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Highlights 

- Epitaxial thin films of the MAX phase Ti2AlN are obtained by thermal annealing 

- A new metastable (Ti,Al,N) solid solution with the structure of -T is evidenced  

- The formation of the MAX phase occurs at low temperature (600°C) 
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Abstract 

  Single-phase Ti2AlN thin films were obtained by annealing in vacuum of (Ti+Al)/AlN 

multilayers deposited at room temperature by magnetron sputtering onto single-crystalline (0001) 4H-

SiC and (0001) Al2O3 substrates. In-situ X-ray diffraction experiments combined with ex-situ cross-

sectional transmission electron microscopy observations reveal that interdiffusion processes occur in 

the multilayer at a temperature of ~400°C leading to the formation of a (Ti,Al,N) solid solution, having 

the hexagonal structure of -Ti, whereas the formation of Ti2AlN occurs at 550-600°C. Highly oriented 

(0002) Ti2AlN thin films can be obtained after an annealing at 750°C.  

 

Keywords: Annealing, MAX phases, thin films, multilayer 
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I. Introduction 

 

  The Mn+1AXn phases (n = 1 – 3, or ‘MAX phases’) are nanolaminated early transition-metal 

(M) carbides and nitrides (X) interleaved with a group 12-16 element (A) exhibiting a remarkable 

combination of metallic and ceramic properties. For reviews, see Refs. 1,2,3,4,5.  Thin-film synthesis 

by physical vapor deposition (especially sputter-deposition) of MAX phases is a relatively mature area 

[2], where substantial interest is devoted to low-temperature deposition since this is essential for 

deposition onto many technologically relevant substrates. Among the MAX phases, it is established 

that [2] M2AX phases with group-5 or group-6 M elements can be directly deposited from vapor at 

relatively low substrate temperature, typically around 500 °C. This includes
 
V2GeC [6], Cr2GeC [7], 

and perhaps most importantly Cr2AlC [8,9,10,11,12,13,14,15], while the Ti-based MAX phases require 

higher temperatures (see section 4.2.1 in Ref. 2 for a detailed discussion). 

 

An alternative approach to direct deposition of MAX phases is to take advantage of solid-state 

reactions. For the purpose of thin-film synthesis, these reactions can be categorized into two groups: 

one based on interdiffusion processes between a film and a substrate during post-deposition thermal 

annealing and the other based on reaction processes inside the film itself. For MAX phases, the most 

well-known example of the first category of reactions is Ti3SiC2 synthesized by annealing of Ti-based 

contacts deposited onto SiC substrates, to form ohmic contacts in SiC-based semiconductor devices 

[16,17,18,19,20,21,22,23]. The second category is deposition of a film containing the three elements 

M, A, and X in a metastable state, e.g., amorphous [24,25,26] or an artificial multilayer [27,28,29,30], 

followed by annealing above the deposition temperature, to initiate transformation to the MAX phase. 

A variation of these approaches is sequential deposition of the three elements at somewhat higher 
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temperature (~650 °C for Ti3SiC2), which favors segregation of the elements and enables formation of 

the complex MAX structure at lower temperature than for direct deposition [31]. 

  In order to fully exploit these approaches, it is important to understand the phase transformation 

paths, including the role and nature of any intermediate phases. This background is the motivation for 

the present work, in which we report the synthesis and formation mechanism of Ti2AlN via 

intermediate phases from (Ti+Al)/AlN multilayers.  

   

II. Experimental Details 

 

(Ti+Al)/AlN multilayers were deposited at ambient temperature onto 4H-SiC(0001) and 

Al2O3(0001) substrates by magnetron sputtering in an ultra-high vacuum system (base pressure of ~ 

2.10
−6

 Pa) using Ar as the working gas.  For (Ti+Al) layers, elemental Ti (99.995% purity) and Al 

(99.999%) targets were run in DC power-control mode whereas a reactive deposition process was used 

to achieve AlN layers by introducing N (6.5 sccm) in the deposition chamber during Al deposition (Al 

target power= 300W). The power applied to the Ti and Al targets and the deposition time of each layer 

were adjusted to get single-phase Ti2AlN thin films after thermal annealing (see table 1). 

 

Preliminary ex-situ X-ray diffraction (XRD) θ–2θ measurements and ω scans (rocking curves) 

were carried out in a Bruker D8 diffractometer using Cu Kα radiation. The instrument was operating at 

40 kV and 40 mA for a selected 2 range (10-80°). Steps interval of 0.04° and counting time of 5 s for 

each step were used. These preliminary measurements (not shown) showed that the main diffraction 

peaks were observed at 13° for the (0002) diffraction peak of Ti2AlN and in the 37-41° 2range for 

the diffraction peaks of the different phases synthesized after deposition and during annealing. 
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In situ X-ray diffractograms were acquired in the 25 to 750 °C temperature range under vacuum 

(2×10
-4

 Pa) in a second diffractometer (X’PERT Philips) operating at 45 kV and 40 mA. The height of 

the sample was adjusted prior to each X-ray measurement for consistent alignment. An angular step 

size of 0.04°, with a count time of 1 s for each step, was used for the acquisition of diffractograms in 

the ranges of 11-15° and 37-41°(-50° in some cases). The setup is described in more detail elsewhere 

[32]. 

 

Transmission Electron Microscopy (TEM) was performed in a JEOL 2200FS operating at 200 

kV. Tripod polishing was used to mechanically thin cross-sections down to 10 µm before ion milling in 

a Gatan Precision Ion Polishing System (PIPS)  (2.5 keV Ar+ ion beam at 8° and 4° of incidence with 

respect to the surface of the sample) to reach electron transparency. STEM images were realized using 

ADF detector with a camera length which was decreased to 4 cm to ensure that the Bragg electrons do 

not hit the detector, leading to the formation of a quasi-STEM-HAADF image [33] The STEM image 

contrast is then predominantly formed by the incoherently scattered electrons and the intensity is 

proportional to Z
n 
 with n close to 2 [34,35]  

 

The stoichiometry of the different multilayers was determined by Energy Dispersive X-Ray 

Spectroscopy (EDS) inside a Scanning Electron Microscope (SEM) (JEOL-7001F-TTLS) operated at 

10 kV. Pure Ti and AlN samples were used as standards to determine the Ti, Al and N contents in 

multilayers deposited onto SiC. Due to the quite low energy resolution of the technique (125 eV ) and 

the overlapping Ti-L and N-K peaks, the relative uncertainty for the nitrogen content is estimated to be 

close to 20%.  Both samples studied here have a Ti:Al:N ratio close to 2:0.9:0.8. 

 

III. Results and discussion 
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Figure 1 shows X-ray diffractograms in -2 geometry of as-deposited films on 4H-SiC(0001) 

and in-situ annealed films at 300 °C, 400 °C, 500 °C, 550 °C, 600 °C, 650 °C, 700 °C, and 750 °C. The 

as-deposited films exhibit three broad features due to the multilayered structure of the film. The 

position of the main peak (2q=38,22, labelled with a cross in Fig.1) corresponds to an average distance 

(d0=0.2353 nm) in the multilayered structure between (0002) planes of an -Ti structure (Ti+Al layers) 

and of AlN whereas the other peaks (labelled with a star) are satellites peaks.  Figure 2 shows a bright-

field TEM image of the as-deposited TiAl/AlN multilayers. As can be seen, (Ti+Al) layers, 12-13 nm 

thick, are interleaved by thinner (2-3 nm) AlN layers for a total thickness of the film close to 140 nm. 

HRTEM observations (figure 3) confirm the preferential growth of the Ti-rich layers with the basal 

planes of the hexagonal structure ((0002) planes) parallel to the surface as indicated by XRD analysis. 

Brighter AlN layers appear to be less ordered even if (0002) planes of the hexagonal AlN structure, in 

epitaxy with the Ti (0002) planes, are identified in some areas. It is important to point out that such 

observations appear to be in contradiction with the average stoichiometry of the thin film (Ti:Al:N ratio 

close to 2:0.9:0.8). In particular, it is not possible to explain this high nitrogen content by simply 

considering nitrogen incorporation inside the AlN layers. High-angle annular dark-field imaging 

(HAADF) of this as-deposited multilayer sheds light on this point (see figure 4) since this technique is 

highly sensitive to variations in the atomic number of atoms in the sample (the more the layer is bright, 

the more the average Z is high in the observed area). Instead of uniform contrast inside the Ti-rich 

layers, the profile is strongly asymmetric, lower intensities being obtained closer to the AlN layers. 

Even if the influence of strain or defects cannot be totally excluded, their influence is very small with 

the STEM conditions used here and the evolution of the intensity can then be safely discussed in terms 

of chemical contrasts. This observation can be explained by considering nitrogen incorporation during 

the initial stages of the growth of the (Ti+Al) layers. On the basis of our study, it is not possible to 

definitively determine the origin of this phenomenon, but we propose that it can be attributed to 
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residual nitrogen inside the vacuum chamber just after the reactive deposition of the AlN layer and/or 

to poisoning of the Ti and/or Al targets during the AlN deposition.  

 

As seen in Fig. 1, this multilayer structure is initially retained when annealing at 300 °C and the 

diffraction peak slightly moves towards lower angles due to the thermal expansion. An increase of the 

temperature to 400 °C results in the disappearance of the satellite peaks, i.e., complete loss of a 

multilayer structure containing layers with different densities. This clearly indicates that interdiffusion 

of some of the atomic species occurred at 400°C. Furthermore, a shift of the maximum of the 

diffraction peak towards a larger angle can be observed in figure 1 when the temperature reaches 

400°C. This evolution indicates that an intermediate phase, for which the distance between the 

diffracting planes is slightly smaller than the one between the (0002) planes in titanium, was formed at 

this temperature. Only this phase, with a peak position close to that of -Ti, is observed in XRD. This 

intermediate phase is retained until 550 °C. Annealing at 600 °C results in a gradual transformation of 

the intermediate phase into Ti2AlN, as confirmed by the appearance of the Ti2AlN (0002) and (0006) 

peaks at ~13° and ~39° in 2. Further increase in temperature up to 750 °C and/or longer holding time 

at 600 °C results in the complete transformation of the film into Ti2AlN. 

 

To identify the intermediate phase, TEM (Fig. 5a) and electron diffraction (Fig. 5b) was 

performed on the sample annealed at 500 °C, i.e., with only the intermediate phase being observed in 

XRD. Analysis of the electron diffraction pattern shows that it can be fully indexed as a single-phase 

material with a hexagonal structure similar to that of -Ti metal, as indexed in Fig. 4b, but with smaller 

lattice parameters (a=0.284(5) nm and c=0.466(5)) for this intermediate phase than for pure -Ti 

(a=0.29505 nm; c=0.46826 nm)  
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Other alternative structures for the intermediate phase can be excluded as they would be 

inconsistent with the electron diffraction results. That excludes the possibility of a tetragonal -Ti2N-

like structure (isostructural to (Cr,Al)2Cx phase which is an intermediate phase when annealing 

nominally amorphous Cr-Al-C films for transformation into Cr2AlC [25]) or cubic structures such as 

the inverse perovskite Ti3AlN tentatively (and most likely incorrectly) assigned in Ref. 28. The 

intermediate phase also has a substantial content of Al and N, nominally corresponding to 

approximately the ratio Ti:Al:N:2:0.9:0.8 The intermediate phase can therefore be identified as a 

metastable solution of Al and N in hcp-Ti, with higher Al and N content than the equilibrium solubility 

in Ti (which is ~20% in both cases), enabled by the nonequilibrium low-temperature deposition 

conditions. The present observations do not allow any definitive confirmation as to the exact positions 

of the atoms of Al and N, but it is likely that Al is substitionally dissolved on Ti atomic positions of the 

hexagonal structure of -Ti, and the nitrogen atoms are probably interstitially dissolved. 

 

As seen in Fig. 1 for films deposited onto 4H-SiC, increasing the annealing temperature beyond 

550 °C results in a transformation into Ti2AlN. After annealing at 750 °C, the films are fully 

transformed into Ti2AlN. Figure 6 shows X-ray diffractograms in -2 geometry of as-deposited films 

on Al2O3(0001) and in-situ annealed films at 300 °C, 400 °C, 500 °C, 550 °C, 600 °C, 650 °C, 700 °C, 

and 750 °C. Here, the intermediate phase is retained at higher temperature (in coexistence with Ti2AlN, 

which starts forming at 550 °C) than for films deposited onto 4H-SiC, suggesting a higher degree of 

epitaxial stabilization of the intermediate phase on Al2O3 than on 4H-SiC. When annealing at 750 °C, 

the intermediate phase is initially present but fully transforms into Ti2AlN with time (~75 min). 

The initial ratio Ti:Al:N:2:0.9:0.8 used here does not exactly match the expected ratio for a 211 MAX 

phase. Nevertheless, it is now well documented that the Ti2AlN phase can accommodate substantial 

amounts of vacancies both on Al and N sites [27,36,37]. This is certainly the case here, especially after 
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annealing at 750°C (ratio Ti:Al:N:2:0.85:0.6 were obtained by EDS after annealing at 750°C for 1h). 

Loss of Al and N can thus occur and a progressive transformation of Ti2AlN into TiN occurs if the 

sample is maintained at 750°C for several hours.  

 

Figure 7 shows TEM images of the resulting Ti2AlN films The resulting Ti2AlN are epitaxially 

related to the Al2O3 or SiC substrates, as evidence by XRD pole figures (not shown, essentially 

identical to the insets in Fig. 1 in Ref. 7 and fig 1 in ref. 38) and TEM. On a final note, we also 

performed current-voltage measurements in the transmission-line geometry for the Ti2AlN films on SiC 

(results not shown). These films did not exhibit ohmic behavior and can thus not in as-deposited form 

be used as ohmic contacts. This is not too surprising given the low temperature and lack of post-

annealing at 950 °C  -1000 °C, the temperature which is typically required for obtaining a well-ordered 

interface with ohmic properties [39,40]. 

 

To summarize the transformation mechanism, these observations can overall be explained by a 

gradual transformation from the initial intermixed multilayer into a disordered metastable structure 

(hexagonal solid solution Ti-Al-N with the -Ti structure) and further to a more ordered structure 

(Ti2AlN) can take place at 550 – 600 °C (considerably lower than the formation temperature for 

Ti2AlN in the case of direct deposition from vapor phase by sputtering). This transformation may be 

enabled by the very short diffusion distance in the presence of nitrogen, a majority of the atomic planes 

of Ti remaining unchanged. A schematic illustration of this mechanism is shown in Fig. 8. 

 

IV. Summary and Conclusions  

   

We have investigated the synthesis and formation mechanism of Ti2AlN via intermediate 

phases from TiAl/AlN multilayers. The as-deposited multilayers show a degree of intermixing and 
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transform into a single-phase intermediate hexagonal -Ti-like solid solution with dissolved Al and N, 

presumably with Al substituting for Ti and N being dissolved interstitially. This intermediate phase is 

transformed to the more ordered structure of Ti2AlN at 550 – 600 °C, lower than the formation 

temperature for Ti2AlN if directly grown from vapor phase. The short diffusion distances involved 

explain the occurrence of this phase transformation at this relatively low temperature.  
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Table 1 : Deposition parameters for (Ti+Al)/AlN multilayers.  

 Substrate 4H-SiC (0001) Al2O3(0001) 

(Ti+Al) layer Ti target power (W) 300 400 

Al target power (W) 30 30 

Deposition time (s) 46 30 

AlN Layer Al target power (W) 300 300 

N flow (sccm) 6.5 6.5 

Deposition time (s) 15 20 
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 Figure captions 

 

 

Figure 1. XRD -2 scans of (Ti+Al)/AlN multilayer as-deposited on 4H-SiC(0001) and annealed in-

situ at 300 °C, 400 °C, 500 °C, 550 °C, 600 °C, 650 °C, 700 °C, and 750 °C. The different holding times 

at each temperature from 600 °C and above are marked for each scan with the label ’ for minutes (eg 15’ 

= 15 minutes holding time) 

 

 

Figure 2. TEM micrograph of (Ti+Al)/AlN multilayer film (as-deposited)  with 10 bilayers; total 

thickness ~140 nm. 

 

 

Figure 3. High-resolution TEM of (Ti+Al)/AlN multilayer film (as-deposited) and SAED pattern (inset) 

obtained on the multilayer   

 

Figure 4. HAADF STEM image (a) of (Ti+Al)/AlN multilayer film (as-deposited) and corresponding 

intensity profile (b) 

 

 

Figure 5. TEM micrograph of (Ti+Al)/AlN multilayer film with 10 bilayers annealed at 500 °C and  

electron diffraction pattern (insert) showing a hexagonal structure (similar to -Ti) of the intermediate 

phase  

 

Figure 6. XRD -2 scans of as-deposited (Ti+Al)/AlN films on Al2O3(0001) and films annealed in-situ 

at 300 °C, 400 °C, 500 °C, 550 °C, 600 °C, 650 °C, 700 °C, and 750 °C. The different holding times at 
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each temperature from 550 °C and above are marked for each scan with the label ’ for minutes (eg 15’ = 

15 minutes holding time) 

 

Figure 7. TEM of annealed film at 750 °C, fully transformed into Ti2AlN (BF observation (right) and 

HRTEM of the interface (left)) 

 

Figure 8. Schematic illustration of the transformation from the intermediate -Ti-like phase into 

Ti2AlN. 
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