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STRUCTURAL AND MORPHOLOGICAL CHANGES IN Ag:TiN NANOCOMPOSITE FILMS PROMOTED BY IN-VACUUM ANNEALING
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Thin films composed of titanium nitride doped with silver were deposited by DC reactive sputtering, with Ag contents varying between 0 and 50 at.%. The as-deposited samples were subjected to vacuum annealing treatments, with a range of temperatures varying from 200 to 500°C, in order to study the morphological and structural changes that may occur. The as-deposited samples showed three main zones of basic characteristics, which differ both in terms of the morphology and structural features.

With the increase of the annealing temperature, the thermodynamic stability was accelerated, revealing a phenomenon of dispersion of silver particles at 200 °C and the start of its segregation at 300 °C. At 400 °C, the coalescence of the segregated Ag particles begins, while at 500 °C the formation of large clusters of Ag is glaring, particularly in the samples with higher Ag content. In addition, and corroborating the * To whom all correspondence should be sent (fvaz@fisica.uminho.pt) 2 presence of free Ag in the thin films, the increase of the annealing temperature promotes coating's crystallinity and some Ag grain growth.

INTRODUCTION

The past five decades have seen an increasingly important development in the area of bio-electrodes that are used to measure bioelectric signals, produced by organs of the human body. Electrocardiography (ECG), electroencephalography (EEG) and electromyography (EMG) are some examples of such electrode applications [1,2].

Coated materials are among the most recent attempts to increase the capabilities of these bio-electrodes, with a clear focus on the improvement of signal quality and accuracy of the devices. Several elemental or even multiple component composites have been tried in recent years by several research groups, differing mostly in their adequacy to the final outputs that are to be measured and characterized [3][4][5][6][7][8][9][10][11]. More recently, different types of nanocomposite thin films have been studied because their combined structures, which comprises two or more components having diverse properties, making it possible to achieve better performance and functionality than those of single components [12][13][14].

Among the most investigated material types, sputtered TiN is a well-known thin film material, widely used in electrical-and tribological-based applications, due to its good electrical conductivity and corrosion/oxidation resistance [3], heat resistance, high chemical stability, wear resistance [4], scratch resistance [5] and high hardness (~20 GPa) [6], specially at moderated temperatures [7]. Due to its good biocompatibility, it has also been used in the biomedical research area [8]. Nevertheless, TiN has some disadvantages regarding the absence of antibacterial ability [9], which limits its use in some important biomedical applications. Anyway, this drawback can be compensated by the addition of some well-known antibacterial materials, where Ag is one of the most used [10]. In addition, Ag also allows obtaining the so-called 'self-lubricating' effect [7], together with the possibility to tailor the final composite mechanical performance, namely its elasticity. This last possibility is extremely important in modern flexible-like devices, such as polymeric-based electrodes. This set of characteristics is essential when it comes to applications like tribological-based ones, which derives from the lubricating skill of silver solid particles merged in a TiN matrix, changing its recognized high friction coefficient and hereafter making it suitable for tribological solicitations [7].

Furthermore, Ag has one of the lowest resistivity values among all metals (below 2×10 -8 .m at room temperature). Moreover, Ag has low mechanical strength, which is why it has been used in integrated circuit interconnects, electrodes and optical mirrors [11].

In spite of the promising effects that may arise from the joining of both TiN and Ag systems in a single material, which would allow to tailor the final composite material with both systems' characteristics, the composite Ag:TiN system may have some important drawbacks. These concern the structural and morphological stability, namely the growth characteristics and crystalline structure evolution, as well as the Ag diffusion throughout the film thickness itself [7,[15][16]. There are well-known problems related to mechanical failures in the coatings, particularly due to changes in their morphology or crystalline phases, which in turn significantly aggravate the efficiency/performance of the thin films during their in-service performance [15,16]. These problems reveal a major importance in situations that involve high operating temperatures, such as those resulting from friction in tribological applications, making the study of the thermal (morphological and structural related behaviours) stability of crucial importance [17].

Taking this as a start point, the present paper discusses the influence of different annealing temperatures on the structural and morphological stability of Ag:TiN thin films, in order to better understand the major changes that are promoted, namely in what concerns a rather well-known characteristic of silver-based nanocomposites, such as its significant diffusion throughout the entire film thickness, as well as the related coalescence processes [18].

EXPERIMENTAL DETAILS

Glass and (100) silicon substrates were used to deposit Ag:TiN thin films using the reactive DC magnetron sputtering technique in a laboratory-sized deposition system.

Before each deposition, all substrates were subject to a cleaning process with ethanol 96% (vol.) in order to avoid possible contamination. Inside the deposition chamber, the substrate holder was positioned at a distance of about 70 mm from the Ti/Ag composite target. The target was composed of titanium (99.96 at.% with 2×1×0.06 cm 3 ) and silver pellets (with a dimension of 8×8×1 (×10 -2 ) cm 3 and a total surface area that varied between 0.75 and 8.3 cm 2 ) glued symmetrically along the erosion area on the surface of the target. A DC current density of 100 A.m -2 was used and the base pressure was always in the 10 -4 Pa range. Regarding the deposition conditions, a gas atmosphere composed of argon (with a constant flow rate of 60 sccm for all depositions corresponding to a partial pressure of 3×10 -1 Pa) and nitrogen (with a flow rate of 5 sccm; partial pressure of 3.4×10 -2 Pa) was used. The working pressure was approximately constant during the depositions, varying only slightly between 0.35 and 0.38 Pa. No bias voltage was used, and the deposition temperature was controlled by a thermocouple placed at approximately 7 cm to the surface of the substrate holder (not in direct contact, once the depositions were carried out in rotation mode). The temperature was kept constant at 100 ºC during the 3600 s of deposition time. Before each deposition, the Ti/Ag target was subjected to a 300 s pre-sputtering, with the purpose of avoiding film contamination resulting from previous depositions (which may have resulted in some target poisoning). The as-deposited samples were then subjected to an annealing treatment in a vacuum furnace at a pressure of approximately of 10 -4 Pa. The annealing temperatures ranged between 200 and 500 ºC (the upper limit is known as the limit temperature until which TiN coatings may be used). The annealing process consists in three main steps: firstly a heating stage of 5 ºC/min, followed by a 60 min. stabilization step. Finally, before removing the samples, they were cooled down freely to room temperature still in vacuum conditions. The atomic composition of the asdeposited samples was measured by Rutherford Backscattering Spectroscopy (RBS) using (1.4, 2.3) MeV and (1.4, 2) MeV for the proton and 4 He beams, respectively. Three detectors were used; one located at a scattering angle of 140º and two pin-diode detectors located symmetrical to each other, both at 165º. Measurements were made for two sample tilt angles, 0º and 30º. Composition profiles for the as-deposited samples were determined using the software NDF [19]. The area analysed was about 0.5×0.5 mm 2 . The uncertainty in the N concentrations is around 5 at.%. The structure and phase distribution of the coatings were assessed by X-ray diffraction (XRD), using a Bruker AXS Discover D8 diffractometer, operating with Cu K α radiation and in a Bragg-Brentano configuration. The XRD patterns were deconvoluted and fitted with a Voigt function to determine the structural characteristics of the films, such as the peak position (2θ), the full width at half maximum (FWHM) and the crystallite size. Morphological features of the samples were probed by scanning electron microscopy (SEM), carried out in a FEI Nova 200 (FEG/SEM) microscope operating at 15 keV.

RESULTS AND DISCUSSION

Preparation of a set of representative samples

In a previous study, the authors co-deposited Ag:TiN nanocomposites, and related the thin film characteristics with the selected deposition conditions [20]. Three different zones were identified, directly related to their set of properties that were correlated with the main changes in structural and morphological features [20]. Taking this into account, five representative samples of the three identified zones were then selected, according to their different Ag contents, and the correspondent morphological and structural changes. The sample with a Ag content of 0.1 at.% represents a group of samples with a very low amount of metal nanoparticles, revealing an overall behaviour that can be identified as quite similar to that of TiN. This set of low Ag content samples was indexed to a first zone of samples, zone I. A second group of samples was then identified, consisting of intermediate Ag content films, where some important changes have occurred in comparison to the TiN-like one from zone I films. The samples with Ag contents of 6.3 at.% and 20.2 at.% Ag represent this group of samples (zone II).

Finally, a third group of thin films was prepared, where the silver content was relatively high, ranging from ~35 at.% to ~47.5 at.%, with a clear tendency for the films to reveal a behaviour approaching that of pure Ag films. Two samples, containing amounts of Ag of 36.3 at.% and 47.5 at.% Ag are representative of this third identified group (zone III).

Regarding the main characteristics of each zone of films, the samples from zone I (very low Ag incorporation) revealed a TiN-like character, where the lower values of the deposition rate (around 1.3 µm/h), Fig. 1, are in good agreement with the available values for pure TiN deposition conditions (~1.2 µm/h [5]), Fig. 2. For the films indexed to zone II, it is notorious a change in the deposition rate evolution, which seems to level off, Fig. 1. However, the exhibited values are slightly lower in relation to zone I, due to an increase of Ag incorporation, consequence of the increasing Ag fraction in the Ti/Ag target erosion zone (between 1 and 5 cm 2 ) [20], Fig. 2.

It is important to notice an initial low level of Ag composition in the films, followed by a steep increase of the Ag/(Ti+N) ratio connected to the Ag concentration (from 6.3 to ~36.3 at.%). Finally, the samples from zone III display increasing deposition rate values, Fig. 1, due to a strong increase of the Ag exposed area (≥ 5 cm 2 ).

The less accentuated increase in Ag content for concentrations ranging from ~36.3 to ~47.5 at. % is probably due to Ag saturation in the TiN matrix.

Morphological and structural characterization

Taking into account the five representative samples mentioned before, and in order to study the coatings' structural and morphological stability, a set of in-vacuum annealing tests were carried out. The morphological evolution in the coatings as a function of the annealing temperature, carried out by SEM investigation, showed two main morphological changes, within the annealing temperature range (from 200 °C to 500 °C). The first one is linked with the coating growth-type (including aspects as densification and porosity), while the second is associated to a systematic grain growth and formation of extensive Ag nanoparticles (aggregates). Anyway, it is worth noticing that one could identify very similar changes in all five representative samples, although with much clearer evidence in the samples with the highest silver contents (zone III).

Following this clearer morphological changes, Fig. 3 shows SEM cross-section images (A 1-4 ) and top view (B 1-4 ) micrographs of the Ag:TiN sample with a Ag content of 36.3 at.%, uncovering the most important changes that occurred in the film's morphological features. At 200 °C (Fig. 3 A 1 ), the sample shows a typical TiN-like columnar growth, with some disaggregation areas, characterized by an increase of the thin film porosity and the presence of some small Ag particles (< 1 µm), both on the surface (in smaller quantities) and throughout the film thickness, demonstrating some homogeneous distribution. At 300 °C (Fig. 3 A 2 ), there are now major changes in morphological terms, jumping into sight the formation of Ag diffusion lines (small Ag particles forming some kind of diffusion path) along the columnar boundaries, as if illustrating the way that these same particles travelled while diffusing to the surface. It is also possible to observe the formation of some rather large Ag clusters on the surface. At 400 °C (Fig. 3 A 3 ), there is a slight decrease in the number of Ag aggregates, associated with an increase of the spherical definition of the Ag particles shape (becoming nearly spherical) [21][6], together with a slight increase in the aggregate's dimension on the surface [22,23]. Confirming this fact, it is visible at 500 °C (Fig. 3 A 4 ) a radical dimensional increase of the Ag clusters sitting in the sample's surface (similar to the coating thickness: > 1µm), losing their spherical shape. This phenomenon may have resulted from an almost complete segregation of all the small particles embedded along the boundaries of the columnar coating to the surface, having probably reached the percolation threshold. This phenomenon of silver diffusion has been observed also by Kitawaki et al. [6], which verified the existence of free metallic silver, justifying that the silver atoms are not bonded to the TiN matrix (forming a kind of Ti-N-Ag intermetallic), since the nitrification of silver is thermodynamically unlikely due to its high enthalpy of formation when compared to TiN ( f H ø = 309 kJ mol -1 to AgN 3 , 199 kJ mol -1 for Ag 3 N, and -338.1 kJ mol -1 for TiN). Also, Kelly et al. [10] observed this phenomenon of Ag segregation, where the silver nanoparticles were observed uniformly distributed along the surface of the TiN matrix. Similarly, Moreno et al. [24] reported the same silver diffusion phenomenon to the surface for the case of a Cu matrix, stating that the Cu-Ag alloys tend to form a double phase due to the high enthalpy of formation.

The segregation of silver was also confirmed by Gulbi ski and Suszko [25], that studied this phenomenon in another metal nitride (MoN), indicating that higher amounts of silver segregation in grain boundaries prevent the growth of the MoN structure, gradually decreasing its crystallinity. In the same framework, a study conducted by Resnik et al. [26] demonstrated that the temperature increase causes a faster approximation of the thermodynamic equilibrium, thereby increasing the diffusion of metals such as silver to the surface of the base matrix.

Aiming at better understanding how the morphological changes affect, first, the films structural arrangements, and then the overall films' behaviour, a detailed structural characterization was carried out, both in the as-deposited and annealed samples. Again, similar trends were observed in all five representative samples, though their extension was somehow different for the diverse Ag contents. Figure 4 shows the XRD diffractograms of the Ag:TiN samples with a Ag content of 0.1 at.% (zone I), 20.2 at.% (zone II) and 36.3 at.% (zone III), at room temperature and at the different annealing temperatures. Figure 4.a) shows the behaviour of the sample with a Ag content of 0.1 at.%, where, as expected (due to the very low Ag content) and both at room temperature and with increasing annealing temperature, only TiN peaks are observed, corresponding to a fcc TiN-type structure (ICDD card 00-038-1420), typical for stoichiometric TiN thin films [27]. There are no Ag peaks, which is somewhat expected, again due to the low Ag content in the sample. With increasing annealing temperature, it seems that an increasing definition/intensity of all diffraction peaks is present, which can be associated to an increase of the thin film's crystallinity. A closer look to the diffraction peaks reveals that a small shift in the angular position to higher diffraction angles. This implies a decrease in the lattice parameter, which can be explained by the contraction of the TiN structure, resulting from a possible migration of a few Ag atoms (that precipitated at the grain boundaries [2]), which then segregated to the thin film's surface.

Regarding the structural evolution with the set of films indexed to zone II [20], Fig. 4.b) show the diffractograms of the as-deposited and annealed sample with a Ag content of 20.2 at.%. This figure shows the presence of two main peaks: one corresponding to the (111) peak of fcc-TiN, located at 2θ ~36º, and the other to the diffraction of a fcc Ag-type structure ((111) reflection), located at an angular position of 2 ~38° (ICDD card 00-004-0783). This is a typical behaviour for Ag thin films [25,26,28]. Furthermore, a closer look at the diffractograms corresponding to annealing temperatures of 200 and 300 °C, seems to evidence that a decreasing definition/intensity of TiN diffraction peaks is occurring, which is in opposition to what happens in the diffraction results corresponding to the Ag phase. From 400 to 500 ºC, all diffraction peaks increase their definition/intensity, possibly due to an increase of the thin film's crystallinity with increasing temperature (grain refinement and crystal growth, as seen in SEM observations). The same shift of the diffraction peaks to higher angular positions was observed in these annealing temperatures, becoming even clearer, possibly due to the higher amount of Ag that is diffusing to the surface. Figure 4.c) illustrates the behaviour of the set of films that were indexed to zone III, where it is noteworthy the appearance of a diffraction peak at an angular position of 2 ~44° (corresponding to the (200) peaks of a Ag fcc-type structure), with an increased definition, possibly indicating the beginning of the Ag segregation and its clustering. It is also worth noting the appearance of a new peak at a diffraction angle of 2 ~64°, corresponding to the Ag fcc-type structure ((220) diffraction planes). Contrary to this increasing crystallinity of the Ag phase, TiN becomes increasingly amorphous with increasing temperature, probably due to the hindered growth promoted by the solute-drag effect [29]. From 400 up to 500 °C there is clearly an approximation in terms of definition and intensity among Ag and TiN diffraction peaks, consistent with the formation of large Ag clusters, as corroborated by the SEM micrographs. It is also worth to highlight the formation of a new peak at approximately 2 ~78°, which can be indexed to the diffraction of fcc-Ag crystal structure ((311) planes).

A deeper analysis of the structural and morphological features was obtained by the study of the influence of the annealing temperature in the evolution of the grain size of both Ag and TiN crystalline phases. The results of XRD signals fitting of both (111) peak from the fcc-TiN phase and (111) peak from the Ag phase are shown in Fig. 5. This peak fitting allowed further uncovering of the main structural and morphological changes previously enounced. In fact, the results plotted in Fig. 5 reveal that with increasing temperature, two different behaviour zones of Ag and TiN grain sizes are developed. Firstly, the zone where it can be observed grain size values varying from 17 to 19 nm for TiN (111) and from 13 to 15 nm for Ag (111). This zone can be characterized by the temperature range that is insufficient to promote Ag segregation, thus exhibiting higher values of TiN grain size comparatively to Ag. Above 300 ºC, it is notorious a different zone, where an increasing annealing temperature leads to a slight increase of the TiN grain size (although the values are still below the ones from the first zone) and a steep increase of the Ag grain size, once the free metallic silver atoms embedded in the TiN matrix easily segregate and coalesce (increasing Ag grain size) by action of the high temperatures. Indeed, the Ag incorporation causes a decrease in the TiN matrix grain size as the segregation of the Ag grains occurs preferentially across the TiN grain boundaries, thus hindering the TiN grain size growth [2]. This growth of Ag particles was already observed by SEM micrographs.

In an overview mode, the authors would like to suggest a schematic model that may represent the entire evolution of the microstructural features of the thin films with the annealing temperature and with the change of the Ag content. This model is illustrated by Fig. 6, involving the three mentioned behaviour zones, which with increasing annealing temperature, evolve likewise. As the annealing temperature was increased, one could identify four different distinct events. First, and occurring at room temperature, a TiN-like behaviour can be claimed, where the coatings show a columnarlike structure. This behaviour was identified to be present within all the films that were prepared with very low amounts of metallic nanoparticles -the low Ag content zone (zone I). With the increase of the Ag content, a progressive destruction of the columnar structures could be identified, resulting from the incorporation of the Ag particles. At 200 °C, the dispersion of the Ag nanoparticles was observed, with/or even an atomic reorganization, distributed through the entire samples' thickness. Increasing the annealing temperature further to 300ºC, it is clearly the beginning of the segregation phenomenon, that occurred as a result of the reorganization of the Ag particles in the form of "lines" of segregation between the columnar structures (samples from zone II) and within an almost featureless zone (zone III), where the columnar structure seems not to be present. When the annealing temperature reaches 400 and 500 °C, two different phenomena are interconnected. At 400 °C, the Ag particles, which had been previously segregated, coalesce at the surface, forming bigger particles along the entire sample. Finally, at 500 ºC, these "giant" particles agglutinate at the surface, revealing Ag islands with sizes close to that of the film thickness itself. A summary of these observations is depicted in Fig. 6.

CONCLUSIONS

In this paper it is conceivable to associate the influence of several annealing temperatures carried out on Ag:TiN coatings produced by magnetron sputtering, in their morphological and structural behaviours. Regarding the deposition rate, it was detected the existence of three different zones of behaviour: (i) a first zone (zone I) with deposition rate values that are similar to the ones exhibited by pure TiN, thus this zone can be considered a TiN-like zone, (ii) a second zone (zone II) which shows lower (and constant) values than in the first zone and (iii) a third zone (zone III) that shows an increase of the deposition rate and a growing Ag incorporation with the increase of Ag exposed area in the Ti/Ag target. Concerning the morphological progress with increasing annealing temperatures, it was possible to identify the existence of a significant Ag segregation phenomenon, initially in the form of spherical particles located both among the TiN columns, as well as at the thin film's surface. The Ag particles embedded in the TiN matrix later spread to the surface where they agglutinate to form agglomerates of dimensions similar to those of the coating thickness by action of increasing annealing temperatures. The applied thermal treatments, beyond proving the presence of free metallic silver atoms, also resulted in some structural modifications on the studied sample, providing increasing crystallinity to the coating (higher peak definition).

To sum up the several heat treatments effect on the Ag:TiN samples, their behaviour can be consistently ascribed to three distinct zones (zone I, zone II and zone III), both at the structural and morphological levels, as expected. In fact, the increase of the annealing temperature increases the mobility of the coating's species, therefore significantly affecting its structure and morphology, confirming the observed results. 
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 1 Fig. 1. Evolution of the deposition rate with increasing Ag exposed area in the target.
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 2 Fig. 2. Evolution of the coatings' Ag content and Ag/(Ti+N) ratio as a function of the Ag exposed area in the target.
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 3 Fig. 3. SEM cross-section (a 1-4 ) and top view (b 1-4 ) of the sample with a Ag content of 36.3 at.% with increasing annealing temperature.
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 4 Fig. 4. XRD diffractograms of one of the representative samples from each zone ((a) zone I -sample with a Ag content of 0.1 at.%; (b) zone II -sample with a Ag content of 36.3 at.%; (c) zone III -sample with a Ag content of 36.3 at.% with increasing annealing temperature.
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 5 Fig. 5. Influence of the annealing temperature on the grain size evolution of TiN (111) and Ag (111) peaks of the five representative samples.
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 6 Fig. 6. General model depicting the overall influence of the annealing treatments and the Ag content on the microstructural evolution of the samples.
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