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The structural investigations of model organic systems like pentacene on silicon oxide in the monolayer regime is very important for the basic understanding of initial nucleation process together with the electronic performance of transistor devices. A method for the evaluation of the island formation and layer closing of the first monolayer is introduced. The method is based on specular X-ray reflectivity and diffuse scattering and reveal integral information on the coverage together with the size and separation of pentacene islands. The results are in good agreement with AFM investigation that encourages the use of this type of investigation in in-situ experiments.

Introduction

Small molecules like pentacene, sexithipohene or sexiphenyl are widely used in organic electronic research. The high reproducibility of thin films by vacuum deposition of the molecules together with good electronic performance make them perfect materials for studying the basic properties of organic electronic devices. The variation of process parameters (1; 2) together with the variations of substrates Correspondence to: roland.resel@tugraz.at (3; 4) gives the possibility to study the structural properties of an organic thin film from the monolayer to the bulk. The charge transport within an organic transistor device is mainly influenced by the first few layers (5; 6).

Therefore the structure within the first layers is extremely important for the basic understanding of electronic device performance.

Defined growth conditions provide the possibility to produce high quality and reproducible thin films that can be used to evaluate the nucleation within the mono and multi layer regime. The investigations of the island formation that is often observed within the growth of organic thin films prepared from small molecules (4; 7; 8) can be performed with atomic force microscopy (9). Information on the island size, island shape and island distribution are easily accessible. Although the morphological information can be extracted from AFM measurements the crystallographic information are not accessible. For this purpose X-ray based techniques can be used to identify the real structure within the film (e.g. grain size). Of particular interest is the number of grains within one island since this influences directly the charge transport through a transistor device (10). The evaluation of the crystallographic properties during the growth process is therefore of interest. Hence fluctuation in the thin film formation occur for several samples, in-situ experiments are necessary to be able to evaluate the evolution of the islands formation with increasing coverage. Since combined AFM and X-ray measurements are hard to realize X-ray based methods for the nucleation behavior of the film, i.e. island size, shape and separation has to be used.

Ex-situ specular X-ray reflectivity (s-XRR) and diffuse or off-specular X-ray scattering (o-XRR) are used within this work to investigate a model organic system in the submonolayer regime. The results are combined with AFM investigations to verify the obtained parameters. The results encourage the use of this methods within X-ray based insitu growth experiment to achieve additional information on the nucleation behavior of organic thin films.

Experimental

Pentacene films were grown onto silicon wafers with 196nm thick thermal oxide. The substrate is used as-delivered without any further cleaning procedure. The vacuum during deposition was 2 • 10 -6 mbar. The substrate temperature was 337K and the growth rate below 1nm/min monitored by a microbalance. The deposited films were investigated with a Dimension 3100 (Digital Instruments, Inc.) atomic force microscope (AFM) in tapping mode. Specular and off-specular X-ray measurements are performed with a Bruker D8-Discover diffractometer. The radiation is provided by a copper sealed tube with a wavelength of 0.154nm and is monochromatized with a secondary side graphite monochromator. The resolution was adjusted with the divergence slit, anti-scatter slit and receiving slit. All slits were set to 0.1mm. Additional two Soller slits are introduced. The integration time was adjusted for the different scans to optimize the counting statistics.

Results

Pentacene thin films with different coverages are investigated by AFM measurements. The scans are depicted in Fig. 1. The images show the typical nucleation behavior of pentacene thin films on isotropic surfaces. The island diameters for the different samples ranges from 150nm to 2000nm. The height of an island is about 2.5nm that is slightly larger than a single monolayer of pentacene in the Specular scans (q z -scans at q x = 0) do not offer a possibility to get information on the lateral distribution of the islands since it is only a measure of the electron density along the surface normal. Lateral information can be achieved by q x -scans or by combined q x q z scans. In the small angular region rocking curves are sufficient to achieve a q x -scan at q z ∼ constant. Several rocking curves at different q z values are measured for sample pent-4. The results are depicted in figure 3. The scans reveal a symmetric intensity distribution with respect to the strong specular peak (q x = 0). The curves are terminated on both sides by the Yoneda peaks (14). For the rocking scans at higher q z values additional peak (shoulder) like features occur at q x = ∓2.8 • 10 -4 Å-1 . Since the peaks are located at the same position for the different q z -values the underlying reason is a reciprocal space property of the sample.

The occurrence of the peaks is caused by the island form, size and lateral distribution. A description of the simulation of the rocking curve measurements is given in the next section.

Similar information about the islands can be obtained by detector scans at grazing incident conditions. Detector scans at different incident angles were taken (fig. 3b). The curves show the strong specular peak at q x =0. Next to the specular peak on the right hand side the Yoneda belonging to the transmission function of the exiting beam is obtained. At q x = ∓2.8 • 10 -4 Å-1 a shoulder can be identified that is the same as shown in the rocking curves above but measured in different directions in reciprocal space.

Rocking scans performed at q z = 0.129 Å-1 and detector scans taken at an incident angle of 0.25 deg for the various samples are shown in fig. 4. All scans look comparable to the scans of sample pent-4 whereby the intensity of the shoulder increases with increasing coverage starting from 7% coverage (pent-1) up to a coverage of 32% (pent-4). The nearly full covered film (pent-5) shows a damped shoulder with an amplitude between pent-1 and pent-2.

The theoretical description of the rocking curve results is given in the next section. In table 2 the extracted informations of rocking curve fits are listed. 

Theoretical description of rocking curves

Several approaches for the calculation of the diffuse scattered intensity from geometrical object can be used (25; 26; 27). The model used here is based on (28) modified with the effective layer approximation whereby here only the rocking curves are considered. For simplicity the specular peak is not considered whereby the width of the taken out region is determined by the rocking curve measurement of the pure substrate.

The diffuse scattering (non-specular) is described by the differential cross section in the Born approximation by:

dσ dΩ dif f ∼ |F (q)| 2 • S(q) • |t(α i )| 2 |t(α f )| 2 (1)
whereby q is the scattering vector, F(q) denotes the form factor of a pentacene island and S(q) denotes the lateral mass center separation of the islands. t(α i,f ) are the transmission function of the incoming and exiting beam, respectively. The form factor of an island is approximated with a cylinder shape [START_REF] Lazzari | [END_REF]. Taking into account a certain size distribution of the cylinders the form factor reads as:

F p (q x ) = k p(R k )πR 2 k J 1 (q x , R k ) q x R k (2)
where J 1 is the Bessel function of order one and R is the radius of the cylinder. p(R k ) denotes the statistical variation of the island size whereby the gamma distribution was chosen that writes as:

p(R k ) = φ M /Γ (M )exp(-φR k )R M-1 k (3)
with φ and M are the parameters of the gamma distribution. The structure factor is a function of the island distribution. Choosing the paracrystal model for the spatial distribution of the islands the structure factor writes as:

S = 1 -D 2 (q x ) 1 -2D(q x )cos(q x d) + D 2 (q x ) (4) 
with D = exp(-q 2 x σ 2 ) and d as the mean separation of the island mass centers. σ denotes the variation of d.

With the theoretical model introduced here the rocking curves can be fitted by least-square fitting routine.

The extracted mean island size and island separation of the fitting results are summarized in table 2. For comparison the same quantities determined from AFM images are given aswell. 

Discussion

The AFM images reveal a reproducible single layer growth of pentacene films from the sub-monolayer regime to the closed monolayer. The reproducibility is proven since the variation of the mass-center distances of the islands is small for all samples (pent-1 to pent-5). This can be seen on the one hand by the AFM pictures and on the other hand by the rocking curve measurements. The nucleation density is in good agreement with literature values of pentacene grown on silicon oxidized substrates (3).

The s-XRR results reveal the presence of an additional layer within the mono-layer pentacene films. The assumption of standing molecules on top of an interface layer is in excellent agreement with literature (3). Since the specular reflectivity is not chemically sensitive, it is not possible to clarify the chemical nature of the interface layer.

Literature gives indications of a water layer present between the pentacene and the silicon oxide (15). A detailed surface study of water adsorption and desorption on silicon oxide surfaces for different temperature and different pressures reveals the presence of a water layer wit 9 Å thickness as very unlikely (16). A wetting layer consisting of lying molecules of pentacene like it is observed on pure silicon surface (17) would be more likely and would also explain the same growth behavior for different substrates (4). NEXAFS experiments performed on similar samples shows the possibility of pentacene molecules orientated lying edge-on with the long molecular axis parallel to the substrate surface (18). Optical experiments on a similar system (sexithiophene on silicon oxide) reveal the presence of lying molecules and standing molecules on the same sample as well (19). Anyway, the nature of this interface layer can not be clarified with the methods in use and is not aim of this work.

Concerning the results from the rocking curve measurements it can be concluded that the introduced model can describe the experimental data. The reasonable match between the results from AFM and the X-ray experiments show some deviations. On the one hand an improvement of the simulation can be obtained by taking into account the fractal character of the islands. On the other hand the experimental setup needs to be improved to reduce broadening due to the finite coherence (20). From (21) a upper limit for our experimental setup of the coherence length of 15µm can be estimated. Therefore it can be concluded that the patterns produced from the islands are the partially coherent sum of the different islands. The limited flux from the sealed tube also limits the ability to measure rocking curves at higher q z values. This can be seen by the rocking curves measured at q z =1.8 Å where the intensity between the Yoneda peak and the correlation peak is at the background level. In addition the values obtained for pent-5 are much too small, but occur due to the model that does not take into account the refractive indices of the organic layer. Therefore the obtained parameters for pent-5 represents the holes within the film and not the islands, however it is in good agreement with the AFM results.

Even if the results are not accurate enough to get more detailed information than from the AFM measurements it shows an excellent opportunity to get additional information within in-situ experiments. For coverages below 50% the amplitude of the peak belonging to the correlation increases with increasing coverage. For higher coverages the peak is getting more and more depressed until the first layer is fully covered. It is expected that the increasing coverage in the second layer produces a similar oscillating pattern. Since the layer-by-layer growth of organic films often disappears due to rapid roughening (23) the use of the anti-Bragg point scattering evaluation will be favorable to evaluate the films during an in-situ film growth (24). Hence the anti-Bragg points are connected to the slit interference function of the crystal it is only possible to evaluate the film if more than two mono layers are present.

A detailed in-situ study of the island size and distribution like shown here together with grazing incident diffraction would reveal more information on the initial growth behavior of organic thin films within the first monolayer.

Especially the possibility to obtain further information on the number of grains within one island.

Summary and conclusion

Model organic thin films from pentacene in the sub-monolayer regime are prepared onto thermally oxidized silicon wafers.

The AFM investigation of the films reveal the typical is- 

Fig. 1 .

 1 Fig. 1. 10x10µm 2 tapping mode AFM height images of pentacene film with different coverages starting from 7% (pent-1) to 95% (pent-5). The AFM cross sections from three different pentacene islands of sample pent-1 are shown at bottom right.

  fig.2(a)). The organic layer produced a shallow oscillation for the lowest coverage (compare pent-1 fig.2). Films with higher coverages produced more pronounced oscillations whereby the highest coverage (pent-5) reveals the most pronounced oscillations. The fitting of the specular reflectivity data was performed with the dynamical Parratt formalism(11) and the Nevot-Croce model(12). The parameters of the experimental setup together with the substrate parameters were determined prior and were hold constant during the fitting procedure. The model depicted in the fig.2(b) was developed to achieve reasonable fitting results with the organic layer. The assumption of the fit was that the film grows in the thin film phase, i.e. the pentacene molecules are in a standing configuration with the long molecular axis nearly perpendicular to the substrate.According to literature the height of the pentacene was set fixed with 1.54nm during the fit procedure. Additionally, an interface layer had to be introduced between the first pentacene islands and the substrate. On top of the standing molecules another layer was required to be able to fit the experimental data. The coverage is calculated via comparison of the electron density of the film with the electron density of the crystal structure of the thin film phase(13). The obtained electron density distributions of the fit are plotted in fig.2(c) and the relevant parameters are listed in table 1.

Fig. 2 .

 2 Fig. 2. Specular X-ray reflectivity measurements (a) for pentacene films with different coverages ranging from 7% (top curve) to 95% (bottom curve). The curves are shifted for clarity. A scheme of the model for the simulation is shown (b). Normalized electron density distribution obtained from the fit for the different samples (c). The dashed line indicates the electron density of pentacene from structure solution.

Fig. 3 .

 3 Fig. 3. Rocking curve at different qz values for sample pent-4 (left). Black lines denotes experimental data, red line the fit and YP the postion of Yoneda peak. Curves are shifted for clarity. Detector scans vs. in-plane component of the scattering vector for different incident angles performed on sample pent-4 (right).

Fig. 4 .

 4 Fig. 4. Rocking curves measurements (dots) and fit results (full lines) for different coverages measured at qz = 0.129 Å-1 (left). Curves are shifted for clarity. Intensity in counts vs. inplane component of the scattering vector from detectorscans with incident angle of 0.25 deg (right).

  land formation of pentacene for the isotropic surface of silicon oxide. The measurements of the specular X-ray reflectivity and off-specular scans by means of rocking curve and detector scans reveal excellent agreements with the values determined by AFM. The models worked out can identify the coverage, the island size and the island separation. These informations are very useful especially for in-situ experiments to evaluate the growth behavior of organic thin films in the first monolayer.

Table 1 .

 1 Characteristic parameters of the pentacene thin films and the fitting results of the specular reflectivity mea-

	no.	nom. t cov af m	dint	covxrr
		[nm]	[%]	[nm]	[%]
	pent-1	0.3	7	0.71	8
	pent-2	0.6	16	0.75	12
	pent-3	0.9	22	0.72	17
	pent-4	1.2	32	0.81	39
	pent-5	2.4	95	0.87	94

surements: nominal thickness determined by microbalance (nom. t), coverage determined by AFM (covAF M ), thickness of the interface layer (dint) and coverage determined by XRR (covXRR).

Table 2 .

 2 Lateral parameters from AFM and rocking curve fits. Mean island size (RAF M ) and separation (dAF M ) evalu-

	ated with AFM. Mean island size (Ro-XRR) and mean island
	separation (do-XRR) evaluated by X-ray diffraction. (*) de-
	notes the valleys within the pentacene film.	
	no.	RAF M dAF M Ro-XRR do-XRR
		[nm]	[µm]	[nm]	[µm]
	pent-1	147	1.46	210	1.25
	pent-2	315	1.51	310	1.35
	pent-3	485	1.41	469	1.12
	pent-4	754	1.22	700	1.36
	pent-5*	142*	1.71*	160*	2.16*
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