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Abstract

:

In this study, polycrystalline hafnium nitride (HfN) thin films were grown by oblique angle deposition (OAD) technique to investigate the relationship between column tilt angle, texture development and residual stress evolution with varying inclination angle α of the substrate. The films (~1 μm thickness) were grown at various angles (α = 5°, 25°, 35°, 65°, 75°, and 85°) with respect to the substrate normal by reactive magnetron sputtering at 0.3 Pa and 300 °C. The film morphology, crystal structure and residual stress state were characterized by scanning electron microscopy and X-ray diffraction (XRD), including pole figure and sin2ψ measurements. All HfN films had a cubic, NaCl-type crystal structure with an [111] out-of-plane orientation and exhibited a biaxial texture for α ≥ 35°. XRD pole figures reveal that the crystal habit of the grains consists of {100} facets constituting triangular-base pyramids, with a side and a corner facing the projection of the incoming particle flux (indicative of a double in-plane alignment). A columnar microstructure was formed for α ≥ 35°, with typical column widths of 100 nm. It is observed that the column tilt angle β increases monotonously for α ≥ 35°, reaching β = 34° at α = 85°. This variation at microscopic scale is correlated with the tilt angle of the (111) crystallographic planes, changing from −24.8 to 11.3° with respect to the substrate surface. The residual stress changes from strongly compressive (~−5 GPa at α = 5°) to negligible or slightly tensile for α ≥ 35°. The observed trends are compared to previous works of the literature and discussed based on existing crystal growth and stress models, as well as in light of energy and angular distribution of the incident particle flux calculated by Monte Carlo. Importantly, a decrease of the average kinetic energy of Hf particles from 22.4 to 17.7 eV is found with increasing α due to an increase number of collisions.
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1. Introduction


The physical vapor deposition of thin films at off-normal conditions is a simple and effective way to engineer the growth morphology of the films on the micro- and nano-scale and entail specific physical properties [1]. These techniques, known as oblique angle deposition (OAD) or glancing angle deposition (GLAD) when the substrate faces the incoming vapor flux at shallow angles, have become popular over the last decades [2,3,4]. By implementing such geometrical configurations, films with slanted columnar structure and porous morphology can be achieved, which are of technological relevance in various fields, such as sensor technology, electronic and photonic applications, catalysis, energy harvesting and storage [4]. By monitoring substrate motion, films with controlled nano-architectures and sculptured profiles (nanorods, zig-zags, or spiral shapes) can be additionally tailored [3,5].



Most studies on films produced with obliquely incident vapor flux have concerned metals and oxides [4], which were primarily synthesized at low temperature and low deposited energy (typically by thermal and electron beam evaporation) to benefit from exacerbated shadowing effects [6]. Combining oblique angle geometries and sputter-deposition technique provides additional degree of freedom to adjust the film morphological features (porosity and column tilt angle) and stoichiometry by varying the deposition pressure or target power [7,8,9,10,11] and employing more than one material source [12,13,14,15]. However, studies on transition metal nitride (TMN) films produced at OAD or GLAD conditions remain relatively underexplored [16,17,18,19,20,21]. Long-used as protective hard coatings, for which achieving a dense and compact microstructure is a pre-requisite, TMN are foreseen as promising candidate materials for plasmonic and sensing applications [22,23,24]. Therefore, their synthesis by OAD offers an alternative bottom-up route of technological interest to produce nanoparticles or nanostructured layers with enhanced specific surface area or engineerable chiral properties [25].



Besides control of column tilt angle and degree of porosity, the obtention of films with a specific out-of-plane orientation, as well as in-plane alignment [26,27], is of prime importance for most applications as crystallographic texture plays an important role in the materials’ properties. However, the development of texture in OAD films, and the link with the column tilt angle, is not fully understood. Moreover, the stress state in these inclined columnar structures is seldom investigated. The present work aims at contributing to a fundamental understanding on how growth morphology, texture development, and stress evolve in sputter-deposited HfN films under obliquely vapor fluxes. HfN, with cubic crystal structure, was chosen as an archetype system to explore these correlations, capitalizing on its ability to develop competitive columnar growth at low-mobility deposition conditions, and as a testing ground for in-plane orientation selection model proposed previously for isostructural TiN films [16,26]. Besides, HfN is a conductive and highly reflective (in the visible and IR range) ceramic compound which has potential for use in optoelectronic devices [28] and for plasmonic applications at high temperatures [22,29].




2. Materials and Methods


2.1. Thin Film Preparation at OAD Conditions


Thin films of HfN were deposited at 300 °C on (001) Si substrates (size 2.5 cm × 1 cm) by direct current reactive magnetron sputtering at different substrate inclination angle α of 5°, 25°, 35°, 65°, 75°, and 85° with respect to the target (cathode) material. The Hf target was a 75 mm diameter metallic disk of pure hafnium (purity 99.9%), located at 18 cm from the substrate holder in a confocal configuration, and making a fixed angle of 25° with respect to the vertical axis of the chamber. More details about the deposition chamber and substrate holder configurations can be found in Reference [21]. Sputter-deposition was operated at constant power (300 W) in an Ar + N2 plasma discharge, the gases being introduced into the chamber through separate mass flow controllers. Gas flows of 18 and 0.6 sccm were used for Ar and N2, respectively, corresponding to a working pressure of 0.3 Pa. The substrate was stationary during deposition and held at floating potential (~−9 V). To minimize the effect of layer thickness on column development, the deposition time was adjusted between 48 and 67 min, so as to obtain HfN films with similar thicknesses (~1 μm) at different α angles.




2.2. Characterization Methods


The morphology of the as-deposited HfN coatings was observed by scanning electron microscopy (SEM) using a field emission gun JEOL 7001F-TTLS microscope (JEOL Ltd., Tokyo, Japan) operating at 30 kV. The cross-section images, the thickness and the column tilt angle β of the OAD HfN films were determined. The deposition rate was calculated from the thickness and deposition time.



The crystal structure and phase identification of the OAD HfN films were studied by X-ray diffraction (XRD) using a Seifert Space XRD TS-4 diffractometer (GE Inspection Technologies GmbH, Ahrensburg, Germany) operating in Bragg-Brentano θ/2θ configuration at 30 kV and 30 mA using a Cu Kα wavelength (1.5418 Å). XRD patterns were measured along an angular 2θ range, from 30° to 62°. This range covers the main diffraction lines of HfN, namely (111), (200), and (220), while avoiding the intense (004) Bragg reflection from the single-crystal Si substrate at 2θ = 69.13°. XRD pole figures and XRD stress analysis were also performed using this diffractometer.



Pole figure measurements were carried out for {111}, {200}, and {220} reflections at several sets of (ψ,φ) angles to determine the texture of the HfN films, where ψ is the angle between the sample surface normal and the normal to a given (hkl) plane, and φ is the azimuthal (polar) angle. Residual stress analysis of the examined samples was performed by means of the sin2ψ method using multiple hkl reflections, known as the crystallite group method (CGM) [30,31]. The basic formalism of residual stress analysis, as well as details on the experimental procedure, can be found in References [31,32]. Because the HfN films deposited at α > 25° had a biaxial texture state, measurements of elastic strains by using the CGM have been carried out at specific (ψ,φ) angles corresponding to intensity maxima of the following {111}, {200}, {220}, and {331} diffracting plane families. These (ψ,φ) angles vary from one sample to another due to different tilts of the [111] texture (see Section 3).



The electrical properties of the OAD HfN films were evaluated using van der Pauw’s four-point probe method [33]. The average value of electrical resistivity was calculated from five measurements performed along two orthogonal in-plane directions of the coating (longitudinal and perpendicular to the projected incoming particle flux direction).



In parallel, computer simulations were carried out using the SIMTRA code [34] to simulate the transport of particles from the Hf target to the substrate. Prior to these calculations, the SRIM code [35] was used to calculate the energy and angular direction of the nascent particle flux (Hf sputtered atoms) leaving the target. A displacement energy threshold of 61 eV was chosen for Hf [36] and the SRIM output file was used as the input parameter in the SIMTRA code. These simulations give us access to a set of useful information, such as angular distribution, number of particles arriving at the surface of the substrate, as well as average energy of particles arriving at the surface of the substrate.





3. Results


3.1. Growth Morphology


The growth morphology of OAD HfN films is shown in Figure 1. Films deposited at substrate inclination angle α ≥ 35° exhibit a columnar morphology, with columns extending throughout the entire film thickness. The columns are tilted towards the direction of the incoming flux. With increasing α, the column tilt angle β with respect to the substrate normal increases from β = 13° (at α = 35°) to β = 34° (at α = 85°). The columns are straight and have a relatively constant diameter (~100 nm), except in the vicinity of the substrate interface where the column density is higher. The boundaries between columns are more distinctive with increasing α, this clearly shows that porosity increases with increasing substrate inclination angle. However, at low substrate tilt angles α ≤ 25°, it is not possible to distinguish any columnar features across the fracture SEM micrographs, the HfN layers are very dense, and show sign of repeated nucleation along the film thickness.



The substrate inclination angle α and deposition conditions completely change the morphology and microstructure of thin films. For HfN thin films, from the point of view of electrical properties, the change in microstructure is accompanied by variations in room temperature (RT) resistivity (ρ) over several orders of magnitude (see Table 1). Increasing film porosity at higher substrate inclination angles α could be the main contribution to the loss of electrical conductivity in OAD HfN films due electron scattering at the column boundary [37]. At α = 5°, ρ = 81 µΩ·cm, a value which is consistent with that of 70 µΩ·cm reported for polycrystalline HfN films on glass at 300 °C [38] or epitaxial HfN films on MgO(001) obtained by pulsed-laser deposition (44–75 µΩ·cm) [28] or by high-power impulse magnetron sputtering (70 µΩ·cm) [39]. Note that the resistivity of stoichiometric epitaxial HfN/MgO(001) layer grown at 650 °C is 14.2 µΩ·cm [40].




3.2. XRD Structural Investigations


Figure 2 presents the XRD patterns of HfN films deposited at different inclination angles α of the substrate. Three main XRD lines, identified as (111), (200), and (220) peaks of Na–Cl-type cubic δ -HfN, are observed for all samples in the investigated 2θ range. It can be noticed that the intensity of these XRD lines changes noticeably with α: A stronger I111/(I111 + I200 + I220) ratio is found for α > 35°. In particular, a non-monotonic intensity variation of the (111) XRD line is found with increasing α, as illustrated in Figure 2b. The intensity is maximum for the HfN film deposited at α = 75°. This change in intensity is accompanied by a reduction of the (111) XRD line broadening from Γ2θ = 0.77° (at α= 5°) to Γ2θ = 0.37–0.40° (at α = 75 and 85°), where Γ2θ is the full-width at half maximum of the (111) reflection.



Further examination of the XRD patterns also reveals that the position of the different XRD lines coincides with the values of bulk HfN powder [41], except for the films deposited at α = 5° and α = 25° (not shown in Figure 2). For these films, a shift towards lower 2θ angles is found.



In order to understand the observed XRD intensity variations with α, XRD pole figure measurements have been performed. Figure 3 shows the {111} and {200} pole figures for the HfN films with α= 5°, 35°, 75°, and 85°. For α = 5°, the pole figures are characteristic of a polycrystalline material with marginal out-plane preferred orientation. Overall, the intensity is rather homogenously distributed in the plane (along the φ direction). A slight intensity reinforcement is observed along the flux direction (φ = 0°) at ψ ~ 8° and 20° for the (111) and (200) reflections, respectively. Similar findings were observed for the film deposited at α = 25°. These results indicate that at low substrate inclination angles, the HfN films develop a polycrystalline growth with fiber-texture type.



The situation changes drastically for α ≥ 35°, for which the XRD pole figures unveil the characteristics of a biaxial texture, i.e., the HfN films develop both out-of-plane and in-plane preferred orientations. For α = 75°, the {111} pole figure reveals a strong (111) texture, with one sharp maximum located at the center (ψ = 0°) and three maxima located at ψ = 71° for φ = 60, 180, and 300° (see Figure 3e). Three intensity poles are found for the {200} reflections, located at ψ = 54.7°, for φ = 0°, 120° and 240°. The highest {200} intensity is found along the incoming flux direction (φ = 0°), see Figure 3f. Both pole figures evidence a threefold symmetry consistent with a (111)-oriented cubic crystal. The experimental data are in remarkable agreement with theoretical values, see intensity poles calculated using the CaRIne Crystallography software and represented as pink circles in Figure 3.



The films deposited at α= 35°, 65° and 85° also exhibit a (111) biaxial texture, but the (111) planes are found to be tilted with respect to the sample surface, from ζ = −24.8° to +11.3° with increasing α, see {111} pole figures of Figure 3, as well as {111} intensity profile taken along the ψ direction at φ = 0° displayed in Figure 4. For α = 35°, the {111} intensity poles are found at the following specific (ψ, φ) values: (88°;0°), (55°;75°), (25°;180°), and (55°;285°). These values are in good agreement with calculated values assuming a [111] out-of-plane direction tilted by −25° with respect to the surface normal. However, additional intensity maxima are found at (42°, 0°) and at (47°, 75°); (47°, 285°) for the {111} and {200} pole figures, respectively, of the α = 35° sample (see Figure 3c,d). The presence of these additional, lower-intensity poles is well reproduced when considering a second growth variant, in-plane rotated by φ = 180° (i.e., with respect to the [111] out-plane direction), see calculated blue circles. A similar situation is found for the HfN film deposited at α = 85°, where the additional intensity poles are more clearly visible, see Figure 3g,h.



It becomes obvious from the XRD data plotted in Figure 4 that the change in (111) XRD line intensity observed in θ–2θ scan (Figure 2b) is due to different tilts of the (111) crystallographic planes with respect to the sample surface. The tilt ζ varies from −24.8° (α = 35°) to −12.5° (α = 65°), ~0° (α = 75°) and up to +11.3° (α = 85°) (see Figure 4). Therefore, measuring only θ–2θ scans for OAD or GLAD films can lead to erroneous interpretation of the preferred orientation.



Figure 5 summarizes the evolution of the column tilt angle β, together with the tilt angle ζ and η of the (111) and (200) crystallographic planes with respect to the film surface, respectively, as a function of substrate inclination angle α. Note that for α < 35°, no β values are reported due to the absence of columnar growth. A correlation between β, ζ, and η is uncovered from the present study, pointing out that the (microscopic) tilt angle of HfN nanocolumns and texture development share the same crystallographic origins. These results will be discussed in Section 4.2.




3.3. XRD Stress Analysis


Representative examples of the evolution of the lattice parameter, a, of HfN films vs. sin2ψ, as derived from XRD strain analysis, are displayed in Figure 6. Considering error bars, the measured a values show a linear dependence with sin2ψ. When comparing the data, one can clearly observe a reduction in the slope of the sin2ψ lines at higher α angles. Since the slope is proportional to the in-plane stress state, it can be concluded that the residual stress of HfN films deposited at oblique angles is significantly reduced compared to the HfN film deposited at normal incidence (α = 5°). For this latter sample, the slope is clearly negative, indicative of a compressive stress state. The quantitative analysis of these data will be presented and discussed in Section 4.3. For films deposited at high substrate inclination angles (α ≥ 65°), it can be noticed that the lattice parameter measured from the {200} crystallographic planes does not follow the general trend (see the data point measured at ψ = 51.5° in Figure 6c), but is rather located close to the stress-free lattice parameter value (abulk = 4.525 Å [41]).





4. Discussion


4.1. Tilted Columnar Growth


Cross-sectional SEM imaging of the fractured surfaces clearly attests of the formation of tilted columnar morphology for the HfN films deposited at α ≥ 35° (see Figure 1). The columns are tilted towards the incoming flux direction. This is typical for thin films deposited off-normally (such as GLAD or OAD) under conditions of low-atomic mobility, where the growth is governed by shadowing effects [2,6]. At low α angle, no columnar structure develops for HfN films due to secondary nucleation induced by the impingement of energetic particles (sputtered Hf and backscattered Ar) reaching the substrate. The average energy of sputtered Hf particles, as calculated from SIMTRA, are reported in Table 1. With increasing α angle, the energy of the sputtered atoms decreases from 22.4 to 17.7 eV. Besides the contribution of deposited energy, the development of a dense morphology at low incidence angle (5° and 25°) is imputable to the absence of shadowing effect below a critical angle. The value of this critical angle depends on material type and deposition conditions [7,10].



The inclination angle of columns increases gradually from 13° to 34° with increasing α from 35° to 85°. This range is similar to what we reported previously for sputter-deposited TiN films using the same configurational setup [21], with β values ranging from ~5° to 25° at the same working pressure of 0.3 Pa. These values are much lower than what is usually reported for GLAD films obtained using thermal evaporation. This is related to the collisional transport processes specific to plasma-based PVD as compared to line-of-sight trajectories for thermal evaporation. Sputtered particles will experience collisions (and change in trajectory direction) with the Ar gas atoms during their transport from the target to the substrate, leading to a spreading of the angular distribution of particles arriving at the substrate. This is illustrated in Figure 7 for HfN films deposited at 0.3 Pa. For example, at α = 35°, the FWHM of the distribution is ~20°.With increasing α, the number of particles reaching the substrate decreases but there exists also a higher fraction of particles, initially out of sight from the substrate, that can be collected as result of increasing number of collisions with α (see Table 1). Overall, these angular distributions are centered to the geometrically set α values (see Figure 7). At α = 5°, the influence of target racetrack is visible and shifts the maximum of the distribution to 10°, while at α = 85°, a non-negligible skew towards lower angles is observed. In the absence of surface diffusion, kinetic Monte Carlo simulations of the growth morphology of OAD TiN films have shown that the column tilt angle β is dictated by the angular distribution of the incoming particle flux [21]. Besides this effect, other mechanisms related to hyperthermal particles, such as re-sputtering or dragging mechanism [7], can contribute to straighten the columns in sputtered OAD films, by reducing the atomic shadowing effect [42].



As can be seen from Figure 5, the β values for sputtered HfN films are much lower than those predicted by either the empirical tangent law (tan β = ½ tan α) [43] or cosine law (β = α − arcsin [(1−cos α)/2]) derived by Tait et al. from a simulation program based on 2D hard discs [44]. Although these two laws are often used for comparison to experimental data, there exists a number of reports that show that these two equations are not universal, as β is dependent on the material type [45] and deposition conditions [7,46]. For instance, the surface trapping mechanism proposed by Alvarez et al. [46] mediates the shadowing effect by considering short-range interaction of the incoming particles with the film surface, resulting in lower β angles with increasing surface trapping probability (st). Since the values of st of both Hf and N species on HfN surface are not available, it is difficult to quantify this contribution in the present study. However, due to the metallic character of HfN, one would expect a relatively low value of st [46]. Also, we can neglect the contribution of thermally-induced surface diffusion processes due to deposition at low homologous temperature, Th ≤ 0.16. Therefore, we suggest the observed variation of β versus α for OAD HfN films to be primarily governed by the angular and energy distribution of the vapor flux.




4.2. Development of In-Plane and Out-of-Plane Crystallographic Orientations


The HfN films deposited at oblique angles (α ≥ 35°) exhibit a preferred [111] out-plane orientation. The analysis of XRD pole figures displayed in Figure 3 has disclosed that the [111] axis is tilted with respect to the surface normal, except at α = 75°, for which the (111) pole coincides with the center of the pole figure. The [111] out-of-plane orientation tilt angle ζ gradually increases from −24.8° to 11.3° with increasing α angle, i.e., the texture axis also tilts towards the vapor flux direction. Besides, its evolution is correlated to the variation of the column tilt angle β, (see Figure 5), indicating that the geometrical tilt of the column (sub-micron scale) is governed by the tilting of crystallographic planes, i.e., by atomistic processes, as discussed hereafter. It has to be pointed out that off-axis texture has been found for other TMN films, for instance in OAD TiAlN films sputter-deposited at α = 45 and 60° [47].



Based on the evolutionary growth model proposed by van der Drift [48], the grains with the geometrically fastest growing direction perpendicular to the substrate will overgrow all other grains, and continue to grow upon further material capture, resulting into the development of a preferred out-of-plane orientation. In the case of TMN with rocksalt structure, the fastest growing direction has been shown to depend on the chemical state of the adparticles and reactive gas [26]. Under conditions of atomic nitrogen supply, which is the case at low pN2 used in the present work, the fastest geometric growth direction is [111], corresponding to {100} crystal facets. Indeed, the {100} planes have the lowest surface energy (i.e., highest diffusivity) and are therefore the planes offering the lowest crystallographic growth rate [26]. This description is consistent with the present findings for HfN films. The poles of the {200} pole figure correspond to the {100} facets, i.e., crystal habits. The threefold symmetry observed in Figure 3 indicates that the growing crystals have a pyramidal shape, with (111) triangular base plane. Plan-view SEM (see Figure 8b) confirms the emergence of pyramids at the surface of HfN films for α ≥ 65°. Similar results were reported for TiN films deposited at α = 65° [26].



The XRD pole figure results have also revealed that the HfN films have a biaxial texture, with a preferential alignment along two specific in-plane directions, for α ≥ 35°. The more intense (200) pole was located along the φ = 0° direction, i.e., along the projected flux direction, while a less intense set of poles was observed, 180° apart (also equivalent to a 60° rotation). It can be concluded that the vast majority of pyramidal-shaped crystals have their {100} facets facing the incoming flux, but some other crystals are aligned with their corner along the projected flux direction. The origin of this double in-plane alignment can be explained by the analytical model proposed by Mahieu et al. [26]. This model is based on the calculation of the 2D capture cross-section of individual crystals. The orientation that maximizes the capture length should capture more adatoms and overgrow all other non-favored crystal orientations. For a [111] out-of-plane orientation with {100} crystal habits, the capture length has two equivalent maxima for in-plane orientations of ω = 30° and ω = 90°, corresponding to a triangular-shaped crystal with a top (30°) or a side (90°) towards the incoming flux, see Figure 8a. This is confirmed by SEM imaging, see Figure 8b. While for TiN films, a single in-plane alignment was observed (corresponding to 90° case), the present findings of a double in-plane alignment for HfN films deposited at α ≥ 35° provide experimental support to the 2D model proposed by Mahieu et al. [26]. Examples of double in-plane alignments in off-normally sputter-deposited metal and oxide films have been reported by Elofsson et al. for Cr films [49] and Saraiva and Depla [14] for Mg–M–O (M = Al, Cr, and Ti) films.



If the in-plane orientation of the crystals can be explained by 2D calculations of the capture length, and reflects some azimuthal constraint of the crystallites along the projected flux direction at GLAD conditions, the origin of the texture tilt angle requires some 3D modelling. A simple rationale consists in assuming that the growing cubic crystal will align in such a way that its {100} facets are perpendicular to the incident vapor flux. Considering the observed η values (Figure 5) and angular distribution (Figure 7) makes such scenario plausible. A schematic of the columnar growth of HfN films is displayed in Figure 8c, showing the qualitative evolution of ζ η and β angles with α angle.




4.3. Stress Evolution


The stress state in the OAD HfN films was determined from the analysis of the elastic strain probed by XRD using the sin2ψ method. The sin2ψ plots show linear dependence of the lattice spacing with sin2ψ (see Figure 6). The existence of shear stress components in the stress tensor can be ruled out as no ψ-splitting could be noticed in measurements performed at positive and negative ψ values. Also, there was no obvious dependence of the lattice spacing to the in-plane direction (i.e., at different φ values), which suggests that the residual stress state in these layers is isotropic in the film plane, i.e., corresponds to an equi-biaxial stress state: σ11 = σ22 = σ. To derive the stress σ from the XRD elastic strain data, the following single-crystal elastic constants were used for HfN: c11 = 588 GPa, c12 = 113 GPa and c44 = 120 GPa, taken from ab-initio calculations (at 0 K) by Holec et al. [50]. To get an idea on the error associated with the use of one or another set of elastic constants, the analysis was also performed by considering the mechanical elastic constants [30] of polycrystalline HfN material, which solely depend on the Young modulus E = 391 GPa and Poisson ratio υ = 0.26 [51].



Figure 9 displays the evolution of σ as a function of substrate inclination angle α. It can be observed that the stress is largely compressive (−6 to −4 GPa) for the HfN films deposited at near normal incidence, α = 5°, and at α = 25°. It relaxes significantly for HfN films that exhibit a tilted columnar morphology and biaxial texture, i.e., for α ≥ 35°, reaching an almost stress-free state at α = 85°. The stress-free lattice parameter, a0, of the HfN films was also derived from the XRD strain analysis: a0 values range from 4.521 to 4.530 Å, in good agreement with reported values of 4.525 [41] and 4.532 Å [51] for bulk HfN compounds, as well as a0 value of 4.524 Å for epitaxial stoichiometric HfN layer [40]. This suggests that the chemical composition of crystalline domains inside HfN columns is close to the Hf:N stoichiometric 1:1 ratio, with negligible impurities.



The origin of intrinsic stress in low-mobility material thin films deposited at normal incidence is well documented in the literature [31,32,52,53]. Typically, the intrinsic stress in columnar films is tensile under conditions of thermal evaporation due to attractive forces at the column boundary. When the growing layers are subjected to continuous bombardment by energetic particles, such as using plasma discharges in magnetron sputtering, the net stress is compressive and dominated by densification and defect incorporation into non-lattice sites (interstitial sites, grain boundaries) [54,55]. In situ and real-time studies of stress evolution in TiN, ZrN, and TaN sputter-deposited films [56,57,58] have shown that tensile and compressive stress sources are competing during growth. In the case of TaN, the stress reaches a compressive steady-state of ~−5 GPa [58]. The HfN film deposited at α = 5° shows similar stress values. The very dense microstructure observed in Figure 1a is consistent with intense particle bombardment arising from sputtered atoms (with average energy of 22.4 eV, see Table 1) as well as reflected Ar (average energy of 59.6 eV).



However, studies on the stress evolution in thin films deposited at off-normal conditions remain scarce [8,59,60]. Siad et al. [8] have reported a critical angle of α ~ 60° above which the absolute stress magnitude decreases for Al, Ti, and Cr films. They attributed this change to self-shadowing effect and decrease of average energy of incoming particles. In the present work, the decrease of compressive stress observed in HfN films with increasing inclination angle α is consistent with the development of more tilted columns and increase of voids fraction between columns, as a result of shadowing effect and lower deposited energy (see Table 1), as discussed already in Section 4.1. Using in situ wafer curvature measurements, Yu and Thompson [60] have evidenced a change from compressive to tensile stress with increasing α angle in evaporated Ni and Au films. They attributed these findings to a lower propensity for adatoms to be incorporated at the grain boundaries due to an increase in surface roughness. This mechanism can also contribute to the observed intrinsic stress transition observed for HfN films with increasing inclination angle of the substrate.





5. Conclusions


The present work has demonstrated that the resulting film morphology, texture and stress state in HfN films deposited at OAD conditions are strongly affected by the vapor flux direction. With increasing substrate inclination angles α, the film microstructure evolves from a dense packing of nanosized grains and fiber-texture to well-defined columns tilted towards the flux direction, and development of a biaxial texture with double in-plane alignment.



Analysis of the XRD pole figures of HfN films deposited at α ≥ 35° reveal that the growing crystals consist of [111]-oriented pyramids terminated by {100} facets, which orientate in such a way that the {100} crystal habit is perpendicular to the incoming flux, or is in-plane tilted by 60° (corresponding to a corner facing the flux). These two in-plane alignments correspond to the maximum capture length of adatoms predicted by 2D calculations.



We also report that the [111] texture axis does not correspond to the microscopic column tilt angle β, but both move concomitantly towards the flux direction with increasing α. The development of slanted columns is accompanied by higher surface roughness and porosity, significant reduction of compressive stress and lower film conductivity.
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Figure 1. Cross-section SEM images of HfN films deposited at different substrate inclination angles: (a) α = 5°, (b) α = 25°, (c) α = 35°, (d) α = 65°, (e) α = 75°, and (f) α = 85°. The column tilt angle β is indicated in (f). 
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Figure 2. XRD patterns of OAD HfN films at different substrate inclination angles α: (a) logarithmic scale over 30°–62° 2θ range and (b) intensity profile around the (111) peak in linear scale. For better clarity scans were shifted in vertical scale. 
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Figure 3. {111} (a,c,e,g) and {200} (b,d,f,h) X-ray diffraction (XRD) pole figures of oblique angle deposition (OAD) HfN films at different substrate inclination angles: α = 5° (a,b); α = 35° (c,d); α = 75° (e,f); and α = 85° (g,h). The color scale corresponds to normalized iso-line intensity (in logarithmic scale). The theoretical intensity poles are displayed as filled circles: the blue symbols correspond to a 180° in-plane rotation of the main growth variant shown in pink. The incoming flux direction is aligned along φ = 0°. 






Figure 3. {111} (a,c,e,g) and {200} (b,d,f,h) X-ray diffraction (XRD) pole figures of oblique angle deposition (OAD) HfN films at different substrate inclination angles: α = 5° (a,b); α = 35° (c,d); α = 75° (e,f); and α = 85° (g,h). The color scale corresponds to normalized iso-line intensity (in logarithmic scale). The theoretical intensity poles are displayed as filled circles: the blue symbols correspond to a 180° in-plane rotation of the main growth variant shown in pink. The incoming flux direction is aligned along φ = 0°.



[image: Coatings 09 00712 g003]







[image: Coatings 09 00712 g004 550] 





Figure 4. {111} XRD intensity profile along the ψ axis (at φ = 0°) for OAD HfN films at different substrate inclination angles α. 
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Figure 5. β (column tilt angle), ζ and η (crystal tilt angle) versus substrate inclination angle α. The dashed (resp. dotted) line corresponds to the tangent (resp. cosine) empirical law. 
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Figure 6. sin2 ψ plots of the HfN films deposited at α = 5° (a), α = 35° (b), and α = 75°(c). The horizontal dashed line corresponds to the bulk lattice parameter of HfN reference powder (abulk = 4.525 Å). The measured hkl reflections are indicated in each graph. 
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Figure 7. Angular distribution of sputtered Hf particles at the substrate position calculated using SIMTRA code for various inclination angles α of the substrate, at fixed Ar working pressure (0.3 Pa). The number of particles was normalized to the maximum value obtained at α = 5°. 
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Figure 8. (a) Schematic representation of in-plane orientation of 2D triangular-shaped crystals with [111] out-of-plane orientation and {100} facets, (b) plan-view SEM image of the α = 75° HfN film showing two different orientations of the crystal facets with respect to incoming flux and (c) Schematics of HfN columnar development (β angle) and texture tilt angle ζ with increasing α angle. The (blue) arrow indicates the vapor flux direction. 
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Figure 9. Biaxial stress in OAD HfN films vs. substrate inclination angle α. The labels “SC” and “Poly” refer respectively to the single-crystal (SC) and mechanical (Poly) elastic constants used for the analysis. The blue solid line serves as guide for the eye. 
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Table 1. Influence of the substrate inclination angle α on the electrical resistivity and on the average energy of Hf sputtered particles and the number of collisions during transport in the gas phase at 0.3 Pa computed by SIMTRA code.
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	Substrate Angle α (°)
	5
	25
	35
	65
	75
	85





	Average Energy E (eV)
	22.4
	22.4
	22.3
	21.7
	20.8
	17.7



	Number of Collisions
	7
	7
	8
	10
	12
	20



	RT Resistivity ρ (µΩ.cm)
	8.1 × 101
	1.2 × 102
	1.8 × 102
	1.1 × 103
	3.6 × 103
	1.3 × 104
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