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A B S T R A C T

In this work, we present a comprehensive study of Al doped VN thin films with x = 0, 35, 60, 71, 84, 100 % in 
V1− xAlxN. These samples were deposited using a reactive magnetron sputtering process at room temperature 
(300 K), keeping the partial nitrogen gas flow fixed at 25 %. The crystal structure of samples was analyzed using 
synchrotron-based grazing incidence x-ray diffraction (GIXRD). Without Al doping, the phase formed is fcc-VN 
nd Al doping upto 71 % retains the parent VN phase. However, with 84 % Al doping the structure transforms and 
becomes analogous to that of hcp-AlN. This implies that the homogeneity range of Al doping in VN is consid
erably large. The electronic structure was measured by combining x-ray absorption (XAS) hard x-ray photo
electron spectroscopy (HAXPES) measurements. XAS measurements reveal an improvement in covalent character 
and structural stability in V1-xAlxN films. HAXPES measurements at V 2p, N 1 s and Al 2 s core levels revel that 
there exists finite charge transfer between atoms. The optical properties were investigated using uv-vis spec
troscopy, where the optical band gaps vary between 3.4 and 5 eV. The nanoindentation measurements were 
performed in these samples to measure the hardness and it was found that the hardness increases with increasing 
Al concentration. Overall, Al doping in VN results in significant improvements in hardness. The phase formed 
with 71 at.% Al doping was found to be optimal with a band gap of about 3.4 eV with fcc VN structure and 
hardness comparable to that of AlN.

1. Introduction

Hard coatings of early transition metal nitrides (TMNs) have been 
widely used in surface protection for manufacturing equipment due to 
their outstanding mechanical and tribological properties [1,2]. In the 
last decades, TMN thin films, such as TiN and CrN, have been widely 
utilized in the cutting tool industry due to their exceptional mechanical 
properties and chemical stability [3,4]. However, their relatively poor 
wear resistance at high temperatures is a drawback that limits the 
application [5]. For wear-protective applications, TMNs are commonly 
alloyed with aluminum (Al) to improve the thermal stability and resis
tance to high-temperature oxidation [6,7]. The main challenge is to 
maintain the structure while preventing the precipitation of the 

thermodynamically preferred, wurtzite aluminum nitride (hcp-AlN) 
phase, which can degrade coating properties [8]. TiAlN [9] and CrAlN 
[10] are widely studied transition metal aluminum nitride (TMAlN) 
systems.

Vanadium nitride (VN) based coatings can be employed as high- 
temperature lubrication that are deposited by physical or chemical 
vapor deposition [11]. VN crystallizes in a cubic rocksalt (RS) structure 
(SG: Fm3m) and exhibits interesting properties such as high hardness 
[12], low friction coefficient, and superconductivity [13]. On the other 
hand, there is a growing interest in group-III nitrides due to their unique 
characteristics among III-V compounds. These nitrides are known for 
their stability at high temperatures, short bond lengths, low compress
ibility, and high thermal conductivity. They are promising for spintronic 
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and optical devices [14], particularly in high-frequency and high-power 
electronic applications. Among the group-III nitrides, AlN stands out as a 
prominent compound within the III-V family. It offers exceptional 
physical, chemical, and mechanical properties, making it ideal for 
electro-optical devices that operate under extreme conditions [15]. 
However, recent studies suggest that incorporation of Al can improve 
the hardness and oxidation resistance of the VAlN coating [16]. Meta
stable cubic-TMAlN compounds [17], are achievable through physical 
vapor deposition because of kinetically limited low temperature growth 
and the dynamic low-energy ion irradiation in the near-surface region 
[18].

VAlN, which has the same structure as TiAlN, has been found to have 
a lower coefficient of friction [19] compared to TiAlN coatings [20]. 
Both TiAlN and VAlN form metastable solid solutions [9,21,22] and can 
be easily synthesized using direct-current magnetron sputtering (dcMS) 
[23] or high-power impulse magnetron sputtering (HiPIMS) [24]. In 
general, when Al is added to face-centered cubic (fcc) TiN or VN, 
metastable fcc-TiAlN or fcc-VAlN solid solutions are typically formed. As 
a result, both hardness [23] and oxidation resistance [25] are signifi
cantly enhanced as compared to the binary TiN or VN. Considering these 
characteristics, it is essential to investigate the formation of the meta
stable phase and to establish the maximum solubility limit (xmax) of Al in 
TM1− xAlxN. A few studies have been conducted to address these ob
jectives, e.g. Rovere et al. reported an xmax value of 0.54 [26], whereas 
Zhu et al. found a range of 0.52≤ xmax ≤0.62 [23].

Using an advanced sputtering method like HiPIMS [22] to further 
boost xmax in fcc-V1− xAlxN is found to be an effective strategy. In this 
context, it is noteworthy that Greczynski et al. used hybrid 
co-sputtering, powering the V target with a dcMS generator and the Al 
target with a HiPIMS generator, to deposit fcc-V1− xAlxN films with xmax 
of up to 0.65. In contrast to the plethora of experimental studies, there 
are very few theoretical and computational works focusing on xmax in 
fcc-V1− xAlxN. The VAlN system is relatively less explored, with only few 
reports [19,22–24] yet potentially useful predominantly due to the 
combination of high hardness and low friction coefficient, which makes 
it a promising candidate for applications as a wear-resistant coating in 
deep drawing of high-strength steels.

The motivation of our work is to investigate the metastable phase 
formation and to find the xmax in fcc-V1− xAlxN. In this work, we 
deposited V1− xAlxN thin films by varying Al concentration (x = 0, 35, 
60, 71, 84, and 100 %) at constant nitrogen partial pressure (RN2 = 25 
%) at 300 K. Films deposited at x = 0 and 100 % are used as a reference 
and correspond to binary VN and AlN, respectively. To understand the 
role of Al in the metastable phase formation, V1− xAlxN thin films were 
characterized using grazing incidence x-ray diffraction (GIXRD). The 
electronic structure of the films was probed by x-ray absorption spec
troscopy (XAS). The N K-edge spectra show a shift towards the lower 
binding energy as Al concentration increases. Whereas the structural 
stability of the doped films is elucidated by x-ray absorption near edge 
structure (XANES) measurement. We found that on increasing the Al 
concentration, finite charge transfer takes place which is investigated by 
the core-level hard x-ray photoelectron spectroscopy (HAXPES). Films 
deposited at x = 71 % and above show semiconducting behaviour due to 
higher amount of Al doping. The hardness of V1− xAlxN thin films ac
quired by nanoindentation reveals an increment in the hardness on 
increasing Al concentration. The result obtained through this work es
tablishes V0.29Al0.71 N having a structure similar to VN but it is a 
semiconductor with band gap of 3.4 eV and having a hardness similar to 
that of AlN.

2. Experimental details

V1− xAlxN thin films (x = 0, 35, 60, 71, 84, and 100 %) were 
deposited on Si (100), SiO2 and glass substrates at room temperature 
(300 K) using a reactive direct current magnetron sputtering (dcMS) 
process (Orion 8, AJA Int. Inc.). V (99.99 %) and Al (99.99 %) target of 

diameter 3inch were sputtered using argon and nitrogen gas mixture 
(both 5 N purity) in which Ar and N2 flows were kept fixed at 37.5 and 
12.5 sccm, respectively. The base pressure in the vacuum chamber was 
about 2 × 10− 7 Torr and the working pressure was about 3 × 10− 3 Torr. 
The thickness of the thin films was determined using Bruker D8 Discover 
x-ray reflectivity (XRR) system equipped with Cu-Kα x-ray source. 
Experimental XRR patterns were fitted using the Parratt-32 software 
package [27]. The typical thickness of samples was kept around 200 nm 
and the composition was controlled by varying the power of individual 
sources. The optimization details of V1− xAlxN samples are provided in 
the supporting information (SI). The composition of the V1− xAlxN thin 
films was analyzed using energy dispersive x-ray spectroscopy (EDS) 
with an Oxford Instruments system. This system is equipped with a 
liquid nitrogen cooled analytical drift detector and can detect elements 
from boron and above. The detector had an active area of 10mm2 and 
used an ultrathin polymer window. The distance between sample to 
detector was 9 mm. A detailed description of the method used to 
calculate the Al concentration, along with the corresponding EDS 
spectrum is provided in the SI. The Al concentrations determined from 
EDS analysis in the V1− xAlxN thin films are x = 0, 35, 60, 71, 84, and 100 
%.

To investigate the crystal and the local electronic structure, GIXRD 
and soft XAS measurements were carried out respectively at BL-02 [28] 
and BL-01 [29] beamlines of Indus-2 synchrotron radiation source at 
RRCAT, Indore, India. GIXRD measurements were performed using 
x-rays of energy 15 keV and the color of the deposited thin films 
measured using benchtop spectrophotometer (DS-36D) in the wave
length range of 360–780 nm. Soft XAS measured using a surface sensi
tive total electron yield (TEY) detection mode. Extended x-ray 
absorption near structure (EXAFS) measurements and HAXPES mea
surements were carried out at P64 [30] and P22 [31] beamlines of Petra 
III synchrotron radiation source at DESY, Hamburg, Germany. In the 
HAXPES measurement the photon energy was 6 keV with an energy 
resolution of 40meV. The detector used was SPECS Phoibos 225HV 
hemispherical analyser with a delay line detector. The base pressure was 
10− 9 mbar. The incident angle and electron emission angle was 5◦ and 
45◦ respectively. CASA XPS software was used for analysis with shirley 
as a background subtraction. In the XAS and HAXPES measurements, the 
sample was placed on a copper block, and silver paste was used to make 
electrical contact with the block. XAS data was processed in Athena 
software [32] with pre and post-edge normalization and fitting of the 
Fourier Transform (FT) spectra. The optical data of the samples were 
recorded by Perkin Elmer, Lambda750 UV–Visible spectrophotometer 
with double beam monochromator in the spectral range of 200–858 nm 
at room temperature. Nanoindentation tests (M/s. Anton Paar, 
Switzerland) were carried out using a Berkovich diamond indenter tip to 
measure the hardness and elastic modulus of the samples. The loading 
and unloading rate were 0.32mN/min with a maximum load of 0.16mN. 
The number of indentations taken for averaging was 9 per sample. The 
resistivity (ρ) was measured using a four-probe method in a PPMS 
(Quantum Design). The surface morphology was examined using a 
Nanoscope V Atomic Force Microscopy (AFM) system (Bruker bioscope 
resolve). The obtained data for resistivity and AFM is presented in the SI. 
All characterizations, except for UV–Vis and EXAFS, were conducted on 
Si (100) substrates. UV–Vis and EXAFS measurements were performed 
on samples deposited on fused quartz (SiO2) substrate.

3. Results and discussion

3.1. GIXRD and color measurements

Synchrotron GIXRD patterns of V1− xAlxN samples deposited on Si 
(100) substrates with x = 0, 35, 60, 71, 84, and 100 % are shown in g. 1 
(a). For comparison, the reference XRD pattern of fcc-VN (JCPDS card no 
00–035–0768) and hcp-AlN (JCPDS card no 00–003–1144) have also 
been included. As can be seen, x = 0 and 100 % samples match well with 
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fcc-VN and hcp-AlN. The lattice parameter (LP) of VN and AlN samples 
calculated from the most intense peaks comes out to be 4.12±0.01 Å for 
VN and a = b = 2.85±0.01 Å and c = 4.97±0.01 Å for AlN. These values 
match very well with their theoretical LPs. In case of VN, generally 
growth along the (111) plane has been observed in thin films deposited 
using reactive magnetron sputtering [33]. The addition of Al at 35, 60, 
and 71 %, does not affect the growth of VN as illustrated in the zoomed 
view of XRD pattern shown in g. 1(b). Even for the highest Al content (x 
= 71 %) sample, it is hard to identify clearly any contribution of the 
crystalline B4 structured AlN phase (hcp-AlN), due to the proximity of 
the (101) plane of AlN to the (111) plane of VN [23]. In this study, we 
deposited the films at room temperature (300 K), which acted as a ki
netic barrier, preventing the separation of the crystalline hcp-AlN phase. 
This can be understood in the following terms: The higher Al solubility 
observed in our room temperature deposited V1− xAlxN films compared 
to elevated-temperature studies can be attributed to non-equilibrium 
growth conditions and kinetically driven mechanisms unique to 
room-temperature physical vapor deposition (PVD). Several studies [22,
26] have demonstrated that the solubility of Al in the cubic VN lattice 
can be significantly extended under highly non-equilibrium conditions, 
especially due to limited surface diffusion and the suppression of phase 
separation during room-temperature deposition. In particular, at low 
substrate temperatures, adatoms have insufficient mobi-lity to reorga
nize into thermodynamically stable phases such as hexagonal wurtzite 
AlN. This favours the kinetic trapping of Al atoms in the cubic VN lattice, 
resulting in a supersaturated solid solution. At higher temperatures, 
enhanced diffusion promotes phase separation and formation of equi
librium Al-rich secondary phases, which naturally limits the Al solubility 
in the cubic structure. Thus, our findings are consistent with literature 
on metastable phase formation, and the elevated Al solubility in our 
room-temperature films can be rationalized by the combined effect of 
kinetic suppression of phase segregation under non-equilibrium growth 
conditions. However, when the amount of Al was increased to 84 %, a 
mixture of VN and AlN phases can be seen. This result is inline with 
previous studies where it was found that the Al addition in TiN or VN 
does not significantly affect the growth of host TiN [34] or VN [35] 
Fig. 1.

Table 1 compares the available literature of V1− xAlxN system in 
which samples have been deposited using different deposition methods 
and various temperatures. Here, it is interesting to find that even though 
our sample have been deposited at room temperature only, the 
maximum Al solubility range was found to be 71 % as opposed to smaller 
values obtained in samples deposited at a higher temperature. The 

optical color of the Al-doped VN thin films was evaluated using a 
spectrophotometer in transmission mode, which also provided the cor
responding color coordinates and is shown in g. 1. Color measurements 
were performed using the CIELAB color space, as standardized by the 
Commission Internationale de l’Eclairage (CIE) [38]. In this color space, 
colors are described using three Cartesian coordinates: L* denotes the 
lightness of the color, ranging from 0 (ideal black) to 100 (perfect 
white); a* indicates the position on the red-green axis, with positive 
values corresponding to red and negative values to green; and b* rep
resents the yellow-blue axis, where positive values indicate yellow and 
negative values indicate blue. The color coordinate of V1− xAlxN samples 
are reported as follows: for 100 % Al, L*= 89.5, a*=0.74, b*=3.05; for 
84 % Al, L*= 80.22, a*= 0.13, b*= 3.94; for 71 % Al, L*= 73.1, a*=
− 0.69, b*= 2.58; for 60 % Al, L*= 72.06, a*= − 0.94, b*= 1.75; for 35 % 
Al, L*= 72.53, a*= − 1.14, b*= 0.9 and for 0 % Al, L*= 72.21, a*=
− 1.14, b*= 0.9. Here, it can be seen that on increasing Al content the 
value of L* gradually increased from 72.06 to 89.5 which represents a 
clear transition from dark grey to white (transparent). This transition 
can be attributed to the incorporation of AlN, a wide-bandgap semi
conductor (≈6 eV), known for its transparency in the UV–visible region 
making it a promising candidate for optoelectronic devices. This also 
confirm the structural changes of V1− xAlxN thin films on increasing Al 
content.

3.2. X-ray absorption spectroscopy measurements (XANES and EXAFS)

Fig. 2(a) shows V L2,3-edges compared with the reference V2O3 
sample which corresponds to the transition of V-2p to V-3d states. As 
observed, the V L3 and L2 edges in V2O3 and V1− xAlxN samples are 

Fig. 1. Grazing incidence x-ray diffraction pattern of V1− xAlxN samples measured at BL-02 beamline of Indus-2 at beam energy of 15 keV (a) Enlarged view of 
selected region of the diffraction pattern (b) and simulated optical color with corresponding color coordinates of the thin films displayed adjacent to the diffraction 
pattern (c).

Table 1 
V1− xAlxN thin film grown using different deposition methods at various sub
strate temperatures (TS) showing range of Al solubility and xmax value; Here, dc/ 
rf MS = direct current/radio frequency (dc/rf) magnetron sputtering (MS), 
HiPIMS = High power impulse magnetron sputtering.

Method TS (K) Al range xmax ref.

dc bias 623 – – [36]
dc bias 723 0.2–0.85 0.54 [26]
V-dc/Al-rf 573 0–0.62 0.52 [23]
HiPIMS 773 0.17–0.74 0.65 [22]
rfMS 473 0–0.38 0.38 [35]
dc bias 823 0.11–0.91 0.62 [37]
dcMS 300 0–0.84 0.71 this work
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almost similar, confirming the V3+charge state. The N K-edge XAS 
spectra, shown in Fig. 2(b), reveal interesting insights into the unoccu
pied electronic states, especially probing the N-2p density of states 
(DOS). A sharp transition arises for all samples around a threshold of 401 
eV. We observe multiple peaks in the spectra labelled as a, b, c, d, a*, b*, 
and c*. Here, each characteristic peak represents the transition from N-1 
s to electronic sub-bands present above the Fermi level. In the case of 
metals, the Fermi level lies somewhere between the overlapped region of 
both bands and the features in the XAS spectra are the result of filling of 
electrons in the DOS above Fermi level. In early TMNs, TM has an 
octahedral coordination with N. Metal d orbitals split into t2g and eg 
levels because of the crystal field which are further hybridized with N-2p 
orbitals. The V Ll-edge and N K-edge of VN films are consistent with 
previous reports [39].

In Fig. 2(b), the feature a and b arise due to the hybridized N-2p and 
t2g and eg levels of V 3d orbitals, respectively. Feature d arises due to 
higher order hybridization between N-2p and V-4s+4p orbitals. It is 
quite interesting to note that on increasing Al concentration a shift to
wards the lower energy region in feature d is observed. The shift in 
overall spectra towards the lower energy region signifies the lower 
oxidation state and the enhancement of covalent bonding. The signifi
cant change observed with Al incorporation into VN can be attributed to 
the simultaneous modification in the electronic structure. In the binary 
VN configuration, the electronic structure is primarily characterized by 
the overlap of V3d-N2p orbitals, leading to sp3d2 hybridization, which is 
consistent with the literature [40]. Upon incorporating Al, the bonding 
nature remains unchanged, and strong sp3d2 hybridization exists be
tween Al and N.

Fig. 2. Normalized soft x-ray absorption spectra of V L3,2edges (a) and N K-edge (b) of V1− xAlxN thin lms samples.

Fig. 3. XANES spectra of V-K edge (a) Fourier transform moduli (|χ(R)|), real component (Re|χ(R)|) of EXAFS spectra plotted against phase shifted (ϕ) interatomic 
distance (b) of V1− xAlxN thin film samples.
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The N K-edge of 84 at. % sample and AlN sample has also been 
measured and it can be seen that there is a significant shift in the edge 
position compared to VN sample. Such a shift is observed because of the 
semiconducting behaviour of the AlN. Both bands are separated by a 
finite energy gap (≈4–6 eV) which is clearly seen from the N K-edge 
spectra.

Fig. 3(a) shows the XANES spectra taken at the V K-edge for 
V1− xAlxNthin films. The edge position, measured at 50 % absorption for 
all samples, is 5467 eV (±0.3). Interestingly, a pre-edge peak which 
arises due to the electric-dipole transition can be seen in all samples.

The features marked as x and y arise from electronic transitions from 
the V 1 s core level to the V 4p and transition to higher np states followed 
by the dipole selection rules [41]. In general, the electric quadrupole 
transition from the 1 s to the 3d orbital can also produce a pre-edge peak, 
however, the likelihood of such a transition is much lower as compared 
to the dipole transition. The pre-edge feature p arises because 1s-3d is 
dipole forbidden transition. It becomes dipole allowed due to 3d-4p 
mixing and metal 3d and ligand 2p orbital overlapping [42]. Now in the 
inset of Fig. 3(a) we have plotted p feature intensity as a function of Al ( 
%) doping. The intensity of p gets reduced with Al (minimum for 60 at 
%) doping and again increases for 71 at %. The decrease in the pre-edge 
intensity, is likely related to incorporation of Al as well as the evolution 
of defect structures. The minimal change in XANES features up to 71 % 
Al suggests that the major phase remains fccVAlN, which is consistent 
with XRD findings. To further investigate the local atomic environment, 
we analyzed the Fourier-transformed EXAFS spectra (Fig. S6 (a) of SI) 
for samples up to 71 % Al. The first two coordination shells correspond 
to V-N and V-V interactions. For the 60 % and 71 % Al samples, sig
nificant spectral broadening is observed between 2 3 Å. When fitting the 
EXAFS data using only two shells (V–N and V–V), residuals remain high, 
particularly for the higher Al concentrations. By including a V–Al shell in 
the fit, assuming Al substitution at V sites in the fcc-VN lattice, we 
observed significant improvement in the fit quality. This strongly sup
ports the incorporation of Al into the lattice. This is also supported by 
the observed shift in the absorption edge to lower energies. Overall, the 
observed variation in pre-edge intensity can be attributed to a combi
nation of Al substitution and evolving defect concentration. Since the 
primary focus of this study is the formation of the fcc-VAlN phase, we 
plan to carry out future work with finer Al concentration increments to 
gain more insight into the evolution of residual phases and their effects 
on the structural, electronic, mechanical, and optical properties.

It is well-known that the intensity of the pre-edge peak is a useful 
indicator of the local coordination in various samples. Typically, the 
geometry of ion affects the amount of p-d mixing, which controls the 
intensity of a peak. Stronger p-d mixing leads to a more intense pre-edge 
peak, especially when the local coordination is distorted from the 
symmetric octahedral geometry and is strongest in tetrahedral coordi
nation. For equiatomic TMN, it has been suggested that the compound 
can crystallize in either the NaCl-type or ZB-type structure, which di er 
in local coordination. It is well-known that V and N are bonded in the 
octahedral coordination which is observed in the NaCl type structure. 
Least-square fitting of the EXAFS data was performed to obtain the 
metrical parameters. The representative plots and the obtained results 
are presented in g. 3 (b) and Table 2. Here, R is obtained atomic pair 
distance, N is coordination number, σ is root mean square displacement 
and ΔE0 is energy shift parameter. The metrical parameters obtained 
from the fitting correspond to the V N and V-V shells. For the V-N shell, 
all metrical parameters remain consistent up to 71 at. % Al doping. 
However, for the V-V shell, the coordination number (N) shows incon
sistency at 60 and 71 at. % Al doping. To maintain the consistency in the 
fitting model two samples (0 and 35 at. %) are fitted by keeping fixed N 
at 12 and for the 60 and 71 at. % samples the Al is substituted on V site 
and the total coordination was constrained to 12. At higher Al concen
trations, the potential formation of small V-metal clusters may disrupt 
the periodicity of V-V bonds within the VN matrix. Such cluster for
mation has been previously observed in ternary transition metal nitrides 

deposited via magnetron sputtering [43]. In our current work, we 
observe that with Al doping up to 84 at. %, the pre-edge peak in the 
XANES spectra shifts significantly to lower energies compared to the 
0 at. % Al sample, suggesting the formation of a nitrogen-deficient 
phase. However, the XANES features remain distinct from those of 
pure V metal (Fig. S6 (b) of SI), indicating that the presence of metallic V 
clusters cannot be unambiguously confirmed. Alternatively, the forma
tion of V-Al alloys or other V-Al-N phases could be contributing to 
limited grain growth. These phases are likely metastable and remain 
largely uncharacterized in existing literature, making their precise 
identification through XRD and XAFS particularly challenging. 
Furthermore, the limited number of observable XRD peaks, combined 
with the potential presence of composite or amorphous Al N phases, 
complicates the structural analysis. This makes it difficult to assign a 
definitive crystal structure to the samples at high Al doping levels. In this 
work there is limitations of the current characterization techniques in 
resolving small V-metal clusters from V-Al-N configurations. Addition
ally, a more detailed investigation with finer variations in Al doping is 
needed to better understand the evolution of these phases.

3.3. Hard X-ray photoelectron spectroscopy

Core-level HAXPES measurements were performed in the V1− xAlxN 
samples. Various regions such as V2p, N1s, and Al2s are measured and 
shown in g. 4 (a), (b) and (c), respectively. A reference Au sample has 
been used for calibration of the energy scale. Fig. 4(a) shows the 
component analysis of V-2p core-level spectrum showing various fea
tures. The binding energy (BE) of feature A centered at 513.4 eV and 
feature A* centered at 520.8 eV correspond to the V-N feature of spin 
orbit V2p3/2 and V2p1/2 split states, respectively. Previous studies have 
shown that the BE peak of pure V is centered at 512.3 eV [44], which is 
lower than the value observed for our VN film (ΔV2p3/2 = 1.1 eV). This 
shift of 1.1 eV between V and VN samples is attributed to the higher 
oxidation state of vanadium in VN. The BEs of feature A remains 
centered around 513.4 eV up to 60 at. % Al. However, with further Al 
incorporation at 71 at. % and 84 at. % the BE shifts to 514.3 eV and 515 
eV, respectively, indicating a significant increase. This shift can be 
explained by the increasing Al content, which enhances covalent 
bonding in the system and thus binding energy increases. Moreover, 
each spin orbit split state exhibits satellite features B (at ≈ 516.3 eV for 
nearly all samples) and B* (at 523.6 eV). The existence of these satellite 
features on the high binding energy side of the V 2p3/2 and V 2p1/2 
transitions has been well documented by Zhu et al. [23]. Feature C and 
C* centered at ≈514.6 eV and ≈521.8 eV respectively indicate the V-O 
feature of Al-doped VN thin films.

The N 1 s core-level spectrum is presented in Fig. 4(b), displaying 
features X and Y representing N-V and N–O feature respectively.

Feature X, centered at 397 eV, corresponds to N 1 s peak, while 
feature Y, at 398.6 eV, appears as a shoulder. The BE of feature X is 
consistent with the values for stoichiometric VN [45]. As the Al con
centration increases till 71 at. %, the N 1 s peak shifts toward lower 

Table 2 
Metrical parameters derived from non-linear least square tting of EXAFS data at 
V K-edge in V1− xAlxN thin lms with x = 0, 35, 60 and 71 % measured. Here, R is 
the obtained atomic pair distance, N coordination number, σ root mean square 
displacement and ΔE0 is energy shift parameter.

Shell and parameters 0 % 35 % 60 % 71 %

V-N R(Å) 2.02±0.01 2.03±0.01 2.04±0.01 2.03±0.01
N 5.5 ± 0.3 5.7 ± 0.3 5.6 ± 0.5 5.4 ± 0.3
σ 0.09±0.01 0.08±0.01 0.09±0.01 0.11±0.01
ΔE0 4.7 ± 0.2 4.6 ± 0.2 4.5 ± 0.2 4.5 ± 0.2
V-V R(Å) 2.83±0.01 2.81±0.01 2.8 ± 0.01 3.1 ± 0.01
N 12±2.1 12±1.9 5.8 ± 0.6 5.4 ± 1.5
σ 0.18±0.01 0.18±0.01 0.16±0.02 0.17±0.03
ΔE0 4.7 ± 0.2 4.6 ± 0.2 4.5 ± 0.2 4.5 ± 0.2
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binding energy and after it shift to higher BE. This shift is also observed 
for V-Al-N coating studied by Zhu et al. [23]. Such shift to lower BE 
indicates a finite charge transfer between V and N atoms, which is also 
reflected in the V 2p peak, as it shifts to higher BE. This behaviour occurs 
while the film maintains its fcc crystal structure up to 71 at. % Al. 
Additionally, this trend is observed in the N K-edge measurements also, 
where a structural change to w-hcp occurs at 84 at. % Al. Conversely, 
feature Y could be a result of surface oxidation [46,47], which leads to 
the formation of N O bonds [48–50]. Additionally, we have observed the 
feature X′ representing N-Al peak for the pure AlN sample, while in all 
V-Al-N samples the N-V feature is observed. This can be explained as 
follows: the binding energies of the N 1 s peaks in pure VN and AlN are 
significantly different, but when both Al and V are present in the same 
sample, an intermediate binding energy appears, closer to that of pure 
VN. Therefore, for the pure AlN sample, the N-Al peak is specifically 
assigned which is also consistent with the reports [51].

Further the Al2s region is also measured and is shown in g. 4 (c). As 
can be seen a significant change can be observed while increasing Al 
concentration. The Al2s peak centered at 118.eV is consisted till 71 at. % 
Al and then it shifts to higher BE at higher Al concentration. Wiesing 
et al. also reported satellite feature in Al 2 s region at higher BE [52], 
which can be also seen in our spectra. However, for V-Al-N thin films it is 
very rare to see Al2s spectra in XPS measurement. For the pure AlN 
sample only one peak is observed after fitting which has been well 
documented in previous XPS studies [53]. Overall, it can be concluded 
that the observed shift in all spectra is due to increasing Al concentration 
due to which a finite charge transfer takes place between the atoms and 
amount of covalent bond increases which is also reflected in the hard
ness as shown later.

3.4. UV–VIS measurements

To examine the optical properties of V1− xAlxN samples, UV–Vis 
measurements were performed on samples deposited on fused quartz 
substrate (one side polished) in reflection mode. The corresponding 
reflectance and the band gap determination is shown in the fig. S7 and 
S8 of SI respectively. Resistivity measurements has also been done for all 
samples and are provided in Fig. S1 of the SI. VN being metallic (Al =

0 %) has a resistivity (at 300 K) value of 995 µΩcm and it increases to 
2699 µΩcm (for Al = 35 at. %), 5877 µΩcm (for Al = 60 at. %). These 
results indicate that the samples with 0, 35, and 60 % Al exhibit metallic 
behaviour. However, with 71 % Al or higher, a transition to a semi
conducting state can be observed characterized by a distinct optical 
bandgap. It can be seen in the reflectance spectra that the interference 
fringes (oscillations) observed while measurement. These fringes arises 
due to multiple reflections within the thin film. When incident light 
partially reflects from the air/film and film/substrate interfaces, the 
reflected beams interfere constructively or destructively depending on 
the optical path difference between them. This thin-film interference 
produces periodic oscillations. Similar interference fringes have been 
already reported in TiO2 films [54]. The optical band gap of the films 
was estimated using the Kubelka-Munk function. As described by 
Kubelka and Munk [55], the reflectance spectra can be converted into 
corresponding absorption spectra by applying the Kubelka-Munk 
equation, F(R) = (1-R)2/2R, where R is the measured reflectance and 
F(R) is proportional to the absorption coefficient (α). Replacing the 
value of α in the Tauc relation: αhν = A(hν - Eg)n [56], where hν rep
resents photon energy, Eg is the optical bandgap, and A is a propor
tionality constant. We get (F(R).hν) = A(hν - Eg)n where n indicates the 
nature of the electronic transition (direct or indirect) [57]. According to 
the Tauc method, a linear fit is applied to the main absorption edge. In 
addition, a linear baseline was fitted to the data below the fundamental 
absorption region to serve as a reference for determining the slope. The 
intersection point of the two fitting lines [57] gives the estimated band 
gap energy, as shown in Fig. S8 of SI Table 3.

Fig. 4. Core-level HAXPES spectra of the V1− xAlxN sample (a) V 2p region (b) N 1 s region and (c) Al 2 s region with peak component analysis.

Table 3 
Hardness analysis of V1− xAlxN thin film. Here H = Hardness, E = Elastic 
Modulus, H/E = resistance of material to elastic strain and H3/E2 = resistance of 
material to plastic deformation.

AI % H (GPa) E (GPa) H/E H3/E2

0 7.13 272.43 0.026 0.004
35 12.02 406.01 0.029 0.011
60 16.81 203.93 0.082 0.114
84 17.38 331.84 0.052 0.047
100 21.89 188.14 0.116 0.296
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In this context, it is to be mentioned that AlN exhibits a direct 
bandgap of 6.2 eV [58]. However, for our samples the trend was linear in 
nature with a maximum value of 5 eV for pure AlN sample, 4.4 eV for 84 
% Al and reduces to ≈ 3.4 eV for 71 % Al. Thus, the variations in the 
bandgap value in AlN can be inferred primarily to the contribution of 
defects. For 71 % and 84 % Al sample the bandgap reduced due to the 
presence of V-atoms. Similar trend is also observed for Al doped TiN 
samples [59].

3.5. Nanoindentation measurements

Nanoindentation system was used to measure the hardness of 
V1− xAlxN thin films as a function of Al concentration. Fig. 5(a) and (b) 
illustrate the indentation hardness (H) and elastic modulus (E) for 
V1− xAlxN films with x = 0 to 100 at. %. Following the indentation 
‘thumb rule’, to accurately measure film hardness and minimize sub
strate effects, indentation was conducted at depths less than one-tenth 
(1/10th) of the total film thickness, by Buckel’s one-tenth rule [60]. In 
this study, the V1− xAlxN films have a thickness of approximately 200 
nm. The H and E of these films were measured at a depth of ≈20 nm, in 
accordance with the one-tenth rule. As can be seen from Fig. 5(a) the 
hardness of films increases gradually with x = 0 to 60 at. %. In general, 
the hardness is determined by microstructure, orientation and the 
crystallite size of the thin film. In this study, we found that the crystallite 
size (19.24±1 nm for VN, 19.16±1 nm for 35 at. % Al, 18.55±1 nm for 
60 at. % Al and 18.63±1 nm for 71 at. % Al) decreases with the increase 
in Al concentration. According to the Hall Petch relation [61], a 
reduction in crystallite size results in increased hardness. Thus, the 
indentation hardness increased from 7.13 GPa to 16.81 GPa as the Al 
concentration increases from 0 to 60 at. % and then saturates at 71 and 
84 at. % samples. The significant increase in hardness observed in 
ternary V-Al-N films compared to the binary VN system is primarily due 
to solution strengthening. Vacancies are commonly found in binary 
metal nitrides deposited via magnetron sputtering. The addition of Al 
into the vacancy-stabilized VN likely introduces a larger number of co
valent bonds.

The ratio of hardness H and E i.e., H/E and H3/E2 ratios are well- 
known mechanical parameters in hard films, since the H/E ratio is 
considered as the material ability of elastic strain resistance and H3/E2 

ratio is defined as the resistance of material to plastic deformation. The 
coatings with value H/E > 0.1 have enhanced toughness, which relates 
to its ability to withstand plastic deformation. H/E ratio of AlN is greater 
than 0.1, which shows the high surface toughness. The highest H/E ratio 
for VAlN is of x = 60 at. % and 71 at. %, which shows that on increasing 
the Al % the hardness increases. The materials having high hardness and 
lower elastic modulus present great resistance to plastic deformation. 
This behaviour is expressed by H3/E2 ratio. The highest value of H3/E2 

within fcc-structure is of 60 at. % and 71 at. % samples which again 

shows the resistance to plastic deformation. The gradual increase in 
hardness observed with higher Al content in our V1-xAlxN thin films can 
be explained by the well-known solid solution strengthening mecha
nism. When Al atoms substitute V in the lattice, their smaller size and 
different electronic structure introduce local strain fields [62]. These 
distortions make it harder for dislocations to move, thereby increasing 
the material’s resistance to deformation [63]. Furthermore, in transition 
metal nitrides (TMNs), the hardness also depends strongly on the 
covalent-metallic bonding character [64]. Al incorporation modifies the 
electronic structure, increasing covalent-metallic bonding, which in turn 
can increase the resistance to shear and deformation, contributing to 
hardness enhancement.

4. Conclusion

In conclusion, this study demonstrated the ability to deposit the fcc- 
VAlN phase with a higher xmax value without requiring elevated tem
peratures during the growth process. The effect of Al content on the 
microstructure, chemical states, as well as the mechanical and optical 
properties, was examined using XRD, XAS (including XANES and 
EXAFS), HAXPES, UV–Vis, and nanoindentation measurements. At a 
significantly higher Al content (xmax), fcc V1− xAlxN solid solution was 
identified, and a metastable B1 structure was stabilized in the ternary 
V1− xAlxN thin films. Structural measurements revealed the cubic phase 
with the highest Al content at x = 0.71. However, beyond x = 0.71, 
evidence of the h-AlN phase was identified through XRD and XAS ana
lyses. As the Al content increased up to x = 0.84, the growth structure 
evolved, becoming coarser, as observed from AFM analysis. Simulta
neously, XAS and HAXPES analyses revealed charge transfer and an 
increase in covalent bonding between atoms. The optical bandgap 
ranged from 3.4 to 5 eV for x = 0.71–1, while the hardness increased 
with rising Al concentration, reaching a peak value of 16.8 GPa for fcc- 
VAlN. It is therefore anticipated that with further fine-tuning the Al 
concentration at high temperatures, it should be possible to achieve an 
even higher xmax value during the growth process.
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