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X-ray diffraction techniques for analysis of thin polycrystalline films have been well-developed and they are routinely used when often low-angle incidence setup is applied instead or in addition to symmetrical scans. For strongly oriented films more different asymmetric scans and/or reciprocal space mapping are required. The so-called sin 2 ψ method is usually used for determination of residual stress while simple texture indices are calculated or ω scans (rocking curves) measured for fast characterization of preferred orientation. Measurement of stresses in highly textured films can be complicated by limitations in both hkl and angular ranges. For cubic materials, quite simple, crystallite group method can be applied. However, for non-cubic systems this may be complicated by uncertain ratio of lattice parameters. Various measurements as well as techniques were performed for different materials like cubic TiN films, nanocrystalline ZnO films, several phases of hexagonal ferrites. We have applied a combination of different scans to characterize both the so-called out-of-plane orientation and in-plane orientation of the films. Sometimes, the only way of stress determination was comparison of results for films and corresponding powders. Fast reciprocal-space mapping by placing a 2D detector close to the sample was also used. In this configuration, the continuous -2 scan fully probes a long stripe in a reciprocal space. Such measurement can be performed for different sample azimuths. The obvious advantage of this approach is a possibility to quickly visualise the intensity in reciprocal space and to compare the obtained images with the simulations based on some expected phase/texture/stress model giving semi-quantitative results.

Introduction

There are routine X-ray diffraction techniques for the characterization of thin polycrystalline films available and the same is true also for perfect single-crystalline thin films where different methods are used. Various X-ray methods of thin film analysis are described e.g. in [START_REF] Birkholz | Thin film analysis by X-ray scattering[END_REF]. It is not surprising that for highly oriented polycrystalline or even nanocrystalline films we can use some combination of the techniques.

Texture characterization

Preferred orientation of films can roughly be estimated from the symmetrical -2 scan in Bragg-Brentano geometry by comparison of the measured pattern with that for random grain orientation (ideal powder) or with the pattern calculated for random grain orientation. This can be done via the so-called Harris texture indices giving semi-quantitative texture characterization. This way can be useful for weak textures. Stronger textures can be quickly characterized by rocking curves (called also ω-scan) when the detector is fixed at the Bragg position corresponding to the measured (hkl) planes and sample is rotated about the gonimeter axis. The peak profile indicates the preferred grain orientation for the selected (hkl) planes, it shows the distribution of orientations and its FWHM (full width at half of maximum) can be used for estimation of texture degree. If the texture axis is inclined with respect to the surface than the maximum of the ω-scan is shifted from the symmetric Bragg position. This scan should always be complemented with the φ-scan, for which the detector is fixed at the Bragg position and rotation is made about the axis perpendicular to the thin film plane. It must be carried out in asymmetric position, on the planes inclined with respect to the surface. The inclination can be selected for example at half-width of the ω scan. Constant φ-scan indicates fibre texture and then the ω-scan is sufficient for good characterization of such a texture. Significant variations of the intensity with  means that full pole figure(s) should rather be measured and possibly also ODF (Orientation Distribution Function) determined. Instead of φ-scans at least a few ωscans for different φ-angles should be done to test if the texture is of fiber type.

Residual stress measurement

Residual stresses or the so-called 1st kind stresses can be evaluated from the peak shifts (i.e. changes of lattice parameters) in symmetric scans but the shifts can have different reasons and straightforward method of the residual stress detection and determination consists in measurement of the lattice spacing dhkl in the dependence on inclination of measured lattice planes with respect to the film plane. In case of simple equi-axial stress this leads to the wellknown sin 2 ψ-method. The measured strain ε is given by the relation
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where si are the X-ray elastic constants, given for elastically isotropic media as
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, where E and ν are the Young modulus and Poisson ration, respectively.

For elastically anisotropic medium, they are dependent on the grain interaction model and single crystal elastic constants sij or cij. Corresponding relations can be found in the literature [e. g. 2, 1]. For application of relation (1) some range of ψ inclinations must be available which may be a problem for highly textured films. The sin 2 ψ-method is usually realized for separate hkl diffraction planes by inclination of sample from symmetric position on the goniometer axis or even better on the perpendicular axis, if e.g. Eulerian cradle is available. For thin films, often the detector (2) scan is used with fixed small angle of incidence, usually in parallel beam, and then different (hkl) planes are combined to construct the sin 2  plot. Both ways may be complicated in presence of stronger texture.

In the text below, we will show several examples -cubic thin film with strong fiber texture when the crystallite group method (CGM) can be used quite simply. Then non-cubic films with significant in-plane orientation and very long unit cell when also ratio of lattice parameters is not exactly known. In this case, CGM can also be used for the determination of lattice parameters and line broadening analysis, but for the determination of residual stresses comparison with the corresponding powders is preferred, if they are available. Finally, a method of low-resolution fast reciprocal-space mapping giving the overall picture of grain orientations is shown.

Strongly oriented cubic thin films with fiber texture

This case can often be solved by the so-called crystallite group method (see for example [START_REF] Pintschovius | [END_REF][4][5]. This means combination of different crystallographic planes belonging to the same crystallite family, i.e. oriented with the same {HKL} planes parallel to the surface ({HKL} crystallites). This means that the other {h'k'l'} planes must be measured at specific specimen inclination corresponding to the interplanar angle between {HKL} and {h'k'l'} lattice planes, in asymmetric geometry. Of course, one should consider that in this measurement we can get some contribution also from other crystallites than only from the {HKL} once since this is not a single crystal but because of strong texture, their contribution to the signal is clearly dominating. For the sin 2 ψ method this means that we combine different suitable hkl peaks corresponding (approximately) to {HKL} crystallites rather than selected HKL peak measured at different ψ angles. Moreover, in case of very strong texture this is not possible because of missing signal. For the evaluation of residual stress modification of (2) should be used [4, 5, or for thin films also see 6,7].

An example is shown in Figures 12for magnetron-sputtered TiN thin film on steel substrate with significant fiber (-scan constant) texture of (111)-type with the half-width (FWHM) of  scan of about 7.5°. In Fig. 1, symmetric -2 scan is shown with very strong hhh peaks together with -2 scans for ψ-specimen inclinations ψ of 55° (roughly the angle between (111) and 100 planes) with dominating h00 peaks, and for ψ = 35° (angle between ( 111) and (110) planes) with dominating 220 peak. Since the texture is fiber just one angle of inclination is sufficient. This sample was strongly textured but still all peaks could be measured at most of ψ angles. Therefore, we were able to construct classical dhkl (or ahkl ) vs. sin 2 ψ plots for all measured peaks.

As it is known, in case of texture, they are often non-linear, oscillating. Such typical dependence is shown in Fig. 2 for 222 diffraction peaks. Non-linearity is due to the elastic anisotropy and texture. The dependence for {111} crystallites is well linear, though. 

Non-cubic thin films with in-plane orientation

In studies of hexagonal ZnO thin films deposited on different substrates [8] and numerous studies of different phases of the so-called hexaferrites with hexagonal or rhombohedral structures [e.g. 9-10] we have been facing two more aspects/problems -unknown precise ratio of lattice parameters c/a, and significant in-plane orientation, that was required. Moreover, these hexaferrites have usually very long lattice cell along c, giving numerous basal reflections but making other planes less accessible for measurement in two-axis goniometers.

The textures were very strong with the FWHM of -scans of 00l reflections below 1°. This means that in conventional symmetrical scans we can only see the signal of several orders of 00l reflections. In such a case measurement of -scans on basal planes does not have any meaning since it would have to be done on the lattice planes inclined to the surface less than 1°. Instead of (00l) lattice planes some other planes (hkl) called asymmetric with specific angles to (00l) should be measured. Then for example in case of good alignment of lattices (substratefilm) the scans can give distinct peaks corresponding to multiplicity of the planes, or more in case of domains. This is characterizing the so-called in-plane orientation unlike the orientation In addition to twins, other domains less oriented are present. These domains, texture components, can be studied independently by the technique.

If the interplanar angles are known, at least approximately, it is possible to use modified CGM too. However, in this case not only -inclinations but also -azimuths must be determined. Due to the very long unit cell of the materials, the Eulerian cradle must be used, and the -inclination realized on the axis laying in the diffraction plane. We used also polycapillary in primary beam and parallel beam geometry (parallel plate collimator and monochromator in front of the detector). Finally, for many peaks -2 scans can be measured at specific  and  angles and then powder-like diffraction pattern constructed from the scans (Fig. 4). Peak positions obtained can be used for the determination of lattice parameters and peak widths for the size-strain analysis when the broadening is significant. It must be noted that the parallel beam geometry with polycapillary gives rather large instrumental broadening, though. The analysis was possible for nanocrystalline ZnO films [8]. The ferrites usually give quite small physical line broadening, but some information can be obtained anyway. Studies by using high-resolution setup (hybride monochromator, analyzer) were performed for symmetrical 00l peaks. Main difficulties for possible strain determination came from the lack of information on stress-free lattice parameters, in particular c/a ratio, for the phases investigated. For some cases, it was completely missing in structural and powder file databases in other cases multiple records were found with some spread of values and consequently large uncertainties. For chemically (sol-gel) deposited films it appeared as the best way to prepare identical powders, to perform routine powder diffraction and Rietveld refinement, and compare such lattice parameters with the ones measured in thin films. The method allowed analysis in more complicated samples where three different phases were aligned in the film -cubic spinel (S), hexagonal M-ferrite, and trigonal Y-ferrite. Then some parameters (microstrain, crystallite size) could be estimated independently for these phases. In the literature, several examples of microstructural analysis of different texture components can be found (e.g. [11]).

Fast reciprocal-space mapping

In this section, we would like to draw attention to rarely used but very powerful XRD method for fast and complex characterization of thin layers. The methods mentioned above are nothing but recipes how to effectively probe the reciprocal space using a point detector to obtain information on lattice parameters (strain) and crystal orientation (texture). On the other hand, this information can be made available also by blind mapping of whole reciprocal space or of its reasonably appropriate part. Although the mapping seems to be quite time demanding, fast 2D detectors are more available also in standard laboratories nowadays and this makes fast measurements of reciprocal-space maps possible. Fast pole figure measurements or mapping has been realized e.g. in [12,13].

2D detectors are used without any secondary optics and the direction of the scattered beam is deduced only from the spatial position of a hit pixel. Angular resolution is given by the crosssection of the scattered beam, divergence of the primary beam and the solid angle covered by individual pixels. Therefore, the primary beam should have a small cross-section and should be well collimated horizontally and vertically. The detector can simultaneously measure the intensity of diffracted beams in different directions, i.e., it reveals the intensity distribution in continuous 2D area in reciprocal space without any movement. Exactly, this area is a spherical surface with a curvature given by solid angle covered by the detector. Practically, the curvature is small so we can imagine it as a planar surface for the simplicity.

An appropriately chosen scan measures a set of neighboring 2D slices in reciprocal space. Such dataset when combined reveals the intensity distribution in 3D volume in reciprocal space. In principle, such measurement is possible with any diffractometer equipped with 2D detector which allows saving detector frames for some sequence of motor positions. Nevertheless, some commercial diffractometers support continuous scans and automatic integrating the data along one dimension, which is by chance the smallest dimension of probed volume.

The crucial step towards the really fast mapping is a really dramatic extension of the simultaneously probed surface in reciprocal space, i.e. extension of solid angle covered by the detector. As it follows from above, this can be done using as large detector as possible or more practically it can be achieved by bringing the detector very close to the sample even at the expense of the final resolution.

The typical experimental setup and measurement strategy is depicted in the Fig. 5a. In our case the primary beam produced by X-ray source with rotating Cu anode is vertically parallelized by X-ray parabolic mirror and vertically limited by vertical slit to 0.5 mm. In horizontal direction the beam is collimated by two sequential horizontal 0.5 mm slits. The detector with active window 38.5 × 77.5 mm 2 large (vertically × horizontally) and with pixel size of 0.1 × 0.1 mm 2 is placed 15 cm far from the sample. The arms with the X-ray source and the detector move in the vertical (diffraction) plane. The RSMs are measured in skew geometry performing long θ-2θ scans. These symmetric scans correspond to radial scans tilted in reciprocal space, while this tilt is set directly by the sample tilt χ. Since each tilted scan projects the collected intensity into tilted 2D stripe, their combination for given sample azimuth reconstructs fully the intensity in given planar cross-section of reciprocal space (see Fig. 5b). The χ step must be chosen depending on the solid angle covered by the detector to produce the tilted stripes with some optimally minimal overlap. In our setup the optimal step of tilt is 15 °. This reconstruction of the planar cut is repeated for several sample rotations φ obtaining the final planar cuts in different azimuths. Significant azimuthal dependence indicates the presence of in-plane orientation, often on single crystalline substrates, where the layer orientation can follow the symmetry of the substrate surface. Therefore, usually it is satisfactory to align the azimuthal orientation of the sample along some in-plane well distinguished crystallographic direction in the substrate. It turns out that the optimal azimuthal step is 15 ° because it includes all rotation symmetries of possible surface.

The interpretation of the measured data can be qualitatively based on a direct observation such as a visibility of Debye rings, sensitivity of measured pattern on azimuth or approximate width of partial Debye rings. Two different samples can be very easily compared just from the differences found in their maps as it is demonstrated in Fig. 6.

The measured data can also be compared with the numerical simulation based on some expected model and the model parameters can be optimized to match the experimental data. Assuming some crystal structure of a given phase it is quite easy firstly to calculate the structure factors determining what diffraction spots should be visible.

Secondly, it is straightforward to calculate the nodes of reciprocal lattice, rotate them virtually assuming some certain crystal orientation and finally to plot together with obtained experimental data. This procedure allows to confirm the crystal structure, to optimize the lattice parameters and crystal orientation to match the experimental data, i.e., to estimate a strain and a texture width. For the reliable simulation process, it is necessary to measure more azimuths to find an unambiguously correct model parameters as it is shown in Fig. 7. and Cu Kβ). The red and blue triangles are simulations for two families of differently oriented hexaferrite grains, mutually azimuthally rotated for 180 °. From the simulation it follows that both grain families must be present in the layer in order to explain fully the vertical chains of diffraction spots. Fig. 8. (left) 2θ-scan at grazing incidence (GI) angle for thin bi-layer UMo/UO2 on glass. GI geometry is quite often considered to be default setup for the measurement of very thin layers since the smaller penetration depth and large irradiated area enhances signal from the surface region. Surprisingly, in this case there is only one peak (at 65°) that does not belong to UO2 phase. Where are all other UMo peaks gone? (right) The fast RSM of the same sample shows clearly that UMo is very strongly oriented layer. From the RSM data, it was determined that two phases of UMo are present, one of them has a two-componential texture. The explanation of missing peaks is clear when following the dark green curve in the map. It indicates the path of mentioned GI 2θ-scan through the reciprocal space, and it intersects all Debye rings of UO2, but it misses all UMo peaks except γ-UMo (101) peak.

The obvious advantage of the fast reciprocal space mapping is a possibility to quickly visualize the intensity in reciprocal space and to compare the obtained images with the simulations based on some expected phase/texture model giving semi-quantitative results. Therefore, it is very suitable for the first-try characterization of the samples where some phase is expected but the strong narrow texture does not allow confirming that easily as demonstrated in Fig. 8. No prior information on the texture, phase or strain is necessary to perform the measurement. Moreover, directly from the measured data it is possible to resolve if crystallites are randomly oriented or some special texture is present.

Fig. 1 .

 1 Fig. 1. A part of powder diffraction patterns for TiN thin film with (111) texture taken at three  inclinations: 0° (red), 55° (blue) and 35° (green), S peaks of Fe substrate.

Fig. 2 .

 2 Fig. 2. Dependence of lattice parameter ahkl vs. sin 2  for 222 difraction peak (red, curve) and for {111} crystallites measured on different lattice planes (hkl), blue, straight line. The corresponding peaks are indicated.

Fig. 3 .

 3 Fig. 3. -scans for trigonal Y-phase Ba2Zn2Fe12O22 0014 diffraction peak. Left -Sharp maxima show good inplane orientation on STO (111) substrate. Double number of peaks than it would correspond to the crystal symmetry for the plane indicates twins -domains rotated by 60°. Right -Different sample of the same phase.In addition to twins, other domains less oriented are present. These domains, texture components, can be studied independently by the technique.

Fig. 4 .

 4 Fig. 4. Powder-like diffraction pattern constructed from selected different peaks measured at specific angles of inclination  and rotation  by -2 scans. 00l peaks and peaks from SrTiO3 substrate were measured in symmetric -2 scan (black).

Fig. 5 .

 5 Fig. 5. (a) the typical experimental setup for symmetric skew geometry. The primary beam is well collimated in both directions. The detector without any secondary optics is moved very close to the sample. Performing θ-2θ scan probes the 3D volume along radial direction in reciprocal space. The intensity in this volume can be projected to 2D stripe in order to reduce the amount of data. The θ-2θ scan is repeated for different tilts and azimuthal rotation of the sample. (b) Changing the tilt in the skew geometry tilts also the straight radial path through the reciprocal space during θ-2θ scan so the different stripe in the same QxQz plane is obtained. The final planar cut of the reciprocal space is reconstructed from the combination of all these stripes.

Fig. 6 .

 6 Fig.6. The comparison of fast RSMs for two samples of Y-type hexaferrites. The whole dataset for 9 azimuths with azimuthal step 15 ° was collected for each sample in 90 minutes. The sample represented by the RMSs on the left has apparently a significant volume of completely randomly oriented grains as the Debye rings are quite pronounced. On the other hand, the texture of the rest aligned grains is very narrow because of the sharp diffraction spots. The second sample represented by the set of RSMs on right has a wider texture of aligned grains as the spots are elongated along Debye rings, moreover the azimuthally independent pattern indicates a fiber type texture (compare e.g. with Fig.3).

Fig. 7 .

 7 Fig. 7. Detail of selected RSMs for Y-type hexaferrite sample overlaid by the numerical simulation. The substrate peaks (green symbols) are visible as triplet because the primary beam contains three wavelengths (Cu Kα, W Lα1and Cu Kβ). The red and blue triangles are simulations for two families of differently oriented hexaferrite grains, mutually azimuthally rotated for 180 °. From the simulation it follows that both grain families must be present in the layer in order to explain fully the vertical chains of diffraction spots.
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