surface of both the metal and the 
oxide. Then the samples were sonicated in acetone for 5 minutes and 
subsequently dried by spinning before being treated with UV-Ozone for 20 
minutes. For the self-assembly process, (perfluoro) alkanethiols were 
dissolved in ethanol (~1 – 3×10–3 M) and the samples were immersed in the 
SAM solution overnight. After the self-assembly process, the substrates 
were thoroughly rinsed with ethanol, toluene, and 2-propanol, and dried by 
the N2 flow. Two different SAMs, namely, decanethiol (DT) (CH3-(CH2)9-
SH) and perfluorinated octanethiol (PFOT) (CH3-(CF2)5-(CH2)2-SH), which 
was synthesized according to reference [13], were used for modifying the 
Au electrode surface.  

Pentacene ultrathin film growth was performed with the home-built 
supersonic molecular beam deposition (SuMBD) system [14, 15] described 
in chapter 2 of this thesis. Here we adopted the optimized condition for 
growing the best quality pentacene ultrathin film determined as described 
in chapter 3 and reported in [16], namely a beam impinging at normal 
incidence and delivering molecules of 6.4 eV kinetic energy onto the 
substrate kept at room temperature. We took care to stabilize the generated 
supersonic molecular beam over a period of 2-3 h prior to starting the 
pentacene film growth. The working pressure inside of deposition chamber 
was maintained at 1.7×10-7 mbar through the entire growth. A very low 
growth rate of ~ 0.4 Å/min, monitored by the quartz crystal microbalance 
and calibrated by AFM coverage measurements, was used. In these 
conditions the first pentacene monolayer on SiOx was completely closed 
after ~ 40min of deposition.  

Electrical measurements of the realized FETs was carried out in a 
home-built probe station under high vacuum of ~ 10–6 mbar with a Keithley 
4200 semiconductor analyzer at room temperature.  
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The morphology of pentacene ultrathin films was studied by using 
the ex–situ tapping mode AFM (Nanoscope IV multimode scanning probe 
microscope, produced by the Digital Instruments, Veeco Metrology Group, 
U. S.) analogously to the studies reported in the chapters 3 and 4 of this 
thesis. Each AFM characterization was carried out at room temperature in 
atmosphere shortly after the electronic measurement. Both AFM height and 
amplitude images with highest resolution (512×512 pixels) over area sizes 
of 10×10 µm2 and 3×3 µm2 were systematically collected for each sample. 
The AFM data were analyzed with the help of the WSxM (Nanotec 
electronica S.L. [17]) software. 

The crystal structure of a pentacene film with a nominal thickness 
of 6 ML on intrinsic SiOx was investigated by X-ray diffraction (Philips 
X’pert diffractometer), employing monochromatic Kα1 radiation (λ 
=1.54059Å). A θ - 2θ  XRD scan coupled with the symmetric reflection 
mode was used to determine the lattice parameter. 
 
 
5.3 Investigation of the morphology of pentacene 

films grown on a SiOx surface patterned with Au 
electrodes 

 
Figure 5-1 presents the surface morphology, as determined by 

AFM, of pentacene ultrathin films with two different nominal thicknesses, 
1 ML and 6 ML, grown on the bare SiOx surface far away from the Au 
electrodes. Figure 5-1(a) shows the height image obtained from a pentacene 
ultrathin film with a thickness of ~ 1.3 ML. After 50 min growth, the first 
pentacene monolayer is completely closed, presenting a very flat surface 
and a highly uniform morphology. The second pentacene monolayer 
growth initiated after the completion of the first monolayer and reached a 
coverage of ~ 30%. All the molecular islands in the second layer have a 
more fractal structure, probably due to the different diffusivity of the 
molecules on top of the pentacene monolayer as compared to that on the 
silicon oxide surface [18]. In some regions molecular islands in the third 
and fourth layer can also be observed indicating a trend towards island 
growth. This result is consistent with our previous studies of initial 
pentacene growth on SiOx [16]. When prolonging the film deposition up to 
the nominal thickness of 6 ML as shown in figure 5-1(b), Stransky –
Krastanov growth is observed. For a more detailed observation, a high  
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Figure 5-1: AFM images of pentacene ultrathin films grown by SuMBD on 
a SiOx substrate pre-patterned with Au electrodes. The data were collected 
in surface regions far away from the gold electrodes: (a) AFM height image 
of a film with nominal thickness 1.3 ML showing a complete first 
monolayer and 1, 2 and 3 layer thick islands; (b) AFM height image of a 
film with nominal thickness ~ 6 ML; (c) high resolution (3×3 µm2) AFM 
height image; (d) the line profile measurement of the same surface as 
presented in (c). 
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resolution AFM height image (3×3 µm2), recorded in the centre of the 
pentacene film, is presented in figure 5-1(c). Contrarily to the second layer 
shown in figure 5-1(a), in the upper layers of the thicker film the molecular 
islands show a more compact structure with regular shape and relatively 
sharp, straight island edges. We attribute this change in morphology to the 
local annealing caused by the continuous flow of energetic molecules 
which, being normally incident on the surface, dissipate energy very 
efficiently during the first impact ([ 19 ] as seen also in Chapter 4).  
Furthermore, as often observed in homoepitaxial growth, the shape of 
molecular islands formed in the upper layer mimics that of those directly 
underneath. This sort of pyramidal structure is due to screw dislocations 
originating at defects on the surface [20]. As described in chapter 3 of this 
thesis, in our study using transverse shear force microscopy [21] we could 
demonstrate the very good crystallinity of a pentacene monolayer grown on 
SiOx by SuMBD at kinetic energy of 6.4 eV. Hence, by employing such a 
pentacene monolayer as a template, the quality of the first few subsequent 
layers can be improved as well. The line profile measurement on the AFM 
height image shown in figure 5-1(d) serves to determine the number of 
completed pentacene layers above the interface. From this profile we can 
estimate that there are at least two pentacene layers completed in the 
growth of the pentacene film with nominal thickness of 6 ML. 

X-ray diffraction was used for characterizing the crystal structure 
of a pentacene ultrathin film grown on the bare SiOx surface. As shown in 
figure 5-2 (a) four very sharp, narrow diffraction peaks with high intensity 
corresponding to the (00l) indexes are obtained and the inter-plane 
distances of ~ 15.5 Å, which corresponds to the thin film phase as reported 
previously [22, 23, 24], is derived based on Bragg’s law for the (001) 
crystal surface. However, in the detailed structure of (001) diffraction peak 
shown in figure 5-2 (b), different phases are observed: inter-plane distances 
of ~ 14.4 Å derived for the small peak right to the (001) peak corresponds 
to the single crystal phase [25, 26] and the inter-plane distances of ~ 16.4 Å 
derived from the small peak left to the (001) peak has been ascribed to a  
configuration, in which pentacene molecules stand up at 90° angle with 
respect to the substrate surface [27 ]. However, in the SuMBD grown 
pentacene ultrathin film these coexisting minority phases make up a very 
small fraction of the film, as evidenced by the extremely low X- ray 
diffraction intensity. This suggests that the thin film phase is the main 
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Figure 5-2: (a) X-ray diffraction spectra of pentacene ultrathin films with 
nominal thickness ~ 6 ML grown by SuMBD on a SiOx substrate; (b) detail 
structure of the (001) diffraction peak. 
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crystal structure in the SuMBD grown ultrathin pentacene film. 

Figure 5-3 summarizes our investigation of the surface morphology 
of the pentacene monolayer in the vicinity of a Au electrode. Here we 
deposited pentacene on the SiOx surface patterned with Au electrodes and 
compared three situations: i) growth on the bare Au/SiOx interface and ii) 
growth on a Au/SiOx interface where the Au electrode has been modified 
with a PFOT SAM or a DT SAM prior to pentacene SuMBD. Since the Au 
electrode is ~ 150 nm thick, while the pentacene monolayer has a thickness 
of ~ 1.5-2 nm, there is an extremely large contrast caused by the surface 
height difference at the border between Au and SiOx and this severely 
degrades the image quality. To achieve a high resolution on this rather 
complex surface, we recorded the amplitude image simultaneously with the 
height image. A high resolution amplitude image (3×3 µm2) of the 
completed monolayer at the border between SiOx and bare Au electrode is 
shown in figure 5-3 (a); while analogous images recorded on the 
monolayers grown on the interfaces where the Au electrode was modified  

 
 

 
 
Figure 5-3: AFM amplitude images of a pentacene film with a nominal 
thickness of 1 ML grown by SuMBD on a SiOx surface pre-patterned with 
Au electrodes. (3×3 µm2) images collected at the border between the SiOx 
surface and (a) the bare Au electrode; (b) the Au electrode modified with a 
PFOT SAM. 
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Figure 5-3: AFM amplitude images of a pentacene monolayer on top of (e) 
the Au electrode modified with a DT SAM; also presented are the 
schematics of the pentacene packing in the vicinity of (c) the bare Au 
electrode and of (d) the Au electrode modified with the SAM; as well as (f) 
a large scale AFM amplitude image (10×10 µm2) of the pentacene single 
layer grown at the border between the Au electrode modified with the 
PFOT SAM and SiOx surface.  
 
 
with a PFOT or a DT SAM are presented in figures 5-3 (b) and 5-3 (e), 
respectively. To ascertain the presence of the first pentacene monolayer, we 
collected height images in areas where the amplitude images gave 
indication for exposed SiOx surface patches. In these areas, the first 
pentacene monolayer can be identified from a height measurement. If one 
compares the pentacene monolayers of figure 5-3 (a, b, e) with that grown 
on bare SiOx of figure 5-1(a), one can conclude that at the centre of the 
transport channel these films all perfectly resemble each other since the 
former show similar large, flat pentacene grains with highly uniform 
morphology and crystallinity. As shown in figure 5-3 (a), for pentacene 
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grown on the substrate with the bare Au electrode, the uniform morphology 
of the pentacene monolayer stops at ~ 1 µm from the edge of the Au 
electrode where a morphology transition area starts. Within this transition 
area, the continuous monolayer is replaced by isolated aggregated 
pentacene grains with sub-micron size. It is these small pentacene grains 
which assure the connectivity at the interface between continuous 
pentacene monolayer and Au electrode, while large patches of bare SiOx 
surface are also visible as indicated in figure 5-3 (a). This change in 
morphology close to the Au electrode can degrade the performance of the 
transistor because: 1) the injected charges can be trapped by the high 
density of grain boundaries present in those small grains; 2) the poor 
connectivity between pentacene and Au electrode reduces the efficiency of 
charge transport through the interface due to the limited area of the latter. 
We also have to take into account that pentacene interacts differently with 
bare Au than with SiOx as illustrated in the schematic drawing presented in 
figure 5-3 (c): the big difference in interaction is well known from past 
studies [28, 29], which demonstrated that the first layer of pentacene adopts 
a lying down configuration on Au, while the weak van der Waals 
interaction between pentacene and SiOx leads to the standing up 
configuration for 1 ML pentacene on that surface. When the different 
interactions are simultaneously present at the border between bare Au and 
SiOx, the pentacene growth results strongly disturbed and disordered 
molecular packing with a high concentration of internal defects is observed. 
This favours 3D molecular island growth.  

If the Au surface is modified with a SAM of (perfluoro) 
alkanethiols, it becomes less reactive [30 , 31 ] and the differences in 
interaction between the electrode surface and the SiOx can be minimized, 
thus resulting in a similar configuration of the adsorbed pentacene as 
indicated by the schematic drawing of figure 5-3 (d). Figures 5-3 (b) and (e) 
show that this strategy yields a dramatic morphological improvement of the 
pentacene monolayer at the border between electrode and SiOx. The highly 
uniform surface morphology of the pentacene monolayer continues from 
the centre of the charge transport channel to the edge of the Au electrode 
and the morphological transition area is completely eliminated. In the large 
scale AFM amplitude image (10×10 µm2) of the single pentacene layer 
grown at the interface between the Au electrode modified with the PFOT 
SAM and SiOx surface presented in figure 5-3(f), a continuous seamless 
interface is distinguished along the Au electrode. To our knowledge, this is  
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Figure 5-4: AFM amplitude images (3×3 µm2) of a pentacene film with a 
nominal thickness of 6 ML grown on a SiOx surface pre-patterned with Au 
electrodes. The images were collected on three different devices at the 
border between the gold electrode and the SiOx surface: (a) one where the 
gold electrode is left bare before pentacene SuMBD; (b) one where the gold 
electrode was modified with a PFOT SAM before pentacene SuMBD; (c) 
one where the gold electrode was modified with a DT SAM before 
pentacene SuMBD. 
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the first time that such a high quality pentacene monolayer deposited on 
SiOx with bottom contact Au electrodes is achieved. 

Figure 5-4 presents the AFM data collected in the interface region 
between SiOx and Au electrode from the pentacene films with nominal 
thickness of 6 ML grown on (a) bare Au electrodes; (b) Au electrodes 
modified with a PFOT SAM and (c) Au electrodes modified with a DT 
SAM. As explained before, because of the large height difference between 
the electrode and the SiOx surface, amplitude images were collected 
simultaneously with height images to be able to study the topography with 
high resolution. From figure 5-4 (a), one sees that even when increasing the 
film thickness, the morphological transition area is still distinguishable by 
the sub-micron size 3D islands, which connect the Au electrode to the 
continuous pentacene film at the centre of the transport channel. However, 
these 3D islands are decidedly bigger and characterized by better crystal 
facets than those in the morphological transition area of the sample with 
only a single pentacene layer (figure 5-3 (a)). One can safely presume that 
due to the strong interaction between pentacene and bare Au, pentacene 
piles up disorderedly along the side wall of the Au electrode occasionally 
breaking up into 3D islands. Therefore, in many places the bare SiOx 
surface is still exposed at the interface, even after a relatively long 
deposition time. As shown in figure 5-4 (b, c), for pentacene films grown 
on substrates with SAM modified Au electrodes, a very different scenery 
results: a highly uniform surface morphology and better crystallinity are 
successfully obtained in the vicinity of the Au electrode for the thicker film 
as already seen for the single pentacene layer and again the films in the 
border area resemble those grown on bare SiOx in the centre of the 
transport channel. Homoepitaxial growth occurs also in the area close to the 
SAM modified Au electrodes. The growth is of Stransky – Krastanov type 
yielding a fully covered SiOx surface. The results presented in figure 5-4 
demonstrate that the quality of subsequent pentacene layers depends very 
much on the quality of the first monolayer. 
 
 
5.4 Electrical characterization of pentacene ultrathin 

film based field effect transistors 
 

By applying the two different SAM ( PFOT and DT) to modify the 
Au electrode surface, we have demonstrated the quality improvement of 
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pentacene ultrathin film at nominal thickness of 1ML and 6ML. From the 
point view of energy level alignment, it is already known that modifying 
Au surface with a PFOT SAM can increase the Au work function from ~ 
4.9 eV to 5.5 eV due to the presence of a dipole at the interface [13]. This 
implies that the Fermi level of the electrode is well aligned with the 
pentacene HOMO level to create an Ohmic contact, favouring charge 
injection. However, modifying Au surface with a DT SAM, an opposite 
interface dipole can decrease the Au work function from ~ 4.9 eV to 4.1 eV 
to form an energy barrier for the hole injection [13, 32, 33]. Therefore, after 
applying the SAM, two parameters, which may strongly influence the 
pentacene transistor performance, have to be considered: 1) the change of 
the energy level alignment; 2) the modification of the surface energy. 
Hence, the question is: which one plays the crucial role or do they have 
equal weight in determining the pentacene transistor performance?   

For revealing the dominant factor controlling the pentacene 
transistor performance, electrical measurements were carried out on three  
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Figure 5-5 Output characteristics of bottom Au electrode transistors based 
on pentacene thin films of nominally 6 ML thickness deposited by SuMBD 
on electrodes modified by a DT SAM (b), on electrodes modified by a 
PFOT SAM (c). All measured transistors have a channel length / channel 
width of 10 µm /10000 µm. 

 99



Pentacene ultra- thin film growth controlled by pre-deposition of a self assembled 
monolayer for application in a field effect transistor with bottom Au electrodes  
 
different transistors based on the pentacene films with a nominal thickness 
of ~ 6 ML whose morphology was presented in figure 5-4 (a-c). Let us start 
discussing the output characteristics of each transistor shown in figure 5-5. 
As seen in figure 5-5 (b, c), they show excellent current amplification and 
have a much large drain current, which is about three orders of magnitude 
higher than transistors without the SAM modification shown in figure 5-5 
(a). In the transfer characteristic reported in figure 5-6 (a, b, c), the 
transistor where the electrodes were left bare prior to pentacene SuMBD 
has a relatively large switch-on voltage of approximately – 40 V. The 
mobility for this device, derived from the saturation regime of the transfer 
characteristics presented in figure 5-6 (a), is close to 10–4 cm2V–1s–1. 
However, it is about two orders of magnitude lower than those (~ 0.02– 
0.05 cm V s ) extracted from the 2 –1 –1 saturation regime of the transfer 
characteristics shown in figure 5-6 (b) and (c) of transistors where the Au 
electrodes were modified with a DT SAM and a PFOT SAM, respectively,  
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Figure 5-6 Transfer characteristics of bottom Au electrode transistors based 
on pentacene thin film of nominally 6 ML thickness deposited by SuMBD: 
(a) with non-modified Au. The measured transistors have a channel length / 
channel width of 10 µm /10000 µm. 
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Figure 5-6 Transfer characteristics of bottom Au electrode transistors based 
on pentacene thin films of nominally 6 ML thickness deposited by SuMBD: 
(b) with Au modified by a DT SAM, (c) with Au modified by a PFOT 
SAM. All measured transistors have a channel length / channel width of 10 
µm /10000 µm. 
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prior to pentacene SuMBD. In fact, the mobility derived in these cases is 
close to that achieved in the pentacene single layer transistor because there 
are only two completed layers formed in the grown pentacene ultrathin film 
with the nominal thickness of 6ML. The superior electronic properties of 
the transfer characteristics are observed in the pentacene transistors with 
SAM modification of the electrodes: 1) one finds a high on/off ratio (> 
106); as well as 2) a large saturation current with much lower switch-on 
voltage (coming close to zero volt); 3) a relatively higher mobility is 
derived in the saturation regime. However, a pronounced hysteresis 
phenomenon is noticed in the transistors with pentacene multilayers. This is 
probably caused by charge trapping at the grain boundaries of the 
discontinuous pentacene upper layers. At first glance it is surprising that 
there is very little difference in performance between the transistors of 
which the electrodes have been modified with different SAMs. We 
calculated the contact resistance in the saturation regime [34] and found 
that the resistance of the bare Au electrode is about three orders of 
magnitude higher than that of the electrode modified with the PFOT SAM 
electrode and one order higher than that of the DT SAM modified one. 
However, by comparing the transfer characteristics, one notes that, with the 
improved morphology and crystallinity at the interface of pentacene with 
the SAM modified Au, the charge injection barrier induced by the interface 
dipole can easily be overcome via increasing the applied gate voltage. If we 
consider the performance improvement of the pentacene transistors with 
SAM modified Au electrodes based on the concept of the alignment of the 
electronic energy levels at the contacts, we find it is not consistent with the 
current results that indicate the high similarity of output and transfer 
characteristics of pentacene transistors with different SAM modification. 
Therefore, we conclude that the improved morphology and crystallinity of 
the pentacene films at the border between Au electrode and SiOx is the 
crucial factor controlling the transistor performance. 
 
 
5.5 Conclusions: 
 

By modifying the bottom contact Au electrode surface with a SAM 
of DT or PFOT in the transistor, the quality of SuMBD grown pentacene 
ultrathin films (nominal thickness of 1 ML & 6 MLs) at the interface 
between Au electrode and SiO  has been greatly improved. In both cases x
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this area presents a highly uniform surface morphology and better 
crystallinity, which perfectly resemble those of pentacene films deposited 
on the bare SiO  surface far away from the Au electrodes. Consequently, 
the morphology transition area, typically observed in 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. 

x

The better morphology is reflected in better transistor performance: 
drain current and hole mobility are about three and two 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). Modification of the Au 
electrodes with a DT SAM gives a different energy level alignment with 
respect to the pentacene HOMO level than modification with a PFOT SAM, 
resulting in the first case in an increased and in the second case in a 
decreased hole injection barrier as we could see from the contact resistance 
at the respective contacts. However, we found a high similarity of the 
electronic performance in both cases and this result stresses that the surface 
morphology and crystallinity of the SuMBD grown pentacene ultrathin 
films at the interface between the electrodes and SiOx substrate play the key 
role to determine the performance of the field effect transistor.  
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