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Abstract 

We prepared V-Al-C films on glass and silicon (with native SiO2 layer) substrates 

using magnetron co-sputtering at 600 °C. The composition and microstructure of 

these films were characterized by Rutherford backscattering spectrometry, X-ray 

diffraction, Raman spectroscopy, and transmission electron microscopy. 

Polycrystalline V2AlC phase was obtained in the films with nearly stoichiometric 

composition. The microstructural evolution includes random nucleation at the 

film/substrate interface, competitive growth resulting in a (110) preferred orientation 

with increasing thickness. The mechanism for crystallization could be understood in 

terms of polymorphic crystallization. The results show that polycrystalline 

MAX-phase V2AlC could be directly synthesized on amorphous substrates.  

 

                                                 
1Correspondence author. Tel.: +86 574 86685930; Fax: +86 574 86685159 

E-mail addresses: huangfeng@nimte.ac.cn (F. Huang)   



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT 

 

Keywords: MAX phases; magnetron co-sputtering; Non-epitaxial growth; Preferred 

Orientation; polymorphic crystallization. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT 

 

Non-epitaxial growth of polycrystalline films by (physical or chemical) vapor 

deposition is necessary for many applications. Crystalline MAX phases, which are 

characterized by their high-temperature resistance to corrosion and unusual irradiation 

damage-tolerance, may be new irradiation-tolerant materials for structural and fuel 

coating for future fission reactors [1-3]. For coating application of crystalline MAX 

phases onto suitable nuclear cladding materials (such as Zr alloys), vapor deposition 

of polycrystalline MAX coatings on amorphous substrates with well-characterized 

surface quality (for example glass or SiO2) is necessary.  

Growing highly ordered thin films by a far-from-equilibrium process (such as 

physical vapor deposition at relatively low temperatures) is a significant challenge for 

materials with a large unit cell and complex atomic stacking, such as the MAX phases, 

a group of ternary compounds (P63/mmc space group) with unit cells consisting of 

M6X octahedron interleaved with layers of pure group-A element [4]. Epitaxial 

growth on single-crystal substrates — sapphire or transition metal carbides — by 

magnetron sputtering at relatively high deposition temperatures (>600 °C) is a typical 

approach to obtain crystalline MAX-phase films [5-8]. Another route is to transform 

the as-deposited amorphous, multilayer, or nanocomposite films of appropriate 

composition into the high-pure MAX structure by annealing, typically performed at 

temperatures of 700~1000 °C [9-11], which may not be suitable for the application to 

temperature-sensitive materials. Non-epitaxial growth by magnetron sputtering has 

also been reported for some polycrystalline MAX-phase films, for example Cr2AlC 

films magnetron-sputtered on M38G alloys [12] or Ti3SiC2 phase by sequential 
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layer-by-layer magnetron deposition on SiO2-covered Si wafers [13]. 

Here we report, the direct synthesis of phase-pure V2AlC films at 600 °C on 

glass and silicon with a native oxide substrates by magnetron co-sputtering of V50Al50 

and V50C50 targets. The temperature is lower compared with the case of epitaxial 

single phase V2AlC films [6] at the substrate temperature of 750 °C. We observe 

randomly oriented V2AlC crystallites, 3~5 nm in size, formed immediately on the 

amorphous substrates, gradually giving way to the (110)-oriented V2AlC grains with 

increasing film thickness to ~50 nm and resulting in phase-pure polycrystalline V2AlC 

films with dominant (110) orientation.  

V-Al-C films were deposited on silicon (100) and Corning glass by middle 

frequency (MF) magnetron sputtering in a dual-target chamber, respectively. A V50C50 

target (99.9 at. % in purity) was driven by a mid-frequency (MF) pulsed power supply 

(Advanced Energy Pinnacle Plus + 5/5) at 100 kHz with a duty factor of 80%, while a 

V50Al50 target (99.99 at. % in purity) was simultaneously driven by a DC power 

(100W) and a radio frequency (RF) power (Comdel CV-1000, 81 MHz) fixed at 200W. 

The substrates were grounded and the temperature was held at 600°C. The substrate 

temperature was measured with a thermocouple attached to the back of holder with 

ceramic paste and monitored during deposition with an IR-AHT0 pyrometer (Chino, 

Japan). The composition of the films was determined by Rutherford backscattering 

spectroscopy (RBS), using 2 MeV 4He+ beam at normal incidence and a surface 

barrier detector set at 160° scattering angle, then mole fractions were extracted from 

the spectra using the SIMNRA simulation program [14]. All concentration values are 
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presented in atomic ratio and accurate to within ± 0.5 at. %. The microstructure of the 

films was examined using a combination of the Cu Kα X-ray diffraction (XRD) on a 

Bruker D8 Advance diffractometer, Raman spectroscopy a LABRAM-HR system 

with the excitation laser of 532 nm, and transmission electron microscopy (TEM) on 

an FEI Tecnai F20 system.  

Figure 1 shows the RBS spectra of three V-Al-C samples on silicon substrates. 

The arrows indicate the surface channels of the different elements. For example, the 

counts at channel 274.5 show that the Al content decreases from top to bottom. A 

near-stoichiometric (in the present case V2AlC) composition is generally required to 

prepare phase-pure MAX phases [5, 10]. In our case, data fitting by SIMNRA 

software established that V-Al-C films with compositions V52Al25C23 and V51Al25C24 

(data not shown) were most closely to the desired stoichiometry V:Al:C=2:1:1, which 

implied they were most likely to result in synthesis of the MAX-phase. The elemental 

compositions of the other two samples were V49Al 17C34, V51Al29C20 respectively.  

Figure 2 presents the XRD patterns and the Raman spectra of the V-Al-C films 

as a function of measured elemental composition. Both the XRD and the Raman data 

depend on Al and C content. In Fig. 2(a), the XRD pattern of the aluminum-rich 

V51Al29C20 film is close to that for the VAl3 phase, while that of the aluminum-poor 

V49Al17C34 film can be due to either β-V2C or VC, or a mixture of both phases, and 

cannot be assigned to the superstructures such as V6C5, V8C7, which has been 

obtained in epitaxial V2GeC films [15]. The near-stoichiometric films (V52Al 25C23 and 

V51Al25C24), i.e. those with their composition close to that of the V2AlC phase, are 
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also polycrystalline. The four diffraction peaks (at 2θ = 35.9°, 41.3°, as well as 63.9° 

and 78.9°, respectively) can be attributed to the V2AlC phases. The degree of 

preferred orientation in the V52Al 25C23 film was calculated using a quantitative 

approach of Harris for polycrystalline fiber texture analysis [16]. For the (110) 

reflection, it can be expressed with the following equation:	T(110)=n
I(110)

Iο(110)
/∑

I(hkl)

Iο(hkl)
, 

where T(110) is the texture coefficient of (110) peak, I(hkl) is the measured intensity of 

the peak (hkl), Iο(hkl) is the relative intensity of the corresponding peak from a power 

reference, and n is the number of peaks (here n=4). T(110) = 1 means random 

orientation, while T(110) = 4 means complete preferred orientation of (110). Here the 

calculated T(110) is 2.27, which is smaller than the reported T(110) value 3.28 and 3.97 

of Cr2AlC [12].  Additionally, the texture coefficients of the (100), (103), (116) 

plane are 0.47, 0.02, 0.24, respectively.  

To exclude the possibility of V2C (same space group as V2AlC), the 

complementary Raman data show that the near-stoichiometric films are distinct from 

the aluminum-rich film, see Fig. 2(b). For the M2AlC phases in general, there are four 

unique Raman active modes 	2��	
� + ��	

� + ��	
�  labelled with ωi (i=1, 2, 3, 4), due to 

the vibration of M-Al bonds between the slab layers in their Raman spectra [17-19]. 

Typically, the appearance of some of these four modes has been used as a fingerprint 

for the M2AlC phases in sputtered films, either epitaxial [13] or annealed [9], or both 

[20]. Note that all four are typically not observed in a practical case. In the present 

study, both the near-stoichiometric and the aluminum-poor films exhibited two 

distinct modes with frequencies of ω3=248 cm1 (��	
� )  and ω4=361 cm-1 (��	

� ) , 
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although the ω4 peak for the aluminum-poor film is less well-defined. These two 

observed modes fall well into the reported ranges 248-257.5 cm-1and 356-361 cm-1 for 

the ω3 [17, 18] and ω4 [18] modes, respectively. Since the VC and β-V2C phases 

typically exhibit some vibration modes in the Raman shift range of 100-500 cm-1 [20, 

21], the absence of these modes indicates that the two near-stoichiometric films were 

mainly composed of the V2AlC crystalline phase.  

More direct evidence of the polycrystalline V2AlC phase can be obtained from 

cross-sectional high resolution TEM (HRTEM) examination of the 

near-stoichiometric sample (V52Al 25C23). Figure 3(a) is a HRTEM micrograph taken 

from the region near the film/substrate interface. Three distinct layers, including the 

film, the native oxide, and the Si substrate, are evident. The amorphous layer of native 

silicon oxide is uniform in thickness (~3 nm) and effectively separates the 

polycrystalline film from the single-crystalline Si substrate, indicating direct 

nucleation on the SiO2 layer (i.e., non-epitaxial growth). In addition, the spacing of 

lattice fringes reveals that the crystallites initially grew with a mixed orientation. Thus, 

such regions are indeed crystalline and randomly nucleated on the amorphous SiO2 

surface. The initial layers of the film are significantly different from the epitaxial 

growth of V2AlC films [22] and other MAX phases [23]with direct nucleation. Along 

a ~20 nm wide interface between the film and the SiO2 layer, about seven grains could 

be identified as marked by dash line. They exhibited width of several nanometers, and 

various orientations as the direction of c-axis varying in a large range, corresponding 

to the period of random nucleation at the interface. Beyond the position about ~20 nm 
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away from the interface, these randomly oriented nuclei began to emerge into four 

columns with elongating along the growth direction and enlarging their widths to be 

more than ten nanometers. 

Figures 3(b) is a magnified image for the area marked with b in Figure 3(a). The 

typical stacking sequence of the (002) plane of V2AlC phase is clearly visible where 

the V-V-Al sequence (carbon atoms are not visible) with periodical bright and dark 

contrasts is repeated along basal c-axis direction, and the atomic distances between 

two layers of Al is about 13.2 Å. This is in good agreement with the calculated c 

parameters of V2AlC [24]. The unit cell is illustrated below Figure. 3(b). With 

increasing film thickness, a (110) preferred orientation has developed during film 

growth. A dominant (110) orientation was obtained at the film thickness of ~50 nm. 

Figure.3(c) is an HRTEM image taken from an area about 80 nm from the 

film/substrate interface. The lattice spacing along [110] also consisted of the 

alternating bright and dark parallel lines. The distance of repetition was estimated 

about 13.2 Å. For the crystalline V2AlC phase, the well-defined columnar 

morphology development observed by TEM is distinct from the case of epitaxial and 

annealed V2AlC [6, 10]. In previous epitaxial cases, the nucleation process of V2GeC 

[15], Ti2AlN [25], Ti2AlC [7] could directly occur on the substrates. 

Figure 4 is a low-magnification bright-field (BF) image and the corresponding 

dark-field (DF) obtained from the 110 reflection, showing a dense growth structure 

without visible columnar boundaries as well as a dominant orientation of (110). By 

using a 200-nm aperture, three selected-area electron diffraction (SAED) patterns 
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were taken in sequence along the growth direction as marked by circles (see the inset 

in middle of Figure 4). The bottom SAED pattern consists of a series of rings together 

with bright spots from the Si substrate, indicative of random orientation for the initial 

growth. With increasing thickness, the pattern developed into circle arcs and a weak 

arc of (110) emerged along the growth direction. Furthermore, the arc of (110) 

became brighter in the pattern taken from the upper part of the film, suggesting a 

preferred orientation of (110) although there was a 14º deviation for the (110) 

orientation around the growth direction, which corresponds to the sharp (110) peak in 

our XRD observations. The film has transited to the (110)-oriented growth from the 

competitive growth near the substrate, which was also evident in the DF image (Fig. 

4b) where the (110) columns in white become dominant with increasing thickness. 

The faster-growing (110)-oriented, i.e., standing grains will prevail in a competitive 

growth mechanism, similar to previous observations for Cr2GeC [23] and Ti2AlC [26]. 

The exact mechanism for the formation of (110) orientation is not well understood. 

The orientation-dependent growth rate might be related to the polarity of the 

crystallographic planes [27]. 

Formation of polycrystalline V2AlC films can be understood in terms of 

polymorphic crystallization of condensing atoms under favorable kinetic conditions. 

Crystallization of ternary films with their compositions near a compound, such as the 

V52Al25C23 and V51Al25C24 films here, is a composition-invariant transformation (i.e., 

polymorphic in nature) involving no long-range diffusion of atoms or extensive 

redistribution of atomic species [28, 29]. During the vapor growth of a 
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(quasi-)stoichiometric film, the deposited atoms may either condense into an 

amorphous structure –– a topologically metastable and structurally disordered solid –– 

on the growing surface or, when proper atomic mobility is available, crystallize 

polymorphically as an ordered single phase [30, 31]. To obtain the polycrystalline 

V2AlC films at relatively low temperatures, where the thermally induced mobility was 

insufficient, assistance by low-energy inert ions (such as Ar)  a long-established 

technology [32, 33]  was used to provide additional bombardment-induced mobility. 

What is unique here is that, to enlarge this beneficial role by the bombarding Ar ions 

while minimize the extensive atomic redistribution (i.e., chemical disordering), we 

have deliberately set their energy (<20 eV) below the threshold for displacing surface 

atoms, and increase the ion flux to an intermediate value (i.e., /
i a
J J ~1.5 for the 

ratio of Ar ions to condensing atoms). Therefore, the crystallization in our V52Al25C23 

and V51Al 25C24 films is believed, in large part, to come from topological atomic 

rearrangement induced by localized excitation, rather than extensive atomic migration 

on the growing surface resulting from knock-on events. This excitation enabled all 

types of atoms (V, Al, and C), otherwise configurationally frozen into a disordered 

state, to overcome local energy barrier and approach their lower-energy lattice sites, 

i.e., to improve the structural order through in-situ crystallization. A similar 

polymorphic crystallization scenario has been identified by molecular dynamics 

simulation of ion-assisted molecular beam epitaxy growth of Si films under 

comparable Ar bombardments (i.e., either 10 eV at /
i a
J J =4 or 20 eV at /

i a
J J =1) 

[34]. 
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In conclusion, we have demonstrated that the polycrystalline V2AlC can be 

directly achieved on glass and silicon with native SiO2 layer by magnetron 

co-sputtering. The initial nucleation process of randomly oriented V2AlC grain 

occurred at the amorphous-substrate/film interface. Accordingly, the competitive 

growth evolution of (110) plane and typical layered structure were observed for 

near-stoichiometric films. Formation of polycrystalline V52Al25C23 and V51Al25C24 

films can be understood with topological atomic rearrangement induced by localized 

excitation. This one-step synthesis has prospects for low-temperature preparation and 

applications on various substrates, for example, this films have been deposited as 

nuclear cladding materials on Zr substrate to study on their mechanical behavior with 

He irradiation [35]. 
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List of Captions 

Fig. 1 (Color online) RBS spectra of 2.0 MeV 4He on thin films deposited on Si (100) 

at 160° angle. 

Fig. 2 (Color online) XRD patterns and Raman spectra of the V-Al-C thin films 

deposited on Si (100) and glass substrate at 600 °C as a function of measured 

elemental composition. 

Fig. 3 Cross-sectional HRTEM micrograph for the V52Al 25C23 film on Si (100) 

substrate. (a) HRTEM image showing individual grains outlined by dashed lines.; (b) 

the corresponding higher magnification of the square area marked in Fig. 4a, and the 

bottom is the crystal structure of V2AlC; (c) the typical laminar structure patterns 

taken at the top of the sample with a corresponding crystal plane (110) pattern inset. 

Fig. 4 Low-magnification TEM results of the V52Al 25C23 film on Si (100) substrate. (a) 

BF image; (b) DF image using the (110) diffraction spots. Insets: SAED patterns 

taken at the top, middle and bottom of the sample. 
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Highlights 

 

� Polycrystalline V2AlC films were directly deposited on amorphous substrates. 

� The microstructural evolution was investigated by HRTEM. 

� Details on the mechanism for crystallization were discussed. 
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