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ABSTRACT 
Due to its outstanding carrier transport capabilities the aromatic hydrocarbon pentacene is still one of the most promising 
out of all organic semiconducting materials investigated so far. Pentacene appears in several polymorphic structures that 
significantly differ with respect to the d(001) spacing. It is shown, that precise control of the epitaxial growth process of 
thin films enables not only to adjust the formation of the polymorphic phases, but also to influence grain size and shape. 
The relative volume fraction of the pentacene polymorphs is determined by several parameters which are substrate 
material, deposition rate, film thickness and substrate temperature. A comparison of X-ray diffraction and Raman 
measurements reveals that the phase with the smaller layer-by-layer spacing grows on top of the other. Moreover, there 
is a strict correlation between evaporation rate and maximum grain size. In addition to structural we also investigated the 
electrical properties of pentacene thin films focussing on polymorphism and its influence on the transport properties. 
Apart from the fact that the charge carrier mobility is strongly influenced by the grain size it turned out that the bulk 
phase is related to a lower intrinisic mobility than the thin film phase. 

 
Keywords: organic field effect transistors, polymorphs, organic dielectrics, mobility, Raman, X-ray, atomic force 
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1. INTRODUCTION 

 
Due to the impressive progress of the performance of organic devices over the last decade it seems increasingly likely 
that organic electronics will be used in a number of low-cost and large area applications such as active-matrix flat-panel 
displays, smart cards, electronic paper, identification tags and large-area sensor arrays. Organic electronics is 
extraordinary compared to inorganic electronics for two reasons. On the one hand, it is possible to process the devices at 
much lower temperatures than used in standard semiconductor industry. This allows to integrate the electronic circuits on 
large-area, inexpensive, flexible, low-weight, durable and even biologic substrates which opens a wide field of novel 
applications. Among others these are body-integrated intelligent detectors and sensors, electronic wall paper and flexible 
displays. On the other hand, organic materials allow to apply new and unconventional structuring techniques, such as 
nanoimprinting. This enables a straightforward downscaling of the critical dimensions to the submicron regime. 
The key element of organic electronics is the organic field-effect transistor. Over the last years many groups put a major 
effort into the improvement of the electrical input and output characteristics of organic field-effect transistors by 
variation of the dielectric material1-11,17, optimisation of the contact characteristics21-22 and modification of the design1 but 
only moderate effort was made to thoroughly control the evaporation and growth process of the active semiconducting 
layer7,15,18. 
For pentacene, a linearly condensed aromatic hydrocarbon composed of five benzene rings, the situation is particularly 
complex. Similar to other organic materials it has a strong tendency to form weakly bound van-der-Waals molecular 
single crystals. During the growth process the molecules arrange in a herringbone structure within each elementary cell. 
Low-energy electron micrographs have shown that during the initial stages of growth stable two-dimensional islands 
nucleate on the surface of the substrate that avoid touching each other4. Each of these grains forms a randomly oriented 
pentacene single crystal with increasing grain sizes for very clean and also passivated surfaces4,16. It is well known, that 
pentacene thin films appear in several polymorphic structures, which differ significantly by the tilt of the longitudinal 
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axis of the molecules to the substrate surface, respectively by the c-axis length of the corresponding elementary cell 
7,15,16,17,18. Since the transport properties strongly depend on the interaction of delocalised π-electron orbitals between 
adjacent molecules a decrease of the molecular tilt angle means a decrease of the orbital overlap of the neighbours and 
consequently one may expect a lower intrinsic mobility of the charge carriers. However, it is still unclear which 
parameters of the growth process, as for example evaporation rate, substrate temperature, vacuum condition or film 
thickness are critical with respect to the formation of a specific phase and if other factors such as the substrate material, 
its pretreatment and the degree of purity of the source material have a strong influence on the crystallization and growth 
process as well. Among all the substrate materials for pentacene thin film growth thermally generated silicon dioxide is 
the best investigated as it is commonly used for the dielectric layer in organic thin film transistors1,2,3,4,5,6,7. Only a few 
groups studied pentacene growth conditions on other inorganic dielectrics8,9,10,11 and even less on organic 
compounds12,13,14. As there is no overall agreement on the relevant parameters for controlled phase formation, even the 
number of polymorphic phases is unclear18, the correlation of film structure and charge carrier mobility is not 
straightforward 7,15,16,18,. 
It is the aim of this work to clarify these questions by extensive growth experiments and a detailed analysis of the 
relevant film quality parameters such as grain size and shape, ordering, roughness and polymorphism and their influence 
on the interesting electrical properties. 
 

 
2. EXPERIMENTAL 

 
For the electrical characterization common-gate thin film transistors in a top-contact configuration were fabricated with a 
layer sequence that already has been described in literature2,3. As dielectrics either inorganic (200-300nm thermally-
grown SiO2 on highly-doped silicon wafers from commercial sources) or organic materials (several polymer compounds 
such as polymethylmetacrylate (PMMA) and polyvinylphenol-copolymer (PVP) in suitable solutions deposited via spin-
on process on gold-coated substrates) were used. On these substrates the epitaxially grown pentacene films were 
deposited by thermal evaporation under high-vacuum conditions in a standard configuration. We used high-purity 
pentacene from different sources. The source and drain electrodes were evaporated through shadow masks on top of the 
semiconducting layer to form 30-50nm thick gold contacts. Transistor test structures were fabricated with channel 
lengths ranging from 20-200µm and channel widths from 2000-3000µm. The X-ray diffraction (XRD) measurements 
were performed in Bragg-Brentano configuration in a Siemens standard diffractometer by using the Cu-Kα radiation. The 
Raman measurements were done on a Dilor triple monochromator in backscattering geometry, which allows detecting 
Raman signals down to 20cm-1 relative to the directly reflected laser line at 647nm. 

 
 

3. STRUCTURAL CHARACTERIZATION 
 

Characterization of epitaxially-grown pentacene thin films by atomic force microscopy (AFM) provides an insight into 
how different process and input parameters are correlated (Fig.1,2,3).  
 
3.1 Substrate Material 
In the thermodynamic limit the growth morphology is determined by the balance of the interfacial free energies involved. 
For substrate temperatures near room temperature thin films are grown far from thermodynamic equilibrium, the 
resulting morphology will then be governed by kinetic effects. If the interlayer mass transport is fast enough to allow 
atoms to leave the tops of growing 2D islands as soon as they arrive, the growing layer will be completed before second 
layer nucleation sets in and smooth layer-by-layer growth results23, 24. If, however, interlayer mass transport is hindered 
by a sufficiently large diffusion barrier at the island edge, growth in the next layer starts before the previous one is filled  
and 3D structures develop (multilayer or 3D growth). In principle this model can be transferred to the growth of organic 
thin films. It has been shown4, that the nucleation density of the first crystalline molecular layer N1 is determined by the 
ratio of the growth rate R to Ds, which is the diffusion constant of pentacene on the substrate and by the presence of 
reactive sites at the surface. Nucleation of the second layer takes place when the islands in the first layer exceed a critical 
size Lc. If Lc is small compared with the separation between islands, meaning Lc

2 < 1/( π N1), islands will nucleate a 
second layer before coalescence, giving multilayer growth. The critical island size depends on R, on the diffusion 
constant Dp of pentacene on pentacene and on the height of the diffusion barrier at the island step-edge. Since the 
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diffusion constants are not identical the nucleation density critically depends on the substrate, whereas the critical island 
radius does not4. High evaporation rates and poorly controlled surfaces with a lot of reactive bonds result in enhanced 2D 
or layer-by-layer growth yielding densely packed, smooth pentacene films with small grains and a high grain-boundary 
density. 
There is a number of substrate materials that, due to their specific physical interaction with the condensing molecules, 
are a good basis for the formation of polycrystalline films with high molecular ordering. In this case the topography of 
the films resembles a mountainous region composed of separated, dentritic shaped grains (Fig.1b-d). Although the 
branched shape of the crystallites is typical for pentacene films grown on thermal SiO2 (Fig.1b), a very smooth substrate 
(RMS roughness = 0,3-0,4 nm), a lot of organic materials ranging from dielectric to conducting doped polymers also 
support the formation of overlapping, dentritic grains (Fig.1c,d). Here the RMS roughness is slightly smaller than for 
SiO2 namely 0,24-0,38 nm for PMMA and 0,25-0,29 nm for PVP. The peak-to-valley roughness of the pentacene layer is 
in the order of the film thickness d, meaning that the growth dynamics along the direction perpendicular to the substrate 
plane is enhanced with respect to that in plane. This is what we expect for 3D island or multilayer growth.  
 

        
 

        
 
Figure 1: Atomic force microscopy (AFM) images of thermally evaporated pentacene films (d=50nm) on different dielectrics: (a) 
glass slide sav=0,2µm, (b) thermal SiO2 sav= 1,1µm, (c) spin coated PMMA sav=1,7µm, (d) spin coated PVP sav= 2,6µm. Here sav 
indicates the average grain size that can be deduced from the images. 

5µm 5µm 

5µm 5µm 

(a) (b) 

(c) (d) 
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The pentacene films shown in Fig.1 were all deposited at the same substrate temperature (25°C), the same nominal 
deposition rate (R~1nm/min) by using the same source material resulting in the same nominal film thickness. Comparing 
the AFM images with respect to the grain size reveals that the average grain size increases in going from SiO2 to 
polymer substrates which is due to a decreasing nucleation density in the early stages of the 3D island growth process. 
However, this can at best be assessed as a tendency, because there are a lot of other parameters that also influence the 
grain size, as for instance substrate temperature and evaporation rate (see below).  
In many of the organic substrate materials the adsorbate-substrate interaction is stronger than in SiO2 leading to a better 
adhesion of the organic layer. This can be concluded from the thermal desorption behavior. If the substrate is heated 
during the coating process then the number of desorbing molecules increases, compared to room temperature. The 
temperature at which the number of adsorbing and desorbing molecules is equal, meaning that no film adheres to the 
substrate, is significantly higher for polymers than for SiO2. It is not reasonable to give absolute numbers, because the 
thermal desorption temperature is a sensitive parameter of the pressure conditions in the preparation chamber, the 
geometric setup of the coating block (distance and angle between evaporation cell and substrate) and all relevant 
parameters of the evaporation process itself. The observation of increasing interaction between substrate and condensed 
material for polymer substrates (especially PVP) leading to a decreased diffusion constant Ds is conflicting with the 
observation of decreased nucleation density for these materials corresponding to larger grains in subsequent stages of 
growth. Therefore we conclude that for growth in high-vacuum conditions it is predominantly the cleanliness of the 
substrate surface and the slightly smaller roughness that controls the initial nucleation density. 
If pentacene molecules condense on glass substrates homogenous films composed of tiny, elliptically shaped grains are 
formed (Fig.1a). In this case the roughness of the film is one order of magnitude lower than its thickness meaning that 
the growth mode is dominantly layer-by-layer due to a much higher nucleation density in the initial stages of growth. 
 
 
3.2 Substrate Temperature 
An increase of the substrate temperature during the condensation process usually leads to an increase in the average and 
the maximum grain size (Fig.2a,b). This is due to the fact that for higher temperatures the mobility of molecules arriving 
at the surface is increased resulting in a better alignment of the molecules and a lower nucleation density (see above). 
However, the correlation between substrate temperature and grain size is not clear because other processes are also 
influenced by temperature. Thermal desorption plays a role together with temperature-induced phase transformation 
processes18 and changes in the volume fraction of the different pentacene phases7. This latter effect may be the reason for 
the differences in grain size and shape observed for the film deposited at 75°C (Fig.2c) compared to the one at 65°C. At 
75°C the crystallites are rather square and obviously smaller than for the deposition at 65°C. In order to separate the 
different processes influencing the film formation it is necessary to vary independent parameters only. Therefore the 
substrate temperature was kept constant at 25°C throughout most experiments.  
 

     
 
Figure 2: Atomic force microscopy images of pentacene films (d=50nm) evaporated on thermal SiO2 at different temperatures and for 
R=1nm/min: (a) 25°C (b) 65°C (c) 75°C 
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(b) (c) (a) 
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3.4 Deposition Rate 
 
In Fig.3 the influence of a reduction of the deposition rate is illustrated. All films are about 50nm thick and were grown 
at room temperature on the same SiO2 substrate as in the other experiments. It is clearly visible that decreasing the 
deposition rate not only increases the grain size but also changes the surface morphology of the films from an assembly 
of squared grains to one of dentritic grains. Due to the fact that for sub-monolayer coverages the islands are two-
dimensional, whereas for larger coverages they transform into 3D islands depending on the substrate material and 
substrate cleanliness4,16, it is preliminary the deposition rate at the initial stages of the nucleation process that determines 
the nucleation density (see above) for a given substrate material and a given temperature. As will be shown later the 
phase formation is also strongly influenced by the molecular flux density. For a control of the growth process, it is 
inevitable to precisely adjust the deposition rate.  
 
 

     
 
Figure 3: Comparison of atomic force microscopy images of pentacene thin films on silicon dioxide deposited at different initial rates 
(a) 6nm/min, (b) 1,1 nm/min, (c) 0,4 nm/min 
 
 
In all experiments initially the deposition rate was kept constant at a specific value but in some cases was increased 
lateron. The correlation of the initial deposition rate with the maximum grain size is shown in Fig.4a and compared to the 
respective correlation for average deposition rates in Fig.4b.  
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Figure 4: Correlation between maximum grain size and deposition rate for pentacene thin films on thermal SiO2 for (a) initial 
deposition rate, (b) average deposition rate 
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It is obvious that the maximum grain size shows a potential-law dependence on the initial deposition rate, whereas there 
is almost no correlation to the average deposition rate. Similar correlations between grain size and deposition rate exist 
for polymer substrates (for instance PMMA). This difference in the parameter extraction may explain why some groups 
see a correlation between deposition rate and grain size7,8,16, while others do not15.  
 
3. Polymorphs of Pentacene 
X-ray diffraction patterns have shown that, depending on the growth conditions, pentacene crystallizes in several 
structural phases that differ by their layer-by-layer spacing. In Fig.5 the first-order diffraction peak of two thin films is 
compared to crystalline powder from a grinded single crystal.  
The film deposited at the lower rate shows two peaks, one at 5,7° corresponding to a lattice spacing of 15,5Å and a tilt of 
the molecules of about 17° to the surface normal. In literature this phase is called “thin-film phase”. The second peak is 
at 6,1° which corresponds to a layer-by-layer spacing of 14,5Å and a tilt of the c-axis of the molecules to the surface 
normal of 25,7° and is very close to the (001)-peak of the single crystal phase at 6,25° that corresponds to a tilt of 28°. 
The respective phase is commonly referred to as the “bulk phase”. If one accounts for the change in the volume fraction 
of the two-phase system (thin film and bulk phase) with respect to the deposition rate it turned out that the portion of the 
bulk phase increases with increasing deposition rate.  
 

 
Figure 5: (001)-reflex of the XRD pattern from different pentacene samples: (a) thin film deposited on SiO2 at a deposition rate of 
R~1,5nm/min, (b) thin film deposited on SiO2 at R~6nm/min and (c) grinded single crystal. 
 
 
A substantial contribution of the thin-film phase to the overall volume can be expected only for deposition rates 
R < 1nm/min19. Note that both phases in this two-phase system are crystalline and highly ordered.  
Concerning the morphology, atomic force microscopy images reveal that the film with the higher deposition rate shows 
approximately squared grains, whereas the one with the lower deposition rate consists of dentritic grains. Therefore one 
may conclude that the bulk phase corresponds to the squared grains and the thin film phase to the dentritic ones. It has 
been reported7,18 that higher substrate temperatures result in an increase of the volume fraction of the bulk phase at the 
expense of the thin film phase. Comparing this with the evolution of the shape of the grains from Fig.2 by increasing the 
substrate temperature also supports the assignment of squared grains to the bulk and dentritic grains to the thin film 
phase. For a final clarification of this question a larger group of samples has to be investigated by X-ray diffraction. 
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3.6 Film thickness 
The film thickness d is another important parameter that is related to the formation of the two-phase system. As Fig.6 
demonstrates, even for very low deposition rates (<< 1nm/min) where the formation of the bulk phase should be 
suppressed or at least retarded (see below), a small contribution of the bulk phase arises for d > 150nm. The volume 
fraction of the bulk phase increases with increasing film thickness. This corresponds to the observation of approximately 
squared grains in AFM images of the 300nm film.  
Similar variations of the phase ratios with d have been observed for much higher evaporation rates7,18. The critical film 
thickness at which the contribution from the bulk phase becomes visible in the XRD (>2%) is pushed to lower critical 
film thickness values for higher deposition rates. Apart from the fact that the relative volume fraction of the two-phase 
system depends on the duration of the evaporation process (assuming constant rates), it is interesting to note that the 
width of the (001) reflex, that corresponds to the thin film phase, continuously gets smaller with increasing d. This 
clearly indicates an increase of the volume of the ordered scattering regions, which may either be due to an increase of 
the lateral grain size having not been observed by AFM or due to an increase of the vertical grain dimension. This latter 
assumption fits to a 3D island growth mode, which has a strong preference for growth perpendicular to the substrate 
compared to growth in lateral dimensions. 
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Figure 6: Comparision of the (001) reflex for pentacene films with different layer thickness values. The substrate dielectric is PMMA. 
The peak at about 2Θ=5,7° corresponds to the thin film phase, whereas the one at 6,15 ° belongs to the bulk phase. 
 
 
Apart from the XRD experiments valuable information about polymorphism in pentacene can also be obtained from 
Raman measurements. In Fig.7 the low-frequency parts of Raman spectra from films with different d-spacings are 
compared. From a factor group analysis based on a triclinic elementary cell containing two molecules on non-equivalent 
symmetry sites six Raman active phonons with Ag-symmetry can be expected. The eigenfrequencies of the lattice modes 
are characteristic for a specific microscopic structure meaning that a difference in the tilt of the molecular axis to the 
substrate may result in a shift of the eigenfrequencies of the related lattice modes. 
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Figure 7: Raman spectra of pentacene thin films on PMMA with different layer thickness values recorded at 78K. The 
arrows indicate the phonons. The phase assignment is related to the XRD data. 
 
 
In the spectrum of the 50nm film the six Raman lines can be identified as lattice phonons. These lines are marked with 
arrows and are attributed to the lattice vibrations of the thin film phase. Six structures (marked with arrows) are observed 
in the spectrum of the 300nm film too, although some of them are broadened with respect to the ones of the thin film 
phase. The lattice modes in the Raman spectrum of the 300 nm film are shifted towards higher frequencies by about 
3-7 cm-1 with respect to the peaks of the 50 nm film indicating another phase. Recalling the XRD results, these new lines 
can be attributed to the bulk phase. It is interesting to note that most of the thin-film modes are strongly suppressed in the 
300nm spectrum, although the volume fraction of the bulk phase is only 20%. Raman is a surface sensitive method; the 
volume of the scattering region is determined by the optical penetration depth, which from ellipsometry turned out to be 
about 100 nm corresponding to a Raman probing depth of approximately 50 nm. Since no contribution of the thin film 
phase is observed it can be concluded that the bulk phase forms on top of the thin film phase with a layer thickness of at 
least 50 nm for the example discussed above. This is consistent with the second peak observed in the XRD pattern of the 
250 nm sample in Fig.6 which corresponds to a 5% contribution of the bulk phase to the overall pentacene volume. 
 
 

4. Electrical Characterization 
 

With regard to device applications the key question is how the different pentacene morphologies and phases differ with 
respect to their charge carrier transport properties and, most important, what are the mobility values to be assigned to the 
different phases. Therefore we investigated the electrical properties of a large number of thin-film transistors, that were 
constructed in the common-gate configuration with source and drain on top. In this work only those results will be 
presented that are directly related to the dependence of the carrier mobility on the film thickness. 
There are several transistor parameters that can be deduced from the input and output measurements representing a 
characteristic fingerprint of the device. These parameters are the threshold voltage, the on/off ratio, the leakage currents, 
the subthreshold slope, the breakdown voltage of the dielectric (dielectric strength), the hysteresis and last but not least 
the charge carrier mobility µ. It is this parameter that tells us the most about the transport mechanisms, although a 
complete understanding of the transport dynamics is possible only by taking into account all parameters19. 
In the following, only the charge carrier mobility in the saturation regime, which seems to be the most relevant one for 
applications in logic circuits, will be discussed. The mobility in the linear regime shows a similar behavior but in most 
cases is smaller. 
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Figure 8: Input characteristics of an organic thin-film transistor with 50nm pentacene as active semiconducting layer and 1µm PMMA 
as dielectric layer. The left diagram corresponds to the same data, but here the square root of the drain current vs. gate voltage is 
plotted. 
 
Under the assumption of µ=constant the saturation field-effect mobility can be extracted by either fitting a trendline to 
the high-voltage region of the square-root of the input characteristics (plotting the square root of the drain current against 
the gate-voltage) or by differentiating the square root of the drain current with respect to the gate voltage. In Fig.8 the 
transfer characteristics of a pentacene thin film transistor with PMMA as the insulating layer is plotted. No hysteresis is 
observed, i.e. the dynamics for trapping and detrapping is very similar. The left diagram reveals that the saturation 
current approximately follows the quadratic law that is expected from a phenomenologic description of organic thin-film 
transistors working in accumulation20. It is interesting to note that not only the threshold voltage V0, which is determined 
by the intercept of the trendline with the abscissa, is decreasing with decreasing drain voltage but also the slope. This 
indicates that the mobility is not only depending on the gate21 but also on the drain voltage. 
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Figure 9: Gate voltage dependence of the mobility for pentacene thin film transistors with PMMA (red curve) and PVP (blue curve) as 
insulator. The gate voltage axis is corrected for the threshold voltage V0. 
 
 
The gate voltage dependence of the mobility of this sample is shown in Fig. 9 and compared to the one of a sample with 
400nm PVP as dielectric layer. The PMMA transistor shows a linear increase of the mobility over the whole gate voltage 
sweep, whereas the PVP sample shows saturation at higher gate voltages. The linear increase in the mobility can be 
attributed to the effect that by increasing the upbending of the band edge with respect to the Fermi level more and more 
traps are filled within the bandgap. However, filled traps do not act as scattering centres for the charge carriers anymore. 
The mobility reaches its maximum value as soon as the lowest trap level (w.r.t. the valence band) is filled, a situation 
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that is referred to as the trap-filled limit. For higher gate voltages µ is expected to stay constant as long as no other 
effects such as surface scattering or limiting by contact resistance effects occurs. For the PVP transistor the trap-filled 
limit mobility µTFL which is close to the intrinsic mobility in the presence of filled traps is about 0,8 cm2/Vs for VD=-
50V, whereas the maximum mobility of 0,25 cm2/Vs for PMMA (VD=-100V) has to be regarded as a lower limit only. 
Here the trap filled limit is not reached yet. The interpretation of the drain voltage dependence of µTFL, meaning that µTFL 
increases with increasing drain voltage, is not that straightforward, but might be related to the increased pinching of the 
channel and the fact that the current path is probing less of the disturbed interface area. 
Comparing the as extracted saturation field-effect mobilities with the size of the crystallites leads to a surprising 
correlation (Fig.10). If the pentacene layer of a transistor consists of grains with average size below 1µm then the 
mobility is very low (~ 10-2 cm2/Vs). For polycrystalline films with grains of 1µm one observes a steep increases in the 
mobility, which levels for larger crystallites. Such a threshold behavior can be expected if the carrier mean free path is 
about 1µm resulting in increased surface scattering and grain boundary effects for fine granular layers. Above this 
threshold an increase in grain size does not drastically increase the mobility (about a factor of 2-3). A similar correlation 
is observed for PMMA. The mobility of the transistors investigated in this work can easily be increased by a factor of at 
least 2 by raising the substrate temperature to the desorption limit, which yields substantially larger grains. 
A significant dependence of the mobility is also observed for variations in the pentacene layer thickness. In Fig.11 for 
each thickness value the average mobility is shown that is extracted from a group of devices. Up to 150 nm the mobility 
is approximately the same, meaning that this value is related to the thin film phase. For thicker films the mobility drops  
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Figure 10: Correlation between mobility and grain size for pentacene films deposited on the gate dielectric SiO2. The layer thickness 
(50 nm) and the substrate temperature (300K) were kept constant throughout the series. The grain size was adjusted by varying the 
deposition rate. 
 
to lower values, which could be either due to a substantial contribution of the bulk phase that is assumed to have a lower 
intrinsic mobility or to the fact that the contact resistance was higher.  
Gold diffuses very easily through organic compounds resulting in a partly buried contact. For thick films the decreasing 
concentration of gold in the layer far from the surface may increase the contact resistance, decrease the current and 
correspondingly the mobility. The diffusion seems to stop at the second interface (the semiconductor-insulator interface). 
However, if the contact resistance limits the drain current level one would expect to see a continuous rather than a 
sudden decrease of the mobility with layer thickness. Therefore we believe that the bulk phase is characterized by an 
intrinsic mobility that is at least a factor of 2 smaller than the one of the thin film phase. A similar behavior is observed 
for SiO2 gate insulators and substrates. 
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Figure 11: Dependence of the field effect mobility on the thickness of the active pentacene layer in organic thin film transistors based 
on a PMMA gate insulator. The error bars account for the standard deviation within a group of 3-7 transistors.  
 
 

5. CONCLUSIONS 
 
We have shown that precise control of the growth process and the growth conditions of pentacene thin films via 
adjusting the parameters substrate material, substrate temperature, deposition rate and film thickness result in films with 
specific granularity (grain size), surface morphology and phase distribution. The growth mode is a multiplayer (3D) 
island growth mode for substrates that are sufficiently inert to the arriving molecules. By decreasing the deposition rate 
the maximum grain size increases, following a potential law with the grains becoming more dentritic. Moreover, the 
volume fraction of the thin film phase, where the molecules form the largest angle to the substrate, increases with respect 
to the one of the bulk phase. This is true for all types of substrates used in this work (SiO2, PMMA, PVP). However, by 
increasing the growth duration even for very low deposition rates the bulk phase starts to grow on the thin film islands 
above a critical film thickness value, what we can conclude from a comparison of the XRD and the Raman experiments. 
This critical film thickness is the higher the lower the deposition rate and the lower the substrate temperature is, a fact 
that was observed for all substrate materials investigated in this work. Increasing the substrate temperature results in 
larger squared grains, but also assists the formation of the bulk phase. The electrical characterization of the films by 
measuring the transfer characteristics of pentacene-based thin-film transistors indicated that the dependence of the 
mobility on the grain size shows a threshold behavior revealing a mean free path of 1µm for the charge carriers. The 
mobility in the saturation regime is strongly gate-voltage dependent, a fact that can be attributed to the trapping of 
carriers during the gate voltage sweep. Depending on the quality of the semiconductor-insulator interface the trap-filled 
limit mobility, which is closely related to the intrinsic mobility, can be deduced from the characteristics. Furthermore it 
turns out that for various substrates the charge carrier mobility drops for transistors based on thick pentacene layers, 
which is attributed to the worse transport properties of the bulk phase. For the PVP insulator we observed a trap-filled 
limit mobility of about 0,8 cm2/Vs (for an operation voltage of VD=-50V), a value that can be doubled by increasing the 
substrate temperature. 
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