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We report on Xe + induced ripple formation at medium energy on single crystalline silicon surfaces of different orientation using substrates with an intentional miscut from the [001] direction and a [111] oriented wafer. The ion beam incidence angle in respect to the surface normal was kept fixed at 65 • and the ion beam projection was parallel or perpendicular to the [110] direction. By a combination of atomic force microscopy, X-ray diffraction and high resolution transmission electron microscopy we found that the features of the surface and subsurface rippled structures such as ripple wavelength and amplitude and the degree of order do not depend on the surface orientation as assumed in recent models of pattern formation for semiconductor surfaces.

The creation of surface-nanostructures by ion beam sputtering of solid surfaces has attracted strong interest in the last decades 1-3 as these techniques offer the possibility to easily pattern larger surface areas up to several cm 2 in a short time. From a technological point of view controlling the surface morphology on the nanometre length scale offers possibilities to tailor electrical, optical or magnetic properties. As an example, nanostructured surfaces can be used as templates for the growth of thin magnetic films with a predefined anisotropy 4 or as templates for nanomagnet arrays for data-storage systems 5 . In 4 only the topology of the patterns was utilized but also annealing triggering the recrystallization of the amophized top layer does not remove the ripples structure 6 .

Nanopatterns in the form of wave-like rippled structures on solid surfaces can be achieved by ion beam bombardment under oblique incidence. The evolution of these patterns is controlled by a self-organization process combining material erosion (roughening) and opposed surface diffusion (smoothing) and can be described by the Bradley-Harper model 7 . The linear continuum equation by Bradley and Harper based on the curvature dependent sputter erosion 8 and including levelling mechanisms has been supplemented by higher order derivatives incorporating not only thermal but also ion-induced smoothing [9][10][11] . It explains the early stages of the formation of regular patterns on mainly amorphous and semiconductor surfaces whose top layer is amorphized during ion irradiation. However, the model does not incorporate potential dependences on the crystal structure and the pathway of the ions underneath the surface.

Recently, it was shown that the exact azimuthal orientation of the sample as well as the incidence angle of the ion beam can alter the order of the produced ripple pattern in the case of medium energy Ar + sputtering of Si(001) surfaces 12 . A good arrangement of the ripple patterns at the surface and at the amorphous-crystalline (a/c) interface located several tens of nanometres below the surface was found when the direction of the ion beam was aligned along the [111] crystallographic direction. However, the ripple order strongly decreased when the polar or azimuthal angle varied from the [111]direction.

Up to now, medium energy induced ripple formation was investigated on surfaces where the surface normal corresponds to the exact crystallographic direction, i.e. Si(001) surfaces. In this letter we report on investigations of medium energy Xe + -induced ripple formation on surfaces different to the exact (001) orientation. We show that for Xe ions, as proposed by currently existing theories, pattern formation is nearly unaffected by the surface orientation and the ripple pattern at the a/c interface follows the one on the surface.

For these studies, 1 × 1.2 cm 2 crystalline Si substrates with 2 • , 5 • and 10 • of intentional miscut from the [001] direction (towards the [110] direction) were irradiated at room temperature with Xe + ions with a kinetic energy of 35 keV and an incidence angle of 65 • with respect to the surface normal. The projection of the ion beam on the substrate was parallel to the [110] direction. For Si(001) surfaces it is known that under this condition, a well defined ripple pattern with a typical wavelength of 155 nm forms on the surface and is repeated at the a/c interface located around 12 nm below the surface 13 .

For each miscut angle three samples were produced during the same irradiation process with either the direction of the miscut being parallel, anti-parallel or perpendicular to the direction of the ion-beam (Figure 1(a)). By this, the effective angle of incidence of the ion beam with respect to the [001] direction (θ ef f ) was varied between 55 • and 75 • (Table I). These incidence angles limit the range of pattern formation on Si(001) surfaces with no miscut. For each miscut angle the sample set of the three different cases was created in one run under the very same conditions. In addition, ripple patterns were produced on a Si(111) substrate (54.74 • miscut angle) at which the projected ion beam direction was oriented either parallel to [-110] or perpendicularly to it, i.e. parallel to the [11-2] direction. Both samples were also created in Confidential: not for distribution. Submitted to IOP Publishing for peer review 3 February 2010 one run. During sputtering, the samples were kept in a vacuum chamber with base-pressure of 3 • 10 -7 mbar and a flux between 0.5 and 3µA/cm 2 .

TABLE I: sample overview: angle of incidence

Si(001) Θ ef f miscut β Θ-β Θ+β Θ 2 • 63 • 67 • * 65 • * 5 • 60 • 70 • * # 65 • * 10 • 55 • * # 75 • * # 65 • * # Si(111) [-110] ⊥ [-110] 65 •# 65 •# * -XRD measured # -TEM measured
All samples were irradiated with the same total fluence of 2 • 10 17 ions/cm 2 corresponding to an irradiation time of about 8 hours. The ion irradiation was performed with a Danfysik 1050 Low Energy Ion Implanter in the Forschungszentrum Dresden-Rossendorf. The ion beam with a mean diametre of 15mm was swept over an area of 45 × 45mm 2 with the sample located in the centre using a sweeping-frequency of 1 kHz in x and 1.016 kHz in y direction. Except for the procedures during the manufacturing process there was no additional treatment of the Si-wafers prior to sputtering. The initial roughness of all samples lay in the order of 0.5 nm.

Atomic force microscopy (AFM) was used in order to analyze the wavelength, roughness and degree of order of the surface ripple pattern of all produced samples. Measurements were performed in tapping mode using an Al back-coated Si-cantilever with a mean radius of around 10 nm. Figure 1(b) shows AFM images and corresponding two-dimensional Fourier transformations (insets) for the samples with an intentional miscut of 10 • in the three different orientations of the (001) planes to the ion beam (Figure 1(a)). The presence of correlation peaks in the Fourier transformations (insets) indicates the short range order in the system. The mean wavelength was estimated from a power spectral density analysis. Independently from the magnitude of the tilt angle of the (001) lattice plane the wavelengths in all three cases of Figure 1(a) lie in the range of 135-165 nm and are comparable to results for non-miscut (001) wafers 13 . We found average values for the wavelength and amplitude of 152 nm and 8.5 nm, respectively, for all miscut angles and orientations. The rms roughness for all samples was to be found smaller than 4.5 nm. There is a small drift (< 10%) between different implantation runs that can be explained by the variations of the fluence and the statistical character of the process. Samples prepared in one run are almost identical in wavelength and amplitude.

The Fast Fourier Transformation (FFT) of the AFM data gives the correlation of the patterns. For higher degrees of ordering more distinct maxima and a larger number of satellites should be visible. However, the order of the rippled patterns does not change significantly for the (001) and (111) wafers. For all three miscut wafers with β = 2 • the intensity of the satellites is a little higher. For the sample with β = -2 • even second order peaks occur. Whereas AFM can be used to investigate the surface morphology, the orientation of the ripple pattern with respect to the crystallographic axes can not be determined. However, as the surface morphology is repeated at the a/c interface, the quality and the orientation of the ripple pattern with respect to the (001) lattice planes can be determined from X-ray diffraction.

These experiments were performed at the BM20 bending magnet beamline at ESRF in Grenoble, France. Using an X-ray energy of 7.8 keV we measured the rippleinduced diffuse scattering around the Si (004) reciprocal lattice point in coplanar diffraction geometry. With the scattering angle 2θ and the incidence angle ω of the Xray beam with respect to the Si (001) lattice planes, the intensity distribution I(q x , q z ) in reciprocal space can be obtained from the angular dependent distribution by the relations

q x = 2π λE (cos(2θ -ω) -cos(ω)) q z = 2π λE (sin(2θ -ω) + sin(ω))
To achieve sufficient resolution in reciprocal space a set of collimating slits was used in front of sample and detector.

Figure 2(a) shows reciprocal space maps (RSMs) taken in the vicinity of the Si (004) reflection for samples with an effective incidence angle θ ef f of 70 • , 65 • (5 • miscut), 55 • (-10 • miscut) and 67 • (2 • miscut). The q z coordinate in the images is parallel to the [001] direction, the q x coordinate was chosen parallel to the [110] direction, i.e. parallel to the ion beam projection and therefore parallel to the wave vector of the nanostructures. The RSMs show characteristic satellite peaks due to the periodic pattern at the a/c interface. Their distance from the Bragg reflection in reciprocal space is inversely proportional to the ripple wavelength. The truncation of the three-dimensional crystal at the surface leads to a characteristic truncation rod (CTR), perpendicular to the surface which results in the elongation of the Bragg peak along the q z direction. Its inclination with respect to the vertical axes measures the samples miscut from the [001] direction whereas in the perpendicular case the CTR goes parallel to q z . As the RSMs were recorded without an analyzer crystal the width of both Bragg and satellite peaks is influenced by the footprint of the X-ray beam on the surface. The larger the miscut the more the footprint of the X-ray beam on the surface can be reduced by choosing the appropriate steep incidence shallow exit scattering geometry leading to an enhanced resolution.

However, the simultaneous rotation of the satellite peaks together with the CTR, found for all investigated samples, indicates that the resulting ripple pattern is parallel to the initial surface. Figure 2(b) shows line profiles extracted from the RSMs as indicated by the thick solid lines in Figure 2(a) for samples with θ ef f between 55 • and 75 • . Whereas the width of the satellite peaks is mainly affected by the experimental resolution the position of the peak and therefore the ripple wavelength stays essentially constant for all samples, varying between 150 nm and 158 nm. The RCMs of the 2 • miscut samples exhibit the most pronounced satellites as already seen in the FFTs from the AFM images.

After the X-ray measurements parts of the samples were investigated by high resolution (HR) cross-sectional transmission electron microscopy (TEM). This method gives qualitative information about the surface morphology and the buried rippled structure. Figure 3(a) exhibits an overview image of the sample with θ ef f = 75 • in diffraction contrast. The surface was irradiated with the ion beam from the upper right direction resulting in a thicker amorphous layer on the ripple-slope facing the ion beam. The rippled morphology occurring at the surface repeats at the a/c interface. Figure 3(b) is a HR image of the transition region between the amorphous and crystalline part of the miscut sample with θ ef f = 75 • . It is in good accordance with the results from the X-ray measurements showing that the (001) lattice planes are tilted by 10 • in respect of the surface pattern. For the miscut sample with β = 10 • and the miscut perpendicular to the beam (Figure 3(c)) and the (111)samples (Figure 3 (e), second case not shown here) the wave vector of the rippled structures always follows the surface. Furthermore, the crystalline region close to the a/c interface for all miscut samples appears to be interfused by a higher amount of defects and amorphous pockets than the untilted (001) wafer.

Especially Figure 3(c) shows that at the a/c interface crystalline and amorphous region are intermixed. Amorphous pockets appear below the a/c interface as well as Si nanocrystallites appear above. This kind of defects was already reported in the case of Ar sputtered Si by Chini et.al. 14 . In 6 was shown that annealing of Ar ions induced ripples at 750 • C causes a recrystallization process. The crystalline residues at the modulated interface may act as seeds for regrowth and therefore lead to the transformation of the former amorphized region into a thin polycrystalline layer.

The results indicate that in the present case the creation of the rippled patterns is not affected by the crystal structure of the surface. This is contrary to the results reported in 12 in which the Ar + induced ripple pattern shows a strong dependence on the exact crystallographic orientation (in-and out-off plane). One possible reason may be that the Xe ions used here are much heavier and larger than the Ar ions. These are able to penetrate deeper into the crystal and lose less energy per unit path length which might lower the defect density and therefore enhance the influence on crystallographic orientations. For Xe ions with a kinetic energy of 35 keV the penetration depth in Si for normal incidence is in the order of 25 nm (65 • : 12nm) whereas Ar ions penetrate up to 41 nm (65 • : 21 nm) as estimated from SRIM simulations [START_REF] Ziegler | The Stopping and Range of Ions in Solids[END_REF] .
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  a) Scheme of the implantation conditions for samples with a miscut angle β from the (001) surface. At fixed off-normal incidence angle θ, three different irradiation conditions with effective incidence angles θ ef f are possible. (b) AFM images and Fourier transforms for samples with 10 • miscut, corresponding to the cases in (a). Arrows indicate the direction of the ion beam.
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 2 FIG. 2: (a) RSMs of samples with 70 • (upper left), 65 • (5 • miscut, upper right), 55 • (bottom left) and 67 • (bottom right) effective incidence angle (b) Comparison of line profiles (thick lines in (a)) for different effective incidence angles of the ion beam (* β = 10 • , miscut perpendicular to ion beam). The smaller width of the satellite peaks at 55 • and 75 • is caused by the resolution function.
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 3 FIG. 3: (a) Overview TEM image of the miscut sample with θ ef f = 75 • in diffraction contrast (b)-(e) HR-images in phase contrast (b) miscut sample with θ ef f = 75 • (c) miscut sample with θ ef f = 65 • , β = 10 • across to the ion beam projection (d)(001)wafer with θ = 65 • , no miscut (e)(111)wafer with θ = 65 • , [-110] parallel to ion beam projection.