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Abstract 

 

Periodically stacked nanoscale V/C/Al multilayered thin film precursors were deposited by 

magnetron sputtering using elemental targets. Their temperature-dependent phase 

transformation during subsequent thermal annealing in argon towards V2AlC MAX phase 

formation was investigated. Compositional and microstructural analyses at the nanoscale 

revealed undulation growth of the nanolayers and preferential incorporation of Ar atoms into 

amorphous carbon nanolayers within the as-deposited multilayered precursors. Single-phase 

and basal-plane-oriented V2AlC films were formed at annealing temperatures above 560°C. The 

incorporated Ar atoms migrated and aggregated into high-density nanoscale Ar clusters/bubbles 

located essentially at grain boundaries after annealing, displaying pronounced layered 

distribution characteristics especially adjacent to the substrate/film interface. The 

heterogeneous incorporation of argon atoms or clusters in heterostructured films composed of 

multicomponent sublayers likely represents a common phenomenon during thin film nucleation 

and growth, while its impact on the macroscopic properties of films remains to be explored. 
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1. Introduction 

  

Mn+1AXn phases (MAX phases, M: transition metal, A: mainly A-group element, X: carbon or 

nitrogen, n: typically 1-3) are a class of intrinsically nanolaminated ternary compounds [1]. These 

nanolaminated compounds possess unusual and remarkable properties combining attributes of 

both metals and ceramics that stem from their unique layered structure and bonding 

characteristics. More specifically, their crystal structures comprise twinned Mn+1Xn slabs of edge-

sharing M6X octahedrons interleaved with atomic layers of the A element, with strong covalent-

ionic M-X bonds and relatively weak metallic M-A bonds. Considerable pioneering work has been 

done on the processing and properties characterization of sintered bulk MAX phase materials 

[1,2]. In parallel, there has been tremendous and continuously increasing interest in synthesizing 

MAX phase thin films and coatings for applications in surface engineering [3,4].  

Thin-film synthesis of MAX phase materials has been predominantly carried out by physical vapor 

deposition (PVD) techniques, such as magnetron sputtering, cathodic arc evaporation, and 

pulsed laser deposition. The synthesis procedures comprise two main approaches, i.e. (1) direct 

growth with deliberate heating of substrates, and (2) solid-state reaction synthesis by thermal 

annealing of as-deposited multilayered or amorphous precursors [3]. Early studies on MAX phase 

films have focused on the epitaxial growth of MAX phase structures on single crystal substrates 

and determination of their fundamental properties [5,6]. Intensive efforts are currently 

underway to optimize procedures for synthesizing high-quality (i.e. single-phase and textured) 

and relatively thick MAX phase films (at least a few microns) on different types of substrate 

materials [7–9]. However, their complex chemistry and lattice structures raise difficulties in 

achieving single-phase MAX phase films on technologically relevant substrates with favorable 

crystallographic orientation and reduced processing temperature. Our previous studies revealed 

that phase-pure and basal-plane textured Ti2AlC and Ti3AlC2 films can be readily synthesized by 

thermal annealing of magnetron-sputtered multilayered thin film precursors with pre-defined 

nanostructured architectures (i.e. periodical stacking of nanometer-thin layers of the constituent 

elements) [10,11]. Several further studies demonstrated similarly that using element targets in 

PVD, following a layer-by-layer approach, offers advantages for precise control of individual 

element fluxes towards accurate precursor design and for enabling synthesis of high-purity MAX 

phase thin films [12–14]. For instance, Stevens et al. have grown epitaxial Cr2AlC MAX phase thin 

films by sequential layer-by-layer deposition at 600°C using pulsed laser deposition [14].  

Among the previously reported MAX phase films synthesized by PVD, V2AlC was found to require 

a relatively low processing temperature (~600°C) and possess a fairly low resistivity (30 μΩ·cm), 

which makes it attractive for various electrical applications [3]. In addition, synthesis of V2AlC 

films using multilayered precursors has not been reported yet. This study focuses on synthesis of 

V2AlC MAX phase films via thermal annealing of periodically stacked V/C/Al multilayered thin film 



precursors deposited by magnetron sputtering using a layer-by-layer approach. The 

temperature-dependent phase formation of the annealed multilayered precursors was 

investigated by in-situ high-temperature X-ray diffraction (HT-XTD) and ex-situ XRD. In particular, 

comprehensive microstructural and compositional analyses at the nanoscale, combining high-

resolution scanning transmission electron microscopy (HR-STEM) and atom probe tomography 

(APT), were performed to gain a deeper understanding of the thermally induced phase formation 

and microstructural evolution. We observed a preferential incorporation of Ar atoms into 

amorphous carbon nanolayers within the multilayered thin film precursors. During the annealing 

process towards V2AlC MAX phase formation, these Ar atoms migrate and aggregate into 

nanoscale Ar clusters/bubbles that are distributed in a well-defined, periodically layered 

arrangement. 

 

 

 

2. Experimental  

 

The periodically stacked V/C/Al multilayered thin film precursors were deposited by magnetron 

sputtering using a Leybold Z 550 coater from three elemental targets, vanadium, graphite, and 

aluminum. The precursors consist of 60 multilayered stacks with each stack made of 

approximately 13 nm V/4 nm C/8 nm Al nanolayers, resulting in an overall multilayer thickness 

of ~1.5 μm. The films were deposited on two different types of substrates, i.e. Si (100) wafer (for 

compositional analyses) and polished polycrystalline Al2O3 (for annealing studies). The chamber 

was evacuated to a base pressure of ~ 1 × 10-4 Pa. Before deposition, the substrates were sputter 

cleaned for 15 min in an argon plasma powered with 500 W. The working pressure of Ar was kept 

at 0.5 Pa and the targets were powered at 200 W (DC for V, and RF for C and Al). The substrates 

were not intentionally heated and were at ground potential during deposition. To obtain the 

multilayered structure of the precursors, sequential deposition was performed in a stop-and-go 

manner during the top-down sputtering process. More specifically, both the substrate holder and 

the shutter between the target and the substrates were rotated in the deposition chamber to 

allow deposition of one element at a time. The different sublayer thicknesses were realized by 

varying the dwell time of the substrates under the respective element target. Details of the 

multilayer deposition are described in previous works [10,11].  

 

 



In-situ high-temperature X-ray diffraction (HT-XRD) was performed on films deposited on Al2O3 

substrates to explicitly investigate their temperature-dependent phase formation during heat 

treatment. The measurements were carried out in an argon atmosphere with temperature step 

of 20 K, ranging from 300°C to 1000°C. The samples were heated inside an Anton Paar HTK 1200N 

(Anton Paar GmbH) chamber with a heating rate of 30 K/min from room temperature to 300°C 

and between each step. An Empyrean diffractometer (Malvern Panalytical) was used to collect 

the XRD patterns in Bragg-Brentano geometry (θ-2θ) with a measurement range of 2θ from 10° 

to 60°. The diffractometer was operated with Cu Kα radiation (λ = 0.1540 nm) of 40 kV and 40 

mA, and the measurement time for each pattern was approximately 20 minutes. The 

multilayered precursors were additionally annealed in the cycling mode in flowing Ar from 400°C 

to 1000°C with 10 K/min heating rate using a NETZSCH STA-449 F3 Jupiter thermal balance and 

dwell time of 10 min. An oxygen trapping system with a Zr oxygen getter was used to reduce the 

residual oxygen content in the system to avoid considerable oxidation of the films. The overall 

composition of the as-deposited precursors were measured by electron probe microanalysis 

(EPMA, JEOL JXA-8530F). Microstructural and compositional analyses of an as-deposited and an 

800°C annealed thin film precursor were carried out by high-resolution scanning transmission 

electron microscopy (HR-STEM, Thermofisher Talos F200X) operating at 200 kV. The lamellas for 

TEM analyses were prepared by the focused ion beam technique and thinned by Ga ion milling 

at 30 kV. The 3D chemical composition at the nanometer scale of an as-deposited as well as a 

thin film precursor after annealing at 800°C has been further studied by atom probe tomography 

(APT, CAMECA LEAP 4000X HR). Specimen preparation was done employing focused ion beam 

techniques in a dual-beam microscope (FEI Helios Nanolab 660) according to a standard protocol 

[15]. As the film-substrate interface region was of interest, the remaining film thickness was 

checked by STEM imaging of the APT specimen within the same dual-beam microscope and low 

voltage cleaning (5 kV) was carried out until the remaining film thickness was < 300 nm. The final 

remaining film thickness was used as input for the atom probe reconstruction. Field evaporation 

was assisted by thermal pulsing using 50 pJ laser pulse energy, 125 kHz laser pulse frequency, 60 

K base temperature and the detection rate was set at 0.5%. 

 

 

 

 

 

 



3. Results  

 

The average elemental composition of the as-deposited multilayers measured by EPMA was: V 

50.5 at.%, Al 24.5 at.%, C 21.8 at.%, including O 2.9 at.% and  Ar 0.3 at.% as impurities. Considering 

only V, Al, and C, the composition of the multilayered thin film precursors coincides well with the 

nominal stoichiometry of V2AlC except for a slight sub-stoichiometry in carbon concentration.  

Furthermore, the impurity oxygen level may be overestimated due to the overlap of the K-shell 

transition of O-K (0.525 keV) with the L-shell transition of V-L (0.511 keV). 

Fig. 1 (a) and (b) show the diffraction patterns of as-deposited and up to 1000°C annealed thin 

film precursors obtained from in-situ HT-XRD and ex-situ XRD after cyclical annealing, 

respectively. In the as-deposited multilayers, the transition metal (V) nanolayers grow in 

nanocrystalline structure and exhibit a preferred orientation with a broad diffraction peak of the 

V (110) lattice plane. Diffraction signals from Al and C nanolayers cannot be clearly resolved due 

to their very low thickness and with respect of the amorphous character of the carbon layers. In 

the HT-XRD patterns, the V (110) reflection gradually shifts to lower diffraction angles and 

becomes more asymmetric, with increasing annealing temperature from 300 to ~420°C. These 

observations suggest that aluminum and carbon atoms diffuse preferentially into the vanadium 

nanolayers at low annealing temperature because of their higher mobility. A very broad, low-

intensity reflection centered at ~40° appeared at an annealing temperature around 440°C, which 

does not change significantly up to ~500°C. Based on previous studies [16,17], this specific 

reflection can be assigned to the (002) lattice plane of a pre-ordering solid solution (VAl)2Cx 

carbide phase. At 560°C annealing, a pronounced while broad reflection appears around a 

diffraction angle of 41.1°, and a second reflection at low diffraction angle ~ 13.2° can be seen. 

Both reflections are indicative of the growth of the V2AlC MAX phase (PDF card #29-0101). Upon 

annealing to 800°C, these reflections show an increased intensity and are getting more symmetric 

in shape, while shifting moderately to lower diffraction angles due to thermal expansion. The 

diffraction intensity attributed to the V2AlC MAX phase reached a maximum at ~800°C during HT-

XRD measurements and then declined progressively, accompanied by the appearance of signals 

from V-O oxides (VO, V3O4 and finally V2O3) with further increasing temperatures. There are few 

unindexed diffraction peaks in Fig. 1(a), exhibiting a relative integrated intensity fraction of < 10%. 

Those peaks located at ~29.9° and 36.8°, observed at an annealing temperature of 800°C, can be 

assigned to the formation of vanadium oxide, VO (PDF card #15-0629). The peaks located at 

~30.9°, 34.0° and 37.0° are observed for an annealing temperature of 860°C and can be attributed 

to the formation of V3O4 (PDF card #34-0615). They are considered as metastable and 

intermediate phases occurring prior to further oxidation towards to the formation of higher 

oxidation state phase (V2O3) as a large variety of metastable and stable structures of vanadium 

oxides exist in the vanadium-oxygen system [18]. The observation of these phases is attributed 



to the technically given conditions of the high-temperature annealing, when a lower oxygen 

residual gas pressure in the chamber cannot be excluded. The appearance of a shoulder peak at 

~37.3° at 900°C is assigned to the formation of a vanadium carbide phase, VCx (PDF card #35-

0986), which points to a beginning decomposition of the V2AlC MAX phase by partial oxidation 

during the HT-XRD measurements. 

The XRD patterns after cyclical annealing agree excellently with the HT-XRD observations at low 

annealing temperatures up to 600°C, as displayed in Fig.1 (b). However, in the cyclical annealing 

experiments, no phenomena of the kind described above (reduced diffraction intensity of MAX 

phase and detection of V-O oxides) were observed for annealing at higher temperatures; the 

reflections attributed to the V2AlC progressively narrowed and their intensity increased sharply 

with increasing annealing temperatures, indicating enhanced crystallinity. These different 

observations could be ascribed to the relatively higher level of residual oxygen contamination in 

the HT-XRD chamber and poor oxidation resistance of the V2AlC MAX phase [19]. Phase-pure 

V2AlC films were successfully synthesized after annealing at temperatures of 600°C and above, 

and the reflections from predominantly V2AlC (000l) lattice planes indicate the typical basal plane 

oriented growth of the V2AlC crystallites.   

The average crystallite sizes estimated on basis of the Scherrer equation and the normalized peak 

intensity of the V2AlC (0002) reflection after cycling annealing are presented in Fig. 1(c). The 

estimated crystallite size was in the range of 10 nm for V in the as-deposited multilayers and thus 

slightly lower than its individual nanolayer thickness (~13 nm). The preferential diffusion of 

aluminum and carbon into the vanadium nanolayers likely leads to the formation of short-range 

ordered clusters at 400°C, further reducing its crystallite size. A nanocrystalline, intermediate 

(VAl)2Cx carbide phase formed at 500°C, with grains of only a few nanometers. The size of V2AlC 

crystallites increases approximately linearly from ~13 nm at 600°C to ~58 nm at 1000°C.   

 

 



 

Fig. 1. Temperature-dependent phase evolution of the V/C/Al multilayered thin film precursors on polycrystalline 
Al2O3 substrate identified by in-situ HT-XRD and ex-situ XRD in argon. (a) Selected in-situ HT-XRD patterns of sample 
annealed from 300 to 1000°C with a temperature step of 20 K. (b) XRD patterns of sample after cycling annealing 
from 400 to 1000°C with dwell time of 10 min at each temperature. (c) Estimated average crystallite size and 
normalized peak intensity of V2AlC (0002) after cycling annealing. 



Fig. 2 shows the cross-sectional STEM-HAADF image and EDX mapping of the V/C/Al multilayered 

precursor in the as-deposited state near the film/substrate interface (more TEM results are 

available in the supplementary Figs. S1-3). The multilayered thin film precursors with periodically 

stacked, alternating V/C/Al nanolayers can be clearly resolved by EDX mapping, and the selected 

area electron diffraction (SAED) pattern confirms the nanocrystalline nature of the V and Al layers 

(Fig. S1). The thicknesses of the respective elemental nanolayers fit well with the pre-defined 

values, with a thickness of each trilayer stack of ~25 nm. However, the nanolayers are only 

perfectly horizontally aligned at the initial first few stacks close to the substrate, and undulation 

growth (wavy/wrinkle imperfections at nanolayer interfaces) is observed with further deposited 

stacks. The undulation growth of the nanolayers is progressively augmented from the interface 

extending to the film surface (Figs. S2 and S3). The upper stacks contain a high density of 

irregularities, showing higher roughness and even discontinuities of the elemental nanolayers. 

Apart from the anticipated periodical stacking of principal nanolayers (V, C, and Al), an 

inhomogeneous distribution of incorporated Ar atoms with an unambiguously layered structure 

into the as-deposited multilayered precursors was also observed. The incorporated Ar atoms are 

preferentially enriched in the amorphous C nanolayers and the first layers reveal slightly higher 

Ar concentrations, as indicated by EDX mapping in Figs. 2 and S2.   

Fig. 3 displays the 3D chemical composition analysis of a multilayered precursor adjacent to the 

film/substrate interface by APT. The preferential incorporation of Ar atoms into amorphous C 

nanolayers was further confirmed, as revealed by the reconstruction of V, Al, C, O, and Ar atomic 

positions as well as ≥ 2 at.% Ar isoconcentration surfaces. The first V/C/Al stack on alumina 

substrate was clearly resolved, and the maximum intensities of C and Ar signals coincide with 

each other in the chemical composition profiles (Fig. 3(b)) and proximity histograms (Fig. 3 (c)). 

The concentration of incorporated Ar reaches above 5 at.% within the C nanolayers, while below 

0.2 at.% in the Al and V nanolayers.  

 

 

 

 



 

Fig. 2. High-angle annular dark field (HAADF) cross-sectional STEM image and EDX mapping of a V/C/Al multilayered 
precursor in the as-deposited state at film/substrate interface.  

 

 

Fig. 3. Local chemical composition analysis of the multilayered precursors adjacent to the film/substrate interface 
by APT. (a) Reconstruction of V, Al, C, O and Ar atomic positions as well as Ar-rich regions with ≥ 2 at.%  are 
highlighted by isoconcentration surfaces. (b) Chemical composition profile along the cylinder with dimensions of 10 
x 10 x 50 nm as indicated in the reconstruction of V atomic positions. (c) Proximity histogram of Ar-rich regions, 
obtained from isoconcentration surfaces with ≥2 at.% Ar. 



Fig. 4 presents results of the TEM analysis of the 800°C annealed precursors on alumina substrate. 

The cross-sectional bright-field TEM image in Fig. 4 (a) shows that the original multilayered stacks 

no longer exist and the fully crystallized films exhibit a dense and homogeneous morphology. The 

SAED pattern superimposed by a simulated ring pattern (based on V2AlC, PDF card #29-0101) in 

Fig. 4 (b) displays excellent consistency with existence of the V2AlC MAX phase. No diffraction 

signals originating from impurity phases were identified, which confirmed the growth of single-

phase V2AlC grains. The high-resolution HAADF-STEM image illustrated in Fig. 4 (c) reveals that 

the V2AlC crystallites are free of typical columnar growth and more horizontally elongated, mainly 

parallel or slightly inclined to the film/substrate interface. Individual crystallites essentially 

appear basal-plane oriented and grain boundaries are atomically sharp at (0001)-type lattice 

planes, which is consistent with the XRD data. The atomic configuration with the unique 

nanolaminated structure consisting of V2C layers interleaved with Al layers of the V2AlC MAX 

phase can be clearly seen in Fig. 4 (d). Further, nanospherical clusters with different contrast 

were detected within the film, and some of those are highlighted by red arrows in Fig. 4 (c). They 

were identified as predominantly nanoscale Ar-rich clusters/bubbles with a few oxygen-rich 

clusters by subsequent STEM-EDX mapping and APT analyses. 

 

 



 

Fig. 4. TEM analysis of V/C/Al multilayered precursors on alumina substrate after annealing at 800°C, 10 min in argon. 
(a) Cross-sectional bright-field image. (b) SAED pattern, taken from the area marked in (a), superimposed by a 
simulated ring pattern (generated using SingleCrystal ™). (c) HAADF image of a single V2AlC grain located in the film 
center, and the red arrows indicate the spherical Ar clusters/bubbles. (d) Atomic resolution images of the grain 
center. The inset in (d) shows a magnified view overlaid by a simulated image and an atomic model of V2AlC in [11-
20] zone-axis orientation with red color for V atoms, blue for Al atoms, and green for C atoms. 

 

 

Fig.5 (a) displays STEM-EDX mapping results over the cross-section of the annealed thin film 

adjacent to the film/substrate interface, and (b) and (c) are superimposed TEM images with Ar 

mapping at the film/substrate interface as well as close to the film surface, respectively. The 

distribution of principal elements (V, C, Al) appears homogeneous within the film at the 

nanoscale. The distribution of the impurity elements O and Ar reveals heterogeneous features, 

suggesting the formation of O-rich clusters and nanoscale Ar-rich regions. Oxygen contamination 

originating from water desorption may migrate to form such O-rich clusters of oxides or 



amorphous phases during post-deposition annealing [20]. Further, oxygen incorporation into 

MAX phase structures, occupying mainly C lattice positions, has been demonstrated for various 

MAX phase thin films [21,22]. Noticeably, the incorporated Ar atoms that are predominantly 

enriched in the amorphous C nanolayers within the as-deposited multilayered precursors (Fig. 2) 

have migrated and aggregated into spherical Ar-rich regions after annealing. These Ar-rich 

regions expose a distinct layered distribution, parallel to the film/substrate interface and initial 

nanolayer interfaces (Fig. 5(a)). The superimposed images of Fig. 5(b) and (c) indicate that the 

layered characteristics of the Ar-rich regions are more pronounced adjacent to the film/substrate 

interface. The average distance between two layered Ar-rich regions near the film/substrate 

interface is approximately 25 nm (see Fig. 5(a) of Ar mapping), which is identical to the initial 

thickness of one V/C/Al stack. The layered features become less noticeable and the distribution 

of Ar-rich regions appears more random near the surface. A more random distribution of the Ar-

rich regions was also seen where the substrate surface contains pore defects (Fig. 5(b)), which 

interrupt the multilayered structure of the as-deposited precursors near the defect region. The 

difference is likely due to the enhanced undulation growth of the nanolayers in the surface-near 

region. In addition, the superimposed images provide evidence that the Ar-rich regions are 

mainly located at V2AlC grain boundaries. This is reasonable since segregation of impurities to 

grain boundaries by diffusion represents a common phenomenon to reduce the (strain) energy 

of a system [23].  



 

Fig. 5. STEM-EDX mapping of the multilayered precursors on alumina substrate after annealing at 800°C, 10 min in 
argon. (a) HAADF image with mapping results, and superimposed TEM images with Ar mapping in orange at (b) 
substrate/film interface and (c) film surface. 

 

 

 

 

 

 



Fig. 6 depicts the 3D spatially-resolved compositional analysis at the nanometer scale of the 

800°C annealed film by APT. The reconstruction of V, Al, C, O and Ar atomic positions is shown in 

Fig. 6(a). The chemical composition profile along a cylinder region is presented in Fig. 6(b). The 

locally higher intensity oxygen signal can be correlated with that of Al and V. It is evident that 

after high-temperature annealing the O-rich regions exhibit a pronounced Al content, which can 

be rationalized by the higher oxygen affinity of Al compared to V. The formation of O-rich regions 

with up to 28 at.% has been also observed for Cr2AlC films after vacuum annealing at 600°C and 

explained by residual gas in the vacuum furnace [24]. Moreover, the local formation of VCx can 

be inferred from Al depletion in the composition profile at a distance of approximately 70 nm 

(Fig. 6(b)), as well as from a region close to the film-substrate interface where no Al atoms are 

detected (Fig. 6(a)). The absence of VCx diffraction signals in XRD is most probably due to their 

small size, low volume ratio and plausible amorphous state. The formation of high-density 

nanoscale Ar-rich regions is obvious, as can be seen from Fig. 6(a). The proximity histogram of 

regions with concentrations ≥ 2 at.% Ar displayed in Fig. 6(c) reveals that the Ar content increases 

sharply up to above 50 at.%, which suggests the formation of Ar bubbles as combined with TEM 

observations. While the absolute size of O- and Ar- rich regions (bubbles) might be affected by 

the uncertainties of the reconstruction, it can be concluded that the O-rich clusters are larger (~4 

± 2 nm) than the Ar bubbles (~2 ± 1 nm), while their number density is much lower. The Ar 

bubbles are close to spherical as the radius calculation from volume or area results in similar 

values with < 20% deviation which is within the uncertainty of the radius values. 

 



 

Fig. 6. Local chemical composition analysis of the multilayered precursors adjacent to the film/substrate interface 
after annealing at 800°C, 10 min in argon by APT. (a) Reconstruction of V, Al, C, O, and Ar atomic positions and Ar-
rich regions with ≥ 2 at.%  are highlighted by isoconcentration surfaces. (b) Chemical composition profile along the 
cylinder with dimensions of 10 x 10 x 260 nm as indicated in (a). (c) Proximity histogram of Ar-rich regions, obtained 
from isoconcentration surfaces with ≥ 2 at.% Ar. 

 

 

 

 

 

 

 

 

 



4. Discussion  

 

Thermal annealing of nanostructured elemental multilayer precursors offers a facile, universal 

strategy to synthesize single-phase MAX phase carbide films by easily adjusting the desired 

stoichiometry (via the thickness of individual nanolayers) of the precursors and the subsequent 

thermal processing. This has been demonstrated in this work for MAX phase formation in V/C/Al 

multilayered precursors and has been shown previously in other systems by various authors 

[10,13,14]. In addition, the crystallized MAX phase films typically exhibit basal-plane-preferred 

orientation with elongated crystallites parallel to the film/substrate interface. Highly textured 

growth of the MAX phase film during thermal annealing can be rationalized by the preferential 

orientation relationships between initial transition metal nanolayers to intermediate solid 

solution carbide, and finally MAX phase structures [10], i.e. V(110) // (VAl)2Cx (002) // V2AlC (0002) 

here. 

Comprehensive nanostructural investigations reveal undulation growth and preferential 

incorporation of Ar atoms into amorphous C nanolayers within the multilayered precursors (Figs. 

2 and 3). The progressively enhanced undulation growth of the multilayers can be explained by 

probably two-fold reasons: (1) stress accumulation, and (2) island growth of the subsequently 

deposited nanolayers. Magnetron-sputtered thin films have often compressive residual stresses 

with stress gradients that maximize at the film surface [25,26]. It is plausible that the steadily 

enhanced stress level leads to the deformation of individual nanolayers with wavy interfaces 

considering their few nanometer thicknesses. In addition, the interfacial lattice mismatches, here 

fcc Al, bcc V, and amorphous C, will cause various stress levels at the interfaces and enhance the 

waviness [27]. Transition from the layer-by-layer to island-based (or mixed) growth likely occurs, 

especially for the V nanolayers, when they are not in contact with the rigid alumina substrate as 

the deposition progresses (see Figs. 2 and S2), which increases the roughness of the nanolayer 

interfaces.  

Incorporation of Ar atoms from the working gas into sputter-deposited films, including metallic 

[28,29], ceramic [30,31], and amorphous carbon films [32], have been frequently observed. The 

trapped Ar atoms originate from two primary sources: reflected energetic Ar atoms and Ar ions 

that are accelerated to the substrate by an applied substrate bias [30]. The amount of 

incorporated Ar atoms into the films depends not only on the growth temperature and ion energy, 

but also on the constituent elements and crystalline quality of the designated film. Fig. 7 

compares the content of incorporated Ar in different types of films deposited by sputtering 

without substrate bias from this work and some previous studies. For instance, Lee et al. 

investigated the concentration of trapped Ar in 12 different metallic films deposited under similar 

conditions and found that their argon contents scatter significantly from 0.06 at.% in Al films to 

as high as 17 at.% in Ta films [28]. Their findings revealed that the energy of reflected Ar atoms 



rises as the atomic weight of the target material increases, resulting in a positive correlation 

between the Ar content and the atomic weight of the metal. However, for elements with low 

atomic number, e.g., Cu and below, their ability to reflect energetic Ar atoms appears to be weak, 

and the Ar content in these films varies little (Fig. 7). Schwan et al. reported that ~ 6 at.% of Ar 

was incorporated into tetrahedral amorphous carbon films deposited using RF sputtering at an 

argon-ion energy of 24 eV (without substrate bias) [32]. They found that Ar incorporation is 

restricted as the density of the amorphous carbon film increases. In addition, Chien et al. recently 

reported that both energy and flux of the reflected Ar rise as the mass of the transition metal in 

the target increases when sputtering three composite M2AlC (M: Cr, Zr, and Hf) targets, causing 

pronounced Ar incorporation into the films and preferential re-sputtering of Al in the films [33]. 

Our present work further demonstrates that substantial different levels of Ar atoms can be 

incorporated into the sublayers of heterostructured, multilayered films with different types of 

components, leading to their layered distribution. The crystalline quality likely serves as the 

decisive factor affecting the magnitude of trapped Ar atoms in films made of relatively light 

constituent elements. Since Al and V have a smaller atomic number than Cu, it is expected that 

they may not be highly efficient at reflecting Ar atoms. Furthermore, as shown in Fig. 7, the 

amount of Ar atoms incorporated into the Al nanolayers and amorphous C nanolayers in this 

study was of the same order of magnitude as reported by Lee and Oblas for their Al films [28] 

and reported by Schwan et al. for their amorphous C films [32], respectively. Previously molecular 

dynamics simulations have suggested that the Ar atoms are preferentially trapped inside the 

nanovoids within the films [34]. The amorphous C sublayers evidently exhibit lower packing 

density and higher density of nanovoids compared to the nanocrystalline Al and V sublayers, 

which leads to more than 20 times higher amounts of trapped Ar atoms compared to the two 

metallic layers. Since the Ar ions cannot be efficiently reflected by the graphite target, the 

trapped Ar atoms may essentially originate from a few Ar ions that are attracted to the substrate 

by a self-bias effect using the RF operation mode [35]. A slightly higher concentration of trapped 

Ar atoms within the amorphous C nanolayers was observed for initially deposited stacks at the 

film/substrate interface compared to those in the center/close to the surface (as displayed in Figs. 

2 and S2). The variations in Ar concentration maybe be related with the slight substrate 

temperature increase during deposition and deformation of later deposited elemental 

nanolayers. Both phenomena can enhance the diffusion and desorption of trapped Ar atoms [31], 

leading to its somewhat lower concentration within the multilayered stacks in the center/close 

to the surface. In addition, the high uncertainties of EDX in measuring light elements and the 

change of the matrix at interface may overestimate such difference in Ar concentration. In 

general, heterogeneous incorporation of Ar atoms with considerably different levels can be 

anticipated for multilayered films composed of both crystalline and amorphous phases or made 

of components with widely different atomic masses.  



 

Fig. 7. The content of incorporated Ar in different types of films deposited by sputtering as a function of atomic 

weight. RT: room temperature, FCC: face-centered cubic HCP: hexagonal close-packed, BCC: body-centered cubic.  

   

Noticeably, thermal annealing provides kinetic energy for the atoms, and the trapped Ar atoms 

migrate and aggregate into layered structures with nanoscale, locally Ar-enriched regions, with 

a tendency to form nanoscale Ar bubbles, precipitating primarily at the grain boundaries of the 

forming MAX phase film during annealing. The layered feature of the precipitated Ar bubbles 

originates from the originally layered distribution of the Ar atoms and lateral growth of the MAX 

phase crystallites. The atom diffusion is initially confined in one elemental stack, and the growth 

of elongated V2AlC crystallites hinders the rapid coalescence of these Ar bubbles in the vertical 

direction. Grain boundary segregation with local chemical changes may affect the material's 

macroscopic properties, such as electric conductivity, fracture toughness, and irradiation 

behavior, profoundly by orders of magnitude [23,36,37]. Thin films with multilayered structures 

and various types of components are increasingly designed to achieve superior properties 

compared to single-layer films [38]. In addition, thin film deposition at low temperatures or 

assisted by energetic ions (initially gas ions, particularly Ar, and nowadays metal ions have 

attracted more attention) are increasingly adopted to control the nanostructure and associated 

properties of deposited films [39]. These ion-assisted deposition processes often lead to 

significant amounts of Ar incorporation in interstitial sites of the film structure [39]. However, 



most studies focus on the energetic ion bombardment on modifying the structure and properties 

of single-layer thin films. The incorporation behavior and migration characteristics of Ar atoms 

into the sublayers of multilayered films have not attracted much attention. Understanding the 

incorporation, migration and precipitation of (layered) Ar atoms/bubbles and their impact on 

modifying the physical and mechanical properties of multilayered thin films during deposition, 

post-deposition processing and practical application remain to be explored, and are of great 

importance for thin-film technology. 

 

5. Conclusions  

 

In conclusion, single-phase and basal-plane-oriented V2AlC MAX phase films were synthesized by 

thermal annealing of nanostructured V/C/Al multilayered precursors deposited from elemental 

targets. The crystallization of the V2AlC MAX phase structure starts from ~560°C and the V2AlC 

MAX phase films consist of elongated crystallites parallel to the film/substrate interface because 

of the multilayered arrangement of the precursors and lateral growth of crystallites during 

thermal annealing. Nanostructural investigations reveal undulation growth and preferential 

incorporation of Ar into amorphous C nanolayers within the multilayered precursors and 

precipitation of high-density nanoscale Ar-rich regions at grain boundaries after annealing. The 

Ar-rich regions or bubbles display pronounced layered distribution characteristics especially 

adjacent to the substrate/film interface, and their layered distribution was gradually interrupted 

due to progressively enhanced undulation growth of subsequently deposited multilayers. These 

observations suggest that substantially different levels of Ar atoms can be incorporated into the 

sublayers of multilayered films leading to its layered distribution during deposition. How and to 

what extent the precipitation of these layered nanoscale Ar-rich regions or bubbles affects the 

multilayered film's physical and mechanical properties remains to be explored. 
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